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V. Mejia-Gallon et al.

/ Abstract \

Context: Non-fatal injuries represent a public health issue. Among them, lower limb fractures have a
large impact on the costs related to orthopedic treatments. In this work, a three-dimensional reconstruc-
tion of the tibia and fibula was performed for biomechanical applications with the purpose of defining the
3D reconstruction parameters that allow reducing patients’ radiation exposure and computational costs.
Method: For the 3D reconstruction, a computerized tomography taken from a volunteer was used, as
well as two software applications specialized in DICOM image reconstruction (Mimics Research and
3DSlicer). The number of images included in the volume was modified, and the results were compared.
The quality of the reconstructed volumes was verified by comparing the reference volume reconstructed
with the total number of images/slices vs. the modified volumes. The MeshLab software was used for this
purpose. The analyzed parameters were the distance differences between the reference and the alternative
models, as well as the qualitative curvature analysis.

Results: The ANOVA results for the Max (maximum distance between meshes) response shows that
software and slices are significant factors. However, the software-slices interaction did not have a signifi-
cant influence. As for the RMS (root mean square) distance response, software, slices, and the software-
slices interaction are not significant. For the Mean distance response, slices and the software-slices in-
teraction are not significant. Nevertheless, software significantly influences the response. These results
suggest a potential way to reduce the computational cost and the patient’s radiation exposure in future
biomechanical and preoperatory analyses, since the same quality can be obtained by including fewer 2D
images in the reconstruction.

Conclusions: The reconstructed surfaces are smoother when Mimics is used, even though the same
smoothness factor was employed in both software applications during the reconstruction. When 16 slices
are used (retained every 16 images from the complete original model), the distance differences increased
for both bones (tibia and fibula). For the RMS, reducing the number of slices and using either one of the
two applications analyzed would not show any significant differences in the reconstruction, thus allowing
the potential reduction of radiation exposure of the patient.

Keywords: biomechanical models, fibula, 3D reconstruction, tibia
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/ Resumen \

Contexto: Las lesiones no fatales representan un problema de salud ptiblica. Entre ellas, las fracturas
de las extremidades inferiores tienen un gran impacto en los costos relacionados con los tratamientos
ortopédicos. En este trabajo se realizé una reconstruccion tridimensional de la tibia y el peroné para
aplicaciones biomecanicas con el fin de definir los parametros de reconstruccion 3D que permitan reducir
la exposicion a la radiacidn de los pacientes y el costo computacional.

Método: Para la reconstruccién 3D se empled una tomografia computarizada tomada a un voluntario. Se
utilizaron dos programas de software especializados en la reconstruccion de imagenes DICOM (Mimics
Research y 3DSlicer). Se modificé el nimero de imdgenes 2D incluidas en el volumen y se compararon
los resultados. La calidad de los volimenes reconstruidos se verificé comparando el volumen de referen-
cia reconstruido con el nimero total de imagenes/cortes frente a los volimenes modificados. Para ello
se utilizé el software MeshLab. Los pardmetros analizados fueron las diferencias de distancia entre el
modelo de referencia y el alternativo, y el andlisis cualitativo de la curvatura.

Resultados: Los resultados del ANOVA para la respuesta Max (distancia méxima entre mallas) mues-
tran que el software y los cortes son factores significativos. Sin embargo, la interaccién software-cortes
no tuvo una influencia significativa. Para la respuesta RMS (Root Mean Square) el software, los cortes y
la interaccidn software*cortes no son significativos. Para la respuesta media, los cortes y la interaccién
software-cortes no son significativos. Sin embargo, el software influye significativamente en los resulta-
dos. Estos resultados suponen una reduccién del coste computacional y de la exposicién de los pacientes
a radiacion en futuros andlisis biomecénicos y preoperatorios, ya que se puede obtener la misma calidad
incluyendo menos imdgenes 2D en la reconstruccion.

