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Significance: Hypertrophic scarring is a challenging issue for patients and cli-
nicians. The prevalence of hypertrophic scarring can be up to 70% after burns,
and patients suffer from pain, itching, and loss of joint mobility. To date, the
exact mechanisms underlying hypertrophic scar formation are unclear, and
clinical options remain limited.
Recent Advances: Several studies have demonstrated that pathological
scars are a type of hyperactive vascular response to wounding. Scar re-
gression has been found to be accompanied by microvessel occlusion, which
causes severe hypoxia, malnutrition, and endothelial dysfunction, sug-
gesting the essential roles of microvessels in scar regression. Therefore,
interventions that target the vasculature, such as intense pulsed light, pulsed
dye lasers, vascular endothelial growth factor antibodies, and Endostar, rep-
resent potential treatments. In addition, the mass of scar-associated collagen is
usually not considered by current treatments. However, collagen-targeted
therapies such as fractional CO2 laser and collagenase have shown promising
outcomes in scar treatment.
Critical Issues: Traditional modalities used in current clinical practice only
partially target scar-associated microvessels or collagen. As a result, the ef-
fectiveness of current treatments is limited and is too often accompanied by
undesirable side effects. The formation of scars in the early stage is mainly
affected by microvessels, whereas the scars in later stages are mostly com-
posed of residual collagen. Traditional therapies do not utilize specific targets
for scars at different stages. Therefore, more precise treatment strategies are
needed.
Future Directions: Scars should be classified as either ‘‘vascular-dominant’’ or
‘‘collagen-dominant’’ before selecting a treatment. In this way, strategies that
are vascular-targeted, collagen-targeted, or a combination thereof could be re-
commended to treat scars at different stages.
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SCOPE AND SIGNIFICANCE

Hypertrophic scars (HS) remain a challeng-
ing issue for both patients and clinicians. The out-
comes of current therapies are not satisfactory.
Herein, we discuss the interdependence of vascu-
larization and collagen in the formation of HS
and suggest that targeting vascular and collagen
components is an effective strategy to improve the
clinical management of HS.

TRANSLATIONAL RELEVANCE

Therapeutic interventions that target the vas-
culature, such as intense pulsed light (IPL), pulsed
dye lasers (PDLs), and fractional CO2 lasers, all
of which excite interstitial water molecules and
disrupt fibrillar collagen, can achieve satisfactory
clinical outcomes when managing HS. These re-
sults offer new insights for the development of fu-
ture innovative interventions.

CLINICAL RELEVANCE

Traditional approaches to managing HS lack
specificity and effectiveness and partially target
scar tissue microvessels and collagen. Further,
most interventions are associated with various un-
desirable side effects. In clinics, combining ther-
apeutic agents that target vascular and collagen
elements is an effective modality for the clinical
management of HS.

BACKGROUND
Cutaneous wound healing

Cutaneous wound healing is the process of self-
repair of the skin after trauma and/or lesions.
Wound healing is generally considered to occur in
four overlapping phases: hemostasis, inflamma-
tion, proliferation, and remodeling. Each of these
overlapping processes involves the participation of
different cell populations. In response to injury,
platelets degranulate to initiate thrombogenesis,
endothelial cells (ECs) lining blood and lymph
vessels are activated, vessels become leaky and
contract, and tissue-resident innate immune cells
release bursts of hydrogen peroxide, triggering
white cell infiltration and inflammation. These
events stimulate fibroblasts and ECs to migrate
into the wound bed and proliferate, generating
proteoglycan- and collagen-rich granulation tissue
and microvessels de novo. The newly synthesized
granulation tissue provides a substrate that en-
ables epidermal keratinocytes to migrate later-
ally and close the wound, which is a process termed
re-epithelialization. The wound bed is largely

hypoxic; thus, the de novo generation of granula-
tion tissue is accompanied by a burst of angiogen-
esis to provide oxygen and nutrition, remove waste
byproducts, and support subsequent tissue matu-
ration and remodeling. During the remodeling pro-
cess, excess fibroblasts and microvessels undergo
programmed cell death (apoptosis), and tissue ho-
meostasis is restored. The interruption of this pro-
cess results in the formation of pathological scars,
such as HS and keloids.

Pathological scars
HS and keloids are highly prevalent after burns

and trauma. Clinically, HS is defined as a raised
and pruritic lesion, but it remains confined to the
boundaries of the original wound. In contrast, ke-
loids grow beyond the boundary of the original
wound.1 HS usually grows rapidly and tends to
regress after a long time, but keloids rarely re-
gress,2 usually grow without limitations, and are
regarded as benign tumors.3 In addition, in the
scar tissue, the architecture of the collagen fibers
in HS and keloids is significantly different. Keloids
possess thicker collagen bundles than HS.4 Evi-
dence also suggests that the ratio between collagen
type I and type III is also different and is signifi-
cantly higher in keloids (17:1) than in HS (6:1).1

Due to their distinct mechanisms and character-
istic features, clinical prevention and treatment
methods also vary.1 In this review article, we par-
ticularly focus on the treatment of HS.

Roles of microvessels and collagen
in HS formation

Although the exact mechanisms of HS formation
are still not fully understood, it is well accepted
that HS formation is involved in many factors, in-
cluding cells and molecules, which are activated
and secreted in a cascade reaction after wound
healing. In essence, cells, vessels, and collagen are
three major components in the scar. Cells, includ-
ing fibroblasts, myofibroblasts, and inflammatory
cells, communicate mutually through cytokines
and growth factors. The historical literature dis-
cussing scar management has focused on the in-
hibition of fibroblasts and myofibroblasts, which
are the key cells that produce growth factors
and collagen. Myofibroblasts are transformed from
fibroblasts, which express a-SMA, possess more
powerful effects than fibroblasts, and promote scar
hyperplasia and contracture. In addition, inflam-
mation cell are also regarded as playing a crucial
role in scar formation, and inflammatory cytokines
stimulate fibroblasts to enhance their biology.
Clinical application of steroid injections to inhibit
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inflammation improves scar reduction. However,
the roles of vessels and collagen have been over-
looked during this process.

