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Abstract: In this study, the skull bone thicknesses of 150 patients ranging in age from 0 to 72 years
were calculated using a novel approach (thermal analysis), and thickness changes were analyzed.
Unlike conventional thickness calculation approaches (Beam Propagation, Hildebrand), a novel heat
transfer-based approach was developed. Firstly, solid 3D objects with different thicknesses were
modeled, and thermal analyses were performed on these models. To better understand the heat
transfer of 3D object models, finite element models (FEM) of the human head have been reported in
the literature. The FEM can more accurately model the complex geometry of a 3D human head model.
Then, thermal analysis was performed on human skulls using the same methods. Thus, the skull
bone thicknesses at different ages and in different genders from region to region were determined.
The skull model was transferred to ANSYS, and it was meshed using different mapping parameters.
The heat transfer results were determined by applying different heat values to the inner and outer
surfaces of the skull mesh structure. Thus, the average thicknesses of skull regions belonging to a
certain age group were obtained. With this developed method, it was observed that the temperature
value applied to the skull was proportional to the thickness value. The average thickness of skull
bones for men (frontal: 7.8 mm; parietal: 9.6 mm; occipital: 10.1 mm; temporal: 6 mm) and women
(frontal: 8.6 mm; parietal: 10.1 mm; occipital: 10 mm; temporal: 6 mm) are given. The difference
(10%) between men and women appears to be statistically significant only for frontal bone thickness.
Thanks to the developed method, bone thickness information at any desired point on the skull can be
obtained numerically. Therefore, the proposed method can be used to help pre-operative planning of
surgical procedures.

Keywords: ANSYS; skull thickness; thermal image analysis; finite element

1. Introduction

Since the human skull protects the brain, which is the most important part of our
body, it is the most important bone structure making up our anatomy. This structure has
important components such as the frontal, parietal, occipital, temporal, and sphenoidal
components, and other small parts [1,2]. These components are connected by connection
points called sutures. Skull bones are complex shapes and have different compositions.
Understanding them thoroughly requires explaining the relationship between their func-
tions and forms. Skull bone thickness differs between the genders [3,4]. Generally, a female
skeleton tends to be smaller and less durable than a male skeleton. To better understand
the mechanisms of head injuries, the mechanical properties of the skull are measured when
an impact occurs [5] or when the skull is subjected to abnormal loads [6]. The mechanical
resistance of the skull is highly dependent on skull thickness. Knowing the thickness
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of patient-specific skull sections for plastic surgery can save workload and time during
surgical operations [7].

Most of the studies on skull bone thickness use archeological materials. Many studies
have reported that skull thickness varies greatly from one person to another [8]. In studies,
mechanical measurements are generally performed with digital calipers on skulls with
limited measurement points [9]. Moreover, such existing methods have only been used in
laboratory environments (in vitro) or under artificial conditions. However, the thickness
of the skull bones has been evaluated in two-dimensional limited sections on the basis of
computed tomography (CT) scan slices [10,11]. Another way to obtain thickness measure-
ments is to create a three-dimensional (3D) model of the skull bone [12]. Modeling was
performed on the basis of MRI data, which allowed the skull shape to be reconstructed,
but this method also was not able to take into account the inner surface, and the skull
thickness could not be evaluated at the desired level [13]. Skull thickness directly affects
skull conductivity. The most important factor in epilepsy surgery is skull conductivity [14].
In a previous study, significant correlation information was obtained between skull thick-
ness and skull conductivity [15]. Skull thickness is a very important factor in terms of
skull deterioration and tendency to fracture [16]. The characterization of the thickness of
the skull and understanding the manner in which this information changes with age are
important steps in understanding the role of thickness in skull deterioration.

Current methods for measuring skull thickness in adults are based on taking measure-
ments using a saw at predetermined points in the skull. However, these methods may not
give correct information about skull thickness. To address this issue, a different method
was proposed to measure the skull thickness of adults using standardized anatomical
points [17]. In another study, an automated approach to measuring skull thickness using
CT images to determine soft tissue locations was presented [18]. In addition, a method for
measuring skull thickness using after-death skull CT images of children was developed [19].
However, since the skull growth rate in children is extremely variable in this method, it is
very difficult to determine a standard point from which to start the measurements. The
finite element model of the skull is used to study the biomechanics of traumatic brain
injury, and it is highly dependent on head geometry. In a study conducted using this
information, a skull database containing information on the age-specific development of
children’s skulls was created with the help of the finite element model [20].

