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Abstract

Background
Anterior pilon fractures are generally believed to result from axial loading applied to the foot in a
dorsiflexed position. However, the patterns of associated periankle injuries and their underlying
biomechanical mechanisms remain unclear. This study aimed to characterize the injury associated with
anterior pilon fractures and investigate their potential biomechanical mechanisms using finite element
analysis.

Methods
A retrospective analysis was performed on the clinical data of 51 patients with anterior pilon fractures
who were treated at our institution from March 2018 to August 2026. Clinical data, including medical
history, imaging examinations, and surgical records, were collected, and fracture patterns were evaluated
to identify the morphological characteristics associated with this injury.Based on these findings, a
biomechanical hypothesis regarding the occurrence of anterior pilon fractures was proposed.A finite
element model of the ankle joint was established to simulate stress distribution and potential injury sites
under different loading conditions.The simulation results were compared with the clinical fracture
patterns to validate the proposed injury mechanism.

Results
A total of 51 patients with anterior pilon fractures were included. Among them, talar cartilage (TC)
injuries were identified in 18 patients, anterior talofibular ligament (ATFL) injuries in 42 patients, deltoid
ligament (DL) injuries in 15 patients, and no calcaneofibular ligament (CFL) injuries were observed.Finite
element analysis demonstrated that the Von Mises stress of all evaluated structures generally increased
with increasing axial loads from 300 N to 600 N and 1200 N.Among these structures, the stress
increases in the DL and ATFL were the most pronounced. The mean stresses of the DL and ATFL
increased from 5.52 MPa and 4.39 MPa under a 300 N load to 21.41 MPa and 16.22 MPa under a 600 N
load, and further increased to 35.78 MPa and 33.57 MPa under a 1200 N load, respectively.The mean
stress of the TC increased from 0.10 MPa at 300 N loading to 4.12 MPa at 600 N and 7.12 MPa at 1200
N.In contrast, the mean stress values of the CFL under the three loading conditions were 1.27, 1.61, and
2.31 MPa, respectively, and remained relatively low throughout.The preoperative VAS score of all
patients was 8.2 ± 1.3. No significant pain relief was observed on the first postoperative day, with a VAS
score of 7.6 ± 1.5 (P > 0.05). However, the VAS scores at 1 month, 3 months, 6 months, 12 months after
surgery, and the final follow-up were 2.96 ± 0.90, 1.87 ± 0.44, 0.94 ± 0.38, 0.83 ± 0.44, and 0.87 ± 0.32,
respectively. All values showed statistically significant differences compared with the preoperative score
(P < 0.05), indicating that pain levels significantly decreased compared with preoperative values and
gradually stabilized during follow-up.The AOFAS score of all patients increased rapidly from 20.1 ± 8.5
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preoperatively to 78.5 ± 7.2 at 1 month after surgery.Subsequently, the score showed a continuous and
gradual increase, reaching 95.0 ± 3.1 at 6 months after surgery.At the final follow-up, the AOFAS score
remained stable at 94.8 ± 3.5.

Conclusions
Anterior pilon fracture is an intra-articular injury involving the bone–cartilage–ligament complex, and
potential occult injuries should be given considerable attention.Ankle arthroscopy facilitates the
identification and management of occult injuries.Among these injuries, anterior talofibular ligament
(ATFL) injuries and talar cartilage injuries were the most common, followed by deltoid ligament (DL)
injuries, while no calcaneofibular ligament (CFL) injuries were observed.Finite element analysis
demonstrated significant stress concentration in the anterior talofibular ligament and deltoid ligament,
followed by the talar cartilage, whereas the stress in the calcaneofibular ligament remained consistently
low.The clinical distribution of injuries and biomechanical analysis collectively suggest that stress
transmission, concentration, and local amplification under specific loading conditions may occur during
the development of anterior pilon fractures, resulting in the characteristic injury patterns of the ankle
joint described above.This study provides a theoretical basis for further understanding the injury
mechanism of anterior pilon fractures and optimizing clinical diagnostic and treatment strategies.

