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CT-based Displaced VFR Algorithm Automated Sub-millimetric
3D Model Fracture (Genetic Algorithm +  Reduction Accuracy
ICP) (<1 mm)
Abstract

Aim: Mandibular fractures are common and challenging to reduce accurately, particularly
in multi-fragment or edentulous settings. Virtual fracture reduction (VFR) could
standardize preoperative planning and provide millimetric targets for open reduction and
internal fixation but remains limited by manual workflows and variable imaging quality.

Methods: We developed a two-stage VFR algorithm using computed tomography (CT)-
derived 3D models. Coarse alignment was achieved via a genetic optimization algorithm,
followed by fine alignment with the Iterative Closest Point (ICP) algorithm. A weighted
objective function optimized (i) condylar positioning, (ii) dental occlusion, and (iii) fracture
gap minimization. We tuned weights over 14 experiments and optimized 6 pose
parameters per segment with a Genetic Algorithm. Accuracy was evaluated on a synthetic
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fracture model and applied to three clinical cases. Outcomes included surface-distance maps, occlusal landmark
deviation, interfragmentary gaps, and overlap volume and direct contact area.

Results: On the synthetic model, maximum surface deviation was 158 mm, with fracture-surface errors
predominantly < 1 mm. Occlusal reconstruction reproduced molar relationships within 0.07-0.15 mm of the pre-
fracture model. In three clinical cases (simple and comminuted patterns), mean interfragmentary gaps were
0.22-0.70 mm, overlap volumes ranged from 2854 to 119.26 mm?3, and direct contact areas spanned
216.00-533.177 mm?, indicating minimal interpenetration and substantial bone-to-bone fit. The pipeline demonstrated
stable convergence and reproducible alignment without intraoperative data.

Conclusion: These preliminary technical findings support the proposed VFR algorithm as a practical proof-of-
concept adjunct to trauma planning. Larger multicenter clinical validations with statistical analyses and functional
endpoints are warranted to validate its clinical impact and scalability.

BACKGROUND

Each year, around 11 million new facial fractures are recorded globally, of which more than 25% involve the
mandible?. Frequent injury patterns include physical violence, traffic accidents, sports injuries, and falls,
commonly affecting middle-aged male individuals®. Paramedian fractures comprise 25%-35%, angle
fractures 20%-30%, and condylar fractures 15%-25%, whereas ramus and coronoid injuries account for only
~2%-3%"°!. Interestingly, nearly half of the patients present with multiple fractures of the mandible!*.
Collectively, mandibular fractures represent a persistent challenge for patients and providers, with rising
incidence and increasing cost burden™”.

There are different conservative and surgical treatments for mandibular fractures. Conservative therapies,
involving various maxillomandibular fixation techniques, are often performed for minimally displaced
fractures, especially in pediatric or edentulous patients">'!. Open reduction and internal fixation (ORIF)
with mini-plates is considered the current standard surgical approach, accounting for ~75% of surgical
mandibular fracture repairs'?. Conversely, comminuted, atrophic, or edentulous sites may warrant the use of
larger reconstruction plates”. Between 5% and 15% of patients report postoperative complications, of which
wound infections and non-union are the most common"***.

To further improve postoperative outcomes, virtual surgical planning (VSP) has recently gained interest in
maxillofacial surgery, particularly for elective procedures such as tumor resection, reconstruction, and
orthognathic surgery"”**.. While VSP enhances surgical accuracy, efficiency, and individualization, its use in
trauma care remains limited due to the time-intensive preoperative planning process, which may delay
treatment. However, virtual fracture reduction (VFR) as part of VSP holds promise for improving the
management of mandibular fractures. This umbrella term describes a digital workflow, ranging from
preoperative computed tomography (CT)-based segmentation and 3D fragment identification to computer-
guided fracture repositioning to help reconstruct pre-injury anatomy™'. VFR also serves as a data source for
computer-aided design and computer-aided manufacturing (CAD/CAM)-fabricated guides or pre-bent
plates'!. VFR has been demonstrated to improve the accuracy of mandibular reconstructions and

25]

postoperative occlusion compared with conventional free-hand methods?*¥, reduce operative times/, and

provide high inter-operator reproducibility, with root-mean-square deviations of < 2 mm from reference

[26]
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VER primarily involves matching and registering displaced fragments to their original positions. Manual
virtual reduction is commonly used in clinical practice where surgeons interact with three-dimensional
models of fractured bones using mouse-and-screen interfaces, haptic devices, or virtual reality (VR)
environments”” ), However, manual virtual reduction methods are time-consuming, subjective, and show
poor inter-rater reliability, limiting their widespread clinical adoption and efficiency, especially in the
treatment of combined/multi-fragment fractures™’.