Hildebrand et al. proposed a method for defining the local thickness for an arbitrary
structure without model assumptions [21]. According to this, the local thickness at the
point of an arbitrary structure is determined by fitting maximal spheres to every point
on the structure. The application of this theory led researchers to the development of
a number of different application techniques due to its high computational costs. The
disadvantage of the Hildebrand method is that it does not work directly on the 3D volume.
The results obtained from the 2D projection of a 3D volume object are processed. With
the Beam Propagation method, ultrasound measurements of beam-based thickness are
performed [22]. In this method, phase aberrations and differences due to high levels
of absorption occur. Poor focusing and higher energy loss occur, especially at higher
ultrasound frequencies. The main issue faced by the Beam Propagation and Hildebrand
methods that has not been addressed previously, and which could be important, is the
inability of these methods to deal with 3D medical images and pediatric skulls. Not all
state-of-the-art methods can do it, but in any case, it would be interesting to explain why
this is the case, and whether this problem can be solved by FEM-based thermal analysis
of CT images. It is possible to apply our method to all skull regions separately, and to
subsequently combine their results. FEM-based thermal analysis provides more descriptive
distance information about skull thickness through the Euclidean function.

Existing methods of measuring skull thickness in adults require improvement. Most
of them do not give accurate results for pediatric skulls [23]. Therefore, a method that can
accurately calculate both pediatric and adult skull thicknesses is required. In our study,
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both pediatric and adult skull thicknesses can be calculated numerically. There is currently
no relevant literature investigating the evolution of skull thickness across all growth stages.

This paper proposes a fast and reliable method for determining skull thickness on the
basis of CT images. In the proposed method, the thickness of the desired area of the skull
can be calculated by using the finite element method and the thermal heat method, without
the application of any surgical procedures. It should be pointed out that this feature makes
the proposed method appropriate in scenarios where automatic determination of skull
thickness is required. In the literature, there is no specific study in the field of head imaging
presenting the use of the FEM and thermal heat methods together. Another gap seen
in the literature is the lack of methods that can numerically calculate both pediatric and
adult skull thicknesses. In our study, it is shown that the proposed method makes it easier
to evaluate how skull thickness changes with age. Thus, owing to the generation of an
effective skull mesh map with the finite element method, the bone thicknesses of all human
skulls can be calculated, independently of gender and age.

The paper is structured as follows. In Section 2, the determination of the thickness
of a solid object using the thermal analysis method is shown using ANSYS finite element
software 2020 R1. In Section 3, comprehensive information about the skull images used in
this paper is given. Then, the proposed skull bone thickness calculation method based on
the proposed thermal analysis is described. Finally, Section 4 includes the experimental
results and recommendations.

2. Materials and Methods

The main motivation of this study was to determine the thicknesses of the human skull
taken on the basis of CT data using thermal analysis at different points. Thus, a method
based on thermal analysis is presented for determining bone thickness. Three-dimensional
solid models are produced to facilitate better understanding. Then, thermal analysis is
applied to solid models covered with mesh.

2.1. Generating Solid 3D Models

It is known that thermal analysis can be applied in order to develop solutions to
different problems regarding objects. Especially in solid objects and systems operating
based on heat, significant information about the system status can be obtained by using
thermal analysis methods. In this section, various applications are presented in order to
present the reader with information on how thermal analysis works. Thus, we aim to
provide important information and explanations for the application of thermal analysis
in skull bones. Models of 3D solids are highly suitable objects for this purpose. Three-
dimensional solid model structures were created that are similar to the geometric structures
of skulls. The thickness of these models varies at different coordinates, as is the case for the
bone structure of skulls. These models were created using SpaceClaim software 2020 R1.
Some of the 3D solid models are shown in Figure 1.

Figure 1. Three-dimensional models produced for thermal analysis.

