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Overview
Skin is the largest organ of the human body, representing approximately 16% of
total body weight. While the functions of protection and thermoregulation are
well recognized, skin also has important metabolic functions in protein and
vitamin D metabolism. The human body produces the greatest amount of
vitamin D in the epidermal layer of the skin. [1] In addition to providing a physical
barrier to pathogenic organisms, skin functions as an active immune organ with
distinctive antigenic properties that play a significant role with particular regard
to composite tissue allotransplantation. [2]

Despite its numerous beneficial properties, skin is an organ that is often abused
and underappreciated by the individual until its compromise results in pain and
loss of resistance to infection. Restoration of an intact barrier is of critical
importance and may be achieved in numerous ways, including grafting. Among
the indications for skin grafting are promotion of accelerated healing of burns
and other wounds, reduction of scar contracture, enhancement of cosmesis,
reduction of insensible fluid loss, and protection from bacterial invasion. See
image below.

Nonhealing lower extremity wound.

Relevant Anatomy
The skin consists of 2 layers (see image below). The outer layer, or epidermis, is
derived from ectoderm, and the thicker inner layer, or dermis, is derived from
mesoderm. The epidermis constitutes about 5% of the skin, and the remaining
95% is dermis.

Skin anatomy.

The skin varies in thickness depending on anatomic location, gender, and age
of the individual. Skin is thickest on the palms and soles of the feet, while the
thinnest skin is found on the eyelids and in the postauricular region. Male skin is
characteristically thicker than female skin in all anatomic locations. Children
have relatively thin skin, but around age 11 years, the skin progressively
thickens. This thickening continues until the fourth or fifth decade of life, when
the skin begins to thin, primarily due to loss of dermal elastic fibers, epithelial
appendages, and ground substance.

Epidermis

The epidermis, the more external of the two layers, is a stratified squamous
epithelium consisting primarily of keratinocytes in progressive stages of
differentiation from deeper to more superficial layers. The epidermis has no
blood vessels; thus, it must receive nutrients by diffusion from the underlying
dermis through the basement membrane, which separates the 2 layers.

Dermis

The dermis is a more complex structure. It is composed of 2 layers, the more
superficial papillary dermis and the deeper reticular dermis. The papillary
dermis is thinner, consisting of loose connective tissue that contains capillaries,
elastic fibers, reticular fibers, and some collagen. The reticular dermis consists
of a thicker layer of dense connective tissue containing larger blood vessels,
closely interlaced elastic fibers, and coarse, branching collagen fibers arranged
in layers parallel to the surface. The reticular layer also contains fibroblasts,
mast cells, nerve endings, lymphatics, and some epidermal appendages.
Surrounding the components of the dermis is the gel-like ground substance
composed of mucopolysaccharides (primarily hyaluronic acid), chondroitin
sulfates, and glycoproteins.

Epithelial cell sources

Epidermal appendages are important sources of epithelial cells that
reepithelialize when the overlying epithelium is removed or destroyed in
patients with partial thickness burns, abrasions, or split-thickness skin graft
harvesting. These intradermal epithelial structures, such as sebaceous glands,
sweat glands, and hair follicles, are lined with epithelial cells with the potential
for division and differentiation. They are found deep within the dermis and in
the subcutaneous fat deep to the dermis. This accounts for the remarkable
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ability of the skin to reepithelialize even very deep cutaneous wounds that are
nearly full-thickness.

Sebaceous glands

Sebaceous glands, or holocrine glands, secrete sebum, which serves to
lubricate the skin and make it more impervious to moisture. They are found
over the entire surface of the body except the palms, soles, and dorsum of the
feet. They are largest and most concentrated in the face and scalp, where they
are the site of origin of acne.

Sweat glands

Sweat glands, or eccrine glands, are found over the entire surface of the body
except the lips, external ear canal, and labia minora. They are most
concentrated in the palms and soles of the feet. The normal function of the
glands is to produce sweat, which cools the body by evaporation.

Apocrine glands

Apocrine glands are similar in structure but not identical to the eccrine sweat
glands. They are concentrated in the axillae and anogenital regions. They
probably serve a vestigial sexual function because they produce odor and do
not function prior to puberty.