Automated techniques reduce human intervention by leveraging computational algorithms. The Iterative
Closest Point (ICP) approach leverages the unaffected contralateral side of the bone to serve as an anatomical
template, and the fractured bone fragments are aligned to this reference model by minimizing the distances
between corresponding surface points"”'*). Statistical Shape Models (SSMs) capture population-level
anatomical variations to reconstruct patient-specific geometries. Fragments are registered to an adaptive
SSM template that accounts for shape and pose variability”***.. Landmark-based rigid registration identifies
at least three corresponding landmark pairs on each side of the fracture gap to compute point-based
alignment for virtual reduction. This method was applied to mandibular fractures. To preserve anatomical
integrity, a distance constraint maintains condylar positioning during reduction!®.

However, workflow bottlenecks and feasibility issues (e.g., manual repositioning of fracture fragments) in
time-critical mandibular trauma cases still hinder widespread clinical adoption of VFRE***), To overcome
these hurdles, we developed a novel algorithm to automatically reposition mandibular bone fragments back
to their original anatomical location. The algorithm integrates a two-stage approach combining optimization
techniques for initial coarse alignment and the ICP algorithm for precise final alignment"”. This
methodology was designed to optimize three critical factors: (i) accurate positioning of the mandibular
condyle within the mandibular fossa to ensure temporomandibular joint (TM]) stability and mobility, (ii)
achievement of satisfactory dental occlusion for functional tooth alignment, and (iii) minimization of
interfragmentary gaps to enhance bone healing. An overview of the algorithm is detailed in Figure 1.
Designed as part of a software tool to support rapid and reliable planning in urgent trauma care, our
algorithm represents a key step toward a streamlined digitalized workflow for patients with mandibular
fractures.

MATERIALS AND METHODS

Ethical approval

Approval for this research was granted by the Ethics Committee at Charité - Universitdtsmedizin Berlin
(EA2/214/24). Anonymized preoperative CT scans were retrospectively collected at the Department of Oral
and Maxillofacial Surgery, Charité-Universitdtsmedizin Berlin, Campus Virchow-Klinikum. The scans were
taken as part of routine preoperative assessments in patients presenting with mandibular fractures. Image
acquisition followed a standardized clinical protocol and was performed on General Electric CT systems
(LightSpeed VCT and Pro 16, Fairfield, CT, USA). Digital Imaging and Communications in Medicine
(DICOM) data sets of CT scans from 88 individuals were analyzed and served as the basis for VFR algorithm
development. Scans were acquired with a slice thickness of 0.625 mm and reconstructed using a bone kernel
with a reconstruction interval of 0.5-1.0 mm. Acquisition parameters included 120 kVp, automated mA
modulation, a matrix size of 512 x 512, and a field of view (FOV) adapted to the craniofacial region
(~180-220 mm). All scans were performed without contrast enhancement and in axial acquisition mode.

Segmentation and 3D model reconstruction

Segmentation of the mandibular bone and associated fracture fragments was performed using Materialise
Mimics 23.0 (Materialise NV, Leuven, Belgium). The software provides intensity-based segmentation directly
from DICOM-formatted CT data using predefined Hounsfield unit (HU) thresholds for bone tissue. An
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Figure 1. Overview of the VFR algorithm: (left) clinical application pipeline; (right) offline development and parameter-tuning pipeline

using a synthetic mandible model. VFR: Virtual fracture reduction.
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Figure 2. Virtual synthetic mandible model. (A) Right lateral view of the mandible with dentition; (B) Left lateral view of the mandible with
dentition; (C) Frontal view showing the complete mandibular arch and dentition.

automatic thresholding procedure was applied to isolate cortical and trabecular bone structures, typically
within the HU range of 300-2,000. This mask was refined using region-growing and morphological editing
tools to separate individual fracture fragments and eliminate noise from surrounding soft tissues. After
segmentation, the resulting masks were converted into 3D surface models. Each fragment was exported in
stereolithography (STL) format for further processing and algorithmic repositioning.

Synthetic mandible model

The algorithm was initially developed and tested using a synthetic mandibular model based on two
anonymized full-body CT scans. Both volumes were manually cropped to the head and neck region and
forwarded to our artificial intelligence (AI)-segmentation pipeline for automatic annotation of relevant skull
structures™. The mandible mean-shape model, including teeth, was created by averaging vertex coordinates
from their meshes while retaining the main mesh topology. The resulting model preserves the original vertex
connectivity and topology, representing an averaged mandible geometry without any individual anatomical
information [Figure 2].

To simulate a fracture scenario, the virtual mandible was sectioned with random rotational displacements
[Figure 3]. This synthetic fracture model provided a controlled environment for iterative parameter tuning,
performance evaluation, and optimization of the VFR algorithm.