Background
Pilon fracture is a unique type of ankle injury involving the distal tibial articular surface, accounting for
about 4% -10% of tibial fractures[1, 2]. Anterior pilon fracture is a specific subtype. The classic injury
mechanism is considered to involve axial loading of the ankle in dorsiflexion. This force causes a
compression or shear fracture of the anterior distal tibia and is often accompanied by varying degrees of
articular impaction [3, 4]. Although anterior pilon fracture is inherently an intra-articular injury, its fracture
morphology is often relatively simple. Consequently, the overall severity of the injury may be
underestimated in clinical practice.

Current clinical evidence suggests that anterior pilon fractures rarely occur as isolated osseous injuries.
They are frequently accompanied by talar chondral and ATFL injuries, while DL injury may also occur in
some patients. These soft-tissue and intra-articular lesions are often occult. Conventional radiography
and CT have limited ability to detect such injuries, and some lesions may remain undiagnosed even when
MRI is performed[5–7]. Failure to recognize and treat concomitant chondral injury and residual
ligamentous instability may contribute to chronic ankle instability and post-traumatic osteoarthritis
(PTOA)[8, 9]. Anterior pilon fractures may be particularly prone to PTOA[10]. Jo et al. reported more
severe radiographic PTOA in patients with anterior impaction than in those without it (mean Kellgren–
Lawrence grade, 3.1 vs. 2.5). Nishizawa et al. reported PTOA in 39.1% (9/23) of patients with anterior
impaction pilon fractures[11–13]. These findings suggest that correction of fracture displacement and
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restoration of osseous alignment alone may be insufficient to ensure favorable long-term joint
outcomes[11, 13].

In clinical practice, extensive intra-articular injuries may also occur after relatively low-energy trauma.
This observation cannot be fully explained by the traditional mechanism of direct axial impact with the
ankle in dorsiflexion. It suggests that secondary injury propagation or local stress amplification may
occur during the traumatic process. However, several important questions remain unresolved. The
distribution of concomitant chondral and ligamentous injuries in anterior pilon fractures has not been
systematically characterized. Moreover, the biomechanical mechanisms underlying these occult soft-
tissue injuries remain unclear. Consequently, refined and individualized treatment strategies still lack a
sufficient mechanistic basis.

Three-dimensional finite element analysis enables quantitative assessment of internal stress
distributions under different loading conditions. It can also provide insight into the transmission of
mechanical forces within the joint. Therefore, this approach offers a useful biomechanical method for
investigating the mechanisms underlying anterior pilon fractures and their associated injuries.

Based on these clinical considerations, the present study combined clinical observations with
biomechanical simulation. First, ankle arthroscopy was used to systematically assess concomitant talar
chondral and periankle ligamentous injuries and to facilitate their treatment. Second, a detailed three-
dimensional finite element model of the ankle was established to evaluate stress distributions under
different axial loads. By comparing clinical injury patterns observed during arthroscopy with finite
element findings, we aimed to characterize the distribution of associated injuries and explore their
potential biomechanical mechanisms. These findings may provide a theoretical basis for more refined,
individualized, and arthroscopy-assisted management of anterior pilon fractures.

Methods

Study design and patient population
This study retrospectively analyzed the case information of patients with anterior Pilon fracture admitted
to our hospital from March 2018 to August 2026. The inclusion and exclusion criteria are shown in the
flowchart (Fig. 1).All patients included at least X-ray, CT or MRI, and ankle arthroscopy was performed in
the surgical record and the results were recorded. Because this study is a retrospective data analysis, it
does not involve additional interventions for patients, and the study data are anonymized and do not
contain personally identifiable information. After the review and approval of the hospital ethics
committee, patients can be exempted from the requirement of informed consent.

Data collection
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Demographic and clinical variables included age, sex, body mass index (BMI), mechanism of injury,
interval from injury to surgery, potential prognostic risk factors, and follow-up status.Mechanisms of
injury were categorized as falls from a height of ≤ 3 m, missteps on stairs, motor vehicle accidents, or
other/unknown mechanisms. Cases without documented injury mechanisms were included in the latter
category.

