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Abstract. CT scanners installed in clinics used different slice thicknesses, which 

usually produce data with an anisotropic structure of voxels. The low visual quality 

results are due to the discontinuous interpolation between neighboring voxels, 

resulting in a very “blocky” appearance of the reconstructed surfaces (stair-step 

artifact). This structure can also directly affect the volume, geometry, and linear 

accuracy of digital and physical 3D models. The article presents a method that 

improves the design of cranial vault models for additive manufacturing after the 

staircase artifact has occurred. The research was performed on 14 different patients 

(seven males and seven females). Changing the slice thickness from 2.4 mm to 4.8 mm 

generated over 90% errors in reconstructing the cranial vault area in the range of 

0.830 mm +/- 1.364 mm (mean deviation +/- expanded uncertainty) for males and 

0.780 mm +/- 1.338 mm for females. To increase the spatial resolution of the digital 

imaging data, an interpolation process was performed on 2D radiographic images. 

After using the data interpolation procedure (Lanczos filter), deviations were mainly in 

the range of 0.465 mm +/- 1.038 mm for males and 0.328 mm +/- 0.842 mm for 

females. The last stage of the improved process involved mesh optimization. Utilizing 

Laplacian smoothing surface and isotropic polygonal remesh, this procedure 

decreased global error, especially in regions with high curvatures. Over 90% of the 

analyzed points after using the Lanczos filter and optimization mesh procedure are 

within the range of 0.338 mm +/- 1.014 mm for males and 0.301 mm +/- 0.806 mm for 

females.  

Key Words: Reverse Engineering, Triangulation, Cranial Vault, Accuracy, 

Interpolation, Additive Manufacturing 

                                                           
Received: December 08, 2021 / Accepted May 12, 2022 

Corresponding author: Paweł Turek  

Faculty of Mechanical Engineering and Aeronautics, Rzeszów University of Technology, al. Powstańców 

Warszawy 8, 35-959 Rzeszów, Poland  

E-mail: pturek@prz.edu.pl 



2 P. TUREK, G. BUDZIK 

1. INTRODUCTION  

Traditional modeling of elements and parts of machines is carried out using computer-

aided systems, which are presently widely used in designing and manufacturing industrial 

products [1-3]. The accuracy of the manufactured models is verified using contact [4, 5] 

and optical measurement systems [6-8]. Thanks to the development of coordinate 

measuring systems [9, 10], data processing systems [11], and modern manufacturing 

techniques [12, 13], it is possible to obtain the geometry of any object which does not 

have technical documentation [10, 11, 14], including a geometric model which matches 

the anatomy of soft or hard tissues [14-16]. The geometry of a piece of tissue or an entire 

organ is used in tissue engineering [17], surgery planning [18], surgical templates [19], 

and the manufacturing of implants and prostheses [19-21]. Models of anatomical 

structures are mainly used in orthopedics [22, 23], maxillofacial surgery[18-20], and 

cranioplasty [24, 25].The leading causes of bone defects in the cranial vault area are 

swelling of the skull bones, infection of the bone flap, and decompression operations in 

the case of uncontrolled swelling of the brain substance. To avoid the risk of 

postoperative complications, it is necessary to accurately design [26-28] and manufacture 

the implant or bone defect [24, 25]. Modern implants for cranioplasty must meet several 

requirements, including biocompatibility, and sterility.  

Each stage of the reconstruction affects an object's dimensional and geometric 

accuracy. However, the contribution of each step to the final error remains unclear. The 

selection of the CT scanner type [14, 29], measurement parameters (e.g., tube potential or 

current) [29, 30], and image reconstruction parameters (e.g., voxel size, slice thickness, or 

convolution kernel) [29-32] plays an essential role in the further modeling process based 

on digital imaging data (DICOM). Then, a chosen anatomical structure is separated from 

the DICOM data by applying various segmentation methods, based mainly on detecting 

edges and identifying image areas with some standard features [31, 33]. Computer 

systems can visualize volumetric data in a three-dimensional geometry using, e.g., the 

Marching Cube (MC) and Delaunay algorithm [14]. Final models are mainly 

manufactured using additive techniques [16, 34, 35].  

Due to the difficulties resulting from the estimation of errors at the acquisition and 

reconstruction stages of the geometry of anatomical structures from DICOM data, 

scientists are currently trying to conduct several studies in this area [31-33, 36]. The most 

common assessment is the deviation in linear dimensions. The process is carried out using 

a caliper [37], measuring arm [38], or coordinate measuring machine [39] on the natural 

bone structure provided by medical institutions. Then, the realistic bone model is 

digitalized using the CT systems [37, 39]. Based on the obtained results, the change in 

linear dimension is assessed, which occurred at the acquisition and reconstruction stages 

of the geometry, using a tomographic diagnostic system to the data obtained on the same 

research model using a caliper, coordinate measuring machine, or measuring arm. In 

assessing 3D geometry errors related to the acquisition data, geometry reconstruction, and 

manufacturing stage, a structural light scanner was also used [40].  