Anatomical landmarks

A dedicated in-house-developed Landmark Editor was used, with Qt Quick/QML for the graphical user
interface and Visualization Toolkit (VTK) for interactive three-dimensional visualization. Landmarks were
manually placed on STL surface models and could subsequently be selected, renamed, renumbered, or
deleted. Landmark coordinates were exported for each surface model as three-dimensional (x), (y), and (z)
values with four decimal places in a JSON-based file for further processing.

The algorithm utilizes three types of anatomical landmarks to guide fracture repositioning: (i) Dental
Landmarks: These are specific reference points on the teeth critical for achieving proper occlusion. Key
landmarks include the mesiopalatinal cusp of the maxillary molars, the central fossa of the mandibular
molars, and the midpoints of the maxillary and mandibular arches (MidU and MidS, respectively), which
ensure symmetry and functional harmony in dental articulation [Figures 4 and 5]; (ii) Fracture Landmarks:
These are defined points characterizing the sectional features of fractured surfaces. Each landmark on one
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Figure 3. Simulated fracture on synthetic mandible.

fragment corresponds to a counterpart on the opposing fragment, enabling precise alignment and analysis of
fracture patterns [Figure 6]; (iii) Condylar Head Landmarks: These are anatomical reference points on the
mandibular condyle heads (CHL, CHLT for the left side; CHR, CHRT for the right side), critical for
positioning the condyle within the mandibular fossa to ensure TMJ functionality [Figure 7].

Objective function and optimization

The algorithm employs a weighted objective function to optimize the alignment of mandibular segments,
incorporating multiple constraints to address dental occlusion, condylar positioning, and fracture gap
minimization:

Min (w1 ELESIELUSIE 4 39 BILS2LLUSAE 4 g3 MidS -, 0] - MidU[:, 0]
+wA||CHL — CHLT||? + w5|[CHR — CHRT||? + w6 Z1/51=525117

+w7 3, (LS1[: 1] < LUS1[: 1]) + w8 $(LS 2[:, 1] < LUS2[:, 1])

+w9 Y, (JS1[:,0] < JS2S1[:,0]))

The objective function is defined as a weighted sum of nine terms: (i) Terms 1-3 align mandibular and
maxillary dental landmarks (LS1, LS2, LUS1, LUS2, MidS, MidU) to ensure proper occlusion; (ii) Terms 4-5
regulate condylar head positioning (CHL, CHLT, CHR, CHRT) for TM]J articulation; (iii) Term 6 minimizes
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Figure 4. Maxillary dentition with landmark positioning. (A) Upper right dentition with landmarks indicated by red dots; (B) Upper left
dentition with landmarks indicated by red dots.

the gap between fracture landmarks (JS1, JS2S1) to enhance bone healing; and (iv) Terms 7-9 prevent
interpenetration and volume overlaps between 3D segments to ensure anatomical feasibility. The objective
function quantifies alignment error as the weighted sum of squared differences between transformed and
target landmark positions, with weights reflecting clinical priorities. A genetic algorithm (GA) facilitated by
the DEAP library framework was employed to optimize the transformation parameters (rotation and
translation) for each mandibular segment, with each GA individual encoding 12 parameters: six for rotation
(three angles per segment, constrained to + 0.349 radians) and six for translation (three values per segment,
constrained to + 10 mm)®.

The GA was configured with the following parameters: (i) Population size of 1,000 individuals, initialized
with zero parameters - this neutral starting point allows the algorithm to systematically explore the solution
space and identify optimal transformations without an initial bias; (ii) Generations set to 6,000 iterations; (iii)
Genetic operators including crossover using blend crossover (cxBlend) with a blending factor (alpha) of 0.5
and a crossover probability (cxpb) of 0.9, mutation using Gaussian mutation (mutGaussian) with a mutation
strength (sigma) of 0.2 and an individual mutation probability (indpb) of 0.2, and selection using
tournament selection with a tournament size of 3. Fitness was evaluated based on the total alignment error,
and statistical metrics (average, standard deviation, minimum, and maximum fitness) were recorded per
generation to monitor convergence. The optimal transformation parameters were then used to construct
4 x 4 transformation matrices, which were applied to the 3D mesh representations for precise segment
realignment.

To ensure reproducibility, a fixed random seed (seed = 42) was set for both NumPy and Python’s random
module prior to population initialization. Given identical input data and a fixed seed, the GA’s stochastic
operators (Gaussian mutation, tournament selection) produce deterministic and reproducible results across

repeated executions.
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Figure 5. Mandibular dentition with landmark positioning. (A) Lower right dentition with landmarks indicated by red dots; (B) Lower left
dentition with landmarks indicated by red dots.