In scar tissue, fibroblasts are adjacent to and
intimately associated with vessels, communicating
via nutrient transport and signal transmission.5

Vessels deliver oxygen and nutrition to fibroblasts
via endothelial channels that allow the passage of
water, solutes, and macromolecules, which form a
microenvironment for fibroblast survival and pro-
liferation. Fibroblasts are effector cells that are
regulated by the microenvironment and then se-
crete collagen to form scars. In this sense, vessels
and collagen are upstream and downstream of fi-
broblasts, respectively (Fig. 1). Therefore, here, we
highlight the essential roles of microvessels and
collagen in HS formation and call for therapies that
target the vasculature and collagen.

A scar is a type of hyperactive vascular
response to wounding

During scar progression, the scar initially ap-
pears as a red area with elevated thickness, which
then rapidly develops into a purple–red color with
further elevation. Subsequently, the scar ceases to
grow and starts to slowly regress, appearing less
red in color and eventually entering a mature
stage. The scar color change indicates a change in

blood supply in the scar tissue, which is correlated
with scar formation and regression. Pathologically,
Zheng et al. assessed the microvessel density of
different scars and revealed prominent microvessel
formation during scar formation, and most vessels
were partially or completely occluded during scar
regression (Fig. 2).6 The microvessel occlusion is
correlated with the mechanical pressure of outer
collagen on the microvessel and then causes them
to be occluded. The microvessel change is consis-
tent with another study, which found that the
vessel number was higher, and the diameter was
more dilated in HS than in normal scar and nor-
mal skin.7,8 In addition, laser Doppler blood flow
revealed that HS also has elevated blood flow
compared with that of normal scars and normal
skin.9,10 Collectively, these findings indicate that a
scar is a type of hyperactive vascular response to
wounding, and much vascularization is involved
in the development of HS,7 which shares some
characteristics with tumor formation. In summary,
no vessel formation and no scar hyperplasia were
observed. Therefore, vascular targets can be used
to prevent or treat HS formation.11,12 The evidence
is as follows.

Dynamic hypoxia and nutrition regulate scar for-
mation and regression. Hypoxia resulting from
disturbed vascularization is reported to be mainly
responsible for the development of pathological
scars.13,14 Using transcutaneous oximetry (TcpO2),
Berry et al. measured the tissue oxygen values
in HS of 16 patients before pressure therapy and
found tissue oxygen values ranging from 2 to
66 mmHg,15 indicating that different scars had
different TcpO2 values. Zheng et al. classified scars
as early scars (1–2 months), proliferative scars (3–6
months), regressive scars (*2 years), and mature
scars (over 4 years) and found that the hypoxia
is dynamic during scar progression. There was
mild hypoxia in the early stage (51.2 – 8.3 mmHg),
but it increased in proliferative scars (30.2 –
6.1 mmHg) and became severe in regressive scars
(6.9 – 2.1 mmHg), almost returning to normoxia in
mature scars (71.1 – 9.6 mmHg).6 During this pro-
cess, it has been reported that hypoxia-inducible
factor-1 (HIF-1), which senses hypoxia and regu-
lates vascular endothelial growth factor (VEGF)
transcription, is elevated in proliferative scars and
reduced in the regressive stage.6,16 Lynam et al.
simulated scar hypoxia and malnutrition in scars
and found that moderate hypoxia and malnutrition
enhance fibroblast proliferation and collagen pro-
duction; however, severe hypoxia and malnutri-
tion are associated with fibroblast inhibition and

Figure 1. The relationship between microvessels, fibroblasts, and colla-
gen during hypertrophic scar formation. Microvessels provide oxygen,
nutrition, and EC-derived growth factors, all of which promote fibroblasts to
produce collagen. EC, endothelial cell. Color images are available online.
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apoptosis.17 Therefore, scar formation and regres-
sion are regulated by dynamic hypoxia and nu-
trition changes, which are caused by microvessel
change in tissue.

Endothelial dysfunction induces scar regression.
Fibroblast biology is generally regulated by the
surrounding tissue microenvironment,18 and cap-
illaries play a key role in establishing this envi-
ronment. The endothelium can be viewed as a
modulatory interface between the microvessel lu-
men and neighboring cells.19 In addition to their
critical role in transport, the endothelium of mi-
crovessels is also a significant endocrine organ,
synthesizing and releasing numerous growth fac-
tors, including VEGF, platelet-derived growth factor
(PDGF), transforming growth factor beta 1 (TGF-
b1), and endothelin-1 (ET-1).20,21 Endothelium-
derived growth factors are critical regulators of
the development and maintenance of many or-
gans, such as the liver, pancreas, and nervous
system.22–24 Evidence supports a direct correlation
between ECs and neurons in the brain.25 Indeed,
ECs not only exert a protective effect on neu-
rons,26 but they also initiate tissue repair pro-
cesses after injury and support neurite outgrowth
by secreting shared growth factors.24,27 Therefore,

vascular ECs play important roles in regulating
cell biology and tissue homeostasis. Recent stud-
ies have also demonstrated that endothelial dys-
function occurs during the formation of HS.28,29 In
regressive scars, the microvascular lumen is al-
most completely occluded, and the ECs are atro-
phied and surrounded by a thick collagen layer
(Fig. 3). In addition, the expression of EC-derived
growth factors such as VEGF, PDGF, TGF-b1, and
ET-1 in regressive scars is significantly decreased
compared with that in uninvolved skin. In vitro
experiments using media conditioned by ECs, iso-
lated from regressive scars, showed inhibited cell
viability and attenuated collagen biosynthesis
and apoptosis induction in fibroblasts. These ef-
fects were found to be mediated via TGF-b1-,
PDGF-, and basic fibroblast growth factor (bFGF)-
related signaling pathways, suggesting that ECs
within regressive scar tissue contribute to scar
regression.29

Chronic inflammation induced by vascular hyper-
permeability causes scar formation. Excessive in-
flammation, as characterized by continuous and
histologically localized inflammation in the retic-
ular layer of HS, is believed to be one of the most
important events precipitating HS fibrogenesis.30,31

Figure 2. CD34 staining of microvessel density in scars of different stages. (a) A few microvessels were apparent in normal skin. (b) Many microvessels
were apparent in a proliferative scar. (c) Most microvessels were occluded in an RS. (d) The number of microvessels in a mature scar was comparable to that
in normal skin. Scale bar = 30 lm. The red arrows indicate the microvessel. RS, regressive scar. Color images are available online.
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Proinflammatory factors, such as interleukin (IL)-
1a, IL-1b, IL-6, and tumor necrosis factor-a (TNF-a),
are all upregulated in keloids, promoting chronic
inflammation and likely also driving the invasive
growth of keloids.32,33 The upregulated proinflam-
matory factors in pathological scars suggest that
keloids and HS are a type of inflammatory disor-
der of the skin. Qian et al. used a rabbit ear model
to demonstrate that prolonged inflammation trig-
gered by heat-killed Pseudomonas aeruginosa im-
pairs wound healing and increases scarring.30