Conclusiones: Las superficies reconstruidas son mas suaves cuando se utiliza Mimics a pesar de que se
utiliz6 el mismo factor de suavidad en ambos programas durante la reconstruccién. Cuando se utilizan 16
cortes (retenidas cada 16 imdgenes del modelo original completo), las diferencias de distancia aumentan
para ambos huesos (tibia y peroné). Para el RMS, reducir el nimero de cortes y utilizar cualquiera de
los dos programas analizados no presentaria diferencias significativas en la reconstruccién plantedndose
como una forma potencial para la reduccién de la exposicion a la radiacion del paciente.

Palabras clave: modelos biomecdnicos, peroné, reconstruccién 3D, tibia
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1. Introduction

The World Health Organization (WHO) defines non-fatal injuries as a public health problem [1].
Within these traumas, tibia injuries have been demonstrated to be one of the most common. Epi-
demiological studies worldwide report that this type of injury represents the largest number of
fractures, which can be attributed to traffic accidents affecting the lower limbs [2], [3]. Moreover,
the National Institute of Forensic Medicine reported tibia fractures as the third most prevalent pe-
diatric injury. According to the data reported by the WHO, on an annual basis, between 20 and 50
million people in the world suffer non-fatal injuries due to traffic accidents, highlighting lower limb
fractures as a public health problem. Hence, repairing lower limb fractures greatly impacts the costs
related to orthopedic treatments around the world. [4], [5] indicate that the leading causes of tibial
fractures in developed countries like Sweden between 2011 and 2015 were simple falls (44 %) and
traffic accidents (22 %). Tibial fractures can be classified according to their location and type of
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injury. The Orthopedic Trauma Association and the AO Foundation classified these fractures by lo-
cation and morphology, and they provided additional classifications related to open, pediatric, and
periprosthetic fractures [6]. Tibial plateau fractures are prevalent, and they have been divided into
several groups: lateral and medial tibial plateau fractures, posterior tibial plateau fractures, coronal
splits, bicondylar fractures, and under subcondylar fractures [7]. The type of treatment is selected
based on the surgeon’s experience, and, in some cases, the result can be subjective. Another option
to select and evaluate the fixation geometry is the use biomechanical models, which are developed
based on a 3D reconstruction of fractured bones.

Biomechanical models allow evaluating and predicting the behavior of potential fixation configu-
rations in different types of fractures using computer simulation and laboratory tests [$]. Compu-
tational models also aid in making several therapeutic decisions, such as patient positioning for
radiotherapy treatments [9], kidney stones surgery [10], and preoperative orthopedic planning pro-
cesses [1 1], [12]. The construction of biomechanical models starts with the acquisition of a stack of
2D cross-sectional medical images (i.e., computerized tomography, CT), which are then volumetri-
cally represented and used in numerical computational analyses. Therefore, improving the image
acquisition protocols would provide safer and more cost-effective processes. Experimental analysis
of the influence of scan resolution, thresholding, and reconstruction algorithm on CT-based kine-
matic measurements [ 3] showed no significant influence on the accuracy of the calculated bone
kinematics. Therefore, a lower resolution scan was recommended, which is one of the physical
parameters to optimize the quality of the image for it to be good enough to perform a clinical diag-
nostic or a 3D reconstruction while keeping the patient’s radiation exposure as low as possible [ 14].
This is especially important since low-dose radiation exposure due to the increasingly common use
of CT has been associated with a potential increased risk of cancer in patients, especially in chil-
dren [15].

As mentioned above, the first step to developing a biomechanical model is reconstruction using a
2D stack of tomographic images in a medical image analysis software (such as Mimics or 3DSli-
cer). Previous reports [16] have found minimum differences when the reconstruction is carried out
using different free software applications, which obtained bone models of good quality. The authors
postulated that freeware is suitable for 3D bone model reconstruction. In this work, a commercial
(Mimics Research 19.0, research license) and free software (Slicer, version 4.11) were included in
the analysis to study the offer of computational tools and their compliance with quality standards.
This paper aims to evaluate the configurations used for 3D reconstructions in the tibia and fibu-
la for applications in biomechanical fracture models. This evaluation includes the advantages and
disadvantages of two software applications, as well as the number of slices required for quality
reconstruction, aiming to reduce the potential exposure dose to radiation.