Figure 6. Mandibular fracture landmarks. (A) Right side of the mandible with fracture landmarks indicated by red dots; (B) Left side of the
mandible with fracture landmarks indicated by red dots.
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Figure 7. Mandibular condyle head landmarks. (A) Right condyle head of the mandible with a landmark indicated by a red dot; (B) Left
condyle head of the mandible with a landmark indicated by a red dot.

Weight assignment in the objective function
Weights for the objective function were determined through 14 experimental iterations by varying weights
while maintaining a total sum of 1. The following considerations guided the iterations.

The highest weight is assigned to we, as aligning the fracture sections is the most fundamental and critical
aspect of the surgery. Proper alignment of fracture segments ensures the restoration of the mandible’s
structural integrity and functional capacity, which are primary objectives in mandibular reconstruction. The
smallest weight is assigned to w3, reflecting the clinical observation that patients often do not have perfectly
aligned dental midlines prior to fracture. Additionally, in jawbone reduction, aesthetic considerations such as
dental midline alignment are of secondary importance compared to functional restoration. Thus, this term is
given the lowest priority in the objective function.

Larger weights are assigned to w1 and w2 to minimize the distance between the dental landmarks of the
maxilla and mandible. These terms ensure proper dental occlusion, which is essential for functional recovery
and patient comfort. The alignment of dental landmarks directly impacts the patient’s ability to chew, speak,
and maintain oral health.

The weights for the condyle head term (w4 and w5) are assigned to anchor the condyle heads in their target
positions. Proper alignment of the condyles is crucial for restoring mandibular articulation and ensuring the
stability of the TMJ. These terms contribute to the overall alignment of the mandible by providing a stable
reference point for repositioning. The weights w7, w8, and w9 are assigned to mitigate interpenetration and
prevent volume overlap among the 3D reconstructed segments. These terms ensure anatomical feasibility
and avoid unrealistic configurations that could compromise the surgical outcome and have been given the
lowest weights and kept constant along with w3 throughout the experiments.
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The experiments are summarized in Table 1. Experiments 7 and 10 are representative cases. In experiment
10, minimizing the distance between the fractures is given the highest priority to determine whether this
alone can solve the problem, omitting the occlusion criterion and positioning of the condyle inside the
mandibular fossa. Experiment 7 omitted the positioning of the condyle as a factor.

Minimization of the sum of the distances between the fracture landmarks and the dental landmarks to
achieve occlusion is the clinical criterion; as such, experiment 13 yields the best performance. The best results
are as follows: (i) we (fracture alignment) is assigned the highest weight (0.4); (ii) w1 and w2 (dental
occlusion) are assigned moderate weights (0.15 each); (iii) w4 and w5 (condylar positioning) are assigned
weights of 0.05 each to ensure TM] stability; (iv) w3 (dental midline alignment) is assigned the lowest weight
(0.05); and v) w7, w8, and w9 (interpenetration prevention) are assigned weights of 0.05 each to ensure
anatomical feasibility.

Initial alignment results

The mean Euclidean distance for fracture landmarks was 1.39 mm, with additional metrics for dental
occlusion (left: 2.53 mm, right: 3.00 mm) and condylar landmarks (left: 2.32 mm, right: 1.79 mm), yielding a
combined dental and fracture alignment error (A + B + C) of 6.92 mm.

Fine alignment with ICP

To address overlaps observed between the bone fragments, the SimpleICP - a simplified implementation of
the ICP algorithm was employed for precise alignment of fracture fragments. The 3D models of repositioned
segments were converted to point clouds, with one designated as the “moving” point cloud and the other as
the “fixed” point cloud. The ICP algorithm iteratively minimized discrepancies in the overlap region through
the following steps: (i) Matching - correspondences were established between points in the moving and fixed
point clouds using a nearest-neighbor search within a threshold defined by the mean Euclidean distance
from the GA (1.39 mm), with points lacking correspondences within this threshold being rejected; (ii)
Minimization - a point-to-plane error metric was minimized using least-squares optimization to estimate
rigid-body transformation parameters (rotation and translation), producing the transformation matrix (H)
that aligned the moving point cloud with the fixed one; and (iii) Transformation - the computed
transformation matrix was applied to the 3D mesh of the moving segment, and the aligned mesh was
exported as an STL file.

Final registration of condylar and dental landmarks

A final rigid registration step was performed to ensure precise alignment of condylar head and dental
landmarks [Figure 8]. The source point cloud, comprising condylar head landmarks and the central fossa of
mandibular molars, was aligned with the target point cloud, consisting of original condylar landmarks and
the mesiopalatal cusp of maxillary molars. A 4 x 4 transformation matrix was computed and applied to the
repositioned fragments to ensure accurate TM]J articulation and dental occlusion.

