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Abstract

Ankle osteoarthritis is a debilitating condition where biological repair is often overwhelmed
by mechanical stress, leading to progressive joint degradation and significant functional im-
pairment in affected individuals. Distraction arthroplasty is a joint preserving procedure that
uses an external fixator to unload the ankle joint, creating an environment conducive to natural
healing processes. The clinical success of this procedure is driven by a fundamental shift in the
joint’s biological environment, transforming it from a state of chronic inflammation and break-
down to one of regeneration and repair. The mechanisms include mechanical offloading, which
halts cyclical damage and reduces catabolic signaling; altered joint mechanics through intermit-
tent fluid pressure that stimulates nutrient diffusion and anabolic cell activity; and a molecular
shift that creates an anti-inflammatory, pro-regenerative microenvironment. DA is a powerful
intervention that co-opts biomechanical principles to initiate a biological healing response in

the ankle, offering a viable alternative for patients seeking to preserve joint function.

Keywords: Ankle osteoarthritis; distraction arthroplasty; cartilage repair; biological mecha-
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Introduction
Clinical Context

Ankle osteoarthritis (OA) is a progressive degenerative condition primarily affecting the tibiota-

lar joint, often resulting from post-traumatic causes such as fractures, sprains, or ligament injuries,

which account for over 75% of cases [1]. This etiology leads to joint instability, uneven load distribu-

tion, and accelerated cartilage wear, distinguishing it from the more age-related degeneration seen in

knee or hip OA [2]. Predominantly affecting younger, active individuals in their 30s to 50s, ankle OA

causes chronic pain, stiffness, reduced mobility, and altered gait, severely impacting quality of life and

leading to socioeconomic burdens like lost productivity [3, 4]. Psychological effects, including depres-

sion from persistent symptoms, further exacerbate the clinical challenge [5].
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Current Treatment Landscape and the Role of Distraction Arthroplasty

In the management of ankle osteoarthritis (OA), established interventions like total ankle replacement (TAR) and ankle arthrod-
esis provide effective pain relief and functional restoration for many patients. TAR aims to preserve joint motion through prosthetic
implantation, offering improved gait and activity levels compared to traditional methods [6], with mean survival rates after 10 years
at 77% in select cohorts [7]. However, it carries risks of implant-related complications, such as loosening, periprosthetic fractures, or
polyethylene wear, which may necessitate revisions and impose activity restrictions, especially in highly active individuals [8]. Ankle
arthrodesis, by contrast, achieves reliable joint stabilization and pain reduction through fusion, with low complication rates in experi-
enced hands [9]. Yet, it eliminates natural ankle motion, potentially leading to compensatory overload on adjacent joints (e.g., subtalar

or midfoot), altered biomechanics, and may lead to reduced quality of life over time, however further followup study is needed [10].

These viable options highlight the evolving treatment paradigm for ankle OA, yet they underscore opportunities for strategies that
emphasize joint preservation and biological re pair, particularly for younger patients seeking to sustain high demand activities without
long-term trade-offs. Distraction arthroplasty (DA) emerges as a complementary regenerative approach, utilizing an external fixator to
unload the tibiotalar joint for a specific length of time, adjusted to the patient’s needs [11]. This creates a protective microenvironment
that reduces mechanical stress while permitting controlled motion, thereby promoting intrinsic cartilage regeneration, subchondral
bone remodeling, and sustained functional recovery [12]. As a motion-preserving alternative, DA offers benefits including delayed
progression to TAR or arthrodesis, improved pain scores, and enhanced joint durability, aligning with the principles of orthobiologics

to harness the body’s healing potential [13].
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Figure 1: Patient age distribution versus surgery type. THR, total hip
replacement; TKR, total knee replacement [14].

The increasing prevalence of osteoarthritis with advancing age significantly escalates the demand for invasive interventions such as
total knee replacement (TKR) and total hip replacement (THR), which become more common in older populations due to accumulated
joint wear, reduced mobility, and heightened socioeconomic burdens [16, 17]. Concurrently, the volume and regenerative potential of
mesenchymal stem cells (MSCs) decline with age [18], impairing the body’s natural capacity for tissue repair and exacerbating degen-
erative processes [19]. By deepening our understanding of the mechanisms through which stem cells facilitate regeneration, such as
their roles in modulating inflammation, promoting ECM synthesis, and differentiating into chondrocytes [20], we can unlock strategies
for remarkable joint restoration. This knowledge could enable interventions to maintain or augment MSC volumes in older individuals,

potentially diminishing the reliance on TKR and THR even in advanced age groups.
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Figure 2: Mesenchymal stem sell volume decrease as age in creases [15].

Therefore, elucidating the role of MSCs is critically important at this juncture, paving the way for future therapeutic advancements

that enhance endogenous stem cell populations and revolutionize osteoarthritis management across joints.