The application of indomethacin and/or anti-
inflammatory agents significantly reduced scar
development in this model.30 Ogawa and Akaishi
concluded that tissue inflammation in HS and
keloids is associated with increased vascular per-
meability resulting from microvascular dilation
during fibrogenesis.5 Increased vascular perme-
ability allows inflammatory cell egress and migra-
tion into the interstitial space. According to the
extent of inflammation, keloids are classified as
strong inflammatory scars, whereas HS are mild
inflammatory scars.5 Therefore, targeting vessels
could reduce the permeability of inflammatory cells
and then reduce scar formation.

Collectively, substantial evidence supports the
interpretation that the formation of scar tissue is a
type of hyperactive vascular response. Formation

and regression are correlated with vascular chan-
ges, including oxygen/nutrition supply and EC-
derived growth factors secretion and inflammation
cells permeability; therefore, the vasculature offers
a prospective target for scar management.

A scar is a type of abnormal collagen
accumulation

In addition to microvessel formation, the exces-
sive deposition of collagen is another characteristic
feature of HS. A large amount of collagen deposits
in the proliferative scar and has a little reduction in
regressive scars, which almost goes to a normal
level in mature scars (Fig. 4). It is well established
that collagen constitutes approximately one-third
of the proteinaceous mass in the human body;
however, the proportion of collagen in HS tissues
is largely higher than that.34 Several growth fac-
tors, including TGF-b1, PDGF, bFGF, and ET-1,
contribute to increased collagen production; how-
ever, collagen homeostasis is also subject to
the balance between matrix metalloproteinases
(MMPs) and tissue inhibitor of metalloproteinase-1
(TIMP-1),35–37 and increased collagen synthesis
and reduced degradation cause collagen overdepo-
sition. Supporting this perspective, Ghahary et al.
found that the production of collagenase was re-
duced in fibroblasts from HS compared with that

Figure 3. Endothelial dysfunction in human hypertrophic scars examined by electron microscopy. Morphological changes in the microvessels and ECs in NS
(a, · 9,700), PS (b, · 4,200), RS (c, · 5,800), and MS samples (d, · 13,500) are shown. The blue arrow indicates ECs; the red arrow indicates the lumen of
microvessels; the white dotted line shows the edges of ECs; and the red dotted line shows smooth muscle cells. These images demonstrated that during scar
development, the microvessel was gradually occluded and EC became atrophy, the basement membrane was replaced with thick collagen fibers, particularly in
RSs. (This figure is cited from Mari et al.2). NS, normal skin; PS, proliferative scar; MS, mature scar. Color images are available online.
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from normal skin.36 Thus, the overproduction and
accumulation of collagen increases the scar vol-
ume, resulting in scar tissue that is elevated and
firmer than adjacent tissue.

Although targeting vascular elements can affect
fibroblast activity and de novo collagen synthesis, it
does not affect the collagen that is already depos-
ited in situ. Indeed, residual collagen constitutes
most of the scar volume, particularly late-stage
scars. Thus, therapies targeting vessels are pre-
dicted to be more effective for early scars, and less
effective for late scars with abundant collagen.
Existing therapeutic approaches, such as the an-
timitotic drug fluorouracil (5-FU) and the injection
of steroids, are intended to inhibit fibroblast colla-
gen production rather than reduce the volume of
existing collagen. Thus, targeting collagen is nec-
essary for hard HS at the late stage.

Differences between the prevention
and treatment of HS

Traditionally, a scar is often treated when it is
formed. However, with a better understanding of
wound healing, the prevention of scars has become
increasingly important in the clinic. The most suc-
cessful HS management is prevention. HS can be
intervened during wound healing or at an early
stage after wound healing, which constitutes the
time window of scar pregnancy. Once a scar is

formed, treatment is very difficult.38 Therefore, scar
prevention is implemented in advance to inhibit
scar occurrence. For instance, for surgical excision,
techniques such as atraumatic closure, minimiza-
tion of tension, and skin eversion are normally ap-
plied. After wound healing, silicon and paper tape
are routinely used to prevent scar formation. For
deep burn wounds or trauma, wound healing should
be promoted. Usually, the earlier a wound heals, the
less scarring there will be. Within 2 weeks of healing
time, there was no or minor scar formation. After
this, the longer a wound heals, the more severe the
scar. Therefore, after healing, pressure therapy,
silicone, and lasers should be used promptly, which
is the best intervention window for scar prevention.
Although scar hyperplasia can sometimes still not
be controlled completely, this process will greatly
reduce hyperplasia. Therefore, to enhance the ef-
fectiveness of scar treatment, optimizing the treat-
ment modality is necessary.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Traditional treatments for HS

It is well accepted that the primary cause of HS
formation is the excessive accumulation of colla-
gen secreted by fibroblasts; thus, most of the cur-
rent therapies mainly focus on inhibiting the

Figure 4. Collagen examination of human hypertrophic scars at different stages by Masson’s staining. In normal skin, the collagen arrangement is loose (a).
However, in hypertrophic scars, a large amount of collagen is deposited around the microvasculature (b). In RSs, the microvessels are partially or totally
occluded, and the collagen density is decreased (c). In mature scars, the microvessels and collagen density are comparable to those of normal skin (d). The
red arrows indicate the microvessels. Color images are available online.
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biosynthetic activities of fibroblasts. Some thera-
pies also partially work on microvessels; however,
the mechanisms of action of these therapies are,
at best, partially understood. The side effects are
common, contributing to patients’ reluctance to
access clinical scar management.

