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Wound Healing
Prof Dr Balasubramanian Thiagarajan

Introduction:

Wound healing process is defined as an overt expression of an intricate and tightly
choreographed sequence involving cellular and biochemical responses that are directed
towards restoring tissue integrity along with their functional capacity following injury.  The
process of healing could culminate uneventfully in the majority of instances, a variety of
intrinsic and extrinsic factors could prevent / facilitate this process.  Understanding the
process of wound healing which involves actions taking place at multiple levels (be it
biochemical, physiologic, cellular and molecular) provides the surgeon inputs for critically
appraising the entire process with the possibility of using selectively the various biological
approaches that are available to favorably modulate the wound healing microenvironment.

Human adult wound healing processes can be divided into three/four distinct phases.  Earlier
authors described three phases (inflammatory, fibroblastic, and maturation).  These phases
were otherwise also known as inflammatory, proliferative and remodelling phases.  Currently
available literature supports the four phase concept where hemostasis is added to the
already existing list of three phases and it is considered to be the first phase in the wound
healing process.

Some of these phases could have more than one name for example, the remodeling phase
could also be known as the phase of maturation, while the proliferation phase could be
termed as granulation phase.  In addition to the confusion in nomenclature are further
subphases have been coined by various authors.

Within these three/four phases of wound healing a complex and coordinated series of events
occur which include:

Chemotaxis

Phagocytosis

Neocollagenesis

Collagen degradation

Collagen remodeling
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In addition to the above described processes angiogenesis, epithelization and production of
new glycosaminoglycans and proteoglycans are very vital to the process of wound healing
environment.  The culmination of all these reparative processes could result in the
replacement of normal skin with fibroblastic scar tissue.

Healing process:

Restoration of tissue integrity following trauma / surgery is a phylogenetically primitive and
necessary defense response.  Injured organisms could survive only if they manage to repair
themselves rather quickly and effectively.  The healing process depends on the type of tissue
involved in the healing process as well as the nature of tissue disruption.  If the process of
repair manages to restitute the damaged tissue with structurally and functionally similar
tissue then the process is known as regeneration. This is the ideal result of the reparative
process.

If the tissue integrity is reestablished primarily through the formation of fibrotic scar tissue
this process is known as the reparative process. This type of repair by formation of scar
tissue could be considered akin to that of spot welding. The replacement tissue is coarse
and contains lower cellular content than that of native tissue.  Common tissue response to
injury is repair rather than regeneration except for bone and liver where regeneration is the
type of healing process.

Considering the cellular level changes during the repair process, the rate and quality of
healing depends on whether the constitutive cells are labile, stable, or permanent.
Keratinocytes / oral mucosa are examples of labile cells and they keep dividing throughout
the lifespan of the organism.

Stable cells (like fibroblasts) demonstrate a low rate of duplication but are capable of
undergoing rapid proliferation in response to injury. On the other hand bone injury causes
pluripotent mesenchymal cells to speedily differentiate into osteoblasts and osteoclasts.

Permanent cells like specialized nerve and cardiac muscle cells do not divide in postnatal
life.  the surgeon's expectation of normal hearing should be realistic and based on the
inherent capabilities of the injured tissue.  Fibrous scar could be normal for skin wounds, but
it is suboptimal in the context of bone healing.

The quality of healing response could be influenced by the nature of tissue disruption and
the circumstances surrounding wound closure.  Healing by first intention occurs when a
clean laceration / surgical incision is closely approximated primarily with sutures or by other
means like staples/ glue etc.  This type of healing proceeds rather rapidly with minimal
scarring.  In the presence of infection or other less favorable wound healing conditions the
entire process of wound healing becomes more complicated and occurs with a protracted
process of filling up of tissue defects with granulation tissue and connective tissue.
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In the case of healing by second intention which is associated with avulsive injury and local
infection following trauma the entire wound gap gets filled up by granulation tissue over
which connective tissue starts to grow.

Healing by third intention involves surgical intervention where the surgeon may hasten the
healing process using a staged procedure that would combine secondary healing with
delayed primary closure.  The avulsive / contaminated wound is debrided and allowed to
granulate and heal by second intention which usually takes 5-7 days.  Once adequate
amount of healthy granulation tissue has formed the wound infection is rare and secondary
suturing can be resorted to.

Wound healing response

Any kind of injury to biological tissue sets into motion a complex series of closely
orchestrated and temporally overlapping processes which are directed towards restoring the
integrity of the involved tissue.  The reparative processes have been extensively studied in
skin.  Similar patterns of biochemical / cellular events occur in virtually all other tissue.
Wound healing process classically involves the following steps:

Coagulation
Inflammation
Re-epithelialization
Granulation tissue formation
Tissue remodeling - can be broken down into three distinct overlapping phases i.e.
inflammatory, proliferative and remodeling.

Inflammatory phase

This is an indicator of the body's reparative response and it usually lasts for about 3-5 days.
Vasoconstriction of injured vasculature is a spontaneous tissue reaction to bleeding.  This
act of vasoconstriction is brought about by activation of factor XII (Hageman factor) by tissue
trauma.  This results in release of healing cascade which include:

Complement
Plasminogen
Kinin
Clotting systems

Circulating platelets aggregate at the site of injury and adhere to each other to form a
primary platelet plug which is organized within a fibrin matrix.  The clot not only secures
hemostatis, but also provides a provisional matrix through which cells can migrate during the
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reparative process.  Clots also additionally serve as a reservoir of cytokines and growth
factors that are released when activated platelets happen to degranulate.

