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Abstract: Skull reconstruction using cranial implants is essential to protect intracranial structures and to restore cerebral 

hemodynamics when accidents, disease, or cancer cause craniofacial anomalies. Cranioplasty aims to protect the brain inside the skull 

and to achieve a desired cosmetic result. With the development of digital 3D technology, Patient-Specific Implants (PSI) have been 

widely used for surgical correction of congenital, post-traumatic, or post-surgical abnormalities. PSIs must mimic the natural structure 

of bones, be biocompatible, lightweight, and stress resistant. Interface joints and fastening mechanisms are essential for a robust 

connection to the injured cranium. With an emphasis on four typical cranial defects, namely small frontal, big lateral, large bilateral, 

and zygomatic bone defects, this study examines the use of several methodologies for PSI construction. Defect-specific implant 

fabrication is commonly performed using digital subtraction after mirror imaging on the normal side of the skull or shape-based 

interpolation. To compare both methods, we used the Edge Gap Factor (EGF), defined as the ratio of the interpolated implant's mode 

edge deviation to that of the mirrored implant. An EGF < 1 indicates superior performance of the interpolation method, while an EGF 

> 1 indicates superior performance of the mirroring method. Both methods perform similarly when EGF = 1. Here, we verify if the 

gap is homogenous and whether the spacing between neighboring surface clusters is constant during the gap length through the 

analysis of EGF. For each of the four defect cases, the two implants that were regenerated utilizing both procedures had their gap 

sizes compared to identify the best match. Therefore, the degree to which the implant fills the defect was assessed by measuring the 

gaps between the implant and the skull interface. This study provides guidelines for the best implant generation process, considering 

four distinct cranial deformities that account for most skull defects.  

 

I. Introduction 
The primary procedure used in neurosurgery to treat a skull 

vault defect is called cranioplasty, which involves 

implanting bone or non-biological materials like metal or 

plastic plates [1]. Traumatic brain injuries (TBI) are a 

major cause of mortality and disability among all trauma-

related injuries in the globe, accounting for one-third to 

one-half of these deaths [2]. In addition to trauma, cranial 

abnormalities or deformities can come from illness, 

congenital anomalies, or abnormal growths such as tumors 

[3,4,5,6]. In certain circumstances, a cranioplasty may be 

required to repair or replace the lost section of the skull and 

restore brain function. Craniectomy and cranioplasty are 

frequently performed together as complimentary 

operations [7]. A cranioplasty can be performed using a 

variety of techniques, depending on the patient's individual 

needs, the size and location of the cranial defect, and the 

surgeon's skill and preference [8]. Autograft, allograft, 

computer-aided design, and implant manufacturing 

(CAD/CAM) or custom-made implants are some of the 

most prevalent procedures for doing cranioplasty [9]. 

According to reports, large titanium implants have been 

used widely to treat cranial abnormalities. Because of the 

variation in Young's modulus, thick titanium implant cause 

stress-shielding effects at the interface between the implant 

and the host tissue. Furthermore, Titanium weighs 1.6 

times more than the restored bone [10]. Novel porous 

cranial implants improve healing by reducing stress-

shielding issues and by promoting quicker tissue in-growth 

and vascularization [11]. Increased porosity and pore size 

can promote bone development but may reduce implant 

strength significantly [12]. The creation of porous titanium 

and related alloys has historically involved the use of 

several processes, including casting, fiber deposition, and 

powder sintering [13,14,15].  
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However, there are certain drawbacks to each of these 

methods, including irregular porosity, contaminants, and 

unreliable interconnectivity. From a manufacturing 

perspective, it is frequently necessary to quickly and 

effectively build a patient-specific porous implant [11]. 

Patient-specific implants (PSIs) have become a viable 

option for treating complicated geometries in the maxilla 

and mandible. Nowadays, PSIs are used in many areas of 

oral and maxillofacial surgery, including orthognathic 

surgery, complete joint replacement, reconstruction of the 

facial skeleton, and temporomandibular joint (TMJ). The 

use of PSI and personalized implant fittings result in 

shorter recovery periods [16]. Through thorough 

examination of the patient’s condition, physicians ensure 

that the right implant design and material are chosen, and 

that they make well-informed judgments about the best 

procedure to use [17].  