The interval from injury to surgery was categorized as < 3 days, 3–7 days, and > 7 days. Potential
prognostic risk factors included smoking, rheumatoid arthritis, osteoporosis, diabetes mellitus, and
hypertension. Follow-up status was categorized as ≥ 12 months, < 12 months, or lost to follow-up
(Table 2).

Based on preoperative imaging, all fractures were classified as type 43B according to the AO/OTA
classification and type II according to the Rüedi-Allgöwer classification.

Surgical technique
Patients were placed in the supine position under general anesthesia. A tourniquet was applied to the
proximal thigh. The operative field was routinely prepared and draped.The standard anteromedial and
anterolateral approaches of the ankle joint were established, and the ankle arthroscopy system was
placed to explore the tibiotalar joint, talar cartilage, synovial membrane, joint capsule and ankle
ligaments.The location, extent, and severity of chondral lesions were assessed arthroscopically.
Unstable cartilage margins were debrided. Microfracture was performed for focal cartilage defects when
indicated.The tension and continuity of the ATFL and DL were evaluated using an arthroscopic probe.
The severity of ligament injury was then determined. Hematoma and interposed soft tissues at the
fracture site were removed to facilitate reduction.

After fracture reduction and fixation, ligament stability was reassessed under stress. Ligament repair
with sutures was performed when residual instability was identified.

After completion of the intra-articular assessment and treatment, fracture reduction and internal fixation
were performed through a limited incision. The posterior articular surface of the distal tibia was used as
an anatomical reference for reduction. The fracture fragments were reduced by leverage and temporarily
stabilized with Kirschner wires. Bone grafting was selectively performed according to the extent of the
osseous defect.Fluoroscopy was used to confirm restoration of the articular surface and satisfactory
alignment. Definitive fixation was achieved using a distal tibial T- or L-shaped plate in combination with
cannulated screws.After fixation, inversion and eversion stress tests and the Cotton test were performed
to assess overall ankle stability. The position of the implant was confirmed by fluoroscopy again, and the
incision was irrigated and sutured in layers.

Finite element model construction and loading conditions
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CT image acquisition
A healthy 37-year-old male volunteer was selected for model construction. His height was 173 cm and
body weight was 60 kg. Radiographic examination confirmed the absence of ankle deformity or osseous
abnormalities. He had no history of ankle trauma or surgery.The ankle was scanned using a Siemens 64-
detector-row spiral CT scanner. The scanning range extended from the midshaft of the tibia to the
plantar surface of the foot. The slice thickness was 0.6 mm, and the pitch was 0.9.Approximately 600
cross-sectional images were obtained and stored in Digital Imaging and Communications in Medicine
(DICOM) format. During scanning, the volunteer was positioned supine with the ankle maintained in a
neutral position. An immobilization device was used to minimize motion.

Segmentation and three-dimensional reconstruction
The original DICOM images were imported into Mimics 21.0 (Materialise, Belgium) for image
segmentation and three-dimensional reconstruction. Bone masks were initially generated using a
Hounsfield unit (HU) threshold range of 1121–1776 HU.

The region-growing function was then applied to remove isolated pixels and separate the ankle into
individual osseous components. Mask editing and cavity-filling tools were used to refine each bone
segment. Redundant regions were manually removed slice by slice, and internal cavities were filled to
maintain continuity of the reconstructed contours.

After segmentation of the target bones, ligamentous and cartilaginous structures were reconstructed
according to anatomical landmarks and published anatomical data[14, 15]. The reconstructed structures
were exported in STL format.

The STL files were imported into Geomagic Wrap 2021 (3D Systems, USA) for surface reconstruction.
Mesh defects were identified and repaired, and relaxation and smoothing functions were applied while
preserving essential anatomical features. Surface patches were generated and merged into continuous
surface models, which were exported in STEP format.