Human bones have heterogeneous and nonlinear structures. Therefore, it is difficult
to assign material properties along each aspect of the bone. Although bone is an example
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of a natural composite material, its properties vary from one point to another [24]. In this
study, we assume bone to be an isotropic material, and we aim to perform further analysis.
The material properties used in similar analyses by other researchers are shown in Table 1.

Table 1. Material properties of skull bones were obtained by different authors.

Authors Young’s Modulus Poisson Ratio References
(MPa)
Coats and Margulies (2006) 300 0.19 [25]
Baumer et al. (2009) 238 0.20 [26]
Gzik et al. (2009) 380 0.22 [27]

In Table 1, the Young’s modulus is the initial slope of the stress—strain curve. The
amount of matter per unit volume of the modeled objects also gives the density. The
ratio of lateral stress to axial stress gives the Poisson value. The 3D objects were defined
as anisotropic materials with the following properties: Young’s modulus: 380 MPa; and
Poisson’s ratio: 0.22. With these selected values, solid models suitable for the bone structure
of the human skull are created. Thus, the thermal analysis studies to be carried out will be
performed using parameters that are suitable for applications on the human skull.

2.2. Mesh Generation Using the Finite Element Method

The finite element (FE) method is a numerical technique used to analyze various
engineering problems [28-31]. This technique separates a large system into smaller and
simpler parts, called finite elements. This method is increasingly frequently being applied
to analyze bone structures [32]. FE can also be used to model complex geometries such as
3D solid models. The aim is to obtain reliable results with the least error and minimum
calculation time, regardless of mesh size and density. Simulations were executed on a high-
performance workstation with an Intel Core i7-6700 processor (3.40 GHz) and 16 GB RAM.
Firstly, the created models are transferred to FE-based ANSYS. While designing the models,
the anatomy of the skull was taken into account [33]. Then these solid models are meshed
to prepare thermal analysis. The curvature and element size are adjusted to fit the model
mesh, since the solid model has a curved structure, in order to maximize resemblance to
the skull. The number of nodes and elements in a solid model varies depending on the
size of the mesh. By using the sizing option under the mesh menu, the size of the element
is selected as 1, 2, and 3 mm. As the mesh size gets smaller, the number of nodes and
elements also increases. Table 2 shows the number of nodes, the number of elements, and
the study time required, depending on the different element sizes of the meshed model. FE
mesh models of three types with different levels were generated. During the analyses, it
was determined that FE model-3 had the largest mesh size, but provided a reliable solution
in terms of both time and number of elements. Therefore, we preferred the FE model-3
over the other two FE models (1 and 2), and used it in the subsequent analyses. Thanks
to the improvement of the network and the use of the options available in the software,
the network quality was increased, and optimal results were obtained. Figure 2 shows the
meshed solid models with different numbers of nodes and elements.

Table 2. FE solution information against different mesh models.

Model No. Mesh Size (mm) Node Elements Study Time
1 1 7635 1395 3min, 8s
2 2 1435 213 1min, 17 s

3 3 637 80 O min, 29 s
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(a)

Figure 2. Images of meshed solid models with different numbers of nodes and elements: (a) mesh model-1, (b) mesh

(b) (c)

model-2, and (c) mesh model-3.

2.3. Thermal Analysis of 3D Solid Models

Heat transfer is thermal energy that is in transition due to differences in spatial
temperature. The most efficient method of heat transfer is conduction. This heat transfer
method occurs whenever there is any temperature change within an object. In this case,
energy is transferred from a high-temperature region to a low-temperature region.

The current equation of thermal conduction in continuous environments can be
obtained on the basis of the principle of conservation of thermal energy. The application of
the heat transfer relationship for systems with isotropic materials is as follows [34]:

oT (7
pcg = div (k gde) +Q 1)

where p represents density, C is the specific heat, T is the environmental temperature, t is

the time, ; is the thermal conduction coefficient, and Q is the internal heat produced per
volume.
The amount of heat transferred by convection is determined by Newton’s law of
cooling, as follows:
gc = —he(Ta — Tgp) 2)

where h, is the convection coefficient, Ty, is the temperature of the surface boundaries, and
T, is the environmental temperature. The convection coefficient is a function of properties
such as fluid velocity (Vy) and surface roughness. Simplified formulas are available for
calculating this coefficient [35].

