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Wound Biology

The overlapping segments of the repair process are concep-
tually defined as inflammation, proliferation, and remodel-
ing. During the inflammatory phase, hemostasis occurs and
an acute inflammatory infiltrate ensues. The proliferative
phase is characterized by fibroplasia, granulation, contraction,
and epithelialization. The final phase is remodeling, which is
commonly described as scar maturation (Fig. 7.1).

Inflammation

Inflammation is the first stage of wound healing. After tissue
injury, the lacerated vessels immediately constrict and throm-
boplastic tissue products, predominantly from the subendo-
thelium, are exposed. Platelets aggregate and form the initial
hemostatic plug. The coagulation and complement cascades
are initiated. The intrinsic and extrinsic coagulation path-
ways lead to activation of prothrombin to thrombin, which
converts fibrinogen to fibrin, which is subsequently poly-
merized into a stable clot.

As thrombus is formed, hemostasis in the wound is
achieved (Fig. 7.2). The aggregated platelets degranulate, re-
leasing potent chemoattractants for inflammatory cells, acti-
vation factors for local fibroblasts and endothelial cells,
and vasoconstrictors (Table 7.1). Platelet adhesiveness is
mediated by integrin receptors such as GPIIb/Illa («llbB3
integrin).1-3

Within minutes, the repair processes are initiated. After
the transient vasoconstriction induced by platelet factors, lo-
cal small vessels dilate secondary to the effects of the coag-
ulation and complement cascades. Bradykinin is a potent va-
sodilator and vascular permeability factor that is generated
by activation of Hageman factor in the coagulation cascade.?
The complement cascade generates the C3a and C5a ana-
phylatoxins, which directly increase blood vessel permeabil-
ity and attract neutrophils and monocytes to the wound.
These complement components also stimulate the release of

histamine and leukotrienes C4 and D4 from mast cells. The
local endothelial cells then break cell-to-cell contact, which
enhances the margination of inflammatory cells into the
wound site.?

An efflux of white blood cells (first neutrophils, later
monocytes) and plasma proteins enter the wound site (Fig.
7.3). The early neutrophil infiltrate scavenges cellular de-
bris, foreign bodies, and bacteria. Activated complement frag-
ments aid in bacterial killing through opsonization. The pri-
mary role of the neutrophil is to sterilize the wound. Ac-
cordingly, the initial neutrophil infiltrate is decreased in clean
surgical wounds when compared to contaminated or infected
wounds.

Within 2 to 3 days, the inflammatory cell population be-
gins to shift to one of monocyte predominance (Fig. 7.4). Cir-
culating monocytes are attracted and infiltrate the wound
site.3* These elicited monocytes differentiate into macro-
phages, and in conjunction with resident macrophages, or-
chestrate the repair process. Macrophages not only continue
to phagocytose tissue and bacterial debris, but also secrete
multiple growth factors. These peptide growth factors acti-
vate and attract local endothelial cells, fibroblasts, and ker-
atinocytes to begin their respective repair functions. More
than 20 different cytokines and growth factors are known to
be secreted by macrophages; the primary cells responsible for
regulating repair. (Table 7.2).¢ Depletion of monocytes and
macrophages causes a severe alteration in wound healing with
poor debridement, delayed fibroblast proliferation, and inad-
equate angiogenesis.”

Proliferation

FIBROPLASIA

The proliferative phase begins with the deposition of the fib-
rin and fibrinogen matrix and the activation and turnover of
local fibroblasts (fibroplasia). The initial fibrin—fibrinogen ma-
trix is populated with platelets and macrophages. These
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macrophages and the local extracellular matrix (ECM) release
growth factors that initiate fibroblast activation. Fibroblasts
migrate into the wound using the newly deposited fibrin and
fibronectin matrix as a scaffold. Local fibroblasts become ac-
tivated and increase protein synthesis in preparation for cell
division. As fibroblasts proliferate, they become the promi-
nent cell type by 3 to 5 days in clean, noninfected wounds
(Fig. 7.5). After cell division and proliferation, fibroblasts be-
gin synthesis and secretion of extracellular matrix products.

Integrins are transmembrane proteins with extracellular,
membrane, and intracellular domains. They are heterodimeric
and composed of alpha and beta subunits that interact to form
the active protein receptor. Ligands include growth factors,
ECM structural components such as collagen, elastin, and
other cells. After ligands bind, a structural change occurs in
the cytoplasmic domain of the integrin receptor and phos-
phorylation occurs. Signal transduction ultimately results in
transcription factor synthesis and new gene expression re-
sulting in new cellular function.

The initial wound matrix is provisional and is composed
of fibrin and the glycosaminoglycan (GAG), hyaluronic acid.*
Because of its large water of hydration, hyaluronic acid pro-
vides a matrix that enhances cell migration. As fibroblasts
enter and populate the wound, they utilize hyaluronidase to
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FIGURE 7.1. The temporal
relationship of repair stages
and cellular infiltrates into
the wound. Overlap occurs
between the stages, and the
beginning and endpoints are
approximate.

digest the provisional hyaluronic acid-rich matrix, and larger,
sulfated GAGs are subsequently deposited. Concomitantly,
collagens are deposited by fibroblasts onto the fibronectin and
GAG scaffold in a disorganized array.

