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espite advancements in knowledge of the mechanisms of
ound healing and scar formation, both normal and hy-
ertrophic scars remain difficult to treat and impossible to
revent. Numerous therapeutic strategies have been de-
cribed for the reduction and prevention of scars, yet there
s no universal consensus in the literature about optimal
reatment. Therapeutic approaches fall into three broad
ategories: alteration of the inflammatory response, modi-
ication of collagen metabolism, and surgical and physical
anipulation of the shape of the scar. Current manage-
ent of normal and hypertrophic scars encompasses a wide

ange of techniques, from traditional invasive methods
uch as gross excision and radiation to intralesional and
opical application of agents designed to take effect on a
ellular level. In this review, we present and evaluate pre-
linical and clinical studies of the treatment and prevention
f scars using evidence-based literature to assess therapeutic
trategy. Preclinical studies of emerging treatment strate-
ies cover the transforming growth factor (TGF)-� super-
amily, NSAIDs, gene therapy, and several other novel mo-
alities. Current clinical studies of scar reduction and
revention to be assessed in this review include topical and
ntralesional corticosteroids, 5-fluorouracil, bleomycin,
ressure therapy, silicone gel sheeting, laser therapy, surgi-
al treatment, radiation, and combinations of techniques.

athophysiology of scar formation
he stages of wound healing include inflammation, prolif-

ration, and matrix remodeling, and scar formation.1 After
nitial injury, a robust inflammatory cascade is incited, dur-
ng which much of the downstream outcomes of scar
evelopment is mandated. Neutrophils are the first in-
lammatory cells to infiltrate the wound site. Neutrophil-
pecific enzymes such as matrix metalloproteinases
MMPs) and collagenases likely contribute to scar forma-
ion by causing excessive tissue loss in the wound area dur-
ng the inflammatory phase, leaving a large area of tissue
evoid of matrix that is subsequently replaced with scar
issue during the remodeling phase. Later, macrophages
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laborate a variety of cytokines that play a central role in
ound healing and granulation tissue formation.
In the final stage of wound healing, there is migration

nd proliferation of fibroblasts, collagen production and
eposition, and angiogenesis. Neocollagenesis is induced
y cytokines that are initially produced by macrophages,
uch as fibroblast growth factor-2, TGF-�, and insulin-like
rowth factor.2 The remodeling process of collagen synthe-
is and lysis can last up to 2 years after tissue injury. There
s a complex interplay between various cells, growth factors,
ytokines, and components of the extracellular matrix dur-
ng the wound healing process, and excessive scars result
rom a aberration in this orderly pattern of healing.

The etiology and mechanism of hypertrophic scarring
re not fully understood. Hypertrophic scars represent an
xaggerated fibroproliferative response of the dermis,
hich creates an imbalance of matrix degradation and col-

agen synthesis, resulting in excess accumulation of dermal
ollagen, fibronectin, glycosaminoglycan content, and in-
reased collagen turnover.3 Dermal fibroblasts under the
nfluence of persistently high levels of fibrogenic cytokines
ave been shown to play a major role in stimulating matrix
roduction.4 The collagen of hypertrophic scars is a disor-
anized, whorl-like arrangement rather than in the normal
arallel orientation.
Central to the understanding of scar formation has been

he identification of some of the molecular mechanisms
nvolved in the process. Growth factors and cytokines, such
s tumor necrosis factor (TNF)-�, platelet-derived growth
actor (PDGF), TGF-�, and basic fibroblast growth factor
bFGF), play a significant role during granulation tissue
ormation and extracellular matrix remodelling.5 MMPs
nd their inhibitors, which are responsible for homeostasis
etween matrix degradation and deposition, also play an
mportant role in the pathophysiology of hypertrophic
carring.6

Although the exact mechanism by which the inflamma-
ory response promotes scarring is not known, it is clear
hat the early inflammatory phase of wound repair drives
he production of scar tissue and may dictate the final
utcomes of scar. Although an inflammatory response is
elieved to be a key event for proper wound healing in
dult skin, studies of fetal wound healing suggest that high
evels of inflammation may not be a requirement for
ound healing, but rather, may promote scar formation.
ebate remains about whether inflammation is necessary
or wound healing in adult skin, and additional studies will
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e needed to provide conclusive evidence. It appears that
he development of the scar is programmed during and by
arts of the inflammatory process.

reclinical studies
he goals of preclinical studies in development of antiscar-

ing agents are simple and effective delivery of drug, opti-
al efficacy of scar reduction without complicating wound

ealing, minimal other side effects, and minimal drug in-
eraction with concomitant treatments. Investigators have
sed numerous animal models including a rabbit ear
odel,7 mice,8,9 rats,10 pigs,11,12 and chickens13 to study

roperties of both normal and abnormal scar formation in
he setting of incisional, excisional, and burn models of
njury. A previous criticism of animal models was that these
nimals do not form hypertrophic scars similar to those
ound in humans. Multiple investigators have demon-
trated, by direct comparison, the similarity of hypertro-
hic scars in animal models to human hypertrophic scars
y gross, histologic, and immunohistochemical evalua-
ion.14,15 An understanding of the processes of normal and
bnormal scar formation in animal models is paramount to
he development of new methodologies to successfully
anage and potentially prevent abnormal healing of hy-

ertrophic scars in humans. There are several emerging
gents and novel applications of older agents that are cur-
ently being investigated for their potential scar reductive
roperties in the preclinical forum of animal models, in-
luding the TGF-� superfamily, NSAIDs, minocycline,
ngiotensin-converting enzyme (ACE) inhibitors, collagen
ynthesis inhibitors, tamoxifen, and gene therapy.