he =3.8Vy+57 3)

In this section, thermal analysis of the modeled solid object is examined. Thus, we
aim to carry out an experimental application in order to verify the application of the model
for skull images. ANSYS Workbench-2020 software was used for analysis. The ANSYS
Workbench interface consists of a toolbox, project diagram, toolbar, and menu bar. Two
main types of thermal analysis are commonly used. These are steady-state thermal analysis
and transient thermal analysis. Steady-state analysis is performed at a constant temperature,
while transient thermal analysis is performed at varying temperatures. Steady-state thermal
analysis is important for determining temperatures, heat fluxes, etc. In the steady-state
method, a constant known heat flow is assumed to stream through an object [36]. Steady-
state thermal analysis is used in this study. This type of analysis calculates the effect of
a constant thermal load on a solid 3D object. To this end, thermal analysis is used to
determine the temperature, thermal slope, heat flow rates, and heat flow in the object [37].
One of the important issues in creating 3D thermal models is to create appropriate boundary
conditions. The steps for realizing the steady-state thermal analysis of a 3D structure are
as follows: (1) the designed 3D model is taken; (2) the model is meshed; (3) the outside
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temperature is given a value other than 0 °C; and (4) 0 °C is applied to the entire inner
surface as a constant heat source.

Since the modeled solid object contains experimental applications for the bone struc-
ture of the human skull, it was designed with different thicknesses. Temperature differences
were analyzed by applying different amounts of heat to the interior and exterior surfaces.
The temperature value of the inner surface was accepted as 0 °C. This process, which
is applied to solid models, can also be applied to living human skulls (see Section 4).
However, no direct thermal application is made to the skull of the living person. First,
CT images taken from the person are converted into a model for thermal analysis. The
internal and external surface temperature values of the skull that is turned into the model
are unimportant, because at this stage, the focus is on the internal-external surface tem-
perature differences. In this case, choosing 0 °C or a different value for the inner surface
makes no difference. For the convenience of mathematical operations, the inner surface
was accepted as being 0 °C. Thus, the heat value on the outer surface will directly provide
the temperature difference value.

The heat transfer to be applied to the solid model occurs between 1 and 4 s. Performing
the simulation for 1 s or longer does not change the heat transfer image. In this study, the
play duration of the animation was chosen to be 1 s. The heat transfer distribution after
1 s in different parts of the model is shown in Figure 3. Figure 4 shows the heat transfer
distribution images of the model after 4 s. As can be seen from Figure 3; Figure 4, the heat
distribution on the solid model surface is similar following different durations. The heat
transfer videos of the solid model can be accessed using the Supplementary Materials part.
Simulation time does not directly affect surgical practices. However, on the basis of the
one-second simulation image, the doctor is able to quickly determine the thickness of the
desired area of the skull. This will provide helpful information during surgery. Figure 5
demonstrates the linear change of the heat transfer in the model with respect to time.

(d)
Figure 3. Heat transitions of the model at (a) 0.3 s, (b) 0.6 s, (¢) 0.9 s and (d) 1 s.
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(b) (©)

(d)

Figure 4. Heat transitions of the model at (a) 1 s, (b) 2's, (c) 3s and (d) 4 s.
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Figure 5. Temporal change of model heat transfer.
It can be observed that heat transfer is directly proportional to the model section

thickness. As a result, the measured temperature value increases linearly. Selecting random
points on the outer surface of the model, the x-, y-, and z-axis values of these points can be
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obtained. Thanks to the help of Euclidean distance, the distance between these points on
the outer surface of the model and the points on the inner surface can be found. Euclidean
distance is computed in n-dimensional space using the following expression:

d(p,q) =\ (1 — )2+ (p2— )P+ -+ (pr— u)? )

where p and g are randomly selected points in 3D space.

In Figure 6, the temperature values and the highest and lowest values of the points
marked on the model are shown. In Figure 7, the distances of the marked points from the
inner surface are given. As can be seen from Figure 7, the temperature difference changes
in direct proportion to the thickness of the object.

Figure 6. Randomly marked points.
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Figure 7. Change of temperature difference according to object thickness.