The bolus of secreted proteins, including interleukins, transforming growth factor beta,
platelet derived growth factor (PGDF), and vascular endothelial growth factor (VEGF)
maintain the wound milieu and regulate subsequent healing process.

Once hemostasis is secured the reactive vasoconstriction is replaced by a more persistent
period of vasodilatation which is mediated by:

Histamine
Prostaglandins
Kinins
Leukotrienes.

Increasing vascular permeability allows plasma from blood along with cellular mediators of
healing to pass through the vessel walls by a process known as diapedesis and these
elements populate the extravascular space.  This effect causes corresponding clinical
manifestations like swelling, redness, heat and pain. Cytokines released into the wound
provide the chemotactic cues that can sequentially recruit the neutrophils and monocytes to
the site of injury.  Neutrophils begin to arrive at the wound site within minutes of injury and
rapidly establish themselves as the predominant cells. The short lived leukocytes reach the
site and flood it with proteases and cytokines helping the wound to be cleansed of
contaminating bacteria, devitalized tissue and degraded matrix components.

The activity of neutrophils is accentuated by opsonic antibodies leaking into the wound from
the altered vasculature.  Unless a wound is grossly infected, neutrophil infiltration ceases
after a few days.  Post Inflammatory cytokines released by dying neutrophils include:
Tumor necrosis factor alpha
Interleukins 1a and 1b
These two materials continue to stimulate the inflammatory response for extended periods.

Deployment of monocytes to the site of injury peaks as the levels of neutrophils decline.
Activated monocytes (macrophages) continue with the wound microdebridement initiated by
the neutrophils.  These cells secrete collagenases and elastases to break down injured
tissue and phagocytose bacteria and cellular debris.

Activated macrophages release a battery of growth factors and cytokines (TGF-alpha,
TGF-Beta 1, PGDF, Insulin like growth factor I and II, TNF alpha and IL-1).  These factors
are released at the wound site further amplifying and perpetuating the action of chemical and
cellular mediators released previously by degrading platelets and neutrophils.  Macrophages
influence all phases of early wound healing by regulating local tissue remodeling by
proteolytic enzymes, induces formation of new extracellular matrix and modulating
angiogenesis and fibroplasia through local production of cytokines such as
thrombospondin-1 and IL-1b.

The role of macrophage function to early stages of wound healing is indicated by the
consistent finding that macrophage depleted animal wounds demonstrate diminished
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fibroplasia and defective repair.  Even though the numbers and activity of the macrophages
taper off by the 5th post injury day, they continue to modulate the wound healing process
until repair is complete.

Image showing the immediate scenario after injury and the role played by fibrin clot.

Proliferative phase

The cytokines and growth factors that are secreted during the phase of wound inflammation
stimulate the sequence of proliferative phases.  This phase starts as early as the third day
following injury and could last up to 3 weeks.  This phase can easily be distinguished by
formation of pink granular tissue containing inflammatory cells, fibroblasts, and budding
vasculature enclosed in a loose matrix.  This is the first step in the establishment of a local
microcirculation to supply the oxygen and nutrients necessary for elevated metabolic needs
of regenerating tissues.
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The generation of new capillary blood vessels (neo angiogenesis) from the interrupted blood
vessels is driven by wound hypoxia as well as native growth factors, especially VEGF,
fibroblast growth factor 2, and TNF-Beta.

Somewhat around the same time, matrix generating fibroblasts migrate into the wound in
response to the cytokines and growth factors which are released by inflammatory cells and
wounded tissue.  These fibroblasts start synthesizing new extracellular matrix (ECM) and
immature type III collagen.  These collagen fibers form a scaffold which supports the newly
formed blood vessels supplying the wound.  Stimulated fibroblasts also secrete a range of
growth factors, causing a feedback loop that would sustain the repair process.  Collagen
deposition rapidly increases the tensile strength of the wound and could decrease the
reliance on closure material to hold the wound edges together.  Once adequate amounts of
collagen and extracellular matrix have been generated, matrix synthesis dissipates due to
the highly precise spatial and temporal regulation of normal healing.  This process can go
awry and could produce an exuberance of fibroblastic proliferation with a resultant
hypertrophic scar which is confined to the site of the wound.  If the scar production extends
beyond the area of the original wound site then it is known as the keloid formation.  Collagen
in a keloid is thicker and more irregularly arranged, and often causes pain.  In hypertrophic
scar, the collagen is thin and arranged more parallel to the wound.  Keloid scars are
common in nonwhite persons while hypertrophic scars could occur in all races.

At the surface of the dermal wound new epithelium forms to seal off the denuded wound
surface.  Epidermal cells originating from the wound margins undergo a proliferative burst
and begins to resurface the wound above the basement membrane.  This process of
re-epithelialization progresses more rapidly in oral mucosal wounds in contrast to that of the
skin.  In a mucosal wound the epithelial cells migrate directly onto the moist exposed surface
of the fibrin clot instead of under the dry exudate (scab) of the dermis.  Once the epithelial
edges meet, contact inhibition halts further lateral proliferation.  Re-epithelialization is
facilitated by underlying contractile connective tissue, which shrinks in size to draw the
wound margins towards one another.  Wound contraction is driven by a proportion of
fibroblasts that transform into myofibroblasts and generate strong contractile forces.  The
extent of wound contraction depends on the depth of the wound and its location.  In some
instances the forces of wound contracture are capable of deforming osseous structures.
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Image showing proliferative phase mediated by cytokine cascade.