GF-� superfamily
here has been interest in TGF-� as a potential scar-

educing agent since the 1980s.16 As previously reviewed,
he fibrogenic isoforms of TGF-� have been demonstrated
o have major roles in scar production.17 Both in vitro and
n vivo studies of animal models have demonstrated the
mportance of TGF-�1, 2, and 3 in cutaneous scarring and

Abbreviations and Acronyms

ACE � angiotensin-converting enzyme
bFGF � basic fibroblast growth factor
COX-2 � cyclooxygenase-2
MMP � matrix metalloproteinase
PDL � pulsed dye laser
PGE2 � prostaglandin E2

TAC � triamcinolone
TGF � transforming growth factor
carring in other organs.18 After initial injury, high levels of i
GF-� are released from degranulating platelets at the site
f injury. TGF-� is a potent stimulator of chemotaxis, sig-
aling the migration of lymphocytes, fibroblasts, mono-
ytes, and neutrophils.19 Sustained levels of TGF-� in
ound tissue are subsequently produced by macrophages,

ibroblasts, keratinocytes, and endothelial cells.
Fetal wound healing differs from adult wound healing in

number of parameters including altered and downregu-
ated inflammatory response, rapid reepithelialization, de-
reased angiogenesis, altered growth factor response, differ-
nt rates of extracellular matrix deposition, and restoration
f the architecture of the involved tissue.20 By contrast,
dult wound healing is characterized by a robust inflamma-
ory response, increased neovascularization, excessive ex-
racellular matrix deposition, and scar formation.

TGF-� was one of the first mediators found to be dif-
erentially expressed in fetal healing and was shown to pro-
ote scar tissue deposition when introduced into fetal
ounds.21 There are major differences in the TGF-� iso-

orms present in fetal and adult wounds. Fetal wounds
xpress very high levels of TGF-�3, a skin morphogenetic
actor predominantly synthesized by keratinocytes and fi-
roblasts and very low levels of TGF-�1 and 2. By contrast,
dult wounds express predominantlyTGF-�1 and 2,22 sug-
esting that the relative proportion of each isoform is likely
rucial for repair with reduced scar formation. More recent
tudies have shown that differential expression of TGF-�
soforms, receptors, and activity modulators, rather than
he mere presence or absence of TGF-�, has a major role in
he regulation of fetal wound healing.23

In normal wound healing, TGF-�1 and 2 are potent
ctivators of extracellular matrix gene expression and stim-
late collagen and fibronectin synthesis by dermal fibro-
lasts.24 Enhanced activity of the TGF-� isoforms 1 and 2
an lead to excessive scarring, as demonstrated in multiple
nimal models.25,26 Studies have shown that TGF-�1 and 2
re major factors inducing collagen gene expression leading
o tissue fibrosis. TGF-�1 expression parallels increased
ype I collagen gene expression in fibrotic lesions.27 The
kin fibrillar collagen genes, COL1A1, COL1A2, COL3A1,
nd COL5A2, have been identified as direct targets down-
tream of TGF-�.28 TGF-� acts through autocrine and
aracrine mechanisms to regulate the interactions be-
ween cells and between cells and matrix, enhancing the
roduction of extracellular matrix.29 This ability of TGF-�
o induce its own production may be important in the
evelopment of progressive scarring in pathologic fibrosis.
The broad strategy used by investigators examining

GF-� modulation as a potential scar-reducing agent has
een to simulate the fetal wound healing environment by

ncreasing the relative ratio of TGF–�3 to TGF–�1 and
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GF-�2 to minimize scarring. Investigators have used
nti-TGF-�1 and 2 antibody topical treatment to decrease
ollagen production in vitro and reduce scarring in vivo in
everal animal models.30 Similar results have been demon-
trated by the treatment of human proliferative scar xeno-
rafts in nude rats with exogenous TGF-�2 resulting in a
ignificant increase in endogenousTGF-�2, collagen I, and
ollagen III production. By contrast, exogenous addition of
nti-TGF-�2 antibody significantly decreased endogenous
GF-�2, collagen I, and collagen III production.31 In an in
itro model using the fibroblast-populated collagen lattice,
ddition of TGF-�2 antibody inhibited the function of
eloid and burn hypertrophic scar fibroblasts reversed the
ncreased contraction of fibroblast-populated collagen lat-
ice s by proliferative scar fibroblasts treated with TGF-
2.32 Antisense phosphorothioate oligonucleotides (OGN)
gainst TGF-�1 and 2 in vivo have also been used to sig-
ificantly reduce postoperative scarring in rabbit and
ouse models of glaucoma surgery.33 Exogenous TGF-�3