The STEP files were imported into SOLIDWORKS 2023 (Dassault Systèmes, FRA) and assembled into a
complete ankle complex by aligning their original coordinate systems. Boolean operations and
interference checks were performed, and detected overlaps were corrected. The completed model was
then imported into Ansys Workbench 2025 R2 (Ansys, Inc., USA).

Material properties, mesh generation, and loading
All ankle structures were modeled as continuous, isotropic, and linearly elastic materials. Material
properties were assigned according to previously published data [16, 17]. The specific parameters are
summarized in Table 1. Bones, cartilage, and ligaments were discretized using second-order tetrahedral
elements to improve geometric representation of complex anatomical structures. The final model
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consisted of approximately 383043 elements and 593839 nodes.To minimize the influence of mesh
discretization on the finite element results, a mesh convergence analysis was performed for the
established finite element model of the ankle joint. Finite element models with different mesh densities
were generated by progressively reducing the mesh size, and numerical simulations were performed
under identical conditions. The mesh scheme that satisfied the convergence requirements while
maintaining high computational efficiency was selected for subsequent finite element analyses.

A no-separation contact was defined between bone and cartilage. Frictional contact was assigned
between opposing cartilage surfaces with a friction coefficient of 0.1. Bone–ligament interfaces were
defined as bonded contacts.The ankle was maintained in a neutral position during loading. All degrees of
freedom at the plantar weight-bearing surface were constrained. Total axial compressive loads of 300,
600, and 1200 N were applied. The loads were distributed between the tibia and fibula at a ratio of 5:1
[18, 19].Linear static analysis was performed using the static structural solver in Ansys Workbench. Von
Mises stress values and spatial distributions in the relevant ankle structures were extracted for further
analysis.

Table 1
Summary of model materials and element types

Component Material type Young’s modulus(MPa) Poisson’s ratio

Bone Linearly elastic 7300 0.3

Cartilage Linearly elastic 45 0.42

ATFL Linearly elastic 255.5 0.4

CFL Linearly elastic 512 0.4

PTFL Linearly elastic 216.5 0.4

ATiFL Linearly elastic 260 0.4

PTiFL Linearly elastic 260 0.4

TNL Linearly elastic 320.7 0.4

TSL Linearly elastic 184.5 0.4

TCL Linearly elastic 512 0.4

ATTL Linearly elastic 184.5 0.4

sPTTL Linearly elastic 99.5 0.4

dPTTL Linearly elastic 99.5 0.4

Other ligaments Linearly elastic 260 0.35

Statistical analysis
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All statistical analyses were performed using SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA).
Continuous variables with a normal distribution are presented as the mean ± standard deviation
(SD).Comparisons among multiple groups were performed using one-way analysis of variance (ANOVA),
followed by the least significant difference (LSD) test for pairwise comparisons. Categorical variables
are presented as numbers and percentages.All tests were two-sided, and a P value < 0.05 was
considered statistically significant.

Results

Patient characteristics
A total of 51 patients with anterior pilon fractures were included. There were 38 men (74.5%) and 13
women (25.5%). The mean age was 49.86 years (range, 18–72 years), and the mean BMI was 24.90 ± 
4.18 kg/m².The mechanisms of injury included falls from a height in 21 patients, falls on stairs in 15,
motor vehicle accidents in 13, and other causes in 2. Most patients underwent surgery during the acute
phase within 2 weeks after injury.A history of smoking was documented in 36 patients, and 15 had
hypertension. None had diabetes mellitus, rheumatoid arthritis, or osteoporosis.Postoperative follow-up
was available for 46 patients. Of these, 37 were followed for ≥ 12 months and 9 for < 12 months. Five
patients were lost to follow-up(Table 2).
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Table 2
Baseline demographic and clinical characteristics of patients with anterior Pilon

fractures.
Category Variables n(%)

Demographics Age, years, mean ± SD(range) 49.86 ± 14.96

  Gender  

  Man 38(74.5)

  Fenale 13(25.5)

  BMI, kg/m2, mean ± SD 24.90 ± 4.18

Mechanism of Injury Fall fron height(< 3 m) 21(41.2)