After obtaining the temperature difference dataset at randomly selected points, the
least-squares method is applied to find the line that best fits the distribution of the data
points. Thus, information on the existence of a relationship between variables is obtained
using the least-squares method [38].



Appl. Sci. 2021, 11, 10483

9 of 20

Temperature difference is selected as the independent variable, and the distance of the
temperature difference from the inner surface is selected as the dependent variable. In this
method, forie {1,...,n}, the line that best fits the data pairs (x;; ;) can be determined
by using the basis expression y = ax + b. Thickness values corresponding to temperature
values are calculated as follows:

yj:,Bo +,81'xi—|— ...+ﬁnxn +&; 5)

Unknown §3; values are estimated by the least-squares method using a random sample
from the main population. The data used in this paper consist of the temperature difference
at points on the outer surface of the model.

EKY =) ei=) (yi—7i) (6)

n n

i=1 i=1

On the basis of the possible values of f;, the expression f = (X’ X)_lX’ y can be
obtained. Thus, a linear regression model can be drawn using the estimated §; values.
Figure 8 shows the linear regression model between temperature difference and object
thickness. Thus, when any point on the outer surface of the designed skull-like model is
marked, the thickness value corresponding to the point marked can be found using the
least-squares method.

i

Thickness

* *

0.2 0.25 0.3 0.35 0.4 0.45
Temperature Difference

Figure 8. Temperature difference thickness relationship.

It can be observed that the thermal analysis and finite element methods effectively
determine the thickness in all regions of the solid models. In the next section, these methods
will be used to determine bone thickness information for human skull images.

2.4. Firat University Neurosurgery Dataset (FUND)

CT data were obtained from the neurosurgery department (Firat University Hospital,
Elaz1g, Turkey). All CT scans were scanned for any pathological issues. Those with
pathological problems were excluded from further analysis. Included were those who
did not have visible pathological or unusual morphology. A total of 150 patients were
contacted for this study. The age range of the individuals was selected to be 0-72 years.
Relevant CT scan data were retrieved from the hospital archive for further processing. The
dataset of 150 patients was analyzed, and both 2D and 3D measurements were obtained
(Figure 9).
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150 CT scans
Firat University Hospital

T~

Skull thickness processing Geometry processing
* 138 data sets fit for skull thickness * 135 data sets complete
* 12 data sets technically not fit for measurement processing
processing * 15 data sets incomplete

* 130 data sets complete thickness processing
* 8 data sets failed (computational limit)

Figure 9. Flowchart of the CT processing in the study.

The slice thickness of the CT data ranges from 0.5 to 0.625 mm. Voxel size is isometric,
with a 512 x 512-pixel matrix. Voxel size is an important component of CT image qual-
ity [39]. A voxel is the 3D analog of a pixel. Voxel size is related to both pixel size and slice
thickness. If the pixel size is smaller, the spatial resolution of the image is greater. The CT
images of 130 patients used in this study were collected from the same tomography device.
Since the Frames, PixelSpaceX, PixelSpaceY, PixelSpaceZ and Slice Thickness values of
these patients were similar, not all of them were included in the study. Detailed informa-
tion on the CT data used in this paper is given in Table 3. In this table, 10 patients were
randomly selected from among the total of 130 patients. All skull CT information used
in the study can be accessed from the Supplementary Materials part. There is no private
information of the patients on this list.

Table 3. Skull CT data.

Id Gender Age Frames PixelSpaceX  PixelSpaceY PixelSpaceZ Slice Thickness
1 M 16.00 742 0.546 0.546 0.5 0.5
2 M 16.00 305 0.488281 0.488281 0.625 0.625
3 F 12.00 292 0.582031 0.582031 0.625 0.625
4 M 14.00 766 0.546 0.546 0.5 0.625
5 F 15.00 769 0.546 0.546 0.5 0.5
6 F 16.00 303 0.492188 0.492188 0.625 0.625
7 M 14.00 296 0.488281 0.488281 0.625 0.625
8 M 13.00 650 0.546 0.546 0.5 0.5
9 M 15.00 423 0.466797 0.466797 0.5 0.625

10 F 11.00 288 0.488281 0.488281 0.625 0.625

All data used in this study can be reached in Supplementary Materials part.