Quantification of the overlap volume and the direct contact area

The quantification of the overlap between two bone fragments can be achieved by computing the volume of
their intersecting region. This volume of overlap could serve as a key performance indicator (KPI). A higher
overlap volume may signal a false alarm, indicating suboptimal repositioning in which the meshes
interpenetrate excessively and deviate from anatomically or mechanically correct alignment.

The fit between repositioned bone fragments can be quantitatively assessed by measuring the direct contact
area, which represents the extent of surface adjacency between the fragments following alignment. This
metric serves as a KPI for evaluating the effectiveness of the repositioning algorithm, where a higher contact
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Table 1. Summary of experiments to determine optimum weights

ExpNo. W1 W2 W4 W5 W6 Fitness MED fracture (A) MED occlusion left (B) MED occlusion right (C) MED left condyle MED right condyle A+B+C
1 015 015 025 04325 0.25 4.62 1.51 2.85 294 0.8 0.6 7.3

2 0.1 0.1 015 035 035 391 1.47 3 3 0.54 0.4 7.47
3 0.08 0.08 017 017 03 337 1.47 3.02 3.02 0.37 0.31 7.51
4 0.09 0.09 016 0316 03 359 1.47 3.02 3 0.49 0.37 7.49
5 012 012 04 0.1 036 4.37 1.45 293 2.99 1 0.61 7.37
6 01 01 01 0.1 0.4 399 1.46 294 299 0.73 0.45 7.39
7 035 015 O 0 05 5.04 1.43 216 3.28 10 3.51 6.87
8 0 0 015 015 05 165 1.5 4.5 6.37 0.16 0.09 12.37
9 016 016 0.09 0.09 03 4.87 1.45 274 2.95 1.09 0.72 7.4
10 0 0 0 0 08 204 1.43 65.1 44.93 78.07 23.33 111.46
n 015 015 04 0.1 03 472 1.49 2.82 2.95 0.87 0.68 7.26
12 017 017 0.08 0.08 03 504 137 2.67 295 1.43 1 6.99
13 015 015 0.05 0.05 04 5m 139 253 3 232 179 6.92
14 02 02 005 005 03 52 1.5 2.62 2.87 1.77 1.25 6.99

W3 =W7=W8=W?9 =0.05 and kept constant throughout the experiments

W1, W2 = weights for dental occlusion; W4, W5 = weights for condylar positioning; W6 = weight for fracture alignment; Fitness = overall objective function performance; MED fracture (A) = Mean Euclidean Distance at fracture
landmarks; MED occlusion left (B) = Mean Euclidean Distance at left occlusion landmarks; MED occlusion right (C) = Mean Euclidean Distance at right occlusion landmarks; MED left condyle = Mean Euclidean Distance at left
condyle landmarks; MED right condyle = Mean Euclidean Distance at right condyle landmarks; A + B + C = combined MED for interfragmentary gap and occlusion accuracy.

area indicates a greater degree of fit, suggesting that the meshes have been repositioned with enhanced accuracy and anatomical fidelity. To establish typical threshold
values for this KPI, a statistical analysis of cross-sectional areas from a diverse cohort of healthy mandibles and varied fracture line morphologies is recommended,
enabling the identification of benchmarks that correlate with successful repositioning outcomes.

The overlap volume and contact area were computed in Python using the trimesh library (version 4.5.2), with Boolean mesh intersection performed via the Manifold3d
backend. The fracture fragments were loaded as individual STL meshes following the GA-based optimization and ICP registration steps. Pairwise Boolean intersections
were computed between the adjacent fragments. All input meshes were confirmed to be watertight (manifold, closed surfaces) prior to the Boolean operation, satisfying
the precondition required for valid volume computation via the Divergence Theorem.
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Figure 8. Final registration of condylar and dental landmarks in the simulated fracture. (A) Right lateral view of the mandible with
dentition; (B) Left lateral view of the mandible with dentition; (C) Frontal view showing the complete mandibular arch and dentition after
rigid registration of condylar head and dental landmarks.

The overlap volume in the repositioned simulated fracture was 167.50 mm’ and the corresponding direct
contact area was 754.44 mm”.

Algorithm performance

The synthetic validation model provided a controlled environment for quantitative analysis, allowing a direct
comparison between the algorithmically reduced and the original unfractured mandible geometry. An
illustrative clinical application was subsequently performed on three mandible fracture cases to demonstrate
the algorithm's technical feasibility across varying fracture patterns and degrees of displacement.
Computation time for each reduction averaged 25-28 min on a standard workstation (Intel Core i7, 32 GB
RAM). The algorithm showed robust convergence behavior and stable accuracy across all tested fracture
configurations.