Remodeling phase

The proliferative phase is gradually replaced by an extended period of progressive
remodeling and strengthening of immature scar tissue. This remodeling and maturation
phase could last for several years and it involves a finely choreographed balance between
matrix degradation and formation.  As the metabolic demands of the healing wound
decreases, the rich network of capillaries begins to regress.  Under the influence of
cytokines and growth factors, the collagenous matrix is continually degraded, resynthesized,
reorganized and stabilized by molecular crosslinking into a scar.  The fibroblasts start to
disappear and the collagen type III deposited during the granulation phase is replaced by the
stronger Type I collagen.  Correspondingly the tensile strength of the scar tissue gradually
increases and could eventually reach about 80% of the original tensile strength.
Homeostasis of scar collagen and ECM is regulated by a large extent by serine proteases
and matrix metalloproteinases under the control of the regulatory cytokines.  Tissue
inhibitors of the MMPS afford a natural counterbalance to the MMPs and provide tight control
of proteolytic activity within the scar.  Any disruption of this orderly balance can lead to
excess / inadequate matrix degeneration and could result in either an exuberant scar or
wound dehiscence.
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Specialized healing

Nerve

Injury to the nerves could range from simple contusion to complete interruption of the nerve.
The healing response depends on the severity of injury and also its extent.

Neuropraxia

This represents the mildest form of nerve injury and is a transient interruption of nerve
conduction with no loss of axonal continuity.  The continuity of the epineural sheath and the
axons is maintained and the morphologic alterations are minor.  Functional deficit recovery is
spontaneous and complete within a matter of 3-4 weeks.

Image showing neuropraxia.  Red area is the damaged area

Axonotmesis

In this condition there is physical disruption of one or more axons without injury to stromal
tissue.  The axons and their myelin sheath are damaged in this kind of injury, but the
endoneurium, perineurium and epineurium remain intact. This injury follows stretching of the
nerve.  Recovery is usually good.  It depends on the distance from the site of injury and
axonal regeneration which usually occurs at the rate of 1 inch per month.  Complete
recovery could take up to 6 months.
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Image showing axonotmesis

Neurotmesis

Complete transection of the nerve trunk is known as neurotmesis and spontaneous recovery
from this type of injury is pretty rare.  Histologically, changes of degeneration are seen in all
axons adjacent to the injury site.  Within a short time of this type of injury, the investing
Schwann cells begin to undergo a series of changes at the cellular level.  These changes
are known as Wallerian degeneration.  This degeneration is evident in all axons of the distal
nerve segment and in a few nodes of the proximal segment. Following 78 hours of injury the
injured axons start to break up and are phagocytosed by adjacent Schwann cells and by
macrophages that migrate into the zone of injury.

Once the debris has been cleared the Schwann cell outgrowths attempt to connect the
proximal stump with the distal nerve stump.  Schwann cells that survive proliferate to form a
band (Bungner's band) that could accept regenerating axonal sprouts from the proximal
stump.  The proliferating Schwann cells also promote nerve regeneration by secreting
numerous neurotrophic factors that coordinate cellular repair as well as cell adhesion
molecules that direct axonal growth.  In the absence of surgical realignment / approximation
of the nerve stumps, the proliferating Schwann cells and outgrowing axonal sprouts may
align within the randomly organised fibrin clot to form a disorganized mass termed the
neuroma.

Image showing Neurotmesis

The rate and extent of nerve regeneration depends on several factors including the type of
injury, age, state of tissue nutrition, and the nerves involved.  The regeneration rate for
peripheral nerves varies greatly and could generally be about 1 mm /day.  The regeneration
phase lasts up to 3 months and ends on contact with the end-organ by a thin myelinated
axon.

Bone

Process of healing in bone after a fracture has features similar to that of healing in the skin
except for the fact that it also involves calcification of the connective tissue matrix.  Bone is a
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privileged tissue histologically, and it heals by regeneration rather than repair.  Left alone,
fractured bone is capable of restoring itself spontaneously through sequential tissue
formation and differentiation.  Necrotic material at the fracture site elicits immediate and
intense acute inflammatory response which attracts polymorphs and macrophages.  The
organizing hematoma serves as a fibrin scaffold over which reparative cells can migrate and
perform their function.  The invading inflammatory cells and the succeeding pluripotent
mesenchymal cells begin to rapidly produce a soft fracture callus that fills up
interfragmentary gaps.  Comprised of fibrous tissue, cartilage, and young immature fiber
bone, the soft compliant callus acts as a biologic splint by binding several bone segments
and damping interfragmentary motion.  Orderly progression of tissue differentiation and
maturation leads to fracture consolidation and restoration of bone continuity.

Surgeons could choose to facilitate a callus free bone healing (direct healing).  The
displaced bone fragments can be surgically manipulated into an acceptable alignment and
rigidly stabilized using internal fixation devices like plate and screw.  Ingrowth of
mesenchymal cells and blood vessels starts shortly after the fixation.  Activated osteoblasts
start depositing osteoid on the surface of the fragment ends.  In the contact zones where the
fracture ends are closely opposed, the fracture line is filled concentrically by lamellar bone.
Larger gaps are filled through a succession of fibrous tissue, fibrocartilage and woven bone.
Subsequent bone remodeling eventually restores the original shape and internal architecture
of the fractured bone.

Image showing healing process in a bone

Functional sculpting and remodeling of primitive bone tissue is carried out by a team of
juxtaposed osteoclasts and osteoblasts which are also known as basic multicellular units
(BMU).  The osteoblasts develop from pluripotent mesenchymal stem cells whereas
multicellular osteoclasts arise from a monocyte/macrophage lineage.  The development and
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differentiation of BMUs are controlled by locally secreted growth factors, cytokines, and
mechanical signals.  Osteoclasts reaching the end of their lifespan of 2 weeks die and are
removed by phagocytes.  Majority of the remodeling osteoblasts also die within 3 months
and the remainder are entombed inside the mineralized matrix as osteocytes.