Hair follicles

The hair follicle is another important source of epithelial cells, and many of the
other epidermal appendages actually open into the hair follicle rather than
directly onto the skin surface.

Graft Survival and Healing
The ultimate success of a skin graft, or its "take," depends on nutrient uptake
and vascular ingrowth from the recipient bed, which occurs in 3 phases. The
first phase takes place during the first 24-48 hours. The graft is initially bound to
the recipient site through formation of a fibrin layer and undergoes diffusion of
nutrients by capillary action from the recipient bed by a process called
plasmatic imbibition. The second phase involves the process of inosculation, in
which the donor and recipient end capillaries are aligned and establish a
vascular network.

Revascularization of the graft is accomplished through those capillaries as well
as by ingrowth of new vessels through neovascularization in the third and final
phase, which is generally complete within 4-7 days. Reinnervation of skin grafts
begins approximately 2-4 weeks after grafting and occurs by ingrowth of nerve
fibers from the recipient bed and surrounding tissue. Sensory return is greater
in full-thickness grafts because they contain a higher content of neurilemmal
sheaths. Similarly, hair follicles may be transferred with a full-thickness graft,
which allows the graft to demonstrate the hair growth of the donor site. Split-
thickness grafts are ultimately hairless.

The amount of dermis present in the graft determines the degree of contraction
immediately after harvest from the donor site and following placement and
revascularization in the recipient bed. Freshly harvested grafts undergo
immediate recoil as a result of elastin in the dermis in a phenomenon termed
primary contraction. Therefore, a full-thickness skin graft contracts more initially
following harvest as it contains the dermis in its entirety. Secondary contraction
is likely due to myofibroblast activity and is defined as the contraction of a
healed graft. The degree of secondary contraction is inversely related to the
thickness of the skin graft.

Accordingly, split-thickness skin grafts contract more than full-thickness grafts
following placement in the recipient bed. For that reason, full-thickness grafts
are preferably used in areas that would be significantly impacted functionally or
aesthetically by scarring or scar contracture, such as the head and neck, hands,
genitals, or breast. Current investigations into methods to reduce initial
contraction and subsequent need for contracture release include early
mechanical restraint immediately following grafting as well as application of
topical agents to delay keratinocyte differentiation or prevent crosslink
formation. [3]

Operative Technique
Wound preparation

Optimal skin graft success is influenced by several factors that should be
addressed with thorough recipient site preparation prior to grafting. Clearly, a
well-vascularized recipient bed is of utmost importance in survival of the skin
graft. With some exceptions, skin grafts rarely take when placed on bone,
cartilage, or tendon without the presence of periosteum, perichondrium, or
paratenon. The use of dermal substitutes such as AlloDerm or Integra has been
described as a method to address such circumstances, as it provides an
adequate vascular supply for subsequent split-thickness skin graft placement. [4,

5]

Early tangential excision of burn wounds is regarded as the standard of care for
burns that are not anticipated to heal within 3 weeks. [6] Special considerations
in burn excision relate to burns of the face and hands. The aesthetic units of the
face should be taken into account during excision, which can often be carried
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out using a hydrosurgery system such as Versajet for superficial partial
thickness burns (see image below). When excising burns to the dorsum of the
hand, particular care should be taken to avoid injury to the extensor tendons
and peritenon to so as to provide a vascularized bed for graft take and preserve
maximal postoperative function of the hand.

Recipient bed preparation using
hydrosurgery system.

Meticulous hemostasis of the recipient bed is also key in preventing hematoma
formation between the graft and wound bed. Hemostasis is typically achieved
through use of epinephrine and saline-soaked gauze, particularly in freshly
excised burns, in combination with precise electrocoagulation. Infection also
compromises graft survival; therefore, careful preparation of the recipient bed is
necessary. A recipient bed that contains a bacteria concentration greater than
105 organisms per gram of tissue will not support a skin graft.

Donor site selection

Donor site selection is based on multiple factors, including skin color, texture,
dermal thickness, vascularity, and anticipated donor site morbidity.

