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Abstract: Pathological scars, including hypertrophic scar and keloid are the result of excessive tissue repair and are influenced by
biomechanical forces like tension, mechanical pressure, and stiffness. These forces significantly impact scar development and
progression, affecting wound healing, collagen deposition, and tissue remodeling. Understanding how these mechanical stimuli
contribute to scar development is essential for devising effective therapeutic interventions. Clinically, reducing wound tension and
applying mechanical pressure are key strategies for managing pathological scars. Techniques like super-tension-reduction suturing,
stress-shielding polymers, and force-modulating tissue bridges (FMTB) have been shown to effectively alleviate tension and reduce
scar proliferation. Additionally, Pressure Garment Therapy (PGT) is widely used to treat hypertrophic scars by reducing tissue
stiffness, limiting collagen buildup, and promoting collagen realignment. Despite challenges such as discomfort and uneven pressure
application, ongoing research focuses on enhancing these therapies through mechanosensitive technologies to improve both efficacy
and patient comfort. This review highlights the role of biomechanical forces in scar formation and discusses therapeutic approaches
that target these forces to improve clinical outcomes.
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Introduction

Pathological scars are a type of fibrotic skin disorder that result from excessive tissue repair following trauma.' Despite
the prevalence of this condition, there are currently no specific treatments available. Pathological scars are often
associated with symptoms such as itching and burning pain, while the contracture and tension caused by hypertrophic
scars can lead to joint deformities and functional limitations, severely impairing the quality of life for affected
individuals.” Notably, approximately 70% of burn patients develop scar proliferation, highlighting the significant clinical
burden of pathological scars.’

The formation and progression of pathological scars are strongly influenced by biomechanical forces. External
mechanical stimuli, including tension, mechanical pressure, and stiffness, play crucial roles in the development and
properties of scar tissue.* ® Mechanobiological effects extend across various biological scales, from molecular signaling
to cellular behavior and tissue architecture.” Among these, local wound tension has been identified as a key modulator of
wound healing and scar formation.®>? Clinical evidence suggests that reducing local wound tension is an effective
strategy for minimizing pathological scar development, and it has been widely adopted as a preventive approach.'®!!

Mechanical pressure also plays a pivotal role in managing pathological scars. Pressure garment therapy (PGT) has
been a cornerstone of treatment since the 1970s, especially for burn patients.'? By applying controlled pressure, PGT
reduces scar thickness, increases pliability, and curbs collagen deposition, thereby improving scar outcomes.'® This
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mechanical force alters the local microenvironment by reducing blood flow, limiting nutrient availability, and promoting
scar tissue remodeling.'*'*

In addition to tension and pressure, stiffness—the tissue’s resistance to deformation—is another critical parameter in
both the assessment and treatment of pathological scars.'> Higher stiffness correlates with more severe scars, character-
ized by increased collagen density and reduced elasticity. Monitoring changes in tissue stiffness over time provides
valuable insight into scar maturation and helps clinicians evaluate therapeutic efficacy.'®

This review will explore the distinct and interconnected roles of tension, mechanical pressure, and stiffness in the
formation and treatment of pathological scars. By examining the mechanobiological effects of these forces, we aim to
provide a comprehensive understanding of their impact on scar pathophysiology and inform the development of more

targeted therapeutic strategies.

Review

This literature review was conducted using the PubMed database, focusing on articles published over the past ten years
(2013-2023). The search targeted studies related to hypertrophic scars, keloids, and pathological scars, specifically
examining the roles of tension, mechanical pressure, and stiffness in scar formation and treatment. Additionally, literature
on the clinical applications of mechanical force interventions—such as tension-shielding techniques and the use of
compressive garments—was included to assess their efficacy in scar prevention and management through mechanobio-
logical effects.

Inclusion criteria for this review were restricted to clinical trials, systematic reviews, and meta-analyses that
investigated scar pathology and treatment methods in human subjects. Studies were excluded if they focused solely on
animal models, lacked relevance to clinical applications in scar management, or did not directly address the influence of
mechanical forces on pathological scarring.