Collagen types I and III are the major fibrillar collagens
comprising the extracellular matrix and are the major struc-
tural proteins both in unwounded and wounded skin. There
are now at least 19 different types of collagens described, each
of which shares the right-handed triple helix as the basic
structural unit.8-12 Most collagen types are synthesized by fi-
broblasts; however, it is now known that some types are syn-
thesized by epidermal cells.!13

GRANULATION

Granulation tissue is present in wounds healing by secondary
intention. This tissue is clinically characterized by its beefy-
red appearance (i.e., “proud flesh”), which is a consequence
of the rich bed of new capillary networks (neoangiogenesis)
that have formed from endothelial cell division and migra-
tion. The directed growth of vascular endothelial cells is stim-
ulated by platelet and activated macrophage and fibroblast
products. One example is vascular endothelial growth factor,
which is secreted by macrophages and acts to induce migra-
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TABLE 7.1. Platelets Contain Both Alpha and Dense Granules,
Which Are Released at the Wound Site.

Substance

Biological effect

Alpha granules
Platelet-derived growth factor
Transforming growth factor-g8
Transforming growth factor-a
Insulin-like growth
factor-binding protein-3

Platelet factor-4
B-Thromboglobulin

Dense granules
Adenosine diphosphate
Calcium
Serotonin

Cytosol

von Willebrand factor VIII

Fibronectin

Fibrinogen

Thrombospondin

Factor V

Platelet-activating factor

Thromboxane-A2

12-Hydroxyeicosatetranoic
acid (12-HETE)

Matrix deposition
Matrix deposition
Epithelialization

Matrix deposition

Activation of growth factors
Activation of growth factors

Platelet aggregation
Platelet aggregation
Vasoconstriction

Mediator of platelet adhesion
Ligand for platelet aggregation
Ligand for platelet aggregation
Ligand for platelet aggregation
Hemostasis

Platelet activation
Vasoconstriction
Vasoconstriction

In addition, multiple activators and mediators of the hemostatic cascades are
present on the platelet surface membrane (see Chapter 9). The substances re-
leased have myriad effects on the repair process. Vascular endothelial growth
factor has recently been found to be present within platelets but its exact in-
tracellular location is unknown.??

Source: Data were compiled from several sources (reviewed in References 1,
2, 3).

tion and proliferation of endothelial cells. Granulation tissue
is a dense population of blood vessels, macrophages, and fi-
broblasts embedded within a loose provisional matrix of fi-
bronectin, hyaluronic acid, and collagen.

The presence of granulation tissue is used as a clinical in-
dicator that the wound is ready for skin graft treatment.
Wounds that benefit from skin grafts are of sufficient size
such that the healing time would be decreased. The high de-
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FIGURE 7.3. Within 24 hours, a neutrophil efflux into the wound
occurs. The neutrophils scavenge debris, bacteria, and secrete cy-
tokines for monocyte and lymphocyte attraction and activation. Ker-
atinocytes begin migration when a provisional matrix is present.
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FIGURE 7.4. At 2 to 3 days after injury, the macrophage becomes
the predominant inflammatory cell type in clean, noninfected
wounds. These cells then regulate the repair process by secretion of
a myriad of growth factors, including types that induce fibroblast and
endothelial cell migration and proliferation.

gree of vascularity enables granulation tissue to readily ac-
cept and support skin grafts.

CONTRACTION

Open wounds are characterized by contraction, a phenome-
non not present in closed surgical incisions. Open wounds
occur after trauma, burns, and when previously closed
wounds are secondarily opened because of infection. Con-
traction is the process in which the surrounding skin is
pulled circumferentially toward the wound. Wound contrac-
tion decreases the size of the wound dramatically without
new tissue formation. This repair component allows the
wound to close, and thus heal much more rapidly than by
epithelialization alone. In addition, the area of insensate scar
is smaller.

The amount of contraction is related to the size of the
wound and mobility of the skin. In humans, contraction is
greatest in the trunk and perineum, least on the extremities,
and intermediate on the head and neck. Up to 80% of wound
closure can be caused by contraction in the trunk and per-
ineum. These regional differences are thought to result from
the relative differences in skin laxity in those areas.

Clinically, wound contraction can lead to contracture,
which distorts tissue and leads to decreased function. For ex-
ample, wound contraction across a joint can lead to a con-
tracture in that joint. The range of motion, and thus func-
tion, of the joint is diminished. Contractures can develop in
the extremities, eyelids, neck, spine, and fingers.

EPITHELIALIZATION

Within hours after injury, morphological changes in ker-
atinocytes at the wound margin are evident. In skin wounds,
the epidermis thickens, and marginal basal cells enlarge and
migrate over the wound defect (see Fig. 7.5). Once these ep-
ithelial cells begin migrating, they do not divide until
epidermal continuity is restored. New epithelial cells for
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TABLE 7.2. A Partial List of Growth Factors Present at the Wound Site.