A challenging task is to improve the accuracy of digital model geometry at the stage of 

acquisition and data processing. It is impossible to obtain the highest spatial resolution 

during CT measurements owing to the need to protect the patient's health. Low spatial 

resolution is related to data characterizing a voxel where the slice thickness is 
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incomparably more significant than the pixel dimensions [29, 30]. During data analysis 

characterized by irregular voxel dimensions (a partial volume effect artifact is created), 

there is a limited possibility of successfully segmenting the data. The poor quality of 

mapping the geometry is due to the lack of continuity of data interpolation, which in turn 

generates the block structure of the standard tessellation language (STL) model (which 

produces the so-called stair-step artifact) [14, 32]. This artifact can directly affect the 

volume, geometry, and linear accuracy of digital and physical 3D models. The anisotropic 

nature of many datasets can be a severe quality issue for image analysis and visualization 

techniques. In addition to this, reconstruction algorithms such as an MC or Delaunay have 

their limitations. The generated triangle mesh based on algorithms contains many errors, 

which are related, among others, to inverted normal vectors, twisted surfaces, or 

overlapping triangles. These reconstructed geometries require additional mesh editing and 

optimizing [41-43].  

The skull is a significant bone tissue, being a natural shield for the delicate structure of 

the brain. From an anatomical point of view, there is a discernible difference between the 

male and female skulls. The forehead is slightly sloping and receding in males, while in 

females, the forehead is vertical. Additionally, the cranial vault is more rounded in males, 

while the cranial vault is flattened in females [44]. The differences in the anatomical 

structure of the male and female skulls are most noticed in the sagittal and coronal planes. 

Unfortunately, partial volume effect artifacts in 2D images significantly hinder the correct 

segmentation of geometry outlines in the presented planes [45]. Imaging thick CT layers 

can produce a stair-step artifact on the 3D model. Working on 3D models of male or 

female skulls containing geometry errors, the process of CAD modeling of the skull 

defect is significantly more difficult. This aspect results from the difficulty of correctly 

reconstructing the realistic outline of the implant and the problem of fitting it to the entire 

skull [46]. Currently, no methods of improving the accuracy of the reconstruction and 

triangulation process of cranial vault geometry after stair-step artifact has occurred are 

available. The article presents DICOM data processing and geometry reconstruction 

methods that may enhance the design of cranial vault models and extend the methodology 

of analytical accuracy determination at the data processing stage.  

2. METHOD  

The research was performed on 14 different patients. In this group, there were seven 

males aged from 41 to 72 years old and seven females aged from 34 to 69 years old. 

DICOM data were obtained for all patients on the Siemens Somatom Sensation Open 40 

scanner installed in the Regional Clinical Hospital No. 1 at the Frederic Chopin in 

Rzeszow, with a commonly used scanning protocol for the cranial area. Patients were 

scanned twice using different slice thicknesses to carry out the research process (Tab. 1) 

The increase in the layer thickness influenced the creation of partial-volume effect 

artifacts in the 2D image data. Reconstruction geometry was performed in the Amira 

software. In the segmentation process of the cranial vault, a lower threshold of 200 HU 

was used. The final surface was saved in STL format (Fig. 1).  
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Table 1 Scanning protocol  

Name of parameters 

Somatom Sensation 40 (sequence mode) 

Value of parameters  

(first measurements) 

Value of parameters  

(second measurements) 

kV 120 120 

mAs 380 380 

Rotation time 1 second 1 second 

Acquisition 24 × 1.2 mm 24 × 1.2 mm 

Slice collimation 1.2 mm 1.2 mm 

Kernel H31s H31s 

Matrix size 512 × 512 512 × 512 

Pixel size 0.4 mm × 0.4 mm 0.4 mm × 0.4 mm 

Slice thickness 2.4 mm 4.8 mm 

 

To increase the spatial resolution of the DICOM data, and to limit the influence of the 

artifact partial volume effect, an interpolation process was applied to the traverse plane 

performed for the second measurement. This is a process of creating a new synthetic pixel 

from adjacent pixels so that it is optically best-matched to the transformed image. The 

interpolation process is often included to convert data to an isotropic grid.  