The Influence of Mechanobiological Effects on Pathological Scar Formation
Wound healing occurs within a dynamic and complex mechanical microenvironment, where various mechanical stimuli
influence key cellular processes such as proliferation, differentiation, and migration.'” These stimuli play an essential role
in determining tissue homeostasis and the outcome of repair. Mechanical signals—such as tension, stiffness, and pressure
—interact and regulate one another at physiological levels, exerting profound effects on scar formation.” The interplay
between these forces is critical for guiding cellular behavior during the healing process, ultimately influencing the
development and progression of pathological scars.

Tension
Increased local tension resulting from wound defects, along with the location of high tension at specific body sites, plays
a crucial role in the onset of pathological scars.

Wound defects that lead to elevated local tension prolong and intensify the inflammatory response within the dermal
reticular layer.” This repeated inflammation contributes to an abnormal proliferation of blood vessels, which in turn
extends the inflammatory phase of wound healing. The excessive release of inflammatory cells and cytokines causes
dysfunction in fibroblasts, ultimately triggering the formation of pathological scars.

Furthermore, high tension at specific wound sites, such as the anterior chest and back, is a significant contributor to
pathological scarring. Areas subject to greater mechanical stress are more prone to pathological scarring.'® Studies
measuring tissue tension around scar nodules have shown that tension is higher at the edges of the nodules and lower at
the center. This suggests that keloids tend to develop a dumbbell-like shape, with excessive growth at both ends due to
elevated tension in these regions. (Figure 1).° Digital modeling of local tissue tension supports this observation, showing
higher tension in all directions around areas with dumbbell or crab-like changes."’

Animal models have been extensively used to study the effects of increased local tension on hypertrophic scar
formation.?® In particular, models using metal rings to apply sustained tension on mouse tail wounds have closely
replicated the histopathological features of human hypertrophic scars.?’ For example, a metal ring with a 2 cm diameter
produces a higher tension environment, leading to more pronounced scar proliferation and longer-lasting scars, which
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Figure | Tension, Continuous Pressure, and Stiffness in Hypertrophic Scar Skin.

closely resemble human scar tissue. This approach overcomes some limitations of previous animal models, such as those
involving rabbit ears and Duroc pigs, and provides a more reliable source of antibodies for molecular biology studies.
Additionally, the development of gene knockout models has become more feasible using these tension-induced scar
models.

In summary, local wound tension plays a pivotal role in the formation and progression of pathological scars by
prolonging the inflammatory response and contributing to abnormal scar tissue growth. Clinical evidence and animal
models consistently demonstrate that increased tension leads to more severe scar proliferation, highlighting the impor-
tance of managing tension to prevent pathological scarring. Understanding how mechanical tension influences cellular
processes provides a foundation for developing targeted therapeutic strategies aimed at mitigating its effects.

Stiffness

While tension exerts a significant influence on pathological scar formation, stiffness—the resistance of tissue to
deformation—plays an equally crucial role in determining scar severity and progression. As scars form and mature,
the accumulation and disorganization of collagen fibers lead to increased tissue stiffness, a hallmark of pathological
scarring.”> The deposition of a stiff extracellular matrix (ECM) is a defining feature of pathological scars, where
abnormal collagen accumulation and disorganized tissue structure lead to increased stiffness and prolonged scar rigidity,
contributing to impaired tissue function.”

Tissue stiffness directly impacts cellular behavior, influencing processes such as cell proliferation, differentiation.’
One critical aspect is the role of mechanical stiffness in activating fibroblasts, which promotes their transformation into
myofibroblasts. This differentiation is linked to increased collagen deposition, contributing to the excessive scarring seen
in hypertrophic scars.** Researchers have identified key signaling pathways, such as TGF-p/Smad and FAK, that are
activated in response to ECM stiffness.”> These pathways not only promote fibroblast activation but also enhance the
contractility of myofibroblasts, exacerbating scar tissue formation. These findings suggest that modulating ECM stiffness
or targeting key mechanotransduction pathways may provide therapeutic avenues to control fibroblast activation and limit
scar formation.