Silicone therapy. Silicone therapy, including
silicone sheets and gels, is recommended as a non-
invasive first-line prevention and treatment option
for HS and keloids.39 For larger wound areas (such
as joints) or wounds on exposed areas (such as the
face and hands), the use of silicone is recommen-
ded owing to its convenient application. Silicone
sheeting was shown to reduce the incidence of HS
formation in high-risk patients.40 It has been re-
ported that silicone therapy functions by reducing
erythema and improving the pliability of HS.41

Although an exact mechanism has not been clari-
fied, improving skin stretching, occlusion, and hy-
dration may be the effects of silicone products on
HS.42 Hydration of the stratum corneum report-
edly results in increased oxygen permeability,
thereby reducing hypoxia-induced angiogenesis
and tissue growth.43 Another study showed that
silicone application increases the surface temper-
ature of HS, which might enhance collagenase
activity; however, this theory requires further in-
vestigation.44 In addition, silicone gel or silicone
gel sheeting can also be combined with other
therapies to improve therapeutic outcomes. For
example, a current study demonstrated that the
combination of silicone gel with mixed extracts
from Allium cepa, Centella asiatica, Aloe vera, and
paper mulberry significantly inhibits the growth
of HS in median sternotomy wounds.45 Further,
given that the physical properties of silicone dress-
ings are beneficial for scar management, they can
also be used as dermal drug delivery vehicles.46

Silicone therapy often causes skin maceration
due to the accumulation of water below the silicone
product.47 Other side effects are also frequently
observed, such as persistent pruritus, skin break-
down, rash, and a foul smell, which decrease pa-
tient compliance with the use of silicone.48 Notably,
although silicone therapy is strongly recommended
for HS management because it may have modes of
action that complement other therapies,41 compli-
cations can arise when combining silicon use with
other therapies.48

Compression therapy. Many burn centers
around the world recommend compression therapy
(pressure garments) as a standard first-line clini-
cal intervention, particularly for the management

of large-area burns. Compression therapy is in-
tended to proactively manage the development and
progression of scar tissue after burn injury, trau-
ma, and surgical wounds. Compression is reported
to be effective in 60–85% of patients, reducing scar
volume and supporting the recovery of pliability.

It is clear that pressure exerted by compression
garments limits the blood supply to the scar tis-
sue. Compression therapy also markedly improves
symptoms associated with hypertrophy, such as
pruritis (itch), pain, and contraction. One study
applied laser Doppler perfusion to measure the
changes in scar blood perfusion after compression
therapy and demonstrated that the application
of 15–25 mmHg pressure was sufficient to reduce
blood perfusion and attenuate nutrients and oxy-
gen, which resulted in severe hypoxia and mal-
nutrition within scar tissue.49 Hypoxia and
malnutrition directly inhibit fibroblast activity,
affecting collagen turnover and eventually precip-
itating scar regression.50 Compression was also
found to induce dermal fibroblast apoptosis and
stimulate IL-1b and TNF-a secretion in vitro.51

However, the role of compression-induced IL-1b
and TNF-a expression in scar regression in vivo
remains to be established. Compression has also
been found to attenuate the accumulation of col-
lagen by stimulating the expression of collage-
nases and MMP-952,53 and affecting the balance of
collagen types in HS tissues.54

Nevertheless, the use of compression therapy is
controversial. Many published studies conclude
that compression therapy has limited effective-
ness when managing burn wounds, and it is re-
portedly associated with adverse outcomes such as
abnormal bone growth.55 Severe side effects asso-
ciated with compression therapy are reportedly
more prevalent among children. Apart from pre-
dictable discomfort and mechanical abrasions,
other side effects include edema, eczema, and, in
some children, growth retardation.56

Steroids. Intralesional corticosteroid injec-
tions have been used to treat pathological scars
since the mid-1960s, and they continue to play a
primary role in the clinical management of HS and
keloids. Evidence suggests that keloids regress
50–100% after corticosteroid injection; however,
the rate of recurrence can be up to 50% after
5 years.57,58 The Updated International Clinical
Recommendations on Scar Management recom-
mend that intralesional corticosteroids be used as
a second-line treatment for HS but as a first-line
treatment for keloids.58 For HS, intralesional cor-
ticosteroids are an adjuvant to silicone treatment if
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a scar fails to improve after 2 months of silicone gel
treatment or when the scar is severe or pruritic.59

Therefore, the administration of these steroids has
occurred more often in keloid studies.

In addition to their well-described anti-
inflammatory activity, the administration of corti-
costeroids promotes vascular dysfunction and EC
death. Wu et al. reported that in situ injection of
the corticosteroid triamcinolone promoted HS re-
gression by downregulating VEGF expression.60

This mechanism underlies the use of glucocorti-
coids as a first-line therapy for the management of
hemangiomas. In vitro studies have confirmed
that dexamethasone and cortisol antagonize the
development of endothelial sprouts and tube for-
mation stimulated by PGF2a and VEGF.61 Fur-
ther, prolonged exposure to glucocorticoids is toxic
to ECs and triggers caspase-regulated cell death
pathways.62 It is thought that the direct injection
of glucocorticoids into scar tissue is effective,
because it induces tissue necrosis by the same
mechanism—inducing caspase-regulated cell death
of ECs and vascular collapse.63

There is currently a broad consensus that in-
tralesional steroids are the preferred first-line
therapy for treating isolated and small scars.
However, due to the high incidence of recurrence,
current clinical recommendations state that in situ
steroid injections be combined with other modali-
ties, such as PDL, irradiation, 5-FU, or cryother-
apy. The rationale for this is to attenuate fibroblast
proliferation and minimize recurrence.59

Radiotherapy. Exposure to ionizing irradiation
effectively induces EC apoptosis in the tumor vas-
culature, resulting in tumor vessel disruption and
the inhibition of tumor growth. Keloids are con-
sidered a type of benign tumor; therefore, radio-
therapy is often used in combination with surgery
for treating keloids. The use of radiotherapy to
inhibit scar growth was first reported in 1906.64

Electron beam (b-ray) irradiation is considered to
be the optimal radiotherapy approach, as it has
better dose distribution and safety than other ra-
diotherapy modalities.65 Current clinical recom-
mendations state that the dose in each fraction
should be >12 and <20 Gy to optimize the thera-
peutic effect while minimizing adverse effects.66

The current consensus is that radiotherapy pri-
marily acts by suppressing fibroblast activity;
however, recent evidence has shown that ECs are
more sensitive to ionizing radiation than dermal
fibroblasts, suggesting that radiotherapy may be
effective due to inducing endothelial dysfunction.5