Most cranial implant designs employ the symmetric 

technique of manufacture for symmetrical abnormalities. 

However, creating cranial implants for complicated 

malformations and asymmetrical abnormalities is more 

challenging. Large lesions necessitate a specialized 

construction technique. Curvatures at different sections 

have been utilized to simulate cranial implants recently; an 

algorithm based on curvature was employed to fix a big 

defect in the skull [18]. Such techniques allow for greater 

precision in terms of the implant shape and allow surgeons 

to better visualize the defect. This research employs a 

variety of implant generating approaches, including 

commonly used methods such as digital subtraction after 

mirror imaging on the normal side of the skull [19,20,21], 

and shape-based interpolation [22].  

Marreiros et al. created a CAD program that uses the 

Radial Basis Function's interpolation characteristics to 

create a tailored implant for big cranial lesions (>100 cm2) 

[23]. Also, in this paper we utilize Edge Gap Factor (EGF) 

[24] and present recommendations based upon the EGF in 

4 cases, each presenting with a unique cranial defect. 

Surface clusters frequently have a fileted outside border 

with a certain radius. The shortest path between the edge 

filets of two nearby surface clusters is known as the gap. 

The viewpoint determines how big or small the gap seems 

to be. The gap's appearance from various angles and 

homogeneity can vary. If the spacing between neighboring 

surface clusters is constant over the gap length, these 

features can both be examined with this analysis function. 

II. Materials and methods 

II.I Creation of 3D models from DICOM files 
Four individuals with various cranial abnormalities had 

their CT scans (computerized tomography) retrieved from 

Nottingham University Hospital as a DICOM (.dcm) file. 

Medical data may be imaged, stored, and sent 

electronically using the Digital Imaging and Communi-

cations in Medicine (DICOM) standard. It enables the 

sharing of medical data among computers, devices, and 

equipment. Computed Tomography (CT) scans were used 

to create pictures of a damaged skull. Using the segment 

editor and volume rendering tool in 3D slicer, the cranial 

volume was produced. Different structures of interest can 

be specified using the segment editor module [25]. To 

identify the problem and carry out additional processing, it 

enabled us to isolate the skull bone from surrounding 

tissue. 

The threshold effect was used after segment creation to 

distinguish the bone from other tissue segments. The 

Hounsfield unit (HU) requires us to designate a radio 

intensity window to meet the threshold [26]. The skull bone 

would be around +1000(HU) at standard CT x-ray beam 

energy of 120–140kV [27].  

On an individual basis, the threshold window's HU range 

may need to be manually adjusted. Manual paint and erase 

tools are used for additional refining once the threshold 

range has been established. The produced skull volume can 

be stored as a standard tessellation language (STL) file 

[28]. Surface triangular facet representations are found in 

STL files, which are generated by 3D modeling 

applications. For fast prototyping and production systems, 

this format is regarded as a standard data entry [29]. 

II.II Design of cranial implant using mirroring 
With Autodesk Meshmixer (V3.5.474, Autodesk) a 

mirrored implant is created when an STL file has been 

received. To begin with, Meshmixer imports the STL file 

for this purpose. Next, any unnecessary geometry is 

removed from the model. 

A mirrored version of the skull is then prepared using the 

mirroring tool. Its counterpart is positioned so that the 

original skull's defect precisely overlaps the matching, 

healthy area of the mirrored skull. If the skull is fully 

symmetrical, there should be a perfect overlap between the 

areas. The Align tool in Meshmixer was used to get a 

tighter overlap following a crude manual alignment. The 

implant was then acquired using Boolean subtraction. The 

implant was meticulously shaped by hand to precisely 

match the defect [11,30]. The sculpting tools in Meshmixer 

were utilized to manually correct any residual protrusions 

or gaps. 

II.III. Design of cranial implant using 
Interpolation 
The 3D Slicer (v5.0.2, The Slicer community), software's 

volume rendering module was used to import DICOM 

information to create an interpolated implant. A 3D model 

of the defective skull was produced in this module using 

the DICOM data, as seen in Figure 1.  