In summary, stiffness plays a crucial role in the progression of pathological scars by regulating fibroblast activity and
scar tissue rigidity. Modulating the mechanical environment offers promising avenues for therapeutic interventions aimed
at reducing excessive scar formation and promoting healthy tissue remodeling.
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Mechanical Pressure

Mechanical pressure in the formation of pathological scars arises from several critical factors.”® During the development
of pathological scars, the internal mechanical forces can be primarily categorized into two main components: skin tension
and wound contraction, and fibroblast contractility.” These forces play a significant role in both wound healing and scar
hypertrophy, making their study as important as other types of mechanical influences.

Skin Tension and Wound Contraction: As the wound heals, skin tension applies mechanical stress to the scar tissue.
This tension is caused by the surrounding skin as it attempts to close the wound.”® As the scar tissue expands, it is
subjected to mechanical forces from the surrounding skin, contributing to the overall stress and tension within the scar.”’
Myofibroblasts drive wound contraction, pulling the wound edges together and creating additional internal mechanical
pressure as the tissue contracts.

Fibroblast Contractility: Fibroblasts, particularly myofibroblasts, contract the extracellular matrix (ECM) as they
respond to signals like transforming growth factor-beta (TGF-) and mechanical stress.*® Myofibroblasts play a pivotal
role in wound healing and pathological fibrosis by remodeling the ECM and stiffening the tissue.®’ These cells generate
considerable traction forces within the collagen network, further increasing mechanical pressure within the scar.

Positive Feedback Loop: As the ECM becomes stiffer, it further stimulates fibroblasts and myofibroblasts, perpetuat-
ing their contractile activity.*> This feedback loop perpetuates the mechanical pressure buildup, driving ongoing fibrosis
and scar formation.*®

Utilizing Mechanobiological Effects to Prevent and Treat Pathological

Scars

In clinical practice, the biomechanical effects of mechanical forces play a crucial role in the prevention and treatment of
pathological scars. Two key strategies have emerged: reducing tension at wound sites and utilizing mechanical pressure
to suppress scar formation and progression. By leveraging these mechanobiological principles, clinicians aim to
effectively manage and mitigate the risk of hypertrophic and keloid scar development.

Reducing Wound Tension

Reducing tension, or local wound tension, is one of the most effective ways to prevent the development of pathological
scars. Clinical studies consistently show that areas of high tension, such as the anterior chest and back, are more
susceptible to hypertrophic scar formation.*> To combat this, various techniques have been developed to shield the
wound from excessive tension, including the use of advanced suturing materials and techniques that minimize stress at
the incision site.**

For surgically removable hypertrophic scars, keloids, and surgical incision scars, prevention efforts primarily focus on
suppressing local tension at the incision site. Clinical studies have consistently shown that shielding incision tension can
significantly reduce the formation of post-surgical scars, particularly in high-tension areas where scar inhibition is more
effective.®> With advancements in medical technology and modern suture materials, the goals for new suture develop-
ment now include predictable tensile strength, superior knotting performance, and the ability to carry antimicrobial
agents to prevent infection.>®

Current methods for reducing incision tension include Subcutaneous Super-Tension-Reduction Suturing, Stress-
Shielding Polymers, and Force-Modulating Tissue Bridges (FMTB), all of which have demonstrated satisfactory results

35,37,38 (Figure 2) The key techniques in Subcutaneous Super-Tension-Reduction Suturing involve:

in clinical practice.
wedge-shaped excision of superficial fascia tissue approximately 2 cm from the wound edge, placing sutures at 10 mm
intervals about 10 mm from the wound margin on each side, elevating the deep dense fibrofatty tissue along with the
loose superficial fat to create an “ultrathin flap”, and removing excess fat during suturing.>* These four technical steps
collectively reduce incision tension, ensure blood supply to the wound area, and promote wound healing. Stress-
Shielding Polymers help mitigate the skin’s natural tension and shield the wound from tension generated by bodily
movements during healing, thus stabilizing the surrounding tissues and preventing excessive scarring.*® Similarly, FMTB

protects the wound from localized tension during healing by absorbing the tensile forces from deeper tissue layers
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Subcutaneous Super-Tension-Reduction Suturing Stress-Shielding Polymers Force-Modulating Tissue Bridges (FMTB)