as been applied at the time of initial wound, resulting in
educed scarring.34

Despite numerous in vitro and in vivo animal studies
ver the past two decades showing reduction of scar with
ither application of exogenous TGF-�3 or neutralizing
echniques for TGF-�1 and 2, there have been no pub-
ished reports of a large double-blinded randomized trial in
umans evaluating the efficacy of the TGF-� superfamily
n scar reduction. It remains to be seen what practical role,
f any, the TGF-� superfamily will play in future therapeu-
ic protocols for reduction and prevention of scars.

onsteroidal antiinflammatory drugs
he use of NSAIDs, such as cyclooxygenase-2 (COX-2)

nhibitors, to reduce scar tissue production has been stud-
ed by multiple investigators, initially in the 1970s and

ore recently, within the past decade. There has been
rowing interest in the role of the COX-2 pathway in
ound healing because studies have demonstrated the crit-

cal importance of early events of the inflammatory cascade
n the downstream regulation of the outcomes of wound
epair and scar formation.35

A well-established early response to injury in the inflam-
atory cascade is induction of COX-2, which catalyzes the

onversion of arachidonic acid to prostaglandin E2 (PGE2)
nd other arachidonic acid pathway end-products.36

OX-2 undergoes immediate-early upregulation in re-
ponse to an inflammatory stimulus and functions by pro-
ucing prostaglandins that control the induction of vascu-

ar permeability and the activation and infiltration of
nflammatory cells.37 Although the role of prostaglandins
n scar formation is not fully understood, it has been shown

hat enhanced expression of both COX-2 and PGE2 can v
nhance fibroblast proliferation in vitro and collagen pro-
uction in wounds in vivo in rats38 and mice.39 These stud-

es suggest that prostaglandins and the inflammatory cas-
ade induced by these mediators have a role in regulation of
he amount of fibrosis that occurs during wound repair.

Topical application of celecoxib, a selective COX-2 inhib-
tor, immediately after wounding resulted in a statistically sig-
ificant reduction in local neutrophils, PGE2 levels, TGF-�1,
ollagen deposition, and scar tissue in a mouse study.40 Topical
pplication of COX-2 inhibitors does not have a negative
ffect on wound re-epithelialization or tensile strength.41

here is conflicting evidence on whether constitutive inhibi-
ion of COX-1 and COX-2 results in delayed wound healing.
ne study has suggested that inhibition of COX-1 may cause

elayed wound healing;42 another study has shown that COX-
-selective inhibitors do not delay wound healing or neoan-
iogenesis and have no effect on tensile strength in wounds.41

To investigate the function of the COX-2 pathway, sev-
ral investigators have examined the healing response in the
resence of the COX-2 enzymatic product and inflamma-
ory modulator PGE2. A study in mice showed that an
ntralesional injection of an exogenous PGE2 analog caused
he production of a scar when introduced into early fetal
ounds.39 PGE2 likely promotes scar formation through

nduction of the inflammatory cascade and subsequent re-
ruitment and activation of inflammatory cells, or it could
irectly stimulate fibroblasts to proliferate, amplifying col-

agen production and scarring.
Additional animal studies are needed to assess the effi-

acy and side effects of NSAIDs and COX-2 inhibitors in
car reduction and wound healing. Given the strong role of
nflammation in scar formation and the fact that NSAIDs
re inexpensive and readily available, there will likely be
een interest in future investigation of their potential as
car reducing agents.

ene therapy
ew and limited studies have been performed in animal
odels using a gene therapy approach to investigate scar

eduction. Theoretically, delivery of an antiscarring gene
nto fibroblasts or even keratinocytes could potentially re-
ult in reduced scarring. To date, there has not been con-
incing evidence that such an antiscarring gene exists. A
ajor obstacle to successful use of gene therapy in scar

eduction is that scarring is a very complicated process
nvolving many different factors, with activation and feed-
ack through multiple pathways, and many of the out-
omes of scar formation are likely determined by the early
nflammatory response to wounding.

A recent study demonstrated that adenoviral-mediated
elivery of fibromodulin into human dermal fibroblasts in

itro induced a decrease of expression of TGF-�1 and 2
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recursor proteins, and an increase in expression of TGF-
3.43 The study also evaluated the effect adenoviral-
ediated overexpression of fibromodulin on human der-
al fibroblasts into full-thickness incisional wounds in

ivo in a rabbit model, but demonstrated only modest im-
rovements in wound healing and inconclusive results on
car formation.43 In another study, dermal fibroblasts were
nfected in vitro with adenovirus encoding a truncated
GF-� receptor II and studied in full-thickness incisional
ounds in rats. Experimental wounds had significantly less

nflammatory reaction and a 49% reduction of scar area
p � 0.05).44 A recent study demonstrated a modest
hough statistically significant reduction in hypertrophic
car formation after administration of retrovirally delivered
ominant negative mutant TGF-� receptor II in a rabbit
ar model of hypertrophic scarring.45