3. Proposed Skull Thickness Analysis Method

In this study, a new method is developed to calculate bone thickness in all regions
of the human skull on the basis of CT images using finite element analysis and thermal
analysis methods. Images of skulls from people of different ages and genders were analyzed
using CT scans. Analyses were performed with ANSYS [40], which is used in computer-
aided engineering studies. Based on the finite element method, the ANSYS Workbench
platform allows effective studies in different disciplines, such as mechanics, fluid dynamics,
and heat transfer. Additionally, the thermal analysis method based on heat transfer, which
is used in various engineering problems, was also used in this study, and the heat transfer
was measured with respect to bone thickness. A graphical abstract of the proposed method
is given in Figure 10.
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Figure 10. Graphical abstract of the proposed method.

The proposed method includes the following main steps:

1-  Raw skull CT images are taken in DICOM format.

2- DICOM data are transformed into computer-based design models for analysis. In this
transformation, the data are recorded in STL file format.

3- Some undesired bone particle regions obtained from CT should be removed. The STL
files are cleared of errors caused by CT scanning in the SpaceClaim software, and
these images are thereby made ready for analysis. Thus, the skull image is prepared
for the mesh production process. Mesh production is performed using the appropriate
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number of nodes and elements. Thus, the meshed skull image is suitable for thermal
analysis.

4-  In this step, steady-state thermal analysis is carried out. Certain temperature values
are applied to the inner and outer surfaces of the skull. In this paper, the internal
temperature value is denoted as 0 °C. When the inner surface temperature value is
set at 0 °C, the inner-outer temperature difference will automatically be equal to the
outer surface temperature value. The temperature values on the outer surface of the
skull images are taken along two perpendicular curves.

5-  When obtaining bone thickness using temperature information, the distance between
any skull point along the perpendicular curves and the closest inner surface point to
this point is used. By using the Euclidean distance between these two points, the bone
thickness information of the relevant point can be obtained.

4. Experimental Results

To perform thermal analysis of CT data in the ANSYS program, they must first
be defined in SpaceClaim software. These identified data are STL-type files known as
“Stereolithography”. STL is a format created by dividing the surfaces of the 3D-designed
model into multiple triangles in a mathematical array [41]. This format allows the storage
and transmission of the volume information of a 3D skull without any color or texture
information. Two-dimensional section images of the human skull are created with the help
of computed tomography. These images are overlaid and then made into a 3D model using
appropriate software. In this study, RadiAnt DICOM Viewer software is used as the first
step to rearrange the surface geometries of skull CT images [42]. CT data is then saved in
STL format and meshed using RadiAnt software. When the STL file format is prepared, the
number of meshes created on the surface of the skull is directly proportional to the skull’s
resolution. STL files prepared in the second step are transferred to SpaceClaim software.
Thus, the meshed skull images are analyzed and prepared for ANSYS. Before being taken
to ANSYS for thermal analysis, all of the mesh bodies with multiple unconnected regions
on the skull surface are separated. The separation of mesh bodies is an important operation
for ANSYS analysis. Figure 11 shows an example of unconnected regions on the skull
image. All unconnected regions are removed from the skull for a more robust analysis.

(a) (b) (©)

Figure 11. (a) Unconnected mesh body. (b) All unconnected mesh bodies (orange color). (¢) Skull without unconnected

mesh body.

Access to the inner surface is necessary in order to determine the skull’s thickness.
Therefore, as seen in Figure 12, the facial region of the skull is removed by drawing a curve
from the forehead to the neck. Thus, access to the meshed inner region is provided.
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(b) (c)

Figure 12. (a) Surface separation curve. (b) Removal of the facial region. (c) Internal region of skull surface.

(al)

(b1)

(cT)

Then thermal analysis is performed using ANSYS Workbench. The temperature value
of the skull’s inner surface is assumed to be 0 °C. Thus, the temperature value of any point
on the skull’s outer surface gives the temperature difference directly. The heat transfer is
performed within one second. There is no difference between simulating for one second or
for longer with respect to the heat transfer image. In this study, the play duration for the
animation was selected as one second. Simulation time does not directly inform surgical
practices. In Figure 13, the left side and top views of the skull are shown. These thermal
analysis results were taken in different periods of heat transfer. The color distributions
in the thermal images correspond to different bone thicknesses. The red color indicates
the region with the greatest bone thickness. The green color indicates the region with the
thinnest bone thickness. Other colors show intermediate values of bone thickness in red
and green regions. Thanks to the developed method, the bone thickness information of
any desired point on the skull can be obtained numerically.