  Stair miss/fall 15(29.4)

  Motor vehicle accident 13(25.5)

  Other 2(3.9)

Time from Injury to Surgery, Day < 3 37(72.5)

  3–7 11(21.6)

  > 7 3(5.9)

Prognostic Factors Smoking 36(70.6)

  Rheumatoid arthritis 0(0.0)

  Osteoporosis 0(0.0)

  Diabetes 0(0.0)

  Hypertension 15(29.4)

Follow-up, Months ≥ 12 37(72.5)

  < 12 9(17.6)

  Lost 5(9.8)

Injury characteristics of anterior pilon fractures
Integrated assessment of radiographs, CT, MRI, and arthroscopic findings revealed a characteristic
pattern of concomitant injuries.ATFL injury(Fig. 2D,I;Fig. 3D,I) was identified in 42 patients (82.4%,Fig. 1).
DL injury(Fig. 2F,G,J;Fig. 3F,G,J) was detected in 15 patients (29.4%,Fig. 1) and was predominantly mild to
moderate in severity. No CFL injury(Fig. 1;Fig. 2E;Fig. 3E) was observed.Talar chondral injuries(Fig. 2H)
were identified in 18 patients (Fig. 1,35.3%)and mainly located in zone 3, with zone 6 also involved in
some cases. Zone 3 represented the most frequent site of occult cartilage injury.
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Ankle function assessment
VAS and AOFAS scores were scheduled for assessment preoperatively, at postoperative day 1, at 1, 3, 6,
and 12 months, and at the final follow-up.

Of the 51 patients initially included, 5 were lost to follow-up and 9 had a follow-up duration of < 12
months. Therefore, 37 patients with ≥ 12 months of follow-up were included in the longitudinal outcome
analysis.

VAS scores
The mean preoperative VAS score was 8.21 ± 1.31. At postoperative day 1, the score decreased to 7.60 ± 
1.59. The difference from the preoperative value was not statistically significant (P > 0.05).

At 1, 3, 6, and 12 months and at the final follow-up, the VAS scores were 2.96 ± 0.90, 1.87 ± 0.44, 0.94 ± 
0.38, 0.83 ± 0.44, and 0.87 ± 0.32, respectively. All values were significantly lower than the preoperative
score (all P < 0.05).

Overall, VAS scores declined progressively after surgery and remained low from 6 months onward
(Fig. 4).

AOFAS scores
AOFAS scores increased progressively after surgery (Fig. 5). The mean preoperative score was 18.10 ± 
8.45.The scores at postoperative day 1 and at 1, 3, and 6 months were 31.61 ± 5.97, 77.49 ± 6.17, 88.55 
± 4.75, and 93.96 ± 3.30, respectively. At 12 months and the final follow-up, the scores were 93.76 ± 4.11
and 94.02 ± 2.60, respectively.AOFAS scores at all postoperative time points were significantly higher
than the preoperative value (all P < 0.05). Scores increased substantially during the first 6 months and
showed only minor changes thereafter. Values remained above 93 points at 6 months, 12 months, and
the final follow-up.

Von Mises stress distributions in the evaluated structures
Finite element analysis was performed under axial loads of 300, 600, and 1200 N. Mechanical responses
were assessed in talar cartilage (TC), the fibular attachment site of the ATFL (ATFL-F), the ATFL, the talar
attachment site of the ATFL (ATFL-T), the DL, and the CFL.Overall, von Mises stress increased with
increasing axial load in all evaluated structures. However, the magnitude of increase varied considerably
among structures (Fig. 6).Under the 300 N load, mean stress ranged from 1.27 to 9.16 MPa. The CFL
showed the lowest value, whereas the ATFL-F exhibited the highest value.As the load increased, the DL
and ATFL showed particularly pronounced increases in stress. Mean DL stress increased from 5.52 MPa
at 300 N to 21.41 MPa at 600 N and 35.78 MPa at 1200 N. Corresponding values for the ATFL were 4.39,
16.22, and 33.57 MPa.Under the 1200 N load, the DL showed the highest mean stress at 35.78 MPa. This
was followed by the ATFL at 33.57 MPa and ATFL-T at 24.78 MPa. Mean stresses in the TC, ATFL-F, and
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CFL were 12.60, 14.38, and 2.31 MPa, respectively.Across all loading conditions, the DL and ATFL
demonstrated the greatest increases in stress. In contrast, the CFL consistently exhibited the lowest
stress levels.