It remains to be seen what, if any, role gene therapy will
lay in scar treatment. Currently, application of gene ther-
py strategies in animal models of scarring remains limited
o a small number of studies. With further investigation
nd genetic coding of genes such as TGF-�3, fibromodu-
in, and others, it seems likely that investigators will con-
inue to study the potential role of gene therapy in scar
revention in the future.

ther emerging agents
recent study found that high dose systemically adminis-

ered minocycline, an antibiotic and MMP inhibitor, sig-
ificantly reduced the severity of hypertrophic scarring in a
abbit model.46 The mechanism by which minocycline re-
uces scar formation in this model remains unknown. Sev-
ral plausible mechanisms include MMP inhibition and
ubsequent inhibition of keratinocyte or fibroblast migra-
ion, alteration of the inflammatory response, inhibition of
poptosis, inhibition of angiogenesis, or simply antibacte-
ial activity in an infected or contaminated wound environ-
ent.47 Additional studies will be needed to elucidate the
echanism of this intriguing scar reducing agent.
Several groups have investigated the role of ACE inhib-

tors in wound healing and scar formation. It is well ac-
epted in the cardiovascular literature that upregulation of
ngiotensin-converting enzyme participates in adverse fi-
rous cardiac remodeling.48 But the relationship between
CE and cutaneous fibrous remodeling is less clear. It has
een demonstrated that a locally functioning tissue renin-
ngiotensin system operates in human skin.49 In recent
tudies ACE and the AT1 receptor were detected in human
eratinocytes, endothelial cells, and myofibroblasts, and
CE activities in human pathologic scar tissue were shown

o be significantly higher than those in normal skin and

ounded skin.50 ACE inhibitors have potential as novel h
herapeutic agents for treating of scars, and further investi-
ation of ACE inhibitors in scar reduction is warranted.

Various steps in collagen metabolism are also potential
argets to prevent excessive scar formation. One step in
ollagen metabolism that has been recently investigated is
he intracellular hydroxylation of proline residues catalyzed
y the enzyme prolyl 4-hydroxylase (P4H). A study of a
abbit ear hypertrophic model demonstrated a 26% de-
rease in scar elevation index in wounds treated with 1%
rolyl 4-hydroxylase inhibitor topically for 1 week post-
ounding.51 Another critical step of collagen metabolism

hat has been targeted is the extracellular cleavage of the
-terminal propeptide from the precursor molecule to

orm collagen fibrils, a reaction catalyzed by procollagen
-proteinase (PCP). A recent study in a rabbit ear model
emonstrated a modest reduction is scar elevation index
ith use of a procollagen C-proteinase inhibitor.52

Several investigators recently examined tamoxifen as a
otential keloid modulating agent. Tamoxifen is a syn-
hetic nonsteroidal antiestrogen that has been shown to
nhibit keloid fibroblast proliferation and decrease collagen
roduction in vitro.53 Tamoxifen has been shown to de-
rease TGF-�154 production by keloid dermal fibroblasts
n vitro. More recent studies using fibroblast-populated
ollagen lattices demonstrated that tamoxifen significantly
ecreases fibroblast activity likely through decreased pro-
uction or secretion of TGF-�2.55 Tamoxifen shows prom-

se as a potential novel keloid reducing agent and further
nvestigation is warranted.

linical studies
he limited success of any one technique of scar prevention
as given rise to numerous treatment protocols in humans,
ith variable results. It is difficult to assess the efficacy of

he existing treatment modalities because of a paucity of
arge, controlled clinical trials comparing the effectiveness
f various treatment methods. There remains a great need
or further clinical studies of scar-reducing agents using
ell-designed, double-blind, placebo-controlled, multi-

enter randomized trials with objective and standardized
valuative measures. Current clinical strategies include use
f topical and intralesional corticosteroids, 5-fluorouracil,
leomycin, pressure therapy, silicone gel sheeting, laser
herapy, surgical management, radiation, and combina-
ions of techniques.

opical and intralesional corticosteroid injections
opical and intralesional corticosteroid injections have
een widely used to treat keloid and hypertrophic scars
ince the 1960s.56 The most commonly used corticosteroid
or treatment of scars is triamcinolone. Multiple studies

ave shown 50% to 100% efficacy of intralesional injec-
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ion of triamcinolone as a monotherapeutic agent in reduc-
ng scar.57,58 The dosage and treatment intervals have varied
rom 10 mg to 100 mg administrated at intervals of 3 to 6
eeks for several months.
Most of the known effects of corticosteroids are thought

o be primarily from suppression of the inflammatory re-
ponse, and secondarily, to diminished collagen synthesis,
nhibition of fibroblast growth, and enhanced collagen de-
eneration.59,60 A recent study demonstrated that cortico-
teroids alter the expression of multiple genes that partici-
ate in scar formation, including inhibition of TGF-�1,
GF-�2, and SMAD-1 (MADH-1) and collagens