This model was used to examine the defect in three-

dimensions. Next, as shown in Figure 2, the three views of 

the DICOM files, namely axial, sagittal, and coronal, were 
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utilized to determine the optimal geometry for analyzing 

the whole cranial defect. 

 

Figure 1: Volume rendering of the DICOM files to create a 3D 

skull model. 
 

 

 

 
Figure 2: Different views of the damaged skull, top) Axial View 

middle) Sagittal View bottom) Coronal view. 

Using the Segment Editor module, a new segment was 

created, once the problem was correctly spotted in one of 

the three views. After that, the newly produced section was 

altered to recreate the defective skull in the chosen 

perspective. 

An axial, sagittal, or coronal view iteration is referred to as 

a slice. The missing skull's contour was created on every 

fifth slice using the Segment Editor module's Paint tool. 

The brush diameter was adjusted to 2% to merge the 

contour that is formed with the thickness of the existing 

bone. Once all of these settings were made, the two 

extreme spots, or slices, where the fault begins and ends, 

were identified. Then, as shown in Figure 3, a contour was 

drawn on every fifth slice of the Sagittal view. In this study 

the defect is best evaluated in this view. The contour was 

drawn starting from one extreme slice and moving towards 

the opposite extreme. 

 

 
 Figure 3: Creating the contour of the missing skull part. 

 

In order to ensure optimal implant fitting during surgery 

with the least amount of rework, the gap was designed with 

that clearance in mind. Therefore, 52 slices with 4 slices 

step size in between each subsequent slice were 

successfully contoured.  
 

 
Figure 4:  Interpolated implant using fill between slices 

command. 
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Upon completion, the contour's trace may be examined 

from the last two perspectives to confirm that its 

dimensions and form are correct. Using the fill-between-

slices function of the Segment Editor module, the 

interpolation was then initiated as seen in Figure 4. 

For the next step the smoothing feature was applied to the 

interpolated implant. Initially, the implant's pores and holes 

were sealed by setting the smoothness parameter to Closing 

(fill holes). The final smoothed implant is seen in Figure 5 

after the smoothing setting was changed to Joint 

Smoothing. 

 

 

Figure 5:  Implant after smoothing. 

Following the export of the implant in STL format, the 

implant and the Skull model were loaded into Autodesk 

Meshmixer to verify correct alignment. Manual changes 

were then undertaken in accordance with surgical 

standards [24].  

III. Results 

III.I. Case 1- Small frontal defect  
When the defect is localized and non-sagittal, both 

interpolation and mirroring can be used for reconstruction 

as shown in Figure 6. These methods leverage the 

surrounding intact bone structure to estimate the missing 

regions accurately. 

 

Figure 6: Implant for small frontal defects using top) mirroring 

and bottom) interpolation. 

III.II. Case 2- Large lateral defect  
Extensive and asymmetrical defects can be reconstructed 

using both interpolation and mirroring techniques as shown 

in Figure 7. These methods leverage adjacent and 

symmetrical bone structures to estimate and reconstruct the 

missing regions effectively. 

 

 
Figure 7: Implant for large lateral defects using top) mirroring 

and bottom) interpolation. 

 
III.III. Case 3- Large bilateral defect 
When the lesion crosses the skull's symmetry line, 

mirroring cannot be used to create the implant. When there 

is damage to the sagittal plane of the skull, Boolean 

subtraction cannot be done on a healthy site of the skull 

that is produced via mirroring, hence interpolation is 

performed as shown in Figure 8.  

 

 
Figure 8: Implant for large bilateral defect using interpolation. 

 

III.VI. Case 3- Large bilateral defect 
When the contour of the cavity is unknown on DICOM 

images, interpolation is not feasible, so mirroring is 

performed instead, as shown in Figure 9. 

 

Figure 9: Implant for zygomatic bone defect using 

Mirroring. 
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III.V. Quantitative analysais  
CloudCompare (version 2.10.1; GPL license), an open-

source program was used to compare the two techniques 

quantitatively [31]. Therefore, the implant was positioned 

over the defect. This alignment was done manually at first, 

and then fine-tuned using CloudCompare's Iterative 

Closest Point (ICP) approach. To determine the implant fit, 

the distance between the implant and the defect was 

calculated. First, the distance from the implant was 

calculated using the deformed skull as a reference. After 

computation, the signed distance is returned. To compare 

the two approaches (mirroring and interpolation), the Edge 

Gradient Factor (EGF) is calculated. This factor is the ratio 

of the interpolated implant's mode edge deviation to the 

mirrored implant’s mode edge deviation, as given in 

Equation 1.  