Discussion
Clinically, it is generally believed that the anterior Pilon fracture is caused by axial violence when the foot
is in dorsiflexion[3, 4]. This classic theory is mainly based on the AO/OTA and R Rüedi-Allg Allgöwer
classification system with bone structure as the core, which is relatively inadequate for the systematic
evaluation of soft tissues other than fractures. With the application of MRI and arthroscopy, clinical
workers have gradually realized that Pilon fracture is often accompanied by cartilage and ligament injury,
but previous studies have focused on complex Pilon fracture, while there is still a lack of systematic
reports on the occurrence and clinical significance of anterior Pilon fracture, a special subtype with low
incidence.Our findings indicate that anterior pilon fractures should not be regarded as isolated osseous
injuries. Chondral and ligamentous lesions were frequently identified in the present cohort. Arthroscopic
examination corroborated many lesions detected on preoperative MRI and also identified additional
occult intra-articular abnormalities (Fig. 2H-J; Fig. 3I,J). These findings suggest that a single axial impact
to a dorsiflexed ankle may not fully explain the entire spectrum of injury. Instead, anterior pilon fractures
may involve a more complex interaction among the osseous, chondral, and ligamentous components of
the ankle.

The clinical injury pattern observed in this study suggests that the anterior Pilon fracture may be a
continuous injury. A significant proportion of patients are injured after falling on stairs or from a relatively
limited height. However, it eventually leads to articular surface compression, talus cartilage injury and
ligament injury. These findings can hardly be fully attributed to the magnitude of the initial external force.
Based on the comprehensive clinical and biomechanical observations, we believe that the initial violence
may be the initiating factor of the injury. During axial loading in ankle dorsiflexion, the tibiotalar contact
moves forward, reducing the effective contact area and increasing the local contact stress[20]. When the
anterior articular surface of the distal tibia is destroyed, subluxation or transient dislocation of the talus
occurs. The anterior talofibular ligament is most susceptible to rupture because it is relatively weak and
is the main structure that limits the anterior movement of the talus[21]. Loss of ATFL constraint may
further alter the position of the talus in the ankle mortise and redistribute stress over the remaining
stable structure[18]. During this process, secondary impingement may occur between the talar roof and
the injured tibial articular surface. Such an event may further damage the cartilage already damaged in
the initial impact. Such acute cartilage injury may initiate biological and mechanical pathways that
contribute to progressive joint degeneration and the subsequent development of PTOA[22, 23]. Our
findings therefore provide biomechanical support for the possibility of transient anterior talar
subluxation during the injury process[24].This may also explain why the extent of intra-articular damage
is sometimes out of proportion to the apparent energy of the initial trauma. However, this sequential
mechanism is still a hypothesis and needs to be confirmed by dynamic biomechanical and experimental
studies.
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The present finite element analysis demonstrated increased stress in TC as the axial load increased.
Stress concentration was particularly evident in zone 3. This finding was consistent with the
arthroscopic observations. TC lesions involving zone 3 and/or zone 6 were identified in 18 patients
(35.3%) (Fig. 2H). Experimental studies using porcine models of pilon fractures have demonstrated that
chondrocyte death is spatially associated with the site of injury, with greater cell death occurring near the
fracture margin and following higher-energy impacts[22]. This spatial relationship is consistent with our
observations.Our study further demonstrated a high incidence of associated ligament injuries in patients
with anterior pilon fractures. ATFL lesions were identified in 42 patients (82.4%), whereas DL lesions
were observed in 15 patients (29.4%). These clinical findings were consistent with the finite element
analysis, which showed significantly increased stress in both the ATFL and DL (Fig. 6). However, the
incidence of DL injury was considerably lower than that of ATFL injury in clinical observations, which was
not completely consistent with the stress distribution observed in the finite element analysis. This
discrepancy may be explained by the following factors:First, The ATFL and DL differ substantially in their
geometry and mechanical properties. The ATFL is a relatively thin structure and has been shown to
exhibit a lower load to failure, whereas major components of the deep deltoid ligament possess
substantially greater mechanical strength[25, 26]. These intrinsic differences may partly explain why a
high stress magnitude does not necessarily translate into the same risk of structural failure across
different ligaments.Second, The DL is a broad, fan-shaped complex composed of multiple bundles with
distinct orientations and functions. This architecture may facilitate load sharing among bundles under
different ankle positions and loading conditions, thereby reducing stress concentration within any single
component[27]. Third, the loading conditions used in the present model were necessarily idealized.
Actual ankle trauma is a dynamic and multiplanar process involving complex combinations of
translational and rotational forces. In addition to dorsiflexion and axial compression, inversion, eversion,
internal or external rotation, and variations in the magnitude and rate of loading may substantially alter
the mechanical response of individual ankle ligaments[16]. Fourth, the injury process may be dynamic
and sequential rather than static. High-energy axial loading during dorsiflexion may result in
compression or destruction of the anterior lip of the tibia, secondary anterior displacement or
subluxation of the talus[3]. This displacement may increase the tension load of the ATFL[21]. Brady et al
showed that a major biomechanical role of the DL is to resist eversion and external rotation[28]. This
mechanism may partly explain the higher prevalence of ATFL than DL lesions in our cohort, although
further dynamic validation is needed. Thus, the finite element model represents stress at a defined
loading state, whereas clinical ligament rupture reflects the cumulative effects of load magnitude,
direction, loading rate, duration, tissue strength, and the sequence of structural failure.The discrepancy
between simulated stress and observed ligament injury therefore does not necessarily represent a
contradiction. Rather, it highlights the limitation of predicting ligament rupture solely from von Mises
stress. It also emphasizes the need to interpret finite element findings together with arthroscopic and
clinical observations.