COL4A1 and COL7A1) in keratinocytes.61 Corticoste-
oids suppress the expression of TGF-�1 and 2 but do not
ffect TGF-�3; this may be an additional mechanism by
hich corticosteroids contribute to the reduction of scar

ormation.
It is of great importance to note that although cortico-

teroids have been effective in reducing scar formation, the
utcome has been associated with multiple adverse effects
n up to 63% of patients, including hypopigmentation
round the injection site, dermal atrophy, telangiectasia,
idening of the scar, and delayed wound healing.62

Corticosteroids have been investigated for efficacy of
ombination therapy with several other modalities, and
hese studies have yielded fewer adverse effects of therapy
ecause polytherapy allows the use of lower doses of corti-
osteroids. In a study examining the effects of triamcinolone
TAC) used in combination with 5-fluorouracil (5-FU) and
ulsed dye laser (PDL) in 60 patients, the overall efficacy of
AC, TAC � 5-FU, and TAC � 5-FU�PDL were com-
ared. In comparison with TAC group, TAC � 5-FU and
AC � 5-FU�PDL combinations were more effective,
rovided more rapid response, and perhaps most impor-
antly, produced fewer side effects.63 Comparable results
ave been reported by other investigators.64

-Fluorouracil
-Fluorouracil (5-FU) is a pyrimidine analog and antime-
abolite. In 1999, Fitzpatrick65 was the first to report using
-FU to effectively reduce scar in his 9-year experience,
dministering more than 5,000 injections to more than
,000 patients. Since then, the use of intralesional 5-FU in
ombination or as a sole agent for treatment of hypertro-
hic scars has been shown to be effective in multiple stud-
es, with up to 75% of patients showing a reduction in scar
ize of at least 50%.66,67

Various combinations of 5-FU with intralesional corti-
osteroids and PDL have been used to achieve better results
han 5-FU as a monotherapy.65 Used in combination with

ther agents, 5-FU showed reduction in scar size of 50% to f
00% with intralesional corticosteroids, 72% to 92% with
adiation, and 57% to 83% with PDL.68 Also, the combi-
ation of 5-FU with these agents has been shown to de-
rease the side effects related to prolonged therapy with a
ingle agent, particularly corticosteroids.65

The mechanism by which 5-FU reduces scarring has not
een fully elucidated, but it has been shown that 5-FU
nhibits fibroblast proliferation69 by blocking DNA syn-
hesis and transcription through competitive inhibition of
hymidylate synthesis. Rapidly proliferating cells, such as
ibroblasts, which are synthesizing increased amounts of
NA, are preferentially targeted by 5-FU. 5-FU also has an

nhibitory effect on TGF-�1—induced type I collagen
ene expression in human fibroblasts.70

Adverse sequelae of 5-FU with up to 1 year followup
nclude transient hyperpigmentation (100%), tissue
loughing (21.4% to 30%), transient burning sensation
7.1%), or pain (100%) at the injection site.66 No studies
o date have reported systemic complications in patients
reated with 5-FU for scar reduction. Longterm followup
tudies show no adverse sequelae.71

Intralesional 5-FU may be effective in the treatment of
cars as a monotherapy, but likely has greater utility in
olytherapy. Intralesional 5-FU mixed with low-dose cor-
icosteroid may be a possible alternative for the treatment
f scars after traditional treatments have failed and may
ave fewer undesirable side effects than intralesional potent
orticosteroids alone.

leomycin
leomycin is a polypeptide antibiotic with well-known an-

itumor, antibacterial, and antiviral activity.72 Multiple
tudies have shown that intradermal injections result in
ignificant improvement in keloids and hypertrophic
cars.73,74

Bleomycin was first investigated as a scar-reducing agent
n the mid 1990s in a study of 36 patients.75 After admin-
stering three to five intralesional injections of bleomycin
ithin a 1-month period, the authors observed complete

egression in 69.4% of the lesions. Subsequent studies have
hown comparable results.73,74

The exact mechanism by which bleomycin reduces scar-
ing has not been fully elucidated. Studies have shown that
leomycin inhibits collagen synthesis in dermal fibroblasts
hrough decreased stimulation by TGF-�1.74 Hypertro-
hic scars have higher concentrations of lysyl-oxidase, the
ross-linking enzyme involved in maturation of collagen,
han normal skin does.76 Bleomycin reduces lysyl-oxidase
evels in cultures of human dermal fibroblasts in vitro.76

he effect of bleomycin in hypertrophic scars may be from
reduction of collagen synthesis, increased destruction
rom inhibition of lysyl-oxidase or TGF-�1, or both.
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Adverse sequelae of bleomycin treatment include hyper-
igmentation (75%) and dermal atrophy in the skin sur-
ounding treated scars (10% to 30%).73 To date, no sys-
emic toxicity has been reported with low doses of
leomycin when used to treat hypertrophic scars. Future
nvestigations will provide more information about the

echanism by which this drug acts.