Irradiation induces the expression of p53 and p21,

triggering apoptosis in ECs and preventing EC
proliferation, migration, and sprouting activities
in vitro.67 High-dose ionizing radiation suppresses
VEGF- and FGF-2-induced angiogenesis in vivo;
thus, it is postulated that radiotherapy largely acts
by suppressing EC viability and physiological
activity, which, in turn, prevents the de novo for-
mation of blood vessels, leading to anoxia (and the
accumulation of metabolic byproducts, acidosis)
and the suppression of keloids. This interpretation
is supported by clinical observations in which the
color of keloids improved almost immediately after
irradiation, and prominent scars were observed to
gradually flatten after radiation therapy.68

Extensive clinical evidence supports the com-
bined application of radiotherapy with surgical
excision as the most effective prevention for ke-
loids, with minimal recurrence.68 Low-dose frac-
tionated radiotherapy delivered within 24 h of
excision generally yields good results.69 The side
effects of radiation therapy are usually well toler-
ated and include pigment change, pruritus, and
erythema. The risk of carcinogenesis associated
with radiation therapy is manageable and is typi-
cally very low when the surrounding tissue is ad-
equately protected.70

Cryotherapy. Cryotherapy for treating scars
can be applied through different approaches, for
example, by direct contact, surface spray, and/or
intralesional injection. Har-Shai et al. demonstra-
ted that the intralesional needle cryoprobe method
was more effective than methods using superficial
contact or spray probes.71 Layton et al. found that
smaller lesions responded to cryosurgery sig-
nificantly better than larger lesions in the same
patient.72 The combination of cryotherapy with
intralesional injections of corticosteroid (triamcin-
olone) yields significant improvements in HS and
keloids, and 33.3% of lesions were found to improve
after one or two treatments. This increased to
78.9% in lesions exposed to three or more inter-
ventions. Interestingly, HS has a higher response
rate to cryotherapy (76.3%) than keloids (50.9%).73

Cryotherapy has been found to stimulate the
remodeling of collagen fibers in scar tissues into a
more compact parallel organization compared with
untreated scar tissues.71,74 Cryotherapy also re-
duces the myofibroblast population and the ex-
pression of TGF-b1 in scar tissue.74,75 Cryotherapy
is believed to induce vascular damage, precipitat-
ing anoxia and tissue necrosis. The side effects of
this treatment modality are manageable and in-
clude local pain, edema, and inflammation. Pre-
cooling the tissue activates cold-activated transient
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receptor potential sensory neurons and vasocon-
striction. It should be noted, however, that pro-
longed cold-induced vasoconstriction carries a risk
of tissue ischemia and nonfreezing cold injury,
which can result in tissue necrosis and neuropathy.
In addition, reestablishing tissue blood flow after
prolonged periods of tissue ischemia carries a fur-
ther risk of reperfusion injury. Despite these risks,
cryotherapy can benefit scar regression.

Unfortunately, poorly administered cryotherapy
is not without side effects. These include perma-
nent hypo- and/or hyperpigmentation, moderate
skin atrophy, blistering, and postprocedural pain.
It is, therefore, essential to establish appropriate
protocols and procedures for cryotherapy to mini-
mize adverse events and ensure patient benefit.

Occlusion therapy. It has been reported that an
occlusive dressing (silicone-free) significantly re-
duces HS formation, indicating that occlusion itself
might be the mechanism of action of HS treat-
ments.76 Occlusion therapy has been demonstrated
to attenuate collagen deposition by inhibiting the
expression of TGF-b and other growth factors se-
creted by keratinocytes.77 In addition, severe hyp-
oxia and/or malnutrition caused by microvessel
occlusion suppresses fibroblast activities and trig-
gers apoptosis, which facilitates scar regression.
Transepidermal water loss, which is a measure-
ment used to evaluate water loss after applying
occlusive agents, was found to be decreased after
occlusive therapy, supporting the role of occlusion
in restoring barrier function. Occlusion therapy
exerts an effect by establishing homeostasis of
the epidermal barrier layer, that is, the stratum
corneum.76 A further study demonstrated that oc-
clusion increases keratin and antifibrotic cytokine
TNF-a expression but decreases the expression of
IL-1b, a profibrotic cytokine, resulting in a reduc-
tion in profibrotic signaling within the dermis
through TGF-b family members.78 Occlusion ther-
apy can yield some complications, such as eczema
and an unpleasant odor.

Challenges of traditional therapies
and the potential of vascular-
and collagen-targeted therapies

Although the traditional therapies described
earlier are widely used in clinical practice, other
therapies are available, and an ideal treatment
that can manage all types of scars has not been
found. In addition to the lack of an evidence-based
mechanism of action, we identified two major rea-
sons limiting the clinical outcomes of current
therapies: side effects and residual collagen.

Side effects of current treatments. Extreme con-
ditions, such as severe hypoxia and/or malnutri-
tion caused by microvessel occlusion, are required
to inhibit fibroblast activity, induce cell apoptosis,
and achieve scar regression. However, achieving
such conditions is nontrivial while simultane-
ously minimizing off-target and unintended side
effects. For example, under standard care com-
pression therapy, it is recommended that a pres-
sure of *25 mmHg should be maintained for at
least 23 h per day, and the garment should be ex-
changed when it is no longer capable of maintain-
ing this pressure. However, some patients are
reluctant to exchange their compression garments
with such frequency due to the discomfort of re-
moving and redressing in new garments, as well as
the financial cost of frequently purchasing new
garments. Combination therapies, including glu-
cocorticoid injection, laser therapy, and cryother-
apy, are accompanied by pain in *88% of patients.
Unsurprisingly, maintaining patient compliance is
challenging and a barrier to the effective applica-
tion of these treatments. Steroid injections and
radiotherapy are also associated with an increased
risk of carcinogenesis and ulceration develop-
ment.79 The frequency and severity of side effects
limit the therapeutic effectiveness of many current
clinical modalities intended to occlude the micro-
vasculature of pathological scars.

Residual collagen in scar tissues. Although
severe hypoxia/malnutrition and endothelial dys-
function are effective inhibitors of collagen pro-
duction, they have no impact on existing collagen
deposits, which is true for steroid injection, radio-
therapy, and cryotherapy. Although pressure ther-
apy and occlusion therapy have an effect on local
collagen to some extent,77,80 the effect is limited.
Therefore, targeting collagen is necessary to re-
move the excess collagen in such scars.