While the primitive bone mineralizes, remodeling BMUs cut their way through the reparative
tissue and replace it with mature bone.  The grain of the new bone tissue starts paralleling
local compression and tension strains.  The shape and strength of the reparative bone tissue
changes to accommodate greater functional loading. Strains produced at the tissue level
due to functional loading could play an important role in the remodeling of the regenerated
bone tissue.  Low levels of tissue strain can be considered as physiologic and necessary for
cellular differentiation and callus remodeling, while high strain levels begin to affect
osteoblastic differentiation and bone matrix formation rather adversely.

In the presence of excess interfragmentary motion, bone regenerates primarily via
endochondral ossification or formation of a cartilaginous callus that becomes gradually
replaced by new bone.  Osseous healing across stabilized fracture segments occur primarily
through intermembranous ossification.

Factors determining the mechanical environment of fracture healing:

1. Accuracy of fracture reduction

2. Stability provided by the fixation device

3. Degree and nature of microstrains provoked

If a fracture fixation device is not capable of stabilizing the fracture, the interfragmentary
microinstability provokes osteoclastic resorption of the fracture surfaces resulting in a
widening of the fracture gap.  Even though bone union may be ultimately achieved through
secondary healing by callus production and endochondral ossification, the healing process is
rather protracted.  Fibrous healing and nonunions are clinical manifestations of excessive
microstrains interfering with the cellular healing process.

Healing of dental extraction wounds

Depending on the clinical situation there are four possible responses following dental
extraction:

Normal repair

Defective healing

Excessive scarring

Regeneration

Healing usually occurs in three stages:
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Inflammatory phase

Proliferative phase

Maturation phase

Healing of an extraction socket is a specialized example of healing by second intention.
Immediately after the removal of the tooth from the socket, blood fills the extraction site.
Both intrinsic and extrinsic pathways of the clotting cascade are activated.  The resultant
fibrin meshwork containing entrapped red blood cells seals off the blood vessels reducing
the size of the extraction wound.  The resultant clot gets organized within the first 24-48
hours with engorgement and dilatation of blood vessels within the periodontal ligament
remnants, followed by leukocytic migration and formation of a fibrin layer.  During the first
week following dental extraction, clot forms a temporary scaffolding upon which inflammatory
cells begin to migrate.  The surrounding epithelium from the periphery of the wound grows
over the surface of the organizing clot.  Osteoclasts begin to accumulate along the alveolar
bone crest setting the stage for active crestal resorption. Angiogenesis proceeds in the
remnants of the periodontal ligaments.

During the second week the clot continues to get organized through fibroplasia and new
blood vessels begin to penetrate towards the centre of the clot.  Trabeculae of osteoid slowly
extend into the clot from the alveolus and osteoclastic resorption of the cortical margin of the
alveolar socket is more distinct.

During the third week it could be seen that the extraction socket becomes filled with
granulation tissue and poorly calcified bone forms at the wound perimeter.  The surface of
the wound becomes completely repithelialized with minimal scar or no scar at all.  Active
bone remodeling by deposition and resorption continues for several more weeks.

Radiographic evidence of bone formation is not evident till about 6-8 weeks.  The final
healing status of the bony socket may not be seen in radiographs and could take
somewhere between 4-6 months.

Rarely blood clot could fail to form or could disintegrate rather early causing alveolar osteitis.
In these instances healing could be delayed considerably and the socket fills up rather
gradually.  Compared to a normal socket the infected socket could remain open or partially
covered with hyperplastic epithelium for extended periods of time.
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Image showing the healing process following dental extraction
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Image showing tissue phenomenon of scarring over time

The dynamics of post extractional wound healing depends on the mucous tissues and
underlying bone tissue whose cells do not regenerate at the same rate.  This is where the
principle of guided tissue regeneration comes into play.  The concept of guided tissue
regeneration (GTR) was developed by Nyman in 1987 and is based on the principle of
selective recolonization of the detoxified radicular surfaces by preventing with the help of a
membrane the invasion of the site by epithelial and connective cells. This allows for
cementogenesis when teeth are present and osteogenesis when they are not. osteogenesis
can occur only if the osteoblasts have time to form a bony network and if the process is not
inhibited by contact with fibroblasts.
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Categories of wound healing

Category 1

Primary wound healing / healing by first intention occurs within hours of repairing a full
thickness surgical incision.  This surgical insult results in the mortality of a minimal number of
cellular constituents.

Category 2

If the edges of the wound are not reapproximated immediately, then delayed primary wound
healing occurs.  This type of wound healing could be preferred in contaminated wounds.  At
about the 4th day phagocytosis of contaminated tissues is underway, and the processes of
epithelization, collagen deposition, and maturation processes are occurring.  Foreign
materials are walled off by macrophages that could metamorphose into epithelioid cells
which are usually encircled by mononuclear leukocytes forming granulomas.  Usually the
wound is closed surgically at this point, if the cleansing of the wound happens to be
incomplete then chronic inflammation could ensure the formation of prominent scar tissue.

Category 3

This type of healing is also  known as secondary healing / healing by second intention.  In
this type of healing, a full thickness wound is allowed to close and heal.  Secondary healing
results in an inflammatory response that is more intense than with primary wound healing.
Additionally there is a need for larger quantities of granulomatous tissue to be fabricated
because of the need for extensive wound closure. This type of wound healing could result in
pronounced contraction of wounds.  Fibroblasts get differentiated into myofibroblasts, which
resembles contractile smooth muscle and is believed to be the cause for wound contraction.
These myofibroblasts are maximally present in the wound from the 10th - 21st days.