Figures 10, 11, 12, and 13 show the EGF for all four cases 

where the defect is regenerated using both techniques 

(Figures 6-9), discussed in the previous sections. It is 

assumed that Mode edge deviation for interpolated implant 

be I and Mode edge deviation for mirrored implant be M, 

then (1) shows the formulae for Edge Gap Factor (EGF).  

 
 EGF = I / M...................................(1) 

 

When the EGF is higher than 1, mirroring performs better 

than interpolation; when the EGF is lower than 1, 

interpolation performs better than mirroring; and when the 

EGF is equal to 1, both methods perform equally and may 

be used interchangeably to get the desired outcome [24]. 

 

 
 

 
Figure 10:  Distance measured between the edges of a small 

frontal defect and the implant created through top) Interpolation 

bottom) Mirroring for fitting. 

 

Figure 11: Distance measured between the edges of a large 

lateral defect and the implant created through top) Mirroring 

bottom) interpolation for fitting. 

 

Figure 12: Distance measured between the edges of the defect 

and implant for large bilateral defect. 

 

Figure 13: Distance measured between the edges of the defect 

and implant for Zygomatic bone defect. 

IV. Discussion 
The mirroring technique duplicates the corresponding 

healthy section from the opposite side of the skull, as a 

model for the mold. However, much of this assumes that 

the skull has ideal bilateral symmetry. Hence in case of a 

defect that crosses the sagittal plane, it is not possible to 

create and implant through mirroring alone. The other 

critique of this method is that most human skulls do not 

have ideal bilateral symmetry. 
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Therefore, mirrored implants may not have the same 

curvature as the original skull at the site of the defect. For 

this, manual adjustment is required post mirroring which 

makes this process heavily user-dependent, thus reducing 

the reproducibility of the process.  

The interpolation technique originates the near-original 

geometry of the defected skull using the morphological 

contour interpolation method. Interpolation is done by first 

determining correspondence between shapes on adjacent 

segmented slices by detecting overlaps, then aligning the 

corresponding shapes, generating a transition sequence of 

one-pixel dilations, and taking the median as a result. 

Recursion is employed if the original segmented slices are 

separated by more than one empty slice. This class is n-

dimensional and supports inputs of 3 or more dimensions. 

`Slices' are n-1-dimensional, and can be both automatically 

detected and manually set [12]. This method provides 

better reproducibility. In this paper, we present 

interpolation for every 5th slice as it provides a well-fitted 

implant without being computationally intensive. 

Table 1: EGF for all 4 types of defects, regenerated using both 

mirroring and interpolation. 

S. 

no. 

Case Type of 

defect 

Mode edge 

distance for 

interpolated 

implant (I) 

Mode 

edge 

distance 

for 

mirrored 

implant 

(M) 

EGF 

(I/M) 

1 Small 

frontal 

defect 

Unilateral, 

small 

0.063 0.050 1.260  

2 Large 

lateral 

defect 

Unilateral, 

large 

0.121 0.360 0.336 

3 Large 

bilateral 

defect 

Bilateral, 

large 

-1.106 NA NA 

4 Zygomatic 

bone 

defect 

Unilateral, 

small 

NA -0.014 NA 

 

Therefore, based on Table 1, in case - 1 (small frontal 

defect) we observed that mirroring has a higher 

performance as the EGF is greater than 1. For case 2 (large 

lateral defect) observed that interpolation had a higher 

performance as the EGF is less than 1. For case 3 (large 

bilateral defect) mirroring could not be used to produce an 

implant as the defect crossed the sagittal plane. Here only 

interpolation could be used, and the implant produced fits 

the defect to a satisfactory degree.  

Since the zygomatic bone defect is located in a place where 

the CT scan cannot be utilized to identify the original 

skull's shape, interpolation cannot be used to manufacture 

an implant in case 4. All that could be done was mirroring, 

and the implant that was created sufficiently suits the 

deformity. 