RESULTS

Surface distance analysis

To evaluate the accuracy of the proposed repositioning algorithm, the repositioned 3D mandibular model
was superimposed onto the original pre-fracture model. A surface distance map was generated with the
Python library PyVista (version 0.44.1)"" to quantify spatial discrepancies between the repositioned and
original configurations, providing both visual and numerical assessments of anatomical alignment. The
maximum deviation between the repositioned model and the pre-fracture reference was 1.58 mm, with
minimum deviations approaching 0 mm. Notably, deviations along the fracture cut surfaces were
predominantly within 1 mm, aligning with the acceptable interfragmentary gap for ORIF as reported in the
literature®*. These results indicate that the algorithm achieves high anatomical accuracy, particularly in
regions critical for fracture alignment and bone healing [Figure 9].

Occlusal alignment evaluation

The quality of dental occlusion was assessed by measuring the Euclidean distance between the mesiopalatal
cusp of the maxillary molars and the central groove of the mandibular molars, comparing the pre-fracture
and repositioned models. Table 2 summarizes the molar relationship metrics for both sides of the mandible.
The deviations in molar relations were minimal, with 0.07 mm on the right side and 0.15 mm on the left side.
These results demonstrate that the repositioning algorithm successfully restored occlusal relationships
comparable to the pre-fracture state, ensuring functional bite mechanics and supporting the structural
integrity of the mandibular fracture reduction.



Scariah et al. Art Int Surg. 2026;6:395-416 Page 407

Figure 9. Surface-distance map; repositioned model to original model.

Table 2. Evaluation of deviation in right and left molar relation based on occlusion

Molar relation Original model Repositioned model Deviation
Right molar relation (R) 1.55 mm 1.62 0.07 mm
Left molar relation (L) 3.90 mm 3.75 0.15 mm

Application to Clinical Cases
The algorithm was applied to three clinical cases to evaluate its feasibility. Specifications of the fractures are
as follows:

Case 1

This is a clinical case involving a single fracture line in the angular region of the mandible. The fracture
resulted in significant displacement of the bone fragments prior to repositioning [Figure 10A]. Due to the
patient’s dentition, only one corresponding dental landmark was available for algorithmic alignment, as
posterior molars required for additional occlusal reference points were absent. Four corresponding fracture
landmarks were identified in the mandibular fracture region. Supplementary reference points included the
midpoints of the maxillary and mandibular arches as well as anatomical landmarks on the condylar head.
The repositioned model is shown in Figure 10B.
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Figure 10. Virtual fracture reduction for Case 1. (A) Pre-reduction view showing displaced fragments; (B) Post-reduction configuration
following algorithmic alignment; (C) Color-coded overlap map illustrating the congruence of fracture interfaces.

Case 2

In Case 2, two fracture lines were present: one located in the left mandibular angle and another in the right
mandibular body region. Three-dimensional reconstruction from CT data revealed significant displacement
of the fracture fragments [Figure 11A]. For alignment, two corresponding molar landmarks were identified
bilaterally in the mandibular and maxillary structures. Additionally, anatomical landmarks on the condyle
heads and four pairs of fracture-specific landmarks were selected to support repositioning. The repositioned
model is given in Figure 11B.

Case 3

Case 3 presented with two fracture lines, both located within the mandibular body region. The first fracture
was identified at the third molar on the left side, while the second was situated at the first molar on the right
side [Figure 12A]. For repositioning, four pairs of corresponding dental landmarks were used in combination
with nine pairs of fracture-specific landmarks to ensure both occlusal and structural accuracy. The
repositioned model is given in Figure 12B.

Clinical evaluation of the VFR algorithm

Objective evaluation of fracture repositioning in clinical cases presents inherent challenges, as no pre-
fracture reference model exists for comparison. To address this limitation, several corresponding anatomical
landmarks were placed on the repositioned bone segments. The mean Euclidean distance between these
landmarks was calculated for each fracture. The resultant values ranged from 0.22 to 0.70 mm across the five
fracture segments in the three cases, with an overall mean of 0.50 = 0.19 mm (95%CI: 0.27-0.74 mm),
indicating consistent alignment. This value lies well within the clinically acceptable threshold of 1 mm,
thereby indicating accurate repositioning. The results are summarized in Table 3.
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Figure 11. Virtual fracture reduction for Case 2. (A) Pre-reduction view showing displaced fragments; (B) Post-reduction configuration
following algorithmic alignment; (C) Color-coded overlap map illustrating the congruence of fracture interfaces.