 

Fig. 1 The surface representing cranial models of 14 patients  

There are many algorithms available that can accomplish the interpolation [47-49], but 

they differ in their quality and computational effort. However, the current research shows 

that the Lanczos filter is more effective than other methods in minimizing the impact of 
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the stair-step artifact [50, 51]. The algorithm considers neighboring points in 4 x 4, 6 x 6, 

and 8 x 8 blocks. Lanczos convolution kernel L(x) is defined as:  

 sin ( )sin ( / ) ,
( )

0 .

c x c x a if a x a
L x

otherwise

  
 
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 (1) 

The parameter is a positive integer, usually 2 or 3, that specifies the kernel size. The 

Lanczos kernel has 2 to - 1 lobe: a positive one in the center and a - 1 alternating positive 

and negative cams on each side. This filter has excellent characteristics. When correctly 

applied, it yields a perfect equilibrium between detail preservation (sharpness) and 

smoothness. This method produces slight overshoot, high edge sharpness, good signal 

continuity in the smooth region, and decreases artifact partial-volume effect. The 

interpolation procedure using the Lanczos filter did improve the accuracy of 

reconstruction to reformat a voxel’s structure from 0.4 mm × 0.4 mm × 4.8 mm. to the 

iso-voxel  0.4 mm × 0.4 mm × 0.4 mm using (Fig. 2). Then, the DICOM data were 

subjected to data segmentation and geometry reconstruction under the same methods and 

parameters as the non-processed models.  

  

Fig. 2 The view on 2D image of the first patient, voxel size: 0.4 mm × 0.4 mm × 4.8 mm 

(left), and improved using the Lanczos filter (right)  

Moreover, the process involved mesh optimization. The MC algorithm generates 

holes, aliases, saw-toothed paths within the voxel connection, and increased global error, 

especially in the regions with high curvatures (Fig. 3a). Using variable-density triangular 

meshes, the optimization procedure was performed (Fig. 3b). This procedure involves two 

steps:  

 Laplacian smoothing surface by shifting its vertices. Each synthetic vertex is 

shifted to the average position of its neighbors. The Laplace function is the sum 

of the squares of the lengths of the edges having a common node:  

     
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where k is the number of neighbors nodes.  

Node optimization is performed for each mesh node. The new node coordinates (x', y') 

are calculated from the formulas:  
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 Remesh the surface by creating small dense triangles in the high curvature region 

and large sparse triangles in the low curvature region in regard to the coronal and 

sagittal plane by using an isotropic vertex placement algorithm.  

a) b) 

  

Fig. 3 The optimization procedure of STL mesh, a) before, b) after  

In the process of assessing the accuracy of reconstruction (first step) and triangulation 

(second step), a model with a voxel structure of 0.4 mm × 0.4 mm × 2.4 mm (first 

measurements) was selected as the reference model for comparison and the model 

accuracy assessment (Fig. 4). This model was chosen because it obtained a higher spatial 

resolution than the model with a voxel structure of 0.4 mm × 0.4 mm × 4.8 mm.  

 

Fig. 4 The comparison process  
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The comparison process was performed using the best-fit method. This algorithm is 

most appropriate for analyzing deviations in the models with complex shapes. A best-fit 

alignment is an iterative process that minimizes the square of the distance between the 

nominal and measured data to converge on a solution. Adjustment of point clouds is made 

using the best-fit to an accuracy of 0.001 mm.  

3. RESULTS AND DISCUSSION 

To examine the accuracy of geometry reconstruction, the models of the 14 cranial 

vaults with a voxel size of 0.4 mm × 0.4 mm × 4.8 mm were compared and improved 

using a Lanczos filter (first step) and triangulation procedure (second step) with the same 

cranial vault based on modeling with a voxel size of 0.4 mm × 0.4 mm × 2.4 mm (the 

gold standard). The statistical parameters and distributions of the reconstructed models 

from DICOM data are presented in Figs. 5-7, Tab. 2 and 3.  

In the case of averaged results presented in Figs. 5a, 6a, and 7a, the artifact partial-

volume effect significantly increases the positive deviations to the gold standard model. 

The poor quality of geometry reconstruction using the MC algorithm is due to the lack of 

continuity of data interpolation, which generates the model's block structure (stair-step 

artifact). For an averaged seven male cranial vaults, the deviations are mainly in the range 

between 0.357 mm and 0.714 mm, and for seven females, in the range between 0.714 mm 

and 1.071 mm. The averaged results for 14 patients confirm that more than half of the 

analyzed deviations range from 0.357 mm to 1.071 mm. There are also places where 

negative deviations can be observed (for males – 15 % and for females 8 % of analyzed 

points). Over 90 % of the analyzed points are within the range of 0.830 mm +/- 1.364 mm 

for males and 0.780 mm +/- 1.338 mm for females. In the case of skew and kurtosis, all 

distribution is more peaked than a Gaussian distribution (Leptokurtic distribution) and 

characterized by medium asymmetry (value close to 0.5).  