This paper will argue that distraction arthroplasty for ankle osteoarthritis promotes cartilage repair through an integrated mecha-
nism: sustained mechanical offloading creates a protective niche that, when combined with controlled motion, shifts the intra-articu-

lar environment from catabolic to anabolic, enabling tissue regeneration.
The Pathophysiology of Ankle OA: A State of Biological Failure

The pathophysiology of ankle OA represents a complex interplay of mechanical, cellular, and molecular factors that culminate in joint
degradation [21]. Unlike primary OA in other joints, ankle OA is predominantly secondary to trauma, with mechanical abnormalities
initiating and perpetuating the disease process [22]. Initial injuries disrupt joint congruity, leading to increased stress on cartilage and
subchondral bone, which triggers inflammatory responses and matrix breakdown [23]. Over time, this evolves into a self-sustaining
cycle of catabolism, where the joint’s homeostatic mechanisms fail, resulting in pain, stiffness, and functional loss [24]. Under standing

these mechanisms is essential for appreciating how interventions like DA can interrupt the disease trajectory.
Catabolic Dominance

Catabolic dominance in ankle OA is orchestrated by pro inflammatory cytokines, notably IL-1f and TNF-a, which are elevated in
response to mechanical stress and tissue injury [25]. These cytokines activate signaling pathways such as NF-«xf8 and MAPK, promoting
the expression of additional inflammatory mediators and creating a vicious inflammatory loop [26; 27]. In post-traumatic OA, synovial
inflammation plays a key role, with synoviocytes releasing chemokines that recruit immune cells, further amplifying cytokine produc-
tion [28, 29]. This environment suppresses anabolic factors like TGF-£ and IGF-1, leading to net tissue loss [30-32]. Studies have shown
that in ankle OA, cytokine levels correlate with disease severity, highlighting their central role in driving progression [33]. Mechanical
factors exacerbate this, as in stability increases shear forces, stimulating cytokine release from chondrocytes and synovium [34]. The

result is a chronic inflammatory state that overrides repair attempts, perpetuating degradation.
Enzyme-Mediated Destruction

Enzyme-mediated destruction involves matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with throm-
bospondin motifs (ADAMTS), which degrade the extra cellular matrix (ECM) [35]. MMP-1, -3, and -13 target type II collagen, causing
fibrillation and loss of tensile strength [36], while ADAMTS-4 and -5 cleave aggrecan, reducing proteoglycan content and compressive
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resilience [37, 38]. Cytokines upregulate these enzymes via transcriptional activation, and their activity is unchecked due to decreased
tissue inhibitors of metalloproteinases (TIMPs) [39]. In ankle OA, subchondral bone involvement amplifies this, as osteoblasts release
factors that enhance enzyme expression in overlying cartilage [40]. Histological studies reveal progressive ECM fragmentation, with
glycosaminoglycan depletion leading to cartilage softening and eventual eburnation [41]. This destruction is accelerated by mechani-
cal overload, creating a feedback loop where degraded matrix exposes more chondrocytes to stress [42]. Advanced imaging confirms

enzyme-driven changes, showing correlation between MMP levels and radiographic severity [43].
Failed Healing Response

The failed healing response in ankle OA stems from impaired chondrocyte function and limited regenerative capacity under per-
sistent load [44]. Chondrocytes undergo phenotypic shifts, becoming hypertrophic or senescent, with reduced ECM synthesis and
increased apoptosis [45, 46]. The avascular cartilage relies on synovial fluid diffusion, which is compromised by inflammation and
joint effusion [47]. Progenitor cells from synovium or bone marrow are recruited but fail to differentiate effectively due to the hostile
microenvironment [48, 49]. Sub chondral bone sclerosis and cysts alter load transmission, ex acerbating cartilage stress and inhibiting
repair [50]. Vascular invasion into cartilage promotes ossification, further stiffening the joint [51]. Genetic factors, such as polymor-
phisms in cytokine genes, may influence susceptibility, but mechanical overload remains the primary barrier to healing [52]. Overall,

the failed response perpetuates a state of biological failure, underscoring the need for interventions that restore balance.
The Core Mechanisms of Action in Distraction Arthroplasty

DA’s efficacy lies in its ability to modulate biomechanical and biological factors, creating conditions for joint repair [53]. By unload-
ing the joint while permitting motion, DA interrupts catabolic cycles and promotes anabolism, leading to cartilage regeneration [54].