2. Experimentation

2.1. Acquisition of 2D cross-sectional medical images for 3D reconstruction

Tomography images were taken from an individual male, who was 25 years old and 1,82 m tall,
with a weight of 80 kg and no reported pathologies. Before the image acquisition, the volunteer
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filled out an informed consent. He was chosen to be used in future studies since his results could
be compared to previously collected data available in Opensim databases. The tomographic images
were taken using the parameters shown in Table I, based on the CT scan protocol provided by Ma-
terialise [17].

Table 1. Parameters obtained for the CT scan

Parameter Value Parameter Value
Scanning CT kVp 120
technique

(Axial, sagittal,
Planes coronal) A, S, C mAs 150
Target tissue Bone Pitch 0,9
. Width < 50 cm. Details: Complete
Field of ) .. .
. pelvis between the iliac crests. From Matrix 512x 512
view -FOV ) ..
astragalus to proximal ilium.
Slice 0.5 mm Bones Tibia and fibula
thickness ’ (left and right)
Slice Increment 1,25 mm Contrast None
Tilt None Image type  py100Mm
file
Scan 40%
Ve Helical mode Overlap (0,5mm/
yp 1,25mm)

2.2. Selection of reconstruction software

Two software applications with similar capabilities were selected because they were readily avai-
lable for the study. The selected software was Mimics Research 19.0 (research license) and 3DS-
licer (Slicer version 4.11.20210226, open source). The capabilities of the both applications are
shown in Table II.

2.3. Modeling the tibia

The total number of 2D cross-sectional images (slices) acquired during the CT scan was 2.118.
After obtaining the data, the reference model was reconstructed. Alternative models were also re-
constructed, creating gaps between the 2D slice files. Table III shows the different number of slices
(retained slices from the reference model) used to reconstruct the alternative models. The model’s
total number of images/slices considered the helicoidal scanning mode, and the same number was
used for both software applications.

The general operation principle was similar in both applications, including importing the DICOM
files. The threshold values with a minimum of 124 HU and a maximum of 3.071 HU were used.

Image segmentation was performed using various tools that met the same objectives in both Mi-
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Table I1. Capabilities of two software used in this study

Software Operating Input Output Features
system Data Data
No linear transfor-
DICOM, NRRD JPEG, PNG, matlon§ .
Metalmage, VTK 2D and 3D visuali-
- TIFF, VTK . . .
Analyze, NifT1, BMP Imace. STL zation and interactive
3DSlicer Windows BioRad, Brains2, OB Jg V’olume,: segmentation of im
(Slicer version MacOS GIPL, JPEG, LSM, ren’derin -age and data
4.11.2021022) Linux PNG Stimulate, NRRD img’ Support for moduli
TIFF, MGH-NMR, < mer’ltati%cl)ie of command-line in-
MRC, & VTK ’ terface (CLI)
Electron Density ' Multiple compatible
extensions
STL, OBJ, )
and PLY for- Threshpldlng tool
o mats. volume and active cpntour
Mimics Windows CT, uCT or rendering, and threshold{ng.
Research Linux MRI, DICOM manual or STL creation.
19.0 ’ ) ) Mess for FEM
semiautomatic .
. Commercial soft-
image seg-
) ware
mentation.

Table III. Parameters using different software

Number of slices

Expected Total number

gap (mm) of images
Alternatl.ve. model 1: 2 424
Every 4 images

Alternatl've. model 2: 3 303
Every 6 images

Alternatl've. model 3: 4 236
Every 8 images

AlternatlYe. model 4: 8 128
Every 16 images

Reference model: Full 0.5 2.118

set

mics and 3D Slicer. A smooth factor of 0,4 was performed in two iterations, as well as minimal
intervention of manual segmentation of the mask. A schematic representation of the steps used to
obtain the model is shown in Fig. 1.