Category 4

Epithelialization is the process by which epithelial cells migrate and replicate via mitosis and
traverse the wound.  This occurs as part of the phases of wound healing.  In wounds that are
partial in thickness, involving only the epidermis and superficial dermis, Epithelialization is
the predominant method by which healing occurs.  Wound contracture is not a common
component of this process if only the epidermis and superficial dermis alone are involved.
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Wound healing overview

The events involved in the process of healing are an amalgam of co-ordinated events that
constitute the process of wound healing and they are quite complex. The steps involved in
the wound healing process include classically:

1. Inflammation

2. Fibroblastic phase

3. Scar maturation

4. Wound contracture

Stage of inflammation:

This phase occurs immediately following injury and lasts approximately 6 days.

Fibroblastic phase:

This phase begins after the termination of the inflammatory phase and could last up to 4
weeks.

Scar maturation:

This phase begins at the fourth week and can last for years.

Actual sequence of events that are seen in wound healing:

Immediately following injury via an incision, the initial response is usually bleeding.  The
cascade of vasoconstriction and coagulation commences with clotted blood impregnating the
wound leading to hemostasis and with dehydration. Finally a scab forms

The event is immediately followed by an influx of inflammatory cells followed by the release
of cellular substances and mediators.

Hemostasis:

The initial injury results in outflow of blood and lymphatic fluid.  It is during this process the
initial reparative coagulum is created.  Both the intrinsic and extrinsic clotting mechanisms
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are activated.  The intrinsic clotting mechanism is initiated by the platelets and the extrinsic
mechanism is initiated by tissue thromboplastin which is released by injured tissue.

Initially there is vasoconstriction, and platelets adhere to damaged endothelium and begin to
discharge ADP (adenosine diphosphate).  This promotes thrombocyte clumping which dams
the wound. vasoconstriction is short lived following which the vessels dilate allowing influx of
more platelets and other cells.

Commencement of inflammatory phase occurs in tandem with that of platelet aggregation.
This process starts during the hemostasis phase thereby providing evidence of the
overlapping nature of the healing process.  The thrombocytes as well as the recruited white
cells release numerous factors that could ramp up the entire healing process.
Alpha-granules liberate platelet derived growth factor, platelet factor IV, and transforming
growth factor beta.  The inflammatory process, collagen degradation and collagen genesis,
myoblastic creation from transformed fibroblasts, neoangiogenesis and reepithelialization all
commence.  These processes are mediated by a host of cytokines and growth factors.  The
interleukins strongly influence the inflammatory process. Vascular endothelial growth factor
and other factors enhance blood vessel formation. Some have multiple roles like that of
fibroblast growth factor which affects not only the process of angiogenesis but also that of
reepithelialization.  Vasoactive amines such as histamine and serotonin are released from
dense bodies found in thrombocytes.  Platelet derived growth factor is chemotactic for
fibroblasts and along with Tumor growth factor beta is a potent modulator of fibroblastic
mitosis leading to prolific collagen fibrin construction in later phases.

Fibrinogen is cleaved into fibrin, and the framework for completion of the coagulation
process is formed.  Fibrin provides the structural support for cellular constituents of
inflammation.  This process starts immediately after the insult and may continue for a few
days.

The hemostasis phase can be divided into early and late phases.  The early phase is
characterised by bleeding and hemostasis and the late phase is characterised by
coagulation and inflammation.  The inflammatory phase commences during the hemostasis
phase, the early component of the inflammatory phase is predominated by the influx of
polymorphs and the later component is predominated by monocytes and macrophages.

During the first 6-8 hours, the next phase of healing process is underway.  Polymorphs begin
engorging the wound.  Tumor growth factor beta facilitates polymorphs migration from the
surrounding blood vessels where they extrude themselves from these vessels.  These cells
cleanse the sound clearing it of the debris.  The number of polymorphs become maximum in
24-72 hours.

Other chemotactic agents released include:

Fibroblast growth factor

Tumor growth factor beta

Tumor growth factor alpha
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Platelet derived growth factor

Plasma activated complements C3a and C5a (these are anaphylactic toxins).

These agents are sequestered by macrophages or interred within the scab tissue.

Monocytes also begin to extrude from the blood vessels. These are termed macrophages
as soon as they leave the vessel.  The macrophages continue the cleansing process and
manufacture various growth factors during days 3-4. The macrophages promote the
multiplication of endothelial cells with the sprouting of new blood vessels, the duplication of
smooth muscle cells and the creation of the milieu created by the fibroblast.  Many factors
influencing the wound healing process are secreted by macrophages.  These include tumor
growth factors, cytokines and interleukin 1, tumor necrosis factor and platelet derived growth
factor.

Third phase (granulation/proliferation)

This phase consists of many subphases.  These subphases don't happen in discrete time
and they constitute an overall and ongoing process. The subphases include:

Fibroplasia

Matrix deposition

Angiogenesis

Re-epithelialization

In days 5-7 the fibroblasts migrate into the wound, laying down new collagen belonging to
the subtypes I and III.  Early in normal wound healing, type III collagen predominates but is
later replaced by type I collagen.

Tropocollagen is the precursor of all collagen types and is transformed within the cell's rough
endoplasmic reticulum, where proline and lysine are hydroxylated.  Disulphide bonds are
established, allowing 3 tropocollagen strands to form a triple left handed triple helix termed
the procollagen.  As the procollagen is secreted into the extracellular space, peptidases in
the cell wall cleave terminal peptide chains creating true collagen fibrils.