Growth factor Cellular source

Target cells

Biological activity

TGF-81, TGF-8, Macrophages, platelets, fibroblasts,

Inflammatory cells, keratinocytes,

Chemotaxis, proliferation, matrix

keratinocytes fibroblasts production (fibrosis)
TGEF-B3 Macrophages Fibroblasts Anti-scarring?
TGEF-a Macrophages, platelets, keratinocytes Keratinocytes, fibroblasts, Proliferation
endothelial cells
TNF-a Neutrophils Macrophages, keratinocytes, Activation of growth factor
fibroblasts expression
PDGF Macrophage, platelets, fibroblasts, Neutrophils, macrophages, Chemotaxis, proliferation, matrix
endothelial cells, vascular smooth fibroblasts, endothelial cells, production
muscle cells vascular smooth muscle cells
FGEF-1, FGF-2, Macrophage, fibroblasts, endothelial Keratinocytes, fibroblasts, Angiogenesis, proliferation,
FGF-4 cells endothelial cells, chondrocytes chemotaxis
FGF-7 (KGF) Fibroblasts Keratinocytes Proliferation, chemotaxis
EGF Platelets, macrophages, keratinocytes Keratinocytes, fibroblasts, Proliferation, chemotaxis
endothelial cells
IGF-1/Sm-C Fibroblasts, macrophages, serum Fibroblasts, endothelial cells Proliferation, collagen synthesis
IL-1a and IL-18 Macrophages, neutrophils Macrophages, fibroblasts, Proliferation, collagenase synthesis,
keratinocytes chemotaxis
CTGF Fibroblasts, endothelial cells Fibroblasts Downstream of TGF-8;
VEGF Macrophages, keratinocytes Endothelial cells Angiogenesis

Redundant biological effects through both autocrine and paracrine mechanisms are apparent.

TGF-B, transforming growth factor-beta; TGF-«, transforming growth factor-alpha; TNF-a, tumor necrosis factor-alpha; PDGF, platelet-derived growth factor;
FGF, fibroblast growth factor; KGF, keratinocyte growth factor; EGF, epidermal growth factor; IGF-1, insulin-like growth factor-1; Sm-C, somatostatin-C; IL-1,
interleukin-1; CTGF, connective tissue growth factor; VEGF, vascular endothelial cell growth factor.

wound closure are provided by fixed basal cells in a zone
near the edge of the wound.!* Their daughter cells flatten
and migrate over the wound matrix as a sheet (epiboly). Cell
adhesion glycoproteins, such as tenascin and fibronectin,
provide the “railroad tracks” to facilitate epithelial cell mi-
gration over the wound matrix. Following the reestablish-
ment of the epithelial layer, keratinocytes and fibroblasts
secrete laminin and type IV collagen to form the basement
membrane.!® The keratinocytes then become columnar and
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FIGURE 7.5. Fibroblasts are activated and present at the wound by
3 to 5 days after injury. These cells secrete matrix components and
growth factors that continue to stimulate healing. Keratinocyte mi-
gration (epiboly) begins over the new matrix. Migration starts from
the wound edges as well as from epidermal cell nests at sweat glands
and hair follicles in the center of the wound.

divide as the layering of the epidermis is established, thus
reforming a barrier to further contamination and moisture
loss.

Interestingly, keratinocytes can respond to foreign-body
stimulation with migration as well. Sutures in skin wounds
provide tracts along which these cells can migrate. Subse-
quent epithelial thickening and keratinization produce fi-
brotic reactions, cysts, or sterile abscesses centered on the su-
ture. These are treated by removal of the inciting suture and
epithelial cell sinus tract or cyst.

Remodeling Phase

The ECM is the scaffold that supports cells in both the un-
wounded and wounded states. The ECM is dynamic and dur-
ing repair is constantly undergoing remodeling. The regula-
tion of the remodeling is poorly understood, but simplistically
can be conceptualized as the balance between synthesis, de-
position, and degradation. Lysyl oxidase is the major inter-
molecular collagen cross-linking enzyme.!> Collagen cross-
linking improves wound tensile strength. Collagenases,
gelatinases, and stromelysins are matrix metalloproteinases
(MMPs) that degrade ECM components.The balance of colla-
gen deposition and degradation is in part determined by the
regulation of MMP activity. Proteins called tissue inhibitor
of matrix metalloproteinases (TIMPs) specifically inactivate
the MMPs.1¢ Current investigation is examining the regula-
tion of MMP-TIMP balance during wound ECM remodel-
ing.”'ls

Ultimately, the outcome of mammalian wound healing
is scar formation (Fig. 7.6). Scar is defined morphologically as
the lack of tissue organization compared to surrounding nor-
mal tissue architecture and is characterized by disorganized
collagen deposition. New collagen fibers secreted by fibrob-
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FIGURE 7.6. Scar formation is the outcome of healing in postnatal
skin. Scar is composed of densely packed, disorganized collagen fiber
bundles. Remodeling occurs up to 1 to 2 years after injury and con-
sists of further collagen cross-linking and regression of capillaries,
which account for the softening of scar and its color change from red
to white.

lasts are present as early as 3 days after wounding. As the col-
lagenous matrix forms, densely packed fibers fill the wound
site. The ultimate pattern of collagen in scar is one of densely
packed fibers and not the reticular pattern found in un-
wounded dermis.

During remodeling, wounds gradually become stronger
with time. Wound tensile strength increases rapidly from 1
to 8 weeks post wounding. Thereafter, tensile strength in-
creases at a slower pace and has been documented to increase
up to 1 year after wounding in animal studies (Fig. 7.7). How-
ever, the tensile strength of wounded skin at best only
reaches approximately 80% that of unwounded skin.1® The
final result of tissue repair is scar, which is brittle, less elas-
tic than normal skin, and does not contain any skin ap-
pendages such as hair follicles or sweat glands. The major

benefit of repair by scar is the relatively rapid reformation of
tissue integrity.