The potential of vascular- and collagen-targeted
therapies. To date, the rapid development of laser
therapy and phototherapy has enabled these mo-
dalities to replace traditional treatments in many
medical fields, including the clinical management
of pathological scars. Several new and emerging
therapies designed to disrupt the microvasculature
in scar tissue have shown encouraging preliminary
results. For example, IPL and PDLs are two widely
used vascular-targeted therapies for scar treat-
ment. Fractional CO2 lasers and collagenase are
two major collagen-targeted therapies that provide
improved clinical outcomes in late-stage scars, and
they are discussed later.
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Therapies targeting scar tissue vasculature

PDL and IPL. The PDL is a nonablative laser
technology that has gained prominence owing to
its effectiveness in treating vascular lesions and
delivering high clinical efficiency with low risk.81

In recent years, 595 nm PDL has been combined
with a fractional CO2 laser (10,600 nm) to yield
beneficial clinical outcomes for recently developed
erythemic HS.82 PDL selectively targets the oxy-
genated hemoglobin present in red blood cells,
triggering hemolysis and coagulation, which oc-
cludes microvessels and causes microischemia.83

Microvascular necrosis reduces the density of blood
vessels and subsequently reduces the objective and
subjective symptoms of HS. In addition, PDL has
been found to attenuate the expression of TGF-b1
and collagen III deposition in scar tissue.84 PDL is
especially effective during the early stages of scar
development, when microvessel formation is max-
imal. It is speculated that microischemia may also
induce the release of collagenases and thus have
indirect effects on collagen accumulation.85

IPL is a nonlaser modality that is widely used to
treat various dermatological conditions, including
rosacea, disseminated parakeratosis, pilonidal
cysts, seborrheic keratosis, HS, and keloids.86 IPL
delivers low-energy light to the lower skin layers
(dermis) without affecting the superficial layers
(epidermis) of the skin. Unlike lasers, IPL delivers
a spectrum of wavelengths (or colors) in each pulse
of light, which can range from 500 to 1,300 nm. IPL
effectively targets both oxyhemoglobin and pig-
ment chromophores; therefore, it is suitable for

treating hyperpigmented, erythematous, and pro-
liferative scars. IPL has been demonstrated to im-
prove scar appearance, texture, height, and color
(Fig. 5).87 In one clinical study, keloids were 89.1%
improved, as measured by the Vancouver Scar
Scale (VSS), after IPL when combined with corti-
costeroid injection.88 Although IPL is not entirely
free from side effects (e.g., incidental pain, blister-
ing, and purpura), its prevalence is much lower
than that of other interventions for HS.

Endostatin and Endostar. Endostatin is an
endogenous peptide derived from the proteolytic
cleavage of type XVIII collagen, is a potent inhibi-
tor of EC proliferation and migration, and stimu-
lates EC apoptosis.89 Through this mechanism, it
is an effective antitumor therapy. Endostatin is
highly specific for ECs and has thus been investi-
gated for therapeutic benefits in many prolifera-
tive diseases.90 Endostar is a modified recombinant
human endostatin that retains broad-spectrum
antiangiogenic activity.91 In 2005, Endostar was
licensed by the China State Food and Drug Admin-
istration for use in combination with vinorelbine-
cisplatin as a first-line therapy for the clinical
management of advanced non-small cell lung
cancer.92

HS tissue shares several properties in common
with carcinomas, such as rapid growth and en-
hanced angiogenesis. For these reasons, Wang
et al. established a rabbit-ear HS model and treated
HS with Endostar injection once per week for
3 weeks. The volume of microvessels and the

Figure 5. This scar presented with redness. IPL, a vascular-targeting therapy, was applied once per month for 4 months, resulting in marked regression. IPL,
intense pulsed light. Color images are available online.
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number of viable cells were significantly decreased
in the HS tissue after Endostar injection.93 The
activity of Endostar is mediated by antagonizing
the VEGF pathway.94,95 In addition, in rabbit scar
models, Endostar reportedly attenuates the for-
mation of HS by inhibiting the expression of VEGF
and TIMP-194 and downregulates dermal fibro-
blast proliferation via G0/G1 and/or G2/M phase cell
cycle arrest.96

Although a few publications have reported out-
comes of the clinical application of Endostar for
the management of HS, we look forward to the re-
sults of this promising therapeutic modality.

VEGF monoclonal antibody. VEGF is known to
be a key player in physiological and pathological
angiogenesis. It is, therefore, unsurprising that
VEGF has emerged as a key target for managing
angiogenesis in cancer and other hyperprolifera-
tive diseases. Several new anti-VEGF antibodies
are under development and are in the process of
preclinical validation or have progressed to human
clinical trials to assess their clinical effectiveness.
Bevacizumab, which was the first anti-VEGF an-
tibody drug, is widely used to treat various cancers,
including colorectal cancer97 and cervical cancer.98

Pathological scars, including HS and keloids, are
known to express high levels of VEGF, suggesting
that targeting VEGF may benefit and improve
scars in some individuals.99 Shen et al. established
a rabbit HS model and injected a VEGF monoclonal
antibody into scar tissue over the course of 3
weeks.100 Antibody injection triggered apoptosis in
fibroblasts and ECs, causing the scar tissue volume
to decrease.100 Subsequently, Kwak et al. applied
the VEGF antibody to rabbit ear wounds, which
significantly inhibited subsequent scar formation
by preventing de novo angiogenesis.101 The precise
mechanism by which VEGF reduces scar forma-
tion and the clinical validity of inhibiting VEGF
pathways are currently under investigation. Shi
et al. reported that a gel consisting of anti-VEGF
antibody modified with paeonol liposomes signifi-
cantly attenuated the scar hyperplasia index in a
rabbit ear scar model by downregulating the ex-
pression of VEGF, TGF-b1, and TNF-a.102

Although in vitro and in vivo studies have pro-
vided encouraging data supporting the potential
use of anti-VEGF antibodies in scar management,
there is still insufficient evidence for clinical
adoption. Therefore, clinical validation is required
to support the use of this modality.