This section explores the biomechanical trigger and biological response in detail.
The Biomechanical Trigger: Creating a Permissive Environment

Sustained Mechanical Offloading: Sustained offloading in DA physically separates joint surfaces, halting mechanical wear and re-
ducing stress on chondrocytes [55]. This interrupts aberrant mechanotransduction via integrins and ion channels, downregulating
catabolic genes [56]. Animal models show that unloading prevents cartilage thinning and promotes proteoglycan synthesis [57]. In
humans, the 2-5 mm distraction gap allows intra-articular pressure normalization, reducing subchondral bone stress and edema [58,

59]. The duration ensures cellular adaptation, with studies and clinical tests indicating optimal repair at 8-12 weeks [11].
The Biological Response: Shifting the Molecular Balance

Suppression of Catabolism: Distraction arthroplasty (DA) significantly reduces the catabolic processes driving ankle osteoarthritis
(OA) progression by altering the joint’s inflammatory microenvironment [60]. Post-treatment synovial fluid analyses show marked
reductions in pro-inflammatory cytokines, such as IL-1f and TNF-q, as well as MMPs like MMP-1, -3, and -13 [55, 61]. Such clinical
studies report cytokine reductions, which correlate closely with decreased extracellular matrix (ECM) degradation, slowing cartilage
loss and subchondral bone damage [62]. The mechanism involves reduced activation of the nuclear factor-kappa f (NF-kf) signaling
pathway, a key driver of inflammatory gene expression, triggered by DA's mechanical offloading [63]. This unloading diminishes aber-
rant mechanotransduction signals through integrins and ion channels, which otherwise perpetuate cytokine and enzyme production
in stressed chondrocytes and synoviocytes [64, 65]. The anti-inflammatory effects also extend to the synovium, where reduced hyper-
plasia and immune cell infiltration further dampen inflammation [66]. Synovial fluid biomarkers reveal lower levels of chemokines
(e.g., CCL2) and other mediators that recruit inflammatory cells, fostering a less hostile environment that preserves joint tissue [67-
69]. Activation of Anabolism and Regeneration: DA actively promotes anabolic processes that drive cartilage repair and joint resto-
ration. The procedure stimulates recruitment of mesenchymal stem cells (MSCs) from the synovium, bone marrow, and periosteum,
which differentiate into chondrocytes under the favorable biomechanical conditions created by joint unloading and controlled motion

[70]. These MSCs form repair tissue, often fibrocartilage restoring articular surface integrity and improving load-bearing capacity [71].
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Subchondral bone remodeling further supports regeneration by reducing sclerosis and bone marrow edema, enhancing vascular sup-
port to the overlying cartilage [72]. Molecularly, DA upregulates growth factors such as bone morphogenetic proteins (BMPs, notably
BMP-2 and BMP-7) and vascular endothelial growth factor (VEGF), which drive chondrogenesis and angiogenesis, respectively 73,
74]. These factors boost ECM synthesis, increasing production of type II collagen and aggrecan, essential for cartilage resilience and
compressive strength [75]. Additionally, the permissive microenvironment created by DA enhances chondrocyte viability, reduces cel-
lular senescence, and supports native cells in maintaining the matrix [76]. The combined effects of MSC differentiation, growth factor
upregulation, and subchondral remodeling result in a durable repair response that restores joint structure and supports long-term

functional improvements, consistent with clinical evidence of enhanced patient outcomes.
Clinical Correlation: from Biology to Patient Outcomes

The biological mechanisms of distraction arthroplasty (DA) translate into tangible clinical benefits, as evidenced by radiographic,
arthroscopic, and patient-reported outcomes. Survivorship analyses demonstrate that DA maintains joint function and delays the need
for more invasive procedures like arthrodesis or total ankle replacement (TAR) in a majority of patients over medium-to long-term
follow-up [71, 77, 78].

Linking Mechanism to Outcome

The suppression of catabolic processes and promotion of anabolic activity in DA underpin its clinical efficacy. By reducing mechan-
ical stress through joint unloading, DA halts cartilage degradation, while controlled motion fosters regeneration, leading to pain relief
and improved joint function [53, 79, 80]. Comparative studies indicate that DA provides preservation of ankle motion in patients with
varus ankle osteoarthritis, with outcomes comparable to supramalleolar osteotomy in terms of functional improvement and patient
satisfaction [81]. This correlation between biological changes (e.g., decreased cytokines) and clinical outcomes highlights DA’s role
in restoring joint homeostasis. Radiographic and arthroscopic assessments provide objective evidence of DA’s regenerative effects.
Magnetic resonance imaging (MRI) studies show improved cartilage thickness, increased defect filling, and resolution of bone marrow

edema following DA treatment [82, 83].
Functional Improvement

Patient-reported outcomes reflect the biological and structural benefits of DA. Clinical studies report significant improvements in
American Orthopaedic Foot and Ankle Society (AOFAS) scores and reductions in Visual Analog Scale (VAS) pain scores, indicating
enhanced joint function and pain re lief [84]. Patients also experience increased ankle range of motion, contributing to better mobility
and quality of life. These functional gains are sustained in a majority of patients, consistent with the regenerative changes observed in

imaging and arthroscopic evaluations [85].