Considering the averaged results obtained after using the Lanczos filter, an increase in 

the accuracy of the cranial vault was observed (Fig. 5b, Fig. 6b, and Fig. 7b). The 

artifact's partial-volume effect has been minimized (Fig. 2). By improving the spatial 

resolution of the DICOM data, an increase in the number of points representing the 

geometry of the cranial vault was observed. The concentration of deviations has changed. 

For male and female cranial vaults, the deviations are mainly between 0 mm and 0.357 

mm values, respectively 26.80 % and 38.10 %. However, there has been an increase in 

negative deviations, mainly in the range between -0.357 mm and 0 mm. Over 90 % of the 

analyzed points are within the range of 0.465 mm +/- 1.038 mm for males and 0.328 mm 

+/- 0.842 mm for females. In the case of skew and kurtosis, the parameter values were 

decreased. All distributions are Leptokurtic, characterized by small (for males) and 

medium (for females) asymmetry. The obtained averaged statistical parameters for 14 

patients are consistent with the average results for males and females.  

After optimizing the triangle mesh, the errors of the structure, which resulted from the 

use of the MC algorithm, were removed (Fig. 3). Additionally, the number of points 

representing the geometry of the cranial vault was reduced, which was doubled due to the 

Lanczos interpolation method (Fig. 5c, Fig. 6c, and Fig. 7c).  
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Fig. 5 Histogram representing the average results of the 7th males, a) not improved,  

b) improved using interpolation, c) improved using the interpolation and triangulation 

procedure  
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Fig. 6 Histogram representing the average results of the 7th females, a) not improved,  

b) improved using the interpolation, c) improved using the interpolation and triangulation 

procedure  
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Fig. 7 Histogram representing the average results of the 14th patients, a) not improved,  

b) improved using interpolation, c) improved using the interpolation and triangulation 

procedure  
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Table 2 Statistical results of not improved models  

Parameters 
Not improved 

Male Female Average 

Number of points 233335 220757 227046 

Mean deviation [mm] 0.830  0.780  0.805  

Standard deviation [mm] 0.682 0.669  0.676  

Skewness 0.335 0.472  0.404 

Kurtosis 4.709 4.559 4.634 

 

After using the mesh optimization process, the obtained number of points is similar to 

the one that defines the model not subjected to any optimization procedure. There was an 

increase in points within a tolerance of +/- 0.350 mm. For males, the percentage of points 

within the tolerance of +/- 0.350 mm is approximately 56%, and for females, about 62%. 

Compared to the models not subjected to the procedure, the males were around 22% and 

females around 12 % (Fig. 5a, Fig. 6a, and Fig. 7a). Over 90% of the analyzed points 

after using Lanczos filter and optimization mash procedure are within the range of  

0.338 mm +/- 1.014 mm for males and 0.301 mm +/- 0.806 mm for females.  

Table 3 Statistical results of improved models  

Parameters 
Improved using interpolation 

Improved using interpolation  

and triangulation 
Male Female Average Male Female Average 

Number of points 380345 406661 393503 207527 295238 251383 

Mean deviation [mm] 0.465  0.328 0.397  0.338  0.301  0.320  

Standard deviation [mm] 0.519  0.421  0.470  0.507  0.403  0.455  

Skewness 0.235 0.407 0.321 0.206 0.210 0.208 

Kurtosis 3.802 4.201 4.002 4.432 4.060 4.246 

4. CONCLUSION  

The influence of the Lanczos filter on the accuracy of reconstruction cranium 

geometry is very similar for the 14 presented patients (seven males and seven females). 

When using the Lanczos filter, one may observe an improvement in the accuracy of the 

reconstruction of the cranial vault geometry. Also, the time of segmentation was 

shortened. The presented optimization mesh procedure adopted the resolution of triangles 

according to the local curvature. Large triangles are used to define planar regions in this 

procedure whereas small triangles are used for curved areas. Thanks to this, the process of 

generating a triangle mesh has been accelerated, without losing the accuracy of 

representation in the areas characterized by colossal complexity. Additionally, thanks to 

carrying out the process of mesh optimization, the structure of the digital model for 3D 

printing has been directly prepared. The presented results prove that it is possible to 

increase the accuracy of the reconstruction and triangulation process of anatomical 

models’ geometry at this stage of data editing. Additionally, further development of the 

procedure is also planned, especially at the stage of numerical processing of DICOM 
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data, by using the deep learning method in segmentation. These methods should allow for 

a further reduction of the time needed for preparation of models.  
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