Fourth phase - Remodeling / maturation

After about 3 weeks the wound undergoes constant alterations known as remodeling which
can last for years after the initial injury has occurred. Collagen gets degraded and deposited
in an equilibrium producing fashion resulting in no change in the amount of collagen present
in the wound.  Collagen deposition in normal wound healing reaches a peak  by the third
week after the wound is created.  Contraction of the wound is a continuing process resulting
in part from the proliferation of the specialized fibroblasts (myofibroblasts) which resembles
contractile smooth muscle cells.  Wound contraction occurs to a greater extent with
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secondary healing than with primary healing.  Maximal tensile strength of the wound is
achieved by the 12th week and the ultimate resultant scar has only 80% of the tensile
strength of the original skin that it has replaced.

Dressings for wound

Wound dressings can be classified into passive and interactive dressings.  Passive
dressings are simple products like a gauze which have no direct effect on the wound except
to protect it from environmental insults.

Most modern dressing materials are interactive in nature as they interact with the bed to
provide an optimal environment at the wound dressing interface.

Characteristics of ideal wound dressing material include:

1. High moisture vapour permeability

2. Non adherent

3. High capacity for absorption

4. Provide barrier to external contaminants

5. Prevents capillary loops penetrating into dressing material

6. Capable of being sterilized

7. Good adhesion to surrounding skin

8. Hypoallergenic

9. Comfortable to wear

10. Cost effective

Studies reveal that a moist environment is beneficial for tissue healing and it is now possible
to design dressing products which have the characteristics of an ideal dressing.  The
moisture vapour transmission rate measures the moisture retentive property of a dressing.
A moisture retentive dressing should have a MVTR of less than 840g/sqm.  MVTR is a
useful tool for choosing the dressing according to the type of wound.
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Classification of newer wound dressing materials:

Products that enhance epithelialization - Collagen dressings, hydrogels, hydro foams,
hydrocolloid, growth factors.

Products that prevent infection - Antimicrobials like silver impregnated dressings, mupriocin,
retapuamulin etc.

Desloughing and debriding agents - Maggots, debridace, enzymatic agents (collagenase,
papaya extracts) Hydrocision.

Products that enhance granulation tissue formation - Hydrocolloids, hydrogels, alginates,
collagen granules etc.

Use of topical antiseptics and antimicrobials:

Studies have established that many of the antiseptic agents have cytotoxic properties and if
used correctly they could be very effective.  Antiseptics can be used rather selectively as first
line of treatment of critically colonized / infected wounds, eradication of MRSA from
contaminated wounds to stimulate previously unresponsive chronic wounds and against
biofilms.  The antiseptics commonly used include hydrogen peroxide, iodine based
preparations and Eusol.

Antimicrobials are available in various forms for topical use and the commonly used ones
include:

Bacitracin A
Neomycin
Fucidin
Mupirocin
Retapamulin

These serve as moist dressings.

Silver impregnated dressings

Silver is a well known antiseptic agent.  This fact has been known for ages.  The problem
being the delivery system which is in the form of salt which happens to be a limiting factor.
Currently silver has been incorporated into different wound dressing products like gauzes,
hydrocolloids, alginates, foams, creams and gels. Each of these materials differ in the way
silver ions are released.  Silver nitrate and silver sulphadiazine release silver at a
concentration of 3200 ppm.  Most pathogens are killed invitro at a concentration of 10-40
ppm.  Nanochemistry has produced particles which increase silver solubility and releases
silver ions in concentrations of 100 ppm.  Nanocrystalline silver system kills all microbes
found in the wound including fungi, MRSA and vancomycin resistant enterococcus.
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Silver ions absorbed by epidermal cells induce production of metallothionein which increases
uptake of zinc and copper which increases RNA and DNA synthesis promoting cell
proliferation and tissue repair.  In non healing wounds there is an excess of matrix
metalloproteinases which increases inflammation and inflammatory cell exudates and
degrades the growth factors.  Nanocrystalline silver decreases matrix metalloproteinase
activity because of its inhibitory activity on zinc thereby ensuring improved healing process.

Acticoat dressing

This is a three layered dressing consisting of an absorbent rayon/polyester core laminated
between upper and lower layer of silver coated high density polyethylene mesh.  The silver
concentration on the wound surface is 20-30 times greater than the concentration required to
kill microbes.  These nanocrystalline dressing can be left in place for up to a week.

Foam dressings

These are highly absorbent polyurethane dressing. They are available as pads, sheets and
cavity dressings.  They create a moist environment and provide thermal insulation to the
wound.  They are nonadherent, easy to apply and remove and are meant for highly exuding
wounds.  They can be layered in combination with other materials with overlying
compression bandages.  Their fluid absorption capacity varies with foam thickness.  They
may be used for their cushioning effect but are not a substitute for pressure relieving
devices.

Alginates

These are composed of soft,  non-woven fibres, which contain calcium and sodium salts of
alginic acid.  When this dressing is placed over a moist wound, an ion exchange reaction
occurs between calcium in the alginate and sodium in the wound fluid producing soluble
calcium-sodium alginate which is a gelatinous mass that helps in maintaining moist
environment and facilitates autolytic debridement. They conform to the shape of the wound
and should be cut according to the shape of the wound because if they happen to be larger
than the wound surface can lead to periwound maceration because they have a tendency to
absorb fluid across the entire surface by the process of lateral wicking.  They are used as
fillers for undermined and tunnelled wounds.  These dressing materials are  highly absorbent
(it is capable of absorbing 20 times its weight). They could leave fibrous debris in the wound
which could get biodegraded.  Rarely they could lead to long term foreign body reactions.
Studies have revealed that alginates are inhibitory to keratinocytes.  The present day
consensus is that it accelerates wound healing when compared to that of ordinary dressing.
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Hydrocolloids

These dressing materials are made of gelatine, pectin and carboxymethylcellulose.  This
serves as occlusive or semi-occlusive dressings. They are impermeable to water, bacteria
and other contaminants.  It is ofcourse permeable to water vapour.  They absorb wound
exudates to form a hydrophilic gel.  Major advantage of this dressing material is its long wear
time, which reduces the cost, inconvenience and local trauma associated with dressing
changes.