Full-thickness grafts taken from the supraclavicular preauricular or postauricular
areas provide a suitable color match for defects of the face. The pattern for the
graft should be enlarged by 3-5% to compensate for the immediate primary
contraction that occurs because of the elastin fibers contained in the graft
dermis, and the donor site may then be infiltrated with local anesthetic with or
without epinephrine. The full-thickness skin graft is excised with a scalpel at the
subdermal level of the superficial fat. The residual adipose tissue is
subsequently removed with sharp curved scissors prior to placement in the
recipient bed, as the fat is poorly vascularized and prevents direct contact
between the graft dermis and the wound bed. Donor site defects resulting from
full-thickness grafts must be closed primarily or, rarely, with a with a split-
thickness graft, since no epithelial structures for regeneration remain.

Split-thickness skin grafts are commonly harvested from the thigh, buttocks,
abdominal wall, or scalp (see image below).

A prospective, observational study by Bovenberg et al found the hair-bearing
scalp to be an excellent donor site for the harvesting of split-thickness skin
grafts. At 1-week follow-up, 80% of the donor sites had completely healed, while
at 1-month follow-up, the donor site Vancouver Scar Scale score was 0.26. Pain
at the donor site resolved within days, and full hair regrowth occurred in all
patients. At the recipient sites, full take was achieved for all grafts, and texture
and color match were good. Patients reportedly experienced no major
complications by 30-day follow-up. [7]

The method of harvesting a split-thickness skin graft depends primarily on the
size and thickness needed for coverage of the defect. Smaller grafts can be
taken using a "pinch graft" technique using a scalpel blade; slightly larger
freehand grafts can be obtained with a Weck blade. Powered dermatomes such
as the Zimmer are most commonly used to harvest split-thickness skin grafts, as
they have a rapidly oscillating blade that can be set at an adjustable depth and
width for appropriate coverage of the defect.

Donor site selection.

Lidocaine with epinephrine may be injected subcutaneously at the donor site
prior to harvesting, which aids in reducing blood loss and providing greater
tissue turgor to facilitate graft harvest. The planned harvest site and dermatome
can be lubricated with mineral oil, sterile saline, or Shur-Clens to enable easy
gliding of the dermatome over the skin. Epinephrine-soaked gauze may be
applied to the donor site immediately following harvest to achieve hemostasis.

Skin graft meshing

A skin graft may be meshed to provide coverage of a greater surface area at
the recipient site, with expansion ratios generally ranging from 1:1 to 6:1. This
also allows for the egress of serous or sanguinous fluid; however, it results in a
pebbled appearance upon healing that may ultimately be of poorer cosmesis.

The first reported use of skin graft mesh expansion was in 1907; modern skin
graft meshers were introduced in 1964. [8, 9] Current meshers use one of two
methods to mesh the graft. The first method is to use a smooth plastic plate, or
carrier, to carry the skin graft under circular notched blades. The second
method does not use a carrier; instead, it uses 2 opposing rollers, and the skin
graft is cut as the 2 rollers meet, much like scissor blades cut paper. Each
method of skin meshing has advantages and disadvantages, and their use
should be tailored to each clinical application. See image below.

Meshing of split-thickness skin graft.

A sheet, or unmeshed, skin graft provides a continuous surface that may be
more aesthetically acceptable but does not allow drainage of fluid and requires
a greater surface area of harvested graft. A "piecrusting" technique is often
employed in sheet or full-thickness grafts, as the creation of small incisions in
the graft can allow for drainage without compromising the cosmetic appearance
of the healed graft. For large surface area wounds that necessitate coverage
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with a full-thickness graft, such as the hands or face following burns, tissue
expansion can be employed preoperatively to provide adequate surface area
for coverage of the defect.

Graft application

One of the more common and expeditious methods of affixing a graft to the
recipient site is with surgical staples, particularly to large recipient areas (see
image below). In children or in sensitive areas of adults, sewing the graft into
place using absorbable sutures may be more prudent.

Skin graft affixed to recipient bed using
surgical staples.