Photodynamic therapy. Photodynamic therapy
(PDT) has a long application history in dermatol-

ogy. A large-scale clinical study on the use of PDT
in skin tumors was first reported in 1978.103

Vascular targeted PDT was originally used for
treating port-wine stain (PWS), which is a discol-
oration of human skin caused by a vascular
anomaly. The PDT can selectively eliminate ab-
normal PWS vessels, achieving more effective re-
sults than PDL.104,105 It has also been widely used
for other vascular treatments, such as prostate
cancer and brain cancer.106,107 The procedure ini-
tially involves intravenous infusion of a photosen-
sitizer, which is then circulated systemically, and
only the targeted area of the lesion is illuminated
by laser light with fixed power and energy. The
photosensitizer is then activated and induces ir-
reversible damage to the vascular endothelium,
which is quickly followed by vessel occlusion by
thrombosis leading to tissue necrosis.108–110

A study compared PDT and PDL in patients with
PWS, and the results demonstrated that PDL is
more suitable in younger patients with superficial
lesions, whereas PDT is more suitable for thicker
lesions. The combination of PDL and PDT can re-
duce the total treatment duration as well as fre-
quency.111 A clinical case study reported that HS
softened and became more pliable after PDT ther-
eapy.112 The number of elastin fibers was signifi-
cantly increased in biopsies of these HS lesions.112

Similar results were also observed in another case
report by Bruscino et al.113

Due to insufficient in vivo and clinical data,
further validation is required before wide use for
treating pathological scars.

Therapies targeting collagen

Fractional CO2 laser. CO2 lasers have a wave-
length of 10,600 nm, which is well within the in-
frared portion of the electromagnetic spectrum.
Due to their long wavelength and high-water ab-
sorption coefficient, CO2 lasers can penetrate into
the deep dermal layers of human skin. Clinical
studies have demonstrated that fractional CO2 la-
sers significantly improve HS within 6 months,
according to the assessment by VSS and the Pa-
tient and Observer Scar Assessment Scale.114 A
recent study reported that early intervention by
fractional CO2 laser therapy combined with
Z-plasty can be used as a potential treatment for
HS after burns.115 The photothermal energy of
CO2 lasers results in skin carbonization and va-
porization, causing collagen denaturation and tis-
sue dehydration.116 Significant tissue coagulation
occurs after the skin temperature reaches 400�C
during CO2 laser irradiation with three stack-
ing pulses.117 Along with the increased dermal
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temperature caused by the CO2 laser, significantly
more denatured and coagulated collagen is obser-
ved.118 This correlates with the improved clini-
cal parameters of surface smoothness and skin
pliability. Histological analysis indicated evident
changes in the upper dermis, including newly
formed dermal papilla.119 The expression of
TGF-b1 in scar tissue was also found to be signifi-
cantly decreased after CO2 laser treatment.120 In
addition, CO2 laser treatment has been found to
stimulate the expression of MMP-1, which plays
key roles in collagen degradation.121

Compared with PDL lasers, fractional CO2 la-
sers are often applied to thickened scars and le-
sions with larger collagen deposits. CO2 lasers are
usually applied as a part of a combination therapy.
An initial application of PDL is used to target the
microvasculature, and subsequently, a fractional
CO2 laser is applied to target intralesional collagen
(Fig. 6).

Collagenase intervention. Collagenase is a
metal-binding protease that is a member of the
MMP protein family and it was first identified in
1962. Collagenase hydrolyzes the triple helical
domain present in the four most abundant colla-
gens (types I, II, III, and IV). Collagenase has been
employed as a treatment for diseases caused by
excessive collagen deposition, such as Dupuytren’s
contracture.122 Compared with surgical fascio-
tomy, collagenase injection is more efficient in
treating Dupuytren’s contracture, producing fewer
side effects with a greater reduction in contrac-

ture.122 Collagenase administration is also widely
used for the clinical management of Peyronie’s
disease, intervertebral disk herniation, and wound
debridement.123

Using the popular rabbit ear scar wound-healing
model, Jia et al. reported that collagenase admin-
istration significantly reduced the growth of scar
tissue compared with the untreated control.124

Bae-Harboe et al. treated earlobe keloids in six
patients by injecting a commercial collagenase
preparation combined with compression therapy
over a 12-month period and observed that the
size of individual keloids was reduced by more
than 50%; however, complete regression was not
achieved.125 Notably, a number of adverse side
effects were reported in this study and inclu-
ded injection site swelling, tenderness, and self-
resolvable ulceration.125 However, Kang et al.
observed the recurrence of keloids, and HS was
observed in some patients within 6 months after
receiving collagenase injection.126 The apparent
inconsistency between these two studies might be
attributed to the absence of compression therapy
in the latter study; however, from a patient per-
spective, collagenase is an effective treatment for
keloids. The potential mechanism underlying col-
lagen disruption for scar remediation could be that
changes in collagen stiffness have an effect on fi-
broblast activity. There is evidence that changes in
matrix stiffness can regulate cell behavior.127

These findings also suggest that the combined
application of vascular- and collagen-targeted
therapies delivers improved therapeutic outcomes

Figure 6. This scar presented a raised height. A fractional CO2 laser, a collagen-targeting therapy, was applied once per month for 3 months, after which the
scar was almost flat. Color images are available online.
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for patients. Several therapies that target colla-
gen are now available, for example, MMPs such as
collagenase, gelatinase, and stromalysin, as well
as other proteases that hydrolyze components of
the extracellular matrix. However, the clinical
application of collagenase therapy remains largely
overlooked and unutilized. It has yet to be included
in standard recommendations and clinical guide-
lines for the management of pathological scars.
Exploring clinical applications for these bioactive
compounds holds promise for the management of
mature scar tissue.

Novel collagen-targeted therapies. Connective
tissue growth factor (CTGF), which is excreted by
fibroblasts and ECs, functions as a crucial factor
in hyperscarring formation after tissue injury. The
peptide-mediated downregulation of CTGF by
siRNA/KALA nanocomplexes modulates the colla-
gen fibril organization and diameter in wounds and
produces weave-like collagen arrangements that
are comparable to normal skin.128 Pamrevlumab,
which is a fully recombinant human monoclonal
antibody against CTGF, has been demonstrated to
attenuate the progression of idiopathic pulmo-
nary fibrosis and is now in a phase 3 clinical tri-
al.129 This antibody represents a novel therapy for
treating skin fibrosis. Galunisertib, as a TGF-b
receptor type I kinase inhibitor, is a potential
candidate for the treatment of liver fibrosis. It
exerts an antifibrotic action by blocking the pro-
duction and maturation of collagens, as well as
promoting their degradation.130 MicroRNA-29

(miR-29) negatively regulates fibrosis and is down-
regulated in multiple fibrotic organs and tissues,
including the skin. Remlarsen, which is an miR-
29b mimic, has been shown to repress collagen
expression in incisional skin wounds and was
demonstrated to have an effective therapeutic ef-
fect in preventing fibrotic scar formation.131 These
novel therapies that target collagen have under-
gone preclinical studies and might be promising
treatments for reducing collagen deposition.