Regulation of Wound Repair

GROWTH FACTORS

Growth factors play a prominent role in the regulation of
chemotaxis and wound healing. These polypeptides are re-
leased by a variety of activated cells at the wound site (see
Table 7.2). They act in either paracrine or autocrine fashion
to stimulate or inhibit protein synthesis by cells in the
wound, and many have overlapping functions.

PLATELET-DERIVED GROWTH FACTOR

Platelet-derived growth factor (PDGF) is released from platelet
alpha-granules immediately after injury. PDGF attracts neu-
trophils, macrophages, and fibroblasts to the wound and
serves as a powerful mitogen. Macrophages, endothelial cells,
and fibroblasts also synthesize and secrete PDGF. Platelet-
derived growth factor stimulates fibroblasts to synthesize
new extracellular matrix, predominantly noncollagenous
components such as GAGs and adhesion proteins. PDGF also
increases the amount of fibroblast-secreted collagenase, indi-
cating a role for this cytokine in tissue remodeling.20.2!

TRANSFORMING GROWTH FACTOR-BETA
Transforming growth factor-beta (TGF-8) directly stimulates
collagen synthesis and decreases extracellular matrix degra-
dation by fibroblasts.2223 It is released from platelets and
macrophages at the wound. In addition, TGF-B is released
from fibroblasts and keratinocytes. TGF-8 acts in an autocrine
fashion to further stimulate its own synthesis and secretion.
TGF-B also chemoattracts fibroblasts and macrophages to the
wound.

TGF-B is a profibrotic growth factor which accelerates
wound repair at the expense of increased fibrosis. It has been
implicated in pathological fibrosis in multiple different organ
systems and is thought to be a factor in the formation of in-
testinal adhesions. TGF-g stimulates ECM synthesis and ac-
cumulation, increases integrin expression and therefore en-
hances cell-matrix interactions.
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FIBROBLAST GROWTH FACTORS
Angiogenesis is stimulated by acidic and basic fibroblast
growth factors (FGF-1 [or aFGF| and FGF-2 [or bFGF], respec-
tively).2* Endothelial cells, fibroblasts, and macrophages pro-
duce FGF-1 and FGF-2. The FGFs stimulate endothelial cells
to divide and form new capillaries. They also chemoattract
endothelial cells and fibroblasts.

VASCULAR ENDOTHELIAL GROWTH FACTOR
Vascular endothelial growth factor is also a potent angiogenic
stimulus.2526 [t acts in a paracrine manner to stimulate pro-
liferation by endothelial cells after release from platelets,
macrophages, fibroblasts, and keratinocytes.2’2? Its expres-
sion is also increased in hypoxic conditions, such as those
found at the wound site.?8

OTHER GROWTH FACTORS
Epithelialization is directly stimulated by at least two growth
factors: epidermal growth factor (EGF) and keratinocyte
growth factor (KGF [or FGP-7]).2430 EGF is released by ker-
atinocytes to act in an autocrine fashion, whereas KGF is re-
leased by fibroblasts to act in a paracrine fashion to stimu-
late keratinocyte division and differentiation.

Multiple other growth factors affect wound repair. For ex-
ample, insulin-like growth factor-I (IGF-I) stimulates collagen
synthesis by fibroblasts, and IGF-I functions synergistically
with PDGF and bFGF to facilitate fibroblast proliferation.3!
Interferon-gamma has been shown to downregulate collagen
synthesis. The various interleukins mediate inflammatory
cell functions at the wound site (see Chapter 4).32

THE EXTRACELLULAR MATRIX

The ECM is a depository of growth factors in latent forms
under normal, unwounded conditions. With injury and ma-
trix destruction, the previously bound and inactive growth
factors are released in active form and thereby assist in initi-
ating and regulating the repair process.

Scarless Repair: The Fetal Paradigm

Unlike the adult, the early-gestation fetus can heal skin
wounds with regenerative-type repair and not with scar for-
mation.333* The epidermis and dermis are restored to a nor-
mal architecture in which the collagen matrix pattern is retic-
ular and unchanged from unwounded dermis. The wound hair
follicle and sweat gland patterns are normal.

Interestingly, inflammation plays a prominent role in
postnatal repair, but it is not present in significant amounts
in fetal skin wounds. An understanding of the biology of scar-
less fetal wound repair will help surgeons develop therapeu-
tic strategies to minimize scar and fibrosis.

Wound Pathology

Nonhealing Wounds

Chronic or nonhealing wounds are open wounds that fail to
epithelialize and close in a reasonable amount of time. These
wounds are clinically stagnant and without evidence of fur-

ther closure. There are likely many reasons why these wounds
do not heal, but no broad, unifying theory exists. Simply put,
chronic wounds may be thought of as lacking appropriate
“start” signals. These wounds can be broadly categorized into
three groups: pressure sores, lower extremity ulcers, and ra-
diation skin injury.