In selection of the final dressing, the prevention of shearing forces, seroma, or
hematoma formation between the graft and recipient site is essential. Meshing
or "piecrusting" the graft minimizes the risk of graft loss secondary to hematoma
or seroma formation. The prevention of shearing forces that may disrupt graft
take is accomplished by properly securing the graft to the site, which typically
involves use of a bolster dressing or a negative pressure dressing. A bolster
dressing typically is composed of moistened cotton balls wrapped in a
petroleum gauze, which is secured by placing sutures radially around the
wound and tying them to each other over the bolster dressing to provide
constant, light pressure to the graft. For skin grafts to the lower extremity, an
Unna boot dressing may be applied, as it performs the necessary action of
maintaining graft integrity but also allows for early mobilization. [10]

Alternatively, negative pressure dressings (vacuum-assisted closure [VAC])
prevent shearing forces and reduce fluid collection between the graft and
recipient bed, thereby facilitating plasmatic imbibition and revascularization,
leading to a significant improvement in overall split-thickness skin graft survival.
[11, 12, 13] A nonadherent material must be placed as an interface between the skin
graft and the VAC sponge to prevent disruption of the graft when removing the
dressing. The initial dressing should be left in place for approximately 5 days (3-
7 days) unless pain, odor, discharge, or another sign of a complication develops.
A hematoma or seroma encountered at the dressing change should be
addressed by making a small incision directly over the collection and
expressing the underlying contents in order to minimize disruption of graft
adherence. See images below.

Application of nonadherent dressing to
skin graft prior to VAC placement.

VAC negative pressure dressing.

Donor site care

The split-thickness skin graft donor site epidermis regenerates by secondary
epithelialization from the wound edges and from immigration of dermal cells
originating in the shafts of hair follicles as well as adnexal structures remaining
in the dermis. Although the dermis never regenerates, the same site may be
harvested again for subsequent grafts because only a portion is removed in a
split-thickness graft.

The donor site is not without impaired cosmesis, however, as hypertrophic scar
formation or changes in skin pigmentation can occur upon healing. Split-
thickness graft donor sites generally heal within 7 days and can be dressed in
various ways. An occlusive, semipermeable, polyurethane dressing can be
applied to the donor site and has the advantage of significantly reducing pain of
the donor site in many patients while keeping the wound moist and thereby
enabling it to heal faster (see image below). Should the serous fluid production
preclude the use of such a dressing, materials such as Xeroform or
Acticoat may be applied to the donor site and left in place until healed.

Donor site dressing with OpSite occlusive,
semipermeable, polyurethane dressing.

A literature review by Sinha et al listed the following treatment
recommendations for pain at the donor site of a split-thickness skin graft [14] :

Subcutaneous anesthetic injection of adrenaline-lidocaine

Application of ice

Use of topical agents (eg, lidocaine and bupivacaine)

Use of hydrocolloid- and polyurethane-based wound dressings in
combination with fibrin sealant

Ottomann et al found that a single extracorporeal shock wave treatment can
significantly accelerate epithelialization of the donor site after skin graft
harvesting. In a randomized trial, a single defocused shock wave treatment (100
impulses/cm2 at 0.1 mJ/mm2) applied immediately after skin harvest reduced the
time to complete epithelialization from 16.7 to 13.9 days. [15]

A study by Karlsson et al found that in patients in whom a split-thickness skin
graft donor site was treated with one of three materials—hydrofiber,
polyurethane foam, or porcine xenograft—individuals who received hydrofiber
treatment scored highest for satisfaction with the donor-site scar’s appearance.
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In contrast, the xenograft patients scored lowest for satisfaction with scar
appearance. Evaluations were made 8 years postsurgery using the Patient and
Observer Scar Assessment Scale. [16]

Biologic Skin Substitutes
The terminology in the literature for skin substitutes and artificial skin is often
unclear. In the broadest sense, a skin substitute is anything that substitutes for
any of the skin functions. For example, one skin function is to minimize body
fluid loss. An impervious dressing such as a polyethylene plastic wrap would
minimize evaporation from an open wound and could be considered a skin
substitute. In this manner, allografts and xenografts are also skin substitutes.
However, to be more than just a dressing, a biologic skin substitute should in
some way be incorporated into the healing wound.

The ideal skin substitute is nontoxic, has little or no antigenicity, is
immunologically compatible, and does not transmit disease. Research and
development is currently under way with the hope of providing an ideal durable
skin substitute available for use on patients with severe burns and chronic
wounds. Although the criterion standard for wound coverage remains the
autologous split-thickness skin graft, many products and techniques are
available to the surgeon to aid in wound coverage and healing. These skin
substitutes function to reduce bacterial count; minimize the loss of water,
protein, and electrolytes; restore function; facilitate early motion; and provide
coverage of vessels, tendons, and nerves to prevent desiccation.