Post-traumatic osteoarthritis (PTOA) is a common complication following intra-articular ankle fractures.
Wang et al. retrospectively evaluated 477 patients who underwent open reduction and internal fixation
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for ankle fractures and reported radiographic PTOA in 34.2% of patients at a mean follow-up of 4.3
years[29]. Notably, anterior pilon fractures appear to be associated with particularly unfavorable joint
outcomes. In a comparative cohort study, Jo et al. found that patients with anterior impaction had
significantly more advanced radiographic PTOA than those without anterior impaction, as well as a
higher rate of implant removal for pain (39% vs. 13%)[13]. These findings highlight the substantial risk of
post-traumatic joint degeneration and persistent symptoms associated with anterior pilon
fractures.Disruption of the lateral or medial ankle ligaments may compromise tibiotalar stability and
result in abnormal talar motion[18, 30]. Repeated abnormal loading after injury may further promote
cartilage degeneration and contribute to the development of PTOA[11].These observations reinforce the
importance of evaluating the ankle as an integrated joint rather than focusing exclusively on fracture
reduction. Arthroscopy may be particularly useful for identifying chondral lesions and ligament
abnormalities that are not readily apparent on routine imaging. Previous experimental work has also
suggested that irreversible chondrocyte injury may occur despite an apparently intact cartilage
surface[22]. Restoration of the articular surface alone may therefore not fully address the biological and
mechanical consequences of anterior pilon fractures.Therefore, clinical treatment requires not only the
restoration of bony anatomy. Careful evaluation of ligament integrity and articular cartilage is also
necessary. Associated lesions should be treated when clinically indicated. Arthroscopy provides direct
visualization of these structures and can be used as a complement to preoperative imaging. Recognition
of complete injury patterns may also improve patient counseling, prognostic assessment, and
postoperative rehabilitation planning. Whether adjuvant arthroscopic treatment and concomitant
management of associated lesions can reduce the long-term incidence of PTOA requires further
investigation.