PRESSURE SORES

Pressure sores develop over a bony prominence, usually in
the immobile patient. These are frequently called “decubitus
ulcers” or “bed sores.” The sacrum, ischium, and greater
trochanter are the most common locations affected.>

Pressure necrosis is a function of the amount of pressure
on the tissue and duration of pressure. Microcirculation is
compromised when the tissue pressure is greater than 25 to
30 mmHg, which blocks capillary perfusion pressure.3¢
Necrosis can occur with as little as 2 h of sustained pressures
at this level 3¢ Skin is more resistant to pressure necrosis than
the underlying fat and muscle, which explains the common
finding of a small area of skin ulceration overlying a large
area of subcutaneous fat and muscle necrosis.

To begin treatment of these patients, efforts should be
made to control the factors leading to increased pressure. Par-
alyzed patients require periodic rotation and air mattress or
other types of low-pressure beds. In addition, behavior and
contractures may need to be addressed. Tight-fitting casts
should be removed and replaced by those with no excess pres-
sure. Other contributing factors should be identified and con-
trolled, such as malnutrition, infection, and diabetes control.
Necrotic tissue requires debridement.

With avoidance of pressure over the involved area, most
pressure sores heal. However, they heal with scar formation,
which is less resistant to trauma than intact skin. Thus,
a higher incidence of recurrence exists after spontanecous
closure of these wounds than if they are closed surgically
with flaps of normal skin and muscle over the bony
prominence.3”/38

LOWER-EXTREMITY ULCERS

Leg ulcers generally arise from either one of two different
vascular diseases: arterial or venous insufficiency. Most
(80%-90%) result from venous valvular disease (venous in-
sufficiency).3>3%40 Increased venous pressure in the depen-
dent lower extremity leads to localized edema and tissue
necrosis. Tissue edema is thought to be a major inhibitor of
repair at the ulcer site, but the exact mechanism is not
known. Oxygen delivery and diffusion are likely impaired.
Postcapillary obstruction leads to an increased perfusion pres-
sure and hypoxia. Protein and red blood cell extravasation oc-
curs, which further limits diffusion and oxygen delivery.

Arterial insufficiency to the lower extremity greatly im-
pairs healing. Minor trauma, resulting from scratches and abra-
sions that would otherwise heal quickly in a normal patient,
can progress into large wounds and ultimately necrotizing in-
fection that is not only limb- but also life-threatening. A reli-
able clinical sign of adequate arterial inflow is the simple pres-
ence of an arterial pulse. If a single palpable pulse is present in
the foot, then most wounds will heal. A nonhealing wound in
an ischemic extremity is generally regarded as an indication
for revascularization of that extremity.
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RADIATION INJURY

External beam radiation through skin to treat deep pathology
has both acute and chronic effects on skin. Acutely, a self-
limiting erythema may develop that spontaneously resolves.
Its late effect can be a more significant injury to fibroblasts,
keratinocytes, and endothelial cells. DNA damage to these
cells propagates over time and impairs the ability of these
cells to divide successfully. Ultimately, a skin ulcer may oc-
cur spontaneously, but usually it occurs after repeated mild
trauma such as abrasions.*! If a surgical incision needs to be
placed through an area of irradiated skin, then that incision
is not likely to heal. Currently the only treatment modalities
for these wounds are hyperbaric oxygen therapy or coverage
with vascularized tissue flaps.

Clinical Factors Affecting Repair

INFECTION

Wound infection is an imbalance between host resistance
and bacterial growth.*? Bacterial infection impairs healing
through several mechanisms.*3 At the wound site, acute and
chronic inflammatory infiltrates slow fibroblast proliferation
and thus slow ECM synthesis and deposition. Although the
exact mechanisms are not known, sepsis causes systemic ef-
fects that can impede the repair processes.

Open wounds invariably become colonized by bacteria.
The wound has no protective barrier to prevent bacterial ad-
herence in the exposed dermis or subcutaneous fat and mus-
cle. Colonization does not preclude healing. However, if bac-
terial infection occurs, then healing can be not only delayed
but also stopped.

A threshold number of bacteria in the wound appears to
be necessary to overcome host resistance and cause clinical
wound infection. Bacterial contamination results in clinical
infection and delays healing if more than 10° organisms per
gram of tissue are present in the wound.*34* Skin grafts on
open wounds are likely to fail if quantitative culture shows
more than 10° organisms/g tissue, which provides further ev-
idence that bacterial load impacts repair.*> Similarly, well-
vascularized muscle flaps heal open wounds successfully if
bacterial loads are not greater than 10° organisms/g tissue.*®
These studies demonstrate that high levels of bacteria inhibit
the normal healing processes.

Treatment of the closed, infected wound depends on
whether fluid or necrotic tissue is present. If no fluid is drain-
ing or loculated, then cellulitis can be successfully treated
with appropriate antibiotics. The wound should be opened,
sutures removed, irrigated, and debrided if pus or necrotic tis-
sue is present. Appropriate antibiotic administration follow-
ing wound cultures treats surrounding cellulitis. Signs of
wound infection include fever, tenderness, erythema, edema,
and drainage.