The development of artificial materials or skin grafts grown in the laboratory for
skin replacement has been an area of particular interest. [17] As described earlier,
the skin is made up of two distinct layers, the epidermis and the dermis.
Cultured or artificial dressings, therefore, may be used as a substitute for the
epidermal layer, the dermal layer, or both layers simultaneously.

Allografts and xenografts

Cadaveric grafts and porcine grafts are skin substitutes that have been used
clinically for several decades. Cadaveric grafts are termed allografts, or
homografts, because they are transplanted from one individual to another
within the same species. Pig skin grafts are termed xenografts, or heterografts,
because they are transplanted from an organism of one species to that of a
different species. These may be prepared for use in several ways. They may be
treated with glycerol and rapidly frozen with liquid nitrogen or they may be
lyophilized and freeze-dried.

Allografts and xenografts are biologic dressings only, are ultimately rejected by
the patient’s immune system, and need to be removed prior to definitive wound
treatment or skin grafting. [18] While xenografts are rejected before undergoing
revascularization, allografts initially undergo revascularization but are typically
rejected after approximately 10 days because of the strong antigenicity of skin.
One notable exception occurs in immunocompromised patients, such as burn
patients, whose rejection of allografts may be delayed for up to several weeks.

A study by Kirsner et al indicated that refractory venous leg ulcers can be
effectively treated with bioactive human split-thickness skin allografts, with
smaller wounds and those of shorter duration being more likely to heal. The
investigators found that 73.9% of ulcers less than 10 cm2 in size healed,
compared with 67.9% of those greater than 10 cm2. Moreover, a significantly
higher percentage of ulcers of less than 1 year’s duration healed than did those
lasting more than a year (72.3% vs 51.5%, respectively). [19]

Xenogeneic tissue such as porcine xenograft can be used as a temporary
dressing for clean partial-thickness wounds, such as are incurred with toxic
epidermal necrolysis (TEN), and such tissue has been shown to assist in
reepithelialization of large defects such as major burns by stimulating
granulation tissue formation. Products such as Permacol include modifications
to porcine xenograft that extend the life span and microbial resistance of the
graft.

Acellular fish skin grafts have shown benefit for applications such as burn
wounds and diabetic foot ulcers. Derived from Atlantic cod or Nile tilapia, these
xenografts have demonstrated anti-bacterial and anti-inflammatory properties.
[20]

A retrospective study by Michael et al indicated that full-thickness diabetic foot
ulcers can be effectively treated with acellular fish-skin grafts. The report looked
at 51 patients (58 diabetic foot ulcers) who were treated with these grafts,
determining that at 16 weeks, wound surface areas were reduced by a mean
87.57%, with complete healing found in 35 wounds (60.34%). [21]

Cultured skin grafts

The patient's own epithelial cells may be harvested and grown in culture for use
as a larger epidermal autograft, in a technique that has been applied for
decades. [22] These autografts address the epidermal layer only and are typically
quite thin. Cultured epidermal autografts (CEAs), such as Epicel, use a biopsy
from the patient that is expanded via culture techniques in the laboratory
setting to produce a sheet of autogenous keratinocytes for grafting.

While a CEA can ideally provide coverage of a large surface area defect using a
small amount of donor tissue, this type of skin substitute has been associated
with high rates of infection and graft loss, confirming the importance of the
dermal layer in skin grafting. Cultured skin substitute (CSS) is composed of a
CEA combined with a cultured autologous dermal layer; [23] therefore, it
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addresses both the dermal and epidermal skin layers. This provides a more
biologically similar material for skin replacement.