B

Figure 12. Virtual fracture reduction for Case 3. (A) Pre-reduction view showing displaced fragments; (B) Post-reduction configuration
following algorithmic alignment; (C) Color-coded overlap map illustrating the congruence of fracture interfaces.
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Table 3. Mean Euclidean distance (mm) of virtual fracture reduction per fracture segment across clinical cases, with overall mean,
standard deviation, and 95%ClI

Case Mean Euclidean distance (mm)
Case 1 0.60

Case 2 (Left) 0.43

Case 2 (Right) 0.70

Case 3 (Left) 0.22

Case 3 (Right) 0.57

Mean + SD 0.50+0.19

95% Cl 0.27-0.74

Cl: Confidence interval; SD: standard deviation.

Table 4. Case 1, Case 2 and Case 3 quantitative KPIs are summarized

KPI Case 1 Case 2 Case 3
Overlap Volume (Left) 28.54 mm? 61.86 mm? 50.67 mm3
Direct Contact Area (Left) 216.00 mm? 338.65 mm? 405.68 mm?
Overlap Volume (Right) N/A 19.26 mm? 1N3.47 mm3
Direct Contact Area (Right) N/A 530.07 mm? 533.17 mm?

KPI: Key performance indicator; VFR: virtual fracture reduction; MED: mean Euclidean distance. N/A indicates that the specific metric was not
applicable to the anatomical features of the case.

Table 5. Algorithm runtime for the clinical cases

Case Algorithm runtime (in minutes)
Case 1 253
Case 2 27.6
Case 3 26.8

To further analyze repositioning accuracy, the fracture segments were examined for potential overlaps. A
color-coded intersection colormap was generated using Geomagic Freeform 2024 software (v2024.0.87,
Ogqton Inc.) to visualize the degree of congruence along the fracture contours [Figures 10C, 11C and 12C].
Opverlaps within a 2 mm threshold were plotted, revealing that most outer contours showed high congruence,
with deviations typically ranging between 0.60 and 1.00 mm. The KPIs for each case were calculated as
described in section 2.10 and summarized in Table 4. The algorithm runtime for each case is given in Table
5.

DISCUSSION

VER represents an emerging technique to streamline preoperative surgical planning and catalyze fast-track
fracture repair. In this study, we developed and tested a novel algorithm that showed high precision in
mandibular fracture reduction, closely restoring pre-fracture anatomy.

In our study, the repositioned mandible segments aligned with high accuracy. The quantified surface
deviations (mostly < 1 mm) are comparable to recent digital-reduction models that reported similarly close
realignment!'). For instance, Nilsson et al. performed VFR in 12 patients and found interfragmentary
distances of less than 2 mm'"**. In parallel with this finding, Saloniemi et al. included 10 patients with
dislocated subcondylar mandibular fractures. The authors reported close alignment of fracture lines
(<2 mm)"?. Such close fracture reduction may support direct lamellar bone healing'****). Overall, the
algorithm may serve as a virtual tool to closely restore pre-injury anatomy.
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The algorithm further showed promising occlusal relationship reconstruction, achieving molar relationships
similar to the preoperative state (within 0.1 mm). This finding mirrors previous research by Wang et al., who
performed CT-based VFR planning for 27 patients with fractures. Interestingly, the authors reported the
restoration of the original occlusion with less than 0.5 mm deviation'*. Similarly, a 2024 Chinese study
enrolled 15 patients with old mandible fractures who presented with postoperative malocclusion defects.
Leveraging VFR, occlusal function reconstruction was achieved in all cases*”. Such precise occlusal
alignment is crucial for functional bite mechanics and positive long-term outcomes*. Collectively, our study
presents an algorithm to support surgeons in restoring the patient’s pre-fracture occlusion without extensive
intraoperative gauging, potentially reducing postoperative malocclusion and the need for secondary
revisions.

In the three representative cases (simple and comminuted fractures), mean interfragmentary gaps were
0.22-0.70 mm. Although a direct pre-trauma comparison was unavailable, the sub-millimeter deviations were
comparable to the typical precision of manual reduction">*". This consistency across different fracture
patterns suggests robustness of the method. Clinically, these results imply that the algorithm could
standardize reduction even in complex bilateral or dislocated fractures, providing surgeons with a
quantitative target for fragment positioning and reducing reliance on subjective alignment or interdental
fixation. The KPIs developed herein provide a more comprehensive evaluation framework, moving beyond
simplistic metrics such as Euclidean distance between fracture surfaces and thereby adding robustness to the
assessment methodology. Nevertheless, the clinical applicability of the proposed KPIs warrants further
statistical modeling and rigorous validation prior to their adoption as reliable performance metrics.
Normative values for contact areas and overlapping volumes across distinct anatomical regions should be
established through studies that include larger, more diverse datasets. It is important to address the variation
observed in KPIs, such as overlap volumes, which ranged from 28.54 to 119.26 mm’. These variations
represent a direct consequence of patient-specific anatomical limitations rather than unexplained
algorithmic errors. For instance, in Case 1, the absence of posterior molars limited the availability of occlusal
reference points, resulting in greater volume overlap compared to fully dentate cases. This highlights a
current technical boundary in applying the algorithm to partially edentulous patients, where landmark
sparsity directly influences the algorithmic fit. However, future studies are warranted to apply this algorithm
to larger patient populations with challenging mandibular fractures or revision surgery.