NUTRITION

Wound healing is an anabolic event that requires additional
caloric intake.*” However, the precise calorie requirements
for optimal wound healing have not been determined. Large
injuries such as burns greatly increase metabolic rate and nu-
tritional requirements.*® Severely malnourished and catabolic

patients clinically appear to have diminished healing; how-
ever, no studies have definitely proved this finding.*°

Appropriate levels of vitamins C and A are necessary for
proper fibroplasia, collagen synthesis and cross linking and ep-
ithelialization processes. Animal studies show that vitamin A
also reverses the impaired healing that occurs with chronic
steroid treatment.>%>! While this is not proved conclusively in
human studies, most surgeons administer vitamin A postop-
eratively to their patients on steroid therapy. Vitamin A is fat
soluble and can be taken in toxic doses, so careful adminis-
tration is essential. The oral dose is 25,000 U/day.>2

Vitamin Bg (pyridoxine) deficiency impairs collagen cross-
linking.>3 Vitamin B; (thiamine) and vitamin B, (riboflavin)
deficiencies cause syndromes associated with poor wound re-
pair. Supplementation with these vitamins does not improve
healing unless a preexisting deficiency condition is present.

Trace metal deficiencies such as zinc and copper have
been implicated with poor wound repair because these diva-
lent cations are cofactors in many important enzymatic
reactions.? Zinc deficiency is associated with poor epithe-
lialization and chronic, nonhealing wounds. Trace metal de-
ficiency is now extremely rare in both enterally and par-
enterally fed patients.

Vitamin and mineral excess administration can be detri-
mental and cause toxicity, especially the fat-soluble vitamins.
Adequate amounts are present in today’s enteral feeding so-
lutions and as supplemental additives to parenteral solutions.
Supplemental administration is only necessary in deficiency
states and certain unique clinical situations as described
earlier.

OXYGEN AND PERFUSION

Wounds require adequate oxygen delivery to heal. Ischemic
wounds heal poorly and have a much greater risk of infec-
tion.>*>> Wound ischemia occurs secondary to a variety of fac-
tors: occlusive vascular disease, vasoconstriction, and hypov-
olemia. Excessive suture tension during wound closure will
cause local wound ischemia and result in wound healing com-
plications. Conversely, increased oxygen delivery at the wound
improves wound healing.>*>7 Experimentally, collagen syn-
thesis by fibroblasts is increased with supplemental oxygen.>$:5

Anemia in the normovolemic patient is not detrimental
to wound repair so long as the hematocrit is greater than 15%,
because oxygen content in blood does not affect wound col-
lagen synthesis.8

DIABETES MELLITUS AND OBESITY

Wound healing is impaired in diabetic patients by unknown
mechanisms, although recent studies have implicated a lack
of KGF and PDGF function in the wound.®®®! Many of these
patients have microvascular occlusive disease that may cause
ischemia and impaired repair. Healing is enhanced if glucose
levels are well controlled.®? Obesity interferes with repair in-
dependently of diabetes.%?

CORTICOSTEROIDS

Both topically applied and pharmacological steroid use im-
pairs healing, especially when given in the first 3 days after
wounding.6#%> Steroids reduce wound inflammation, colla-
gen synthesis, and contraction.®> The exact mechanisms un-



84 CHAPTER 7

derlying how steroids impair healing are not fully understood.
Because steroids decrease inflammation, they may decrease
host bacterial resistance and thus increase wound infection
complications. The entire repair process is slowed and risk of
dehiscence and infection is increased. As stated previously,
vitamin A administration can reverse this effect.50>1

RADIATION THERAPY

Both radiation and chemotherapeutic agents have their great-
est effects on dividing cells. The division of endothelial cells,
fibroblasts, and keratinocytes is impaired in irradiated tissue,
which retards wound healing.

CHEMOTHERAPY

During the proliferative phase of repair, numerous cell types
are active at the wound site. Antiproliferative chemothera-
peutic agents act to slow this process and thus retard heal-
ing.%¢ Following oncological surgical procedures, in most in-
stitutions chemotherapeutic agents are not administered
until at least 5 to 7 days postoperatively to prevent impair-
ment of the initial healing events.

Excessive Healing

Normal wounds have stop signals that halt the repair process
when the dermal defect is closed and epithelialization is com-
plete. When these signals are absent or ineffective, then the
repair process may continue and result in a condition of ex-
cessive scar. The underlying regulatory mechanisms leading
to excessive repair are not yet known.

To minimize visible scar on skin, elective incisions are
least noticeable when placed parallel to the natural lines of
skin tension (Langer’s lines). This placement location has two
advantages: the scar is parallel or within a natural skin crease,
which camouflages the scar, and this location places the least
amount of tension on the wound. Wound tension prevents thin
scar formation. Sharply defined and aligned wound edges ap-
proximated without tension heal with the least amount of scar.
Infection or separation of the wound edges with subsequent
secondary intention repair also results in more scar formation.

HYPERTROPHIC SCAR

Hypertrophic scars and keloids are distinguished based on
their clinical characteristics. Hypertrophic scars are defined
as scars that have not overgrown the original wound bound-
aries, but are instead raised. They usually form secondary to
excessive tensile forces across the wound and are most com-
mon in wounds across flexion surfaces, the extremities,
breasts, sternum, and neck. Physical therapy with range-of-
motion exercises is helpful in minimizing hypertrophic scar
as well as joint contracture in the extremities.