2.4. Analysis of reconstructed tibias and fibulas

A factorial design was used to analyze the effect of two factors: software and the number of slices
in the RMS (root mean square), Max (maximum distance between meshes), and Mean distance
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Figure 1. Schematic representations of the steps used to obtain the volumetric model

responses. The responses were obtained via the Euclidean distance of the model with a reduced
number of slices vs. the control (the model with the complete number of slices). The MeshLab
software was used to calculate the Hausdorff distance, which refers to the maximum distance bet-
ween two subsets of points, where one belongs to an x-mesh, and the other belongs to a y-mesh.
MeshLab samples each point belonging to the x-mesh and takes the closest point of the y-mesh.
Therefore, it is very important to perform a previous alignment process between the meshes as ac-
curately as possible. It is also essential to take as many points as possible when applying the filter,
which can be ensured by sampling the vertices, edges, and faces [18]. The software factor had two
levels: Mimics and 3D Slicer. The number of slices factor had four levels: 4, 6, 8, and 16. The
alternative reconstructed models were compared with the reference model, and the right tibia and
left tibia were considered as replications. The experimental setup is shown in Table V. Residual
plots were used to test the normality, independence, and constant variance assumptions (data not
shown). Outliers identified via scatter plots were extracted from the analysis. The incidence of the
effects and two-level interactions was evaluated via ANOVA (p <0,05).
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Table IV. Experimental setup for the factorials design
Run Order Blocks Software Slices yl RMS y2 Max y3 Mean

16 Mimics 4 0,0903  0,8401  0,0633
15 Mimics 6 0,1311  0,7851 0,106
12 Mimics 8 0,1981 11,3788  0,1448
10 Left Mimics 16 0,289 1,3786  0,2542
9 tibia 3D Slicer 4 0,1453  0,7742  0,0473
14 3D Slicer 6 0,147 0,8535  0,0654
13 3D Slicer 8 0,1829  0,9685  0,1131

11 3D Slicer 16 0,2266  1,0433  0,1355
Mimics 4 0,2627  0,6525  0,2548
Mimics 6 0,298 1,097 0,2815
Mimics 8 0,3327  1,4137  0,2946
Right  Mimics 16 0,268 1,9779  0,1555
tibia 3D Slicer 4 0,0832  0,9433  0,1094

3D Slicer 6 0,1093  0,9073  0,1096
3D Slicer 8 0,1566  1,0809  0,1466
3D Slicer 16 0,2185 1,0426  0,1724

N OO0 A W — O\ &~

3. Results and discussion

From the p-values, software (p = 0,02) and slices (p = 0,007) are significant for the response. The
software affects the Max of the calculated distances because the line is not horizontal. Moreover,
the Mimics software has a higher Max value than 3D Slicer. The number of slices also affects the
Max, and, as observed in Figs. 2c and 2d, the highest number was obtained when extracting 16
slices. The overall mean is marked in the dotted reference line. As seen in Fig. 2d, 3DSlicer reports
lower Max values in most cases related to slices. However, the p-value (0,060) reveals that this
interaction is not significant. The ANOVA results for Max RMS and Mean can be seen in appendix
Tables SI, SII, and SIII, respectively.

Figs. 2a and 2b show the Mean effects and interaction plots, respectively. As observed, 3DSlicer
has lower RMS values than Mimics, and the higher RMS was noticed with the 16 slices. However,
from the p-values, software (p = 0,07), slices (p = 0,24), and the interaction between software and
slices (p = 0,97) are not significant for the RMS response. On the other hand, the highest mean
value was observed for the model with 8 slices (Figs. 2e and 2f). However, slices (p = 0,56) and the
software-slices interaction (p = 0,95) are not significant for the response. Nevertheless, software (p
= 0,046) significantly influences the response, and 3DSlicer had a lower Mean value than Mimics.