ressure dressings
espite a paucity of controlled clinical studies showing

ts efficacy, pressure therapy has been a well-established
onservative management of scars since the 1970s.77

here are numerous clinical reports advocating the use
f compression therapy, but the current literature is gen-
rally lacking in reports on effectiveness and optimal
ressures. The traditional consensus is that an applied
ressure of 25 to 40 mmHg may represent ideal loading,
ut more recent studies suggest that comparable clinical
esults may be achieved at lower compression levels.78

he largest randomized controlled trial of 122 burn
atients showed no significant differences in scar reduc-
ion compared with controls.79

The mechanism of action of pressure therapy remains
oorly understood. Pressure treatment is thought to ac-
elerate scar reduction by several mechanisms, including
hinning of the dermis, decrease in edema, and a reduc-
ion of oxygen tension in the wound through occlusion
f small vessels. Reduced oxygen tension is hypothesized
o decrease fibroblast proliferation and collagen synthe-
is and increase collagen lysis.80 Mechanical stress can be
ommunicated from stressed to unstressed cells to elicit
remodeling response and increase in production of

ibronectin, collagen types III and V, and MMP-9.81 In
n in vitro model, mechanical compression was able to
trongly increase apoptosis in the hypertrophic scar, as
bserved during granulation tissue regression in normal
ound healing, and induce expression of interleukin-1�

nd tumor necrosis-�, which likely play a key role in scar
ypertrophy regression.82

Drawbacks of compression therapy include its limited
se in anatomic depressions, flexures, or areas of frequent
ovement, patient discomfort, the need to be worn at all

imes, and skin ulceration. Patient compliance can be a
ajor problem, with reports of noncompliance ranging

rom 8.5% to 59%.83 Pressure therapy is influential pri-
arily while the scar is active and loses efficacy after 6
onths of treatment.84

In conclusion, there are many clinical reports purporting
vidence that compression therapy may be effective in scar
eduction, but more definitive, large, controlled clinical
tudies are needed to clarify the role of pressure dressings in

car-reduction protocols and to evaluate optimum treat- s
ent parameters. If pressure therapy is to be continued in
uture protocols, it will most likely be best used as an ad-
unctive treatment as part of a polytherapeutic strategy of
car management.

ilicone gel sheets
opical silicone gel sheeting has been widely used since its

ntroduction in the early 1980s, and its therapeutic effects
n hypertrophic scars have been well documented in the
iterature.85,86 An early large yet uncontrolled study of sili-
one gel sheeting in 125 patients with hypertrophic scars
eported improvement in scar parameters in 81% of pa-
ients.87 Subsequent controlled studies have yielded similar
esults.85

In addition to treating preexisting scars, silicone gel
heeting has also been investigated for its potential use in
car prophylaxis when applied in the immediate postoper-
tive period. Controlled studies of silicone gel sheeting ap-
lied to wounds beginning 2 weeks postoperatively for 12
ours a day resulted in significantly decreased scar volume
ver that in controls in mirror image incisional wounds of
he body after 2 months of treatment.88 But a large con-
rolled study of 129 breast reduction patients treated with
ilicone gel sheeting at the time of operation, for 24 hours

day for 3 months, demonstrated no improvement in
car prophylaxis compared with controls with 1-year
ollowup.89

The mechanism of action of silicone gel sheeting has not
een conclusively elucidated and currently remains a sub-
ect of controversy. There has been significant controversy
bout the effects of silicone itself on the wound. Early
nvestigators postulated that release of silicone fluid from
he gel was most likely responsible for its efficacy.90 Other
nvestigators have hypothesized that hydration, rather than
n inherent property of silicone itself, modulates the effect
n scar reduction.86 In support of this, a study found no
istologic evidence of silicone in biopsy specimens of sili-
one gel sheet-treated scars.91 Likewise, another study
ound that scar hydration and occlusion without the addi-
ion of silicone resulted in significant improvement in scar
ymptoms.92 These findings suggest that hydration and oc-
lusion are likely the mechanisms of the therapeutic action
f silicone gel sheeting rather than an inherent antiscarring
roperty of silicone.
Several early and recent studies have suggested that sili-

one gel sheeting likely acts by reducing fibroblast-induced
ollagen deposition.90 An early study examined dermal cy-
okine mRNA levels in silicone-gel–treated hypertrophic
cars and found that treatment of hypertrophic scars by
ither occlusive dressing or silicone gel resulted in increased
ean levels of bFGF mRNA.93 A more recent study has
upported this by demonstrating that silicone gel causes
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ncreased bFGF levels in vitro in cultured human dermal
ibroblasts.94 It is well known that bFGF is a key cytokine
nvolved in the scar formation process, and an increased
evel of bFGF would be expected to reduce collagen prolif-
ration, decreasing scarring.95

Another interesting potential mechanism by which sili-
one gel could cause scar reduction is through downregu-
ation of fibrogenic cytokines. Using an in vitro fibroblast-
opulated collagen lattice, investigators demonstrated that
ypertrophic scar fibroblasts exposed to silicone sheeting
ave decreased contraction compared with an unexposed
ontrol, and TGF-�2 is downregulated in the silicone ex-
osed group. These results suggest that silicone sheeting
ay act by downregulating fibrogenic cytokines.96