Hypertrophic scar is a self-limited type of overhealing af-
ter tissue injury, and usually regresses with time. These scars
generally fade in color as well as flatten to the surrounding
skin level. There has never been a clear histological differ-
ence between hypertrophic scar and keloid. In general, both
keloid and hypertrophic scar fibroblasts have an upregulation
of collagen synthesis, deposition, and accumulation.®”

Treatment options for hypertrophic scars include the ap-
plication of pressure garments or topical silicone sheets, laser

therapy, and reexcision with primary closure.®®-7% The latter
option is most useful in cases of excess scar caused by infec-
tion or dehiscence. If the original wound was closed follow-
ing the basic tenets described above, then reexcision with
primary closure is not likely to result in an improved scar
compared to the initial procedure. Recurrence of hypertrophic
scar is quite high in these circumstances, and therefore most
surgeons do not treat hypertrophic scar with excision and pri-
mary closure unless they plan adjuvant therapy.

KELOID

Scars that overgrow the original wound edges are called
keloids. This clinical characteristic distinguishes keloid from
hypertrophic scar. True keloid scar is not common and occurs
mainly in darkly pigmented individuals with an incidence of
6% to 16% in African populations.”’! It has a genetic predis-
position with autosomal dominant features. The keloid scar
continues to enlarge past the original wound boundaries and
behaves like a benign skin tumor with continued slow growth.

Keloids consist mainly of collagen. They are relatively
acellular in their central portions with fibroblasts present
along their enlarging borders. They do not contain a signifi-
cant excess number of fibroblasts. Collagen scar deposition
outpaces degradation, and the lesion continues to enlarge.

No uniformly successful treatment of keloid scar exists.
Excision and primary closure invariably result in recurrence.
Steroid injection directly into the keloid has the most bene-
fit early in the course.”?

Patients presenting with mature lesions of months to
years duration that are slowly changing respond poorly to
steroid injection. The only viable treatment options for ma-
ture keloids are to monitor and do nothing or to excise and
administer adjuvant therapy.

Clinical Management of Wounds

Primary Intention

Primary intention healing occurs in closed wounds, which
are wounds with the edges approximated. These wounds are
usually closed in layers along tissue planes. Deep sutures are
placed in collagen-rich layers such as fascia and dermis. These
layers are strong and can hold sutures with a high degree of
tension. Fatty tissue layers, such as subcutaneous fat, do not
have significant collagen and cannot hold sutures under ten-
sion. For this reason, most surgeons do not close the subcu-
taneous fat layer, even in the morbidly obese patient.

To decrease scar formation and risk of infection, meticu-
lous hemostasis should be performed. This step limits the
amount of hematoma to be cleared, and thus decreases the
inflammatory phase and likely decreases scar. Because he-
matoma is a culture media for bacteria, decreased bleeding
also decreases the risk of infection. By limiting inflammation
with sterile technique and tight hemostatic control, repair by
activated fibroblasts can begin earlier and thus shorten the
healing period.

Smaller surgical scars are achieved with no skin edge
trauma and less resultant inflammation. Forceps crush-injury
of the epidermis and dermis should be avoided by using fine
forceps and skin hooks to retract and assist in dermal closure;
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this decreases the amount of necrotic tissue at the wound
edge and thereby reduces inflammation.

Uncomplicated wounds healing with primary intention
epithelialize within 24 to 48 h. At this point, water barrier
function has been restored and patients can be allowed to
shower or wash. This stage has a psychological benefit dur-
ing the postoperative recovery period. In addition, gentle
cleansing removes old serum and blood, which reduces po-
tential bacterial accumulation and infection risk.

Secondary Intention

Open wounds heal with the same basic processes of inflam-
mation, proliferation, and remodeling as do closed wounds.
The major difference is that each sequence is much longer,
especially the proliferative phase. There is also much more
granulation tissue formation and contraction. This type of
healing process is referred to as secondary intention.

Open wound edges are not approximated but are instead
separated, which necessitates epithelial cell migration across
a longer distance. Before epiboly can occur, a provisional ma-
trix must be present. Granulation tissue must form. There

are variable amounts of bacteria, tissue debris, and inflam-
mation present depending on wound location and etiology.
Infection, with high protein exudative losses and acute and
chronic inflammation, can disregulate repair and transform
the healing wound into a clinically nonhealing wound.

During the proliferative phase of an uncomplicated course
of secondary intention healing, a bed of granulation tissue is
present. If no infection is present and the area is of sufficient
size that healing will not be complete for at least 2 to 3 weeks,
then placement of a partial or full-thickness skin graft should
be considered. Grafts readily adhere to granulation tissue and
will quickly speed the repair process. Partial thickness skin
graft donor sites can heal in as little as 2 weeks, depending
on graft thickness.

Topical Wound Treatment

LocAL CARE

CLosED WOUNDS
Closed wounds healing by primary intention require much
less care than open wounds. Closed wounds should be kept

TABLE 7.3. Classes of Wound Dressings and Skin Replacements Currently Available.