Despite its promise, VFR is not without challenges. CT artefacts, slice thickness, and segmentation errors can
distort the STL geometry and fracture line definition. Landmark identification is another critical source of
error, particularly in comminuted or edentulous areas where reliable reference points are scarce. Condylar
positioning remains difficult to standardize virtually, and even small rotational mismatches may translate
into altered TMJ loading"">*!. Algorithm optimization in surgical fields can also be fragile - different weight
settings or local minima may yield reductions that appear correct but are not anatomically optimal®***).
Translating the virtual plan into the operating room adds another layer of complexity, as 3D-printed guides
or pre-bent plates may introduce millimetric discrepancies through printing tolerances, sterilization warping,
or screw placement. In addition, workflow demands - software licensing, segmentation time, and technical
expertise - limit routine clinical use, while chronic or old fractures with callus formation or tooth migration
present alignment targets that are more difficult to define”***". Finally, many studies emphasize bone-level
accuracy, with less evidence on long-term outcomes such as masticatory function, TMJ health, or
Neurosensory recovery.

Overall, for clinicians, these results highlight that VFR has the potential to augment mandibular fracture
management with millimetric precision, particularly in complex or bilateral injuries. At present, however,
physicians should view VFR as a supportive tool rather than a replacement for intraoperative judgment,
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especially in cases complicated by callus formation, poor imaging quality, or edentulism. Patients,
meanwhile, should be counseled that while digital planning may improve anatomical alignment and shorten
operating time, robust data on functional recovery, TMJ outcomes, and long-term complication rates remain
limited. Future research should prioritize larger prospective studies to compare VFR with conventional
reduction across diverse fracture types, as well as multicenter trials to evaluate reproducibility in real-world
trauma workflows. Moreover, cost-effectiveness analyses and integration into fast-track trauma care
pathways are needed to determine clinical feasibility at scale. Ultimately, VFR represents a promising adjunct
in maxillofacial trauma surgery, but its broader adoption will require validation beyond geometric accuracy
to encompass functional, economic, and patient-reported outcomes.

LIMITATIONS

This study has several limitations, primarily because it is a preliminary technical report rather than a
comprehensive clinical trial. First, the clinical evaluation was limited to three illustrative cases without formal
statistical analysis; thus, the findings serve as an algorithmic proof of concept rather than broad clinical
validation. In these clinical cases, no true pre-fracture reference was available, so accuracy was inferred from
surrogate landmarks and surface maps.

Importantly, the proposed method is strictly landmark-dependent. Algorithm performance and fit can be
significantly affected by anatomical limitations, including partial edentulism, comminution, callus, or CT
artifacts. For instance, the wide variation observed in overlap volumes within our KPIs (ranging from 28.54
to 119.26 mm®) is directly attributable to anatomical variations like missing posterior molars (as seen in
Case 1), which reduce the availability of occlusal reference points, rather than unexplained algorithmic
errors.

Furthermore, soft-tissue forces, condylar seating, and TMJ loading were not modeled, and the algorithm
relies on weight tuning that may not generalize beyond this dataset. Translation into the operating room
(OR) introduces additional errors due to guide fabrication, sterilization, and screw placement, none of which
were systematically tested. Planning time, learning curve, and cost implications were also not evaluated.
Finally, outcomes were limited to bone geometry, without functional or patient-reported measures, and
reproducibility across operators or centers was not assessed.

Future work should include larger, multicenter cohorts powered for robust statistical analysis to definitively
validate clinical efficacy. Such studies should incorporate standardized functional outcomes, error-budget
assessments spanning imaging to fixation, robustness testing of algorithm parameters across diverse
anatomies, and evaluations of workflow efficiency and cost-effectiveness. Integration with intraoperative
navigation, splinting, and automated landmarking may further enhance reliability and clinical adoption.

CONCLUSIONS

The proposed VFR algorithm reliably restores preoperative mandibular anatomy and occlusion with high
accuracy in all applied clinical cases. Its precision matches clinically accepted reduction tolerances and could
improve ORIF outcomes by providing surgeons precise realignment targets and rapid reconstruction
strategies. Further clinical validation and larger-scale trials are warranted to assess its long-term impact on
surgical efficiency and fracture healing.
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