This material is not indicated for arterial / neuropathic ulcers, infected or heavily exuding
wounds because of the risk of periwound maceration. Another problem with this dressing is
their tendency to produce malodorous exudates which can be mistaken as infection.

Hydrogels

This dressing material is made of polymers, glycerine or water based gels, impregnated
gauzes or sheet dressings.  Their high water content does not allow absorption of large
amounts of exudates and hence cannot be used on heavy exuding wounds.
Transparent films

These are adhesive, semipermeable, polyurethane membrane dressings which vary in size
and configuration.  They are waterproof but permit water vapour and atmospheric gases to
cross but are impermeable to contaminants and bacteria. Since these films are transparent,
wounds can be inspected without removing the dressing. They are flexible and easily
conformable making them ideal for wounds on joints and hands.  They are used on partial
thickness wounds with minimal exudates, pressure ulcers, grafts and aim to secure other
wound dressings.
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Wound debridement

This is based on the premise that it would promote reepithelialization.  This procedure has
been in vogue for more than a decade.

The concept of preparing the wound bed to promote reepithelialization of chronic wounds
has been applied to the management of wounds.  The four general steps that are used
include: (acronym DIME)

Debridement of nonviable tissue within the wound

Management of Inflammation and infection

Moisture control

Environmental and epithelialization assessment.

The primary goal of debridement is to remove all the devitalized tissue from the wound bed
to promote wound healing.  It is also used for removal of biofilm, bioburden along with
senescent cells, and is suggested to be performed at each sitting.

The skin's two main layers are epidermis and dermis. The epidermis is composed of closely
packed epithelial cells, and the dermis is composed of dense, irregular connective tissue
where the blood vessels, hair follicles, sweat glands, and other structures are housed.  The
hypodermis lies beneath the dermis.  Its composition is mostly  loose connective and fatty
tissues.  Muscles, tendons, ligaments, bone, and cartilage are all under the hypodermis.
The epidermis is composed of keratinized, stratified, squamous epithelium.  The dermis
contains blood and lymph vessels and other structures like hair follicles and sweat glands.

Indications

General indications for debridement is the removal of devitalized and necrotic tissue, slough,
bioburden, biofilm and apoptotic cells.  Devitalized tissue in general and necrotic tissue in
particular serve as a source of nutrients for bacteria. Devitalized tissue also acts as a
physical barrier for reepithelialization, preventing applied topical compounds to make direct
contact with the wound bed and provide their beneficial properties.  Necrotic tissue also
prevents angiogenesis, granulation tissue formation, epidermal resurfacing, and formation of
normal extracellular matrix (ECM).  Finally, the presence of necrotic tissue may prevent the
clinician from making an accurate assessment of the extent and severity of the wound, even
masking possible underlying infections.

According to Schiffman et al. the following are the indications for wound debridement:

1. Removal of the source of sepsis, mainly necrotic tissue.

2. Removal of local infection to decrease bacterial burden, to reduce the probability of
resistance from antibiotic treatment and to obtain accurate cultures.
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3. Collection of deep cultures taken after debridement from the tissue left behind to evaluate
persistent infection and requirements for systemic antibiotic treatment

4. Stimulation of wound bed to support healing and to prepare for skin graft or flap.

Contraindications

Wound debridement should not be applied to dry and intact eschars with  no clinical
evidence of underlying infection such as unstageable pressure ulcer with an intact eschar at
the sacrum or buttock or heel.

Technique of debridement

Many types of debridements can be used to remove devitalized tissue.  These include
surgical debridement, biological debridement, enzymatic debridements and autolytic
debridement.

Autolytic debridement

This is the most conservative type of debridement. This type of debridement is a natural
process by which endogenous phagocytic cells and proteolytic enzymes break down
necrotic tissue.  This is a highly selective process wherein only  necrotic tissue will be
removed.  This type of debridement is indicated for noninfected wounds.  It may also be
used as adjunctive therapy in infected wounds.  This type of debridement can be used with
other debridement techniques such as mechanical debridement in the case of infected
wounds.  This requires a moist environment and a functional immune system.  The use of
moisture retentive dressings can enhance it.  This type of debridement induces softening of
the necrotic tissue and eventual separation from the wound bed.

The effectiveness of this type of debridement is evident by the amount of devitalized tissue
to be removed as well as the actual wound size.  Autolytic debridement could take a few
days.  If a significant decrease in necrotic tissue is not seen in 1-2 days a different method of
debridement should be chosen.

Biological debridement

This is also known as larval therapy.  It uses sterile larvae of the Lucilia sericata species of
the green bottle fly.  It is an effective method of wound debridement, particularly useful in
large wounds where a painless removal of necrotic tissue is needed.  The mechanism of
action of mega therapy/debridement consists mainly of the release of proteolytic enzymes
containing secretions and excretions that dissolve necrotic tissue from the wound bed.
Other modes of action contributing to the overall result of larval therapy are:

1. Bacteriocidal, as the larvae ingest and digest bacteria.
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2. Inhibiting bacterial growth by producing  in releasing ammonia into the wound bed which
increases the wound pH.