Figure 2 Current Clinical Approaches for Reducing Wound Tension to Mitigate Hypertrophic Scar Formation. (A). Subcutaneous Super-Tension-Reduction Suturing; (B)
Stress-Shielding Polymers; (C) Force-Modulating Tissue Bridges (FMTB).

beneath the dermis. This shielding reduces tissue necrosis caused by suture pressure and lowers the overall tensile forces
exerted on the wound, effectively improving blood perfusion at the wound edges and promoting healing.*'

Research has also indicated that another important factor in keloid formation is the transformation of normal dermal stem
cells into specialized keloid stem cells or progenitor cells. Contamination of the surgical site by surrounding normal dermal
stem cells can diminish the effectiveness of tension-reducing sutures, leading to keloid recurrence.*” Therefore, a combination
of surgical excision, tension-reducing sutures, and postoperative radiotherapy (within 24 hours, 15 Gy-20 Gy) is currently
recommended for the treatment of pathological scars, yielding satisfactory outcomes.’’

Mechanical Pressure Therapy to Inhibit Hypertrophic Scars

Pressure Garment Therapy (PGT) is currently the standard method for preventing and treating hypertrophic scars,
particularly following burns. This approach is especially useful in cases of extensive burns, where surgical removal is
not feasible. PGT has become a widely recognized, simple, and cost-effective first-line option for both the prevention and
treatment of pathological scars.*

PGT has been shown to be effective in reducing scar height, enhancing scar elasticity, and alleviating symptoms such
as redness and itching.** Clinical studies, including four randomized controlled trials, have confirmed the efficacy of
PGT.* The therapy works by applying continuous mechanical pressure to compress blood vessels within the scar tissue,
which reduces the supply of nutrients and oxygen, inhibits collagen deposition, and promotes the realignment of collagen
fibers. These effects collectively contribute to the reduction of scar proliferation and, importantly, the decrease in tissue
stiffness.***’

However, PGT is not without its challenges. Common drawbacks include discomfort during wear, heat retention,
abnormal sensations, and the need for prolonged use to achieve noticeable results. Additionally, pressure decay over time
requires frequent garment replacement, and uneven pressure application at joint areas further reduces the therapy’s
effectiveness. Efforts to address these issues, such as the use of pressure pads to improve pressure distribution at joints,
have led to increased discomfort and inconvenience without fundamentally resolving the problem.*® As a result, current
research is focused on the development of mechanosensitive sensors and molecular and cellular interventions aimed at
enhancing mechanosensitivity. These advancements seek to improve the precision, comfort, and overall efficacy of
pressure therapy, including its ability to reduce tissue stiffness, making it a more convenient and effective treatment

option for hypertrophic scars.

Conclusion

In conclusion, biomechanical forces such as tension, mechanical pressure, and stiffness are key factors influencing the
development and treatment of pathological scars. Clinical strategies targeting these mechanical factors, including the
reduction of wound tension and the application of mechanical pressure through therapies like PGT, have demonstrated
significant efficacy in reducing scar proliferation and improving outcomes for patients with hypertrophic scars. Reducing
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wound tension is particularly effective in preventing scar formation, while PGT remains a cornerstone in scar treatment
by reducing tissue stiffness and promoting collagen realignment.

This review highlights the critical role of mechanobiological effects in scar pathophysiology and provides
a comprehensive overview of current clinical approaches that leverage these forces for therapeutic benefit. By under-
standing the interactions between mechanical stimuli and scar formation, we can develop more targeted interventions to
manage pathological scars more effectively. The insights provided in this review will contribute to improving treatment
strategies, guiding future research, and enhancing patient care in the field of scar management.
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