In summary, there is controversial evidence concern-
ng the benefit of silicone gel sheeting for scar reduction
nd prophylaxis. The largest controlled trial reports no
enefits in preventing hypertrophic scarring; several
ther studies purport a benefit. It has been 25 years since
he introduction of silicone sheeting, and there is still no
onclusive evidence of the mechanism for its effective-
ess in scar treatment and prevention. The most widely
ccepted theory for its mechanism of action is that it
roduces hydration of the scar by occlusion and more
ecently, that it causes a downregulation of fibrogenic
ytokines. Further investigation will likely yield greater
nderstanding. Despite a lack of conclusive evidence of

ts efficacy and mechanism, silicone gel will likely con-
inued to be used in scar treatment protocols because it
s a noninvasive modality and is preferred by many pa-
ients over intralesional injections.

aser therapy
he vessel-specific 585-nm pulsed dye laser (PDL) is cur-

ently considered the laser of choice in treating pigmented
nd hypertrophic scars. The use of PDL for treatment of
ypertrophic scars has been well documented.97 PDL is
sed primarily to reduce erythema, but also has been shown
o reduce scar volume and improve the texture of the scar
urface.98

There is no universal consensus on the mechanism by
hich PDL achieves its effects on scars. Laser therapy for

car reduction is based on the principle that vascular pro-
iferation plays a key role in scar formation. Most studies
ave shown that PDL likely mediates its effects through
elective photothermolysis, in which energy emitted from
he laser is absorbed by oxyhemoglobin, generating heat
nd leading to thermal injury to the scar microvasculature,
hich leads to thrombosis and ischemia, ultimately result-

ng in reduced collagen within the scar.99 Destruction of
he vascular supply to the scar may disrupt the stimulus

rom endothelial cells and fibroblasts, which release m
rowth factors in scars. Additionally, early intervention
ith PDL may control the extent of angiogenesis within

he wound and assist in minimizing scarring. PDL has
een shown to reduce TGF-� expression, fibroblast pro-

iferation, and collagen Type III deposition and increase
MP-13 activity.100

The most common side effect of 585-nm PDL treat-
ent is post-treatment purpura, which usually subsides

fter 7 to 10 days.101 Hyperpigmentation has been reported
ith a frequency of 1% to 24%101 and is mostly seen in
arker-skinned patients. It may be related to thermal injury
f the epidermis from melanin absorption. Overall, PDL
arries a relatively low risk of significant adverse effects and
omplications.

Most studies have supported the efficacy of PDL in scar
eduction. One of the earliest controlled studies of PDL in
6 patients with sternotomy scars treated with PDL dem-
nstrated significant improvement in color and thickness
ompared with baseline and controls. Subsequent studies
ave demonstrated comparable results.97,102

There have also been studies that have shown contradic-
ory results concerning the efficacy of PDL in scar reduc-
ion. A prospective, randomized controlled study com-
aring 20 patients with hypertrophic scars did not
emonstrate significant improvement with silicone gel or
DL compared with controls.103 Another controlled study
f 23 scars treated with PDL also demonstrated symptom-
tic improvement of pruritis, but no significant reduction
f erythema and scar thickness.104 Likewise, another con-
rolled study of 56 patients using PDL for three to
ix treatments at 8-week intervals indicated that although
here was significant symptomatic improvement of pruri-
is, there was an insignificant degree of objective improve-
ent in terms of scar thickness and elasticity in the PDL-

reated group compared with the control group.105

The contradictory results of PDL therapy can be from
everal factors including scar location and duration, differ-
nt laser settings, skin types, followup duration, and out-
omes measurement methods. Additionally, it has been
uggested that PDL may not work on thick hypertrophic
cars because of a lack of penetration of the laser to deeper
arget vessels. Hypertrophic scars can be up to several mil-
imeters thick,106 and many of the target vessels might be
eeper than the 0.4-mm and 1.2-mm vessel coagulation
epth of the PDL.107 Another factor that may account for
he lack of efficacy in some of these studies is the higher
ercentage of dark-skinned patients in the studies demon-
trating lack of efficacy of PDL because melanin acts as a
ompeting chromophore for the PDL.108

PDL has been successful as an adjunct to other treat-

ents. Most commonly, PDL has been used in conjunc-
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ion with intralesional steroids, with the latter directed at
lattening hypertrophic scars and keloids and the former
sed to reduce erythema and enhance pliability.109

In summary, PDL has been used with variable degrees of
uccess in the treatment of hypertrophic scars, and al-
hough earlier reports suggested a significant degree of im-
rovement, more recent studies have raised concern about
ts effectiveness. Given its potential high efficacy and low
dverse effect profile, PDL may be more frequently used in
any treatment protocols if additional large controlled tri-

ls support its efficacy.

urgical treatment
here are many different surgical strategies for scar revi-

ion, including excision with linear closure, excision with
plit- or full-thickness skin grafting, z-plasty, w-plasty, and
f all other options fail or are impractical for the magnitude
f the defect, excision followed by a well-designed flap
overage. Tissue expansion and serial scar excision may be
sed to provide more tissue for advancement or local flap
overage of revised scars.