An allogeneic cultured keratinocyte and dermal fibroblast product (StrataGraft)
was approved by the US Food and Drug Administration (FDA) in June 2021 for
adults in whom there is a clinical indication for surgical treatment of thermal
burns that contain intact dermal elements (deep partial-thickness burns).
Approval was based on the phase-3 STRATA2016 trial, which found that, by 3-
month follow-up, durable wound closure without the need for autografting had
occurred at StrataGraft treatment sites in 59 out of 64 patients (92%). [24]

Dermal substitutes

The production of an effective replacement material for the dermis has proved
more challenging given the complexity of the dermal structure, although several
materials have well-documented success in this capacity. [25] Substitute
materials are classified based on their epidermal, dermal, or composite
structure and are further categorized by composition as acellular or cellular, and
living or nonliving.

Acellular dermal allografts, such as AlloDerm, are composed of cadaveric
dermis that serves as a scaffold for the ingrowth of recipient tissue. AlloDerm
has been studied in the repair of skin defects but has also been used in multiple
other applications, including abdominal wall reconstruction, breast
reconstruction, and coverage of implantable prostheses. AlloDerm has also
been used in combination with a split-thickness skin graft for single-stage soft
tissue defect reconstruction, with excellent results reported for coverage of
head and neck defects. [26]

Integra is an acellular dermal regeneration template that became commercially
available in 1996. It is a bilaminate membrane consisting of a porous collagen
layer (dermal analogue) bonded to a thin silicone layer (temporary epidermis).
The dermal layer becomes revascularized and populated by cells from the
patient’s own underlying tissue over 7-21 days. Once this process is complete,
an ultrathin split-thickness skin graft, or epidermal autograft, must be placed
over the new dermis after removal of the silicone layer from the new dermal
layer.

Dermal substitutes have been extensively studied for coverage of partial and
full-thickness defects and can be permanently incorporated into the patient’s
new skin layers without being rejected by the patient’s immune system. They
also carry the advantages of immediate availability, avoidance of the risks
associated with cellular allogeneic materials, reduced donor site morbidity, and
improved overall split-thickness skin graft incorporation.

Biosynthetic dressings

Several synthetic skin substitutes have become available for temporary wound
coverage in preparation for definitive wound coverage.

Biobrane is a biosynthetic dressing composed of a silicone membrane (the
epidermal layer) coated on one side with porcine collagen and imbedded with
nylon mesh (the dermal layer). When used to cover partial-thickness wounds,
the mesh adheres to the wound until healing occurs below. Biobrane should be
removed from any full-thickness wound prior to skin grafting. Biobrane is an
established biosynthetic dressing for burn wounds, particularly in the pediatric
population, but also has reported applications in patients with TEN, chronic
wounds, or following skin resurfacing. [27]

Cellular dermal allografts are composed of a collagen- or polymer-based
scaffold that is seeded with fibroblasts from a donor cadaver. These products
have reported use in coverage of partial- and full-thickness wounds.

TransCyte is a nylon mesh incubated with human fibroblasts that provides a
partial dermal matrix with an outer silicone layer as a temporary epidermis. It is
indicated for use in deep partial-thickness or excised full-thickness wounds
prior to autogenous skin graft placement. It must be removed or excised prior to
grafting full-thickness wounds.

Dermagraft consists of human neonatal fibroblasts cultured on Biobrane. The
neonatal fibroblasts are seeded into the nylon mesh. Approximately two weeks
after application, the silicone membrane is removed and the wound bed grafted
with a split-thickness skin graft. Dermagraft is a dressing and does not provide
full dermal scaffolding, thus requiring standard-depth, split-thickness skin grafts.

Composite allografts are bilayer products such as Apligraf, which has a dermal
component composed of bovine collagen and neonatal fibroblasts combined
with an epidermal layer formed by neonatal keratinocytes, and OrCel, which
consists of a bovine collagen sponge coated with neonatal allogeneic
keratinocytes. As allogeneic material, however, they cannot be used as
permanent skin substitutes, as they will be rejected by the patient’s immune
system. These materials have primarily been used in the treatment of chronic
wounds and donor sites. They also have reported utility when used as an
overlay dressing on split-thickness skin grafts to improve function and
cosmesis.

Conclusion
Skin grafting remains an important step on the surgeon's reconstructive ladder.
While the basic premises have remained the same for many years, the
development of new techniques and devices has contributed to significantly
improved functional and aesthetic results. The development of skin substitutes,
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along with stem cell therapies [28, 29] and tissue engineering, [30, 31, 32] offer
promising advances for this field in the future.
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