Limitations
This study has several limitations. First, anterior pilon fractures are relatively uncommon, and the clinical
sample was limited. The follow-up period was also insufficient to fully determine the long-term
relationship between TC injury and PTOA. In addition, no control group was included. Therefore, the
incremental clinical benefit of ligament repair or chondral treatment could not be established. Second,
VAS and AOFAS scores were used as the principal clinical outcome measures. These assessments may
be influenced by patient-related factors and contain subjective components. Future studies should
incorporate additional quantitative assessments, including gait analysis and other validated functional
outcome measures. Third, the finite element model was constructed from CT data obtained from a
single healthy volunteer. Bones, cartilage, and ligaments were modeled using simplified homogeneous,
isotropic, and linearly elastic material assumptions. Static loading was applied, whereas actual traumatic
events are dynamic and involve complex interactions among impact velocity, multiplanar motion, muscle
activation, and time-dependent tissue behavior. These simplifications may partly explain the discrepancy
between predicted DL stress and the lower incidence of DL injury observed clinically.Moreover, the
current model evaluated stress distribution rather than tissue-specific failure thresholds. It therefore
cannot directly predict ligament rupture. Future studies should incorporate cadaveric experiments,
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dynamic impact testing, and more physiologically realistic material properties to improve model
validation. Larger prospective cohorts and longer follow-up are also needed to clarify the progression of
cartilage injury and the long-term development of ankle degeneration.

Conclusions
Anterior pilon fracture is an intra-articular injury involving the bone–cartilage–ligament complex, and
potential occult injuries should be given considerable attention.Ankle arthroscopy facilitates the
identification and management of occult injuries.Among these injuries, ATFL and TC injuries were the
most common, followed by DL injuries, while no CFL injuries were observed.Finite element analysis
demonstrated significant stress concentration in the ATFL and DL, followed by the TC, whereas the
stress in the CFL remained consistently low.The clinical distribution of injuries and biomechanical
analysis collectively suggest that stress transmission, concentration, and local amplification under
specific loading conditions may occur during the development of anterior pilon fractures, resulting in the
characteristic injury patterns of the ankle joint described above.This study provides a theoretical basis
for further understanding the injury mechanism of anterior pilon fractures and optimizing clinical
diagnostic and treatment strategies.
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Figure 1

Flowchart
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Figure 2

A young and middle-aged man was admitted to the hospital because of "falling down to the left ankle
swelling and pain with limited movement for 8 days". A-G: preoperative CT and MR, indicating fracture of
left tibial anterior edge, injury of talus cartilage, injury of anterior talofibular ligament (grade III), and
injury of triangular ligament (grade I); H-J: injury of talus cartilage (zone 3), rupture of anterior talofibular
ligament, and injury of triangular ligament under arthroscopy; K: positive ankle stress test; L: Ankle joint
stress test was negative (after ligament repair); M: Anterior talofibular ligament was ruptured and
repaired; N-O: Anteroposterior and lateral ankle joint after operation.
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Figure 3

A middle-aged man was admitted to the hospital because of "left ankle swelling, pain and limitation of
movement for 2 days caused by falling from a height of 2 meters". A-G: preoperative CT and MR showed
left tibial anterior fracture, anterior talofibular ligament injury (Grade III) and deltoid ligament injury
(Grade II); H-J: intraoperative arthroscopy showed no injury of talus cartilage, rupture of anterior
talofibular ligament and rupture of deltoid ligament; K: no obvious abnormality of static ankle acupoint
after internal fixation; L-M: positive ankle stress test; N, O: rupture of anterior talofibular ligament; P, Q:
tear of deltoid ligament.
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Figure 4

Graphs of VAS Scores over Time
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Figure 5

Graphs of AOFAS Scores over Time
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Figure 6

Von Mises stress distribution of TC, ATFL, DL and CFL
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