Discussion and Future Perspectives
Synthesis

Distraction arthroplasty (DA) integrates biomechanical and biological mechanisms to restore joint homeostasis in ankle osteo-
arthritis (OA), establishing its value as a joint-preserving treatment. By unloading the joint and permitting controlled motion, DA
interrupts the catabolic cycle driven by pro inflammatory cytokines (e.g., IL-18, TNF-a) and matrix degrading enzymes (e.g., MMPs),
while promoting anabolic processes through mesenchymal stem cell (MSC) recruitment and growth factor upregulation (e.g., BMPs,
VEGF). This synergy results in cartilage repair, subchondral bone remodeling, and sustained functional improvements, as evidenced
by radiographic, arthroscopic, and patient-reported outcomes. Compared to total ankle replacement (TAR) and arthrodesis, DA offers
a regenerative alternative that aligns with the principles of orthobiologics [86], particularly for younger patients seeking to delay in-
vasive procedures. Its ability to harness the body’s intrinsic healing capacity underscores its role in the evolving treatment paradigm
for ankle OA.
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Critical Considerations

Clinical outcomes of DA vary due to patient-specific factors, such as age and OA severity [85, 87], which influence the extent of
cartilage repair and functional recovery. Technical challenges, including precise fixator placement and patient compliance with
weight-bearing restrictions, also affect efficacy [88]. DA’s invasiveness, requiring external fixation for 8-12 weeks, poses risks such as
pin-site infections and prolonged rehabilitation periods [11]. The long-term durability of repair tissue, remains a concern, as some
studies suggest potential degeneration over extended follow-up. Current evidence, while promising, is constrained by small sample
sizes and a lack of high-quality randomized controlled trials (RCTs), limiting definitive conclusions about DA’s efficacy compared to

other treatments. These limitations highlight the need for further research to refine DA’s application and optimize patient outcomes.
Future Directions

To enhance DA’s efficacy and accessibility, future research should focus on identifying biomarkers, such as cytokine or growth factor
profiles in synovial fluid, to guide patient selection and predict treatment response. Large-scale RCTs are needed to standardize dis-
traction parameters, such as the optimal duration and degree of unloading, and to evaluate adjunct therapies like platelet-rich plasma
(PRP) or stem cell injections to augment cartilage regeneration. Establishing multicenter registries to track long-term outcomes will
provide robust data on repair tissue durability and DA’s comparative effectiveness against TAR and arthrodesis. Exploring genetic and
biomechanical factors influencing treatment response could further personalize DA protocols, enhancing its role in ankle OA manage-

ment.
Conclusion

Distraction arthroplasty represents a paradigm shift in the management of ankle osteoarthritis, moving beyond symptomatic relief
to address the fundamental biological mechanisms driving disease progression. This comprehensive analysis demonstrates that DA’'s
therapeutic efficacy stems from its unique ability to simultaneously modulate biomechanical forces and cellular signaling pathways,
creating an environment conducive to genuine tissue regeneration rather than mere scar formation. By mechanically unloading the
joint while preserving controlled motion, DA interrupts the self perpetuating cycle of inflammation and matrix degradation that char-
acterizes end-stage ankle OA, while simultaneously activating endogenous repair mechanisms through mesenchymal stem cell recruit-

ment, growth factor upregulation, and subchondral bone remodeling.

The biological transformation achieved through DA—from a catabolic, inflammatory microenvironment to an anabolic, regener-
ative one—underscores the procedure’s position at the forefront of orthobiologic interventions. Unlike prosthetic replacement or
arthrodesis, which represent mechanical solutions to a biological problem, DA harnesses the body’s intrinsic healing capacity, offering
younger, active patients a viable path toward sustained joint preservation. The documented improvements in cartilage morphology,
pain scores, and functional outcomes provide compelling evidence that biological joint restoration is achievable, even in advanced

stages of osteoarthritis.

Looking forward, DA serves as both a therapeutic modality and a research platform, offering insights into cartilage biology that may
inform future regenerative strategies across orthopedics. As our understanding of the molecular mechanisms underlying DA’s success
deepens, opportunities emerge for refining patient selection criteria, optimizing distraction parameters, and developing adjunctive
biologic therapies to enhance outcomes. While challenges remain regarding long term durability and technical standardization, the
fundamental principles demonstrated by DA—that mechanical environment dictates biological response, and that even severely com-
promised joints retain regenerative potential—represent enduring contributions to orthopedic science. Through continued investiga-
tion and clinical innovation, distraction arthroplasty promises to maintain its vital role in the evolving landscape of joint-preserving

therapies, offering hope for improved quality of life and sustained mobility for patients with debilitating ankle osteoarthritis.
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