There are several different excisional techniques, includ-
ng lenticular excision and serial partial excisions. Lenticu-
ar excision requires adequate undermining to produce
ound edges in an even and tension-free manner, and
ound eversion is critical, especially for deep defects. Serial
artial excisions have also been commonly used for large
cars with insufficient surrounding tissue laxity for a single
xcision. If numerous procedures are required, tissue ex-
ansion may be used to reduce the number of necessary
xcisions.

Z-plasties are frequently used in areas where the skin is
elatively redundant and where there are pronounced
reases. In the face, z-plasties are particularly useful around
he eye, around the mouth, and in the nasolabial creases.

-plasties are useful over the zygoma, the chin, and the
orehead. It is important when designing a w-plasty to
ake each straight line shorter than 5 mm.110 Z-plasties are

lso useful in scar revisions in the rest of the body, partic-
larly in the hand. When webbing is present in areas such
s the anterior and posterior axillary folds, large w-plasties
an be used. It is often advantageous to deepen the tips of
he v-shaped incisions, turning them into multiple y- to
-plasties. The literature often depicts z-plasties and
-plasties with symmetrical and identical limbs. It is often
elpful to vary the size of the limbs and make them smaller,
articularly at the ends of the scars. It is also often beneficial
o make them asymmetric to better blend in with the ex-
sting landmarks and creases.

Timing of surgical treatment is an important consider-
tion in the treatment protocol of scar revision strategy.

cars mature over at least a 1-year period and can show i
ecrease of contractures, flattening, softening, and repig-
entation. Nonsurgical therapies should at least be consid-

red before surgical intervention, as discussed elsewhere in
his review.

adiation
eta radiation is a particulate radiation consisting of high-

peed electrons, which are rapidly attenuated by biologic
issues, making it very useful for superficial treatments
here deep tissue penetration is undesirable. Radiation

herapy has been used in scar reduction protocols primarily
n the treatment of keloids and has frequently been used as
n effective adjunct to surgical excision. Radiation is
hought to mediate its effects on keloids through inhibition
f neovascular buds and proliferating fibroblasts, resulting
n a decreased amount of collagen production.111

Surgical excision in combination with radiotherapy is
onsidered the most effective treatment available in severe
eloids. Surgical excision as a sole treatment of keloids has
very high recurrence rate, between 45% and 100%.112

urgical excision followed by radiation therapy for treat-
ent of keloids provides the highest reported regression

ates. A study of 75 patients with 113 keloids showed that
dministration of 12 Gy radiation in three fractions over 3
ays resulted in a regression rate of 73% with no compli-
ations after a mean followup of 9.5 years.113

Radiation therapy for keloid reduction has been associ-
ted with adverse effects such as hypo- and hyperpigmen-
ation, erythema, telangiectasia, and atrophy. Radiation-
nduced malignancies from scar treatments are rare. The
otal-body radiation dose from a superficial low-voltage
adiotherapy technique is low, and it is difficult to defini-
ively implicate scar reductive radiation treatment as the
ause of neoplasm.

In summary, there is no agreement in the literature on
ptimal dosage, fractionation, indications for treatment, or
iming of radiotherapy with respect to surgical procedures.
or these reasons, studies of radiotherapy treatment are
ifficult to compare. But a single dose given within 24
ours of surgical excision appears to give the highest cure
ate in recurrent keloids.114 Additional controlled prospec-
ive trials using standardized treatment protocols and ob-
ective outcomes measures need to be undertaken to define
ptimal treatment parameters.

onclusion: the need for an approach
o polytherapy
umerous therapeutic strategies have been described for

eduction and prevention of scars, yet there is no universal
onsensus in the literature about optimal treatment. After
nitial injury, a robust inflammatory cascade is incited, dur-

ng which much of the downstream outcome of scar devel-
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pment is mandated. Inhibition of the inflammatory pro-
ess is the main factor that can decrease scar formation.
umerous methods can inhibit the inflammatory cascade

t different levels of the pathway. There is a need to strate-
ically block the inflammatory pathway and other path-
ays to scar formation with a polytherapeutic protocol.
uch an approach includes inhibiting inflammation at up-
tream and downstream targets and addressing other mech-
nisms of scarring such as infection, cell signaling, collagen
etabolism, and fibroblast migration and proliferation.
There remains a great need for additional clinical studies

f scar-reducing agents using well-designed, double-blind,
lacebo-controlled, multicenter randomized trials with ob-

ective and standardized evaluative measures. A polythera-
eutic approach to scar reduction likely holds the greatest
otential for successful amelioration of both normal and
athologic scars, and future studies should focus on evalu-
ting the efficacy of such an approach in addition to ex-
loring the potential role of emerging and novel agents of
car reduction.
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