Visible differences are spotted in the 3D images when using both reconstruction software applica-
tions. Fig. 3 shows the reference model for Mimics and its corresponding 3DSlicer reconstructions.
The first interesting change is related to the visual smoothness of the surface. Generally speaking,
the surfaces are smoother when using Mimics, even though the same smooth factor was used in
3DSlicer. There are indeed differences in the smoothing algorithms. The wrapping tool in Mimics
deletes rough areas and gaps in the model, which is especially useful in numerical analyses [19].
Since the 2D cross-sectional images were acquired using the helical mode, the removal of images
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Figure 2. Main effects and interaction plots for RMS, Max, and Mean

considered potential helicoidal artifacts. On the other hand, the smoothing process in 3DSlicer con-
sists of the remotion of small extrusions and the filling of small gaps without changing the smooth
contours [20]. Additionally, Boolean operations were used in 3DSlicer to simulate the wrapping
tool in Mimics.

Fig. 4 shows the distance differences from the reference model for both bones using Mimics for
the most representative alternative models. In addition, the distance difference between the refe-
rence models and the alternative models obtained using each software is shown. When the distance
between the two models is larger, the color tends towards red, and when the vertex is close, the
color tends to be blue. The chromatic scale defines the intermediate values. The results suggest that
the distances between the reference model and the alternative model are neglectable when using
4 slices in the reconstruction. However, with 16 slices, the differences increased, as shown in the
changes in the color scale (from blue to red) around the tibia and fibula. The greatest differences
(red) in all cases are located at the proximal tibia, given that the complexity of the geometry increa-
ses in that area (the tibial plateau). When the two applications are compared, the visual differences
are concentrated at the image’s top-left area (proximal zone) for the tibia and at the top-right for the
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a) General view. Mimics b) General view. 3DSlicer
¢) Detailed view. Mimics d) Detailed view. 3DSlicer

Figure 3. Reference model after reconstructions: a) and ¢) Mimics; b) and d) 3DSlicer

fibula. However, along the length of the bone, the model turns blue, meaning that the reconstruction
of each software is very similar. Moreover, the reference model has been colored for comparison
purposes. The zones at the Figure that do not have a chromatic scale indicate that, locally, the re-
constructed model is larger than the reference model.

Figure 5 shows the curvature analysis for the left tibia and right fibula alternative models, as well
as the reference models using both Mimics and 3DSlicer. The greatest curvature value displayed is
1, and the smallest one is 0,0010. As the radius of curvature decreases, color changes from black
(0,0010) to blue, green, and red (1,0000). As the radius of curvature increases, the curvature value
decreases. A planar surface has a curvature value of zero because the radii of flat faces are infinite.
The results showed that there are no noticeable differences between the reference model and the
model reconstructed using 4 slices (not shown). However, when 16 slices are used to reconstruct
the alternative model, the curvature (and the continuity) of the surfaces is affected.

Another important difference between the reference and alternative models (16 slices) are compa-
red is the mesh size (element size) in the STL file. When 16 slices are used, the software (Mimics)
cannot provide continuity for the surfaces, and some empty elements can be identified (see the em-
pty element in black in Fig 5b at the top-right). When the number of slices is 16, the wrapping tool
should be modified as slices are removed. However, in this work, the same wrapping tool was used
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Y

—>
a) 4 Slices left  b) 16 Slices left ¢) Reference d) 4 Slices e) 16 Slices right  f) Reference
tibia. Mimics tibia. Mimics Mimics Vs right fibula. fibula. Mimics Mimics Vs

3DSlicer Mimics 3DSlicer

Figure 4. Distance from the reference model

a) Reference model. Left tibia  b) Alternative model (16 slices). ) Reference model. Right a9 Alternative model (16 slices).
Mimics Left tibia Mimics fibulh Mimics Right fibula Mimics
e) Reference model left tibia 3DSlicer ) Reference model right fibula 3DSlicer

Figure 5. Curvature analysis for different numbers of slices (tibia and fibula)

for comparison purposes. The same behavior was identified for the tibia and fibula, where several
empty elements can be observed in Fig. 5d.