FUTURE DIRECTIONS

Past and current studies of scar formation have
primarily focused on the biology and physiology
of dermal fibroblasts. The roles of microvascula-
ture, ECs, and the residual collagen in scar for-
mation have been largely overlooked. Targeting
the microvasculature and collagen are promising
strategies for intervening in scar formation and
maturation processes. We envision a new concept
of classifying scars as ‘‘vascular-dominant’’ or
‘‘collagen-dominant’’ subtypes, which, in turn, will
inform clinical interventions and management,
delivering effective and improved outcomes for pa-
tients. For example, for ‘‘young’’ scars (£2 months)
that are flat with overt erythema, a vascular target
is indicated as the primary therapy. For older scars
(>2 months) with increased height and hardness
and reduced erythema, a collagen target is indi-
cated as the primary therapy. For scars with red-
ness and significantly raised height, a combination
of therapies that include vascular and collagen tar-
gets is indicated (Fig. 7). This proposed treatment

Figure 7. Future strategy and clinical work flow diagram for hypertrophic scars. The scar treatment is selected based on whether the scar is vessel- or
collagen-dominant, and the corresponding targeted treatment will be applied. Color images are available online.
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strategy also matches the concept of pre-
cision medicine, that is, ‘‘feature anal-
ysis target-oriented treatment-specific
outcomes with fewer side effects.’’

SUMMARY

Herein, we have introduced and dis-
cussed a number of therapeutic options
that are suitable for clinical interven-
tion and the ongoing management of
vascular- and collagen-dominant scar
tissue. We believe that this alternative
perspective of scar pathology offers in-
sights to more appropriate treatment
applications and the future development
of therapeutic modalities with improved efficacy
and fewer side effects for scar management. Of
course, current therapies are still encouraged and
could be combined for scar treatment.

ETHICS APPROVAL

The study protocol related to patients was ap-
proved by the Ethics Committee of Ruijin Hospital.
Written informed consent was obtained from all
participants before the intervention. Patients con-
sented to the publication of their images.

AUTHORS’ CONTRIBUTIONS

B.Y.: searched the literature and wrote the ar-
ticle. Z.U. and D.L.: revised the article. C.F.: sear-
ched the literature and wrote the article. X.-Q.W.:
designed the protocol, searched the literature, and
wrote and revised the article.

ACKNOWLEDGMENTS
AND FUNDING SOURCES

This work was supported by a grant from the
National Natural Science Foundation of China
(No. 81671914 and No. 81101433; B.Y., X.-Q.W.)
and the Agency for Science, Technology and
Research (A*STAR) under its Industry Alignment
Fund—Prepositioning Programme (grant Nos.
H17/01/a0/0B9 and H17/01/a0/0C9) as part of
the Wound Care Innovation for the Tropics Pro-
gramme (Z.U., D.L., C.F.).

AUTHOR DISCLOSURE AND GHOSTWRITING

The authors have no competing interests. The
article was written solely by its authors.

ABOUT THE AUTHORS

Bo Yuan, PhD, is a burn surgeon in RuiJin
Hospital, Shanghai Jiao Tong University School of
Medicine. His research interests focus on adipose
tissue and HS interactions, especially in the ap-
plication of adipose stem cells for treating skin fi-
brosis. Zee Upton, PhD, is executive director of
the Skin Research Institute of Singapore, Agency
for Science Technology and Research (A*STAR).
Her focus is creating affordable and fit-for-purpose
solutions for skin health and disease that address
unmet clinical needs and deliver better patient
outcomes. David Leavesley, PhD, is a senior
scientist at A*STAR. His focus is creating afford-
able and useable solutions to address the clinical
challenges faced by patients and clinical care-
givers. Chen Fan, PhD, is a research scientist at
Wenzhou Institute, University of Chinese Acad-
emy of Sciences. His research area is skin tissue
engineering and the application of natural pro-
ducts in wound healing and scar remediation. Xi-
Qiao Wang, PhD, is an associate professor in the
Burn Department of RuiJin Hospital affiliated
with the Shanghai Jiao Tong University School of
Medicine. He has specialized in wound healing and
HS for 18 years, with special interests in scar re-
gression and scar remediation.

TAKE-HOME MESSAGES

� Current therapies for HS are often disappointing and often cause
significant side effects.

� Because HS are a type of hyperactive vascular response to wounding,
vascular-targeted therapies are recommended for early-stage scars.

� For late-stage scars, therapies targeting residual collagen are
encouraged.

� Classifying scars as vascular dominant or collagen dominant will im-
prove treatment selection and application and produce better patient
outcomes.

� Combination treatment that includes vascular- and collagen-targeted
therapies is advocated for use in future clinical practice.
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49. Li J, Bai YQ, Lü GL, Du YR, Zhao N. Influence of
different pressure tension bandage on inhibiting
scar proliferation. J Clin Rehabil Tissue Eng Res
2009;13:7583–7586.

50. DeBruler DM, Zbinden JC, Baumann ME, et al.
Early cessation of pressure garment therapy re-
sults in scar contraction and thickening. PLoS
One 2018;13:e0197558.
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Abbreviations and Acronyms

5-FU ¼ fluorouracil
bFGF ¼ basic fibroblast growth factor
CTGF ¼ connective tissue growth factor

ECs ¼ endothelial cells
ET-1 ¼ endothelin-1

HS ¼ hypertrophic scars
IL ¼ interleukin

IPL ¼ intense pulsed light
miR-29 ¼ microRNA-29

MMP ¼ matrix metalloproteinase
MS ¼ mature scar
NS ¼ normal skin

PDGF ¼ platelet-derived growth factor
PDL ¼ pulsed dye laser
PDT ¼ photodynamic therapy

PG ¼ prostaglandin
PS ¼ proliferative scar

PWS ¼ port-wine stain
RSs ¼ regressive scars

TcpO2 ¼ transcutaneous oximetry
TGF-b1 ¼ transforming growth factor beta 1

TIMP ¼ tissue inhibitor of metalloproteinase
TNF-a ¼ tumor necrosis factor-a
VEGF ¼ vascular endothelial growth factor
VSS ¼ Vancouver Scar Scale
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