3. Breakdown of existing biofilm at the wound bed and inhibition of  new biofilm growth.

4. Direct ingestion of necrotic tissue.

Maggots can be applied to the wound bed.  They can be enclosed in a biological bag or are
free range.

Studies reveal that free-range maggots can debride a wound at least twice as fast as
bag-pain maggots.

Contraindications to biological debridement are an abdominal wound contiguous with the
intraperitoneal cavity, pyoderma gangrenosum in patients with immunosuppression therapy,
and wounds in proximity to areas afflicted by septic arthritis.

Enzymatic debridement

This is a selective method of debridement of necrotic tissue using an exogenous proteolytic
enzyme, collagenase, to debride clostridium bacteria. Collagenase digests the collagen in
the necrotic tissue allowing it to detach.

This is a slow method of the debridement.  Collagenase and moisture retentive dressings
can work in synergy enhancing the debridement.  This type of debridement is not
recommended for an advanced process, or in patients with known sensitivity to the product's
ingredients.  A relative contraindication of enzymatic debridement is its use in heavily
infected wounds and collagenase should not be used in conjunction with silver based
products or with Dakin solution.

Mechanical debridement

This is a nonselective type of debridement, where both devitalized tissue and debris as well
as viable tissue are removed.  It is usually performed using mechanical force, wet - to - dry,
pulsatile lavage, or wound irrigation.

It is indicated for both acute and chronic wounds with moderate amounts of necrotic tissue
regardless of the presence of an active infection.

Contraindications of this procedure include:

Presence of granulation tissue in higher amounts than the devitalized tissue.
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Inability to control pain.

Patients with poor perfusion.

Intact eschar with no gross clinical evidence of an underlying infection.

Complications

It can range from local irritation / major bleeding.

Surgical debridement and mechanical debridement have higher risk of bleeding along with
peri-procedural pain.

Clinical significance:

Wound debridement should not be underestimated.  This is considered to be a standard in
the wound management.  It provides the benefits of removal of necrotic tissue and bacteria
and senescent cells, as well as the stimulating activity of growth factors.  Sharp surgical
debridement has shown to reset the proper timing of the phases of wound re-epithelialization
by providing the initial trauma seen in the hemostasis phase of wound healing.
Angiogenesis has also been shown to be stimulated by sharp surgical debridement.  Not all
forms of debridement will have the same impact on the wound or the ulcer as the mode of
action differs; however, either sharp surgical debridement or non surgical debridement is
fundamental to wound reepithelialization.

The mode of debridement should be tailored to the particular wound presentation taking into
account factors such as comorbidities, other lower-risk options, and the patient's comfort and
desires.

28



Future concepts

Advances that have taken place in the concept of wound healing necessarily would focus on
the agents that wound influence the processes involved in the repair of damaged tissue.
Laser techniques, non laser techniques and various other modalities are being explored to
enhance proliferation of cells, migration of cells and acceleration of the healing of wounds.

Human cell conditioned media developed in embryologic like conditions has been shown to
improve healing times in post laser facial skin. Fetal tissue can heal scarless due to the
unique features of fetal epithelial and mesenchymal cells and the functioning of the fetal
immune system.  Inclusion of transforming growth factor (TGF) - Beta 1, 2, and 3 all  have
significant roles in wound healing and the simple addition, subtraction / ratio of these growth
factors may not be fully explanatory for scarless healing.  Hyperbaric oxygen has also been
used to promote healing.

Wound healing modulators

Platelet rich plasma (PRP)
Erythropoietin (EPO)

These modulators have been used successfully to enhance healing of wounds.  Early
application of PRP during surgery demonstrated an earlier appearance and increase in
fibroblasts, macrophages and collagen fibers when compared with controls.  During the post
operative days 1 and 5, wound fluid in the treatment group demonstrated a greater
concentration of IL-1 beta and TNF-alpha than in the control group.  PRP is known to
promote wound healing by activating a complex of growth factors and adhesion receptors so
that cell proliferation, migration and collagen biosynthesis are stimulated.  Activation of the
epidermal growth factor receptor via PRP brings about peptidase-D dependent proliferation
of human keratinocytes.

Peptide growth factors are considered essential to the wound healing properties of PRP, the
lipid fraction of PRP also plays a vital role in this process by aiding in the proliferation and
migration of primary adult human dermal fibroblasts and overcoming the suppression of
fibroblast proliferation by chronic wound fluid.

Nutritional factors are also critical for proper wound healing.  Improvement in the nutritional
status of adults correlates with enhanced wound healing.

Treatment with honey has been proven to be beneficial in patients with partial thickness
burns wounds.

Drugs that could aid in wound healing include:
Ferrous sulfate
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Insulin
Thyroid hormones

Neurological stimulation is also important in healing of wounds.  Capsaicin induced nerve
damage resulted in small fiber neuropathy and associated with slower healing in shallow
wounds and not in deep wounds.

Reparative strategies involving engineered tissue matrices either exogenous / endogenous
have also been used.

Stem cells are the new frontier of research in the armamentarium of wound healing
strategies.  Stem cells that too adipose derived stem cells have been shown to ameliorate
wound healing and continued research is needed in this area.

Exogenous mesenchymal derived stem cells obtained from bone marrow have been used in
the setting of non healing inflammatory wounds.

First and mid trimester amniotic stem cells when treated using valproic acid have
demonstrated pluripotentialism, thus favoring wound healing.
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