The alternative model (16 slices) for the fibula shows that the mesh size is extremely large, and
it does not properly describe the curvature in the proximal zone of the fibula. On the contrary, the
curvature along the shaft of the fibula is very similar since the geometry is less complex than the
fibular head. Figs. 5e and 5f show the reference model reconstructed using 3DSlicer. The first in-
teresting result is related to the size of the elements. The mesh created using the same procedure
in Mimics provides a reference model with more details in the proximal zone of both bones. The
curvature is similar for the model reconstructed using Mimics for the proximal zone. However, the
surfaces are smoother when reconstructed using Mimics.
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To summarize, in this work, the differences between the two software applications were investi-
gated to create STL bone models. The manual intervention by the operator was limited as much as
possible by using the same processing parameters, even though the segmentation algorithms of this
software are not known. Another important detail related to the processing performed in order to
obtain an STL file is that, when the model is exported using the ASCII file, the imported model is
less prone to show errors in MeshLab. The same behavior has been reported by other authors [16]
In this work, the mesh parameters, such as the number and density of the triangles in the mesh,
were only qualitatively specified. Future work could focus on quantifying the parameters of the
mesh after the final file is generated. This result suggests that the individual physical size of the
triangles depends on the analyzed bone (tibia or fibula).

4. Conclusions

This work revealed that the software-slices interaction did not significantly influence any of the
analyses. The main effects and interaction plot showed that the highest differences were observed
in the 16-slice model for the tibia with the RMS and Max analysis. Furthermore, the reconstructed
surfaces were smoother when Mimics was used, even though the same smooth factor was used
in both software applications during the reconstruction. Nevertheless, Mimics reported continuity
issues, and it had the highest RMS and Max.

As for the RMS distance, reducing the number of slices and using either of the applications
analyzed, without nature of proof, would not present a significant difference in the reconstruction
allowing for the reduction in radiation exposure and computational cost. However, for the Max
distance, the reduced mesh would present a significant difference compared with the original re-
construction. For the Mean distance, the mesh would only be affected by the software used and not
by the reduced number of slices.
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Appendix

Table S. I. Analysis of Variance for Max
Source DF AdjSS AdjMS F-Value P-Value

Blocks 1 0,07468 0,07468 2,70 0,145
Software 1 0,22803 0,22803 8,24 0,024
Slices 3 0,80435 0,26812 9,68 0,007
2-Way Interactions 3 0,32995 0,10998 3,97 0,060
Software*Slices 3 0,32995 0,10998 3,97 0,060
Error 7 0,19381 0,02769
Total 15 1,63082

Table S. II. Analysis of Variance (y1 RMS)
Source DF AdjSS AdjMS F-Value P-Value

Blocks 1 0,006348 0,006348 1,28 0,295
Software 1 0,022538 0,022538 4,54 0,071
Slices 3 0,026435 0,008812 1,78 0,239
2-Way Interactions 3 0,001082 0,000361 0,07 0,973
Software*Slices 3 0,001082 0,000361 0,07 0,973
Error 7 0,034737 0,004962
Total 15 0,091140

Table S. III. Analysis of Variance (Mean)
Source DF AdjSS AdjMS F-Value P-Value

Blocks 1 0,022112 0,022112 4,86 0,063
Linear 4 0,036848 0,009212 2,02 0,195
Software 1 0,026847 0,026847 5,90 0,046
Slices 3 0,010001 0,003334 0,73 0,565
2-Way Interactions 3 0,001619 0,000540 0,12 0,946
Software*Slices 3 0,001619 0,000540 0,12 0,946

Error 7 0,031862 0,004552

Total 15 0,092440
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