V. Protocol for cranial defect 
assessment and reconstruction 
technique selection 

V.I Identification of cranial defect 
The first step in cranial defect assessment involves 

categorizing the defect type: 

a) Large Defects: Lateral Defect (case 2), Bilateral Defect 

(case 3) 

i) Lateral Defect: Extensive and asymmetrical. 

ii) Bilateral Defect: Spans both sides of the skull 

and crosses the sagittal plane. 

b) Small Defects: Frontal Defect (case 1), Zygomatic Bone 

Defect (case 4) 

i) Frontal Defect: Localized and non-sagittal. 

ii) Zygomatic Bone Defect: Involves the 

zygomatic bone and is constrained by CT imaging 

limitations. 

V.II Recommendation techniques based on EGF 
Based on the calculated EGF values for all the defects as 

given in section 4, the following technique recom-

mendations are made: 

Large Defects: Use EGF to determine the best possible 

technique for defect regeneration, considering the 

symmetry of the defect with the intact portion of the skull. 

i) Large Lateral Defects: Prefer interpolation if 

EGF < 1. 

ii) Large Bilateral Defects: Use interpolation 

directly due to the sagittal plane crossing, as 

EGF is not available. 

Small Defects: The optimal method for defect regeneration 

should be determined using EGF, considering the defect's 

size, symmetry with the healthy area of the skull, and 

computational constraints. 

i) Small Frontal Defects: Use mirroring  

if EGF > 1. 

ii) Zygomatic Bone Defects: Use mirroring 

directly due to CT imaging constraints, as EGF is 

not available. 

This protocol offers a systematic approach to enhance 

cranial defect assessment and reconstruction technique 

selection, optimizing patient outcomes through precise 

implant fitting and effectiveness, as shown in Figure 14. 

Therefore, based on the Table 1 presented above, in case - 

1 (Small frontal defect) we observed that mirroring has a 

higher performance as the EGF is greater than 1. 

  



Transactions on Additive Manufacturing Meets Medicine 

 7 

 

 
Figure 14: Methodical strategy to improve repair technique selection and cranial defect evaluation. 

 
For case 2 (Large lateral defect) observed that interpolation 

had a higher performance as the EGF is less than 1. 

For case 3 (Large bilateral defect) mirroring could not be 

used to produce an implant as the defect crossed the sagittal 

plane. Here only interpolation could be used, and the 

implant produced fits the defect to a satisfactory degree. 

Since the zygomatic bone defect is located in a place where 

the CT scan cannot be utilized to identify the original 

skull's shape, interpolation cannot be used to manufacture 

an implant in case 4. All that could be done was mirroring, 

and the implant that was created sufficiently suits the 

deformity. 

VI. Conclusion 
A patient's quality of life following surgery is frequently 

determined by cranial reconstruction, making it a crucial 

moment in their care. Ensuring the physical integrity of the 

reconstructed skull is essential, but providing a strong basis 

for patients to return to their regular lives without undue 

anxiety is equally important. The mirrored approach 

replicates the matching healthy part from the opposing side 

of the skull, but this method assumes perfect bilateral 

symmetry, which is rarely the case. Interpolation 

techniques are crucial for accurate skull surface creation 

when the lesion crosses the sagittal plane or when bilateral 

symmetry is not perfect. However, interpolation requires 

significant computational resources and time. This study 

represents a noteworthy progression in cranial reconstruc-

tion, offering concrete advantages for patients, physicians, 

and the medical community. Using EGF, we can determine 

the best technique for precise defect regeneration for 

various defect types, thereby shortening the method 

selection process and improving the implant's resemblance 

to the real bone shape. Mirroring performed better for small 

frontal abnormalities when the EGF was greater than 1. 

Interpolation worked better for big lateral flaws when EGF 

was less than one. In the instance of major bilateral 

deficiencies that crossed the sagittal plane, only 

interpolation could be employed, and the implant created 

was excellent. Mirroring was the only viable alternative for 

zygomatic bone deformities, when CT scans could not 

determine the original skull shape, and the implant 

developed was suitable for the abnormality. As a result, 

this study offers a strategy for defect regeneration based on 

the kind of defect that a surgeon might use to achieve 

precise implant production with better fit. 
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