Class

Composition

Characteristics/function

Commercial examples

Gauze
Calcium-alginates

Impregnated gauzes

Films

Foams

Hydrogels

Hydrocolloids

Absorptive powders
and pastes

Silicone
Mechanical vacuum

Dermal matrix
replacements

Dermal living
replacements
Skin living
replacement

Woven cotton fibers

Seaweed polymer that forms a
gel when absorbs fluid

Fine mesh fabric (silicone,
nylon) with dermal porcine
collagens

Plastic (polyurethane);
semipermeable

Hydrophilic (wound side) and
hydrophobic (outer side);
semipermeable

Water (96%) and polymer
(polyethyleneoxide)

Hydrophilic colloidal particles
and adhesive

Starch copolymers, hydrocolloidal
particles

Silicone sheets
Vacuum, sponge, plastic film

Acellular matrix

Absorbable matrix populated
with fibroblasts

Bovine collagen matrix
populated with human
fibroblasts with an outer layer
of human keratinocytes

Permeable with desiccation; debridement;
painful removal

Absorbs exudate; nonadherent; nonirritating;
requires a cover dressing (permeable)

Nonadherent; semipermeable

Allows water vapor permeation; adhesive

Necrotic/exudative wounds

Aqueous environment; requires secondary
dressing; no adherence; not recommended
if infection is present; semipermeable

Absorbs fluid; necrotic tissue autolysis; little
adherence; occlusive

Absorbs exudate; used as a filler; good for deep
wounds

Sheet induces a localized electromagnetic field;
decreases scar formation?

Sponge conforms to wound and vacuum
removes edema fluid; stimulation of repair?

Permeable; increased stimulation of repair?

Permeable; increased stimulation of repair?

Impermeable; increased stimulation of repair?

Curity®
Algisorb,® Sorbsan®

Biobrane II®

Opsite,® Tegaderm®

Lyofoam,® Allevyn®

Vigilon,® Aquasorb®

Duoderm,® Intrasite®

Geliperm,® Duoderm
granules®

Sil-K®
VAC® device

Alloderm® (human,
dermis), SIS® (porcine,
small bowel submucosa),
Integra® (bovine collagen,
GAG, and silicone
epidermal-type layer)

Dermagraft®

Apligraf® (FDA approved
6/98)

A multitude of brands within each class are available, and only a few examples are listed. Recently, skin replacements have become available. Although ex-
pensive, they have great potential clinical usefulness. No particular brands are recommended in any class.

Source: Data partially taken from Feedar JA. Clinical management of chronic wounds. In: McCulloch JM, Kloth LC, Feedar JA, eds. Wound Healing Alternatives
in Management. Philadelphia: Davis, 1995:137-185.
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sterile for 24 to 48 h until epithelialization is complete. Ten-
sile strength is only 20% of normal skin at 3 weeks when
collagen cross-linking is becoming significant. At 6 weeks,
wounds are at 70% of the tensile strength of normal skin,
which is nearly the maximal tensile strength achieved by scar
(75%-80% of normal; see Fig. 12.10).!° Therefore, if ab-
sorbable suture is used to close deep structures that are un-
der significant tension, such as abdominal fascia, the suture
should retain significant tensile strength for at least 6 weeks
before absorption severely weakens the suture. In addition,
heavy activity should be limited for a minimum of 6 weeks
while healing of deep fascial structures occurs.

OPEN WOUNDS
Necrotic material should be removed from open wounds on
initial presentation and subsequently as it accumulates.
Necrotic tissue serves only as a culture source for bacteria
and does not aid healing. The only exception to immediate
debridement is a dry, chronic, arterial insufficiency eschar
without evidence of infection. These types of wounds may be
best treated by revascularization before debridement.

Open wounds heal optimally in a moist, sterile environ-
ment. By keeping the wound covered and moist without in-
fection, desiccation necrosis and healing delay are prevented.”?

WOUND DRESSINGS

A plethora of wound dressings are available for all types of
wounds. No type has conclusively been shown to accelerate
healing more than the others. The optimal open wound dress-
ing maintains a moist, clean environment that prevents pres-
sure and mechanical trauma, reduces edema, stimulates re-
pair, and is inexpensive. Less frequent dressing changes and
prevention of skin irritation are also beneficial. At this time,
no ideal dressing exists (see Table 7.3).

ENGINEERED SKIN REPLACEMENTS

With the biotechnology revolution, several dermal and skin
replacements are now available through tissue engineering
technology (Table 12.4). These products have the additional
potential benefit of accelerating or augmenting repair by
means of their biocomponents.

Pharmacological Treatment

ANTIBIOTIC OINTMENTS

Antibiotic ointments are commonly used in burn wound care
as well as deep partial thickness injuries. They remain con-
troversial in the nonburn patient because the risk of devel-
oping an invasive infection by resistant bacteria may be too
high to justify their use. Open wounds are colonized by bac-
teria, and systemic antibiotics are only indicated if invasive
infection is present. Nonburn wounds without infection will
likely heal without topical antibiotic treatment so long as lo-
cal care is adequate.

In burn patients, silver sulfadiazine is commonly used (see
Chapter 20). It is inexpensive, has few side effects, and rarely
induces bacterial resistance. It can be useful in chronic wound
dressings as well. It is inexpensive and is well tolerated by
pediatric and geriatric patients alike.

COLLAGENASES

The collagenases are useful to treat wounds that require fine
debridement of necrotic tissue that is not amenable to surgi-
cal debridement, such as a thin layer of adherent exudate or
small amounts of necrotic tissue remaining after a bedside
wound debridement.

GROWTH FACTORS

Experimentally, exogenous application of several growth fac-
tors has been shown to accelerate normal healing as well as
improve healing rates and efficacy in impaired models of heal-
ing.2474-83 The best-studied growth factors with the most
promise to improve healing are PDGF, TFG-8, and members
of the FGF family (see Table 12.2). Several obstacles must be
overcome before widespread use, including efficacious appli-
cation, vehicle development, and cost.
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