(A)

Figure 13. Cont.
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(a2)

(b2)

(2)

(B)

Figure 13. (A) the left side and heat transfer of the skull in (a1) 0.3 s, (b1) 0.6 s, (c1) 0.9 s and (d1) 1 s; (B) the top views and
heat transfer of the skull in (a2) 0.3 s, (b2) 0.6 s, (¢2) 0.9 s and (d2) 1 s.

It is well known that the main bone structures in the skull include the frontal, parietal,
occipital, and temporal bones. The thickness information at any point of these bones is
critical for medical operations. If geometric curves passing over these bones can be found,
the thickness information of the desired point can be easily obtained by using the proposed
method. Therefore, random points are chosen along two curves that intersect each other
as perpendicular axes. The first geometric curve starts from the left temporal bone of
the skull, passes over the parietal bone, and ends in the right temporal bone. While the
temporal bone forms the sides of the skull, the parietal bone is the bone at which the skull
edges and roof join. It was determined on the basis of the temperature differences that the
temporal bone is thinner than the parietal bone. This situation is consistent with the related
literature [43]. The values of the temperature difference points on the first geometric curve
and the distances between the points and the inner surface are shown in Figure 14.

The second geometric curve starts from the frontal bone of the skull and ends at the
occipital bone through the parietal bones. While the frontal bone forms the front part of the
head, the occipital bone forms the entirety of the posterior part of the skull. The values of
the temperature difference points on the second geometric curve and the distances of the
points to the inner surface are shown in Figure 15. As mentioned above, the temperature
values on the second curve are compatible with the change in the thermal color map. As
can be seen from the temperature differences, it was determined that the thickness of the
frontal bone and the thickness of the occipital bone are close to each other, and they are
consistent with the related literature [43].
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For the purpose of comparison with the proposed method based on thermal analysis,
the Ray-Triangle method [44,45], which is able to calculate the thickness in 3D objects, was
applied to the manuscript data. Random points were selected along the geometric curve
drawn from the frontal bone to the parietal bone and the geometric curve drawn from the
left temporal bone to the right temporal bone. First, the coordinate values of the selected
points in 3D space were recorded. The Ray-Triangle method was used to pass through
these points. The skull thickness values obtained by the Ray-Triangle method are shown in
Figure 16. The skull thickness values of the proposed method and the Ray-Triangle method
were compared.

()

G Thickness values of the Ray-Triangle method Ray-Triangle arrows

Figure 16. Skull thickness measurement results of the Ray-Triangle method: (a) values obtained from left temporal bone to

right temporal bone; (b) values obtained from frontal bone to parietal bone.

Skull thickness measurements of dead people are performed by doctors by piercing
the skull with mechanical instruments. However, since this method is not used in living
people, doctors perform thickness measurements using special programs such as 3D Slicer.
To confirm the reliability of the results obtained, ground truth measurement data are
used. The measurement results obtained manually by the doctor are accepted as ground
truth. “Ground truth” refers to a set of measurements that are known to be much more
accurate than the measurements from the proposed method we are testing. The results
of the thermal analysis and Ray-Triangle methods were compared with the ground truth
measurement thickness values. The measurement results of the proposed method, the
Ray-Triangle methods, and ground truth are shown in Figure 17. As can be seen from
the measurement results, the accuracy of the proposed thermal analysis-based method is
closer to the ground truth thickness values. A second advantage of the thermal analysis
method over the Ray-Triangle method for the measurement of skull thickness is that the
entire area of the skull can be measured. With the Ray-Triangle method, only the results of
the determined coordinate values can be found.



Appl. Sci. 2021, 11, 10483

17 of 20

20T

-
=
T

Thickness (mm)
3

. . 22 . .
—F— Proposed Method | —#— Proposed Method 1
—+— Ray-Triangle Method | | 20 ~3 —#— Ray-Triangle Method
Ground Truth wl TR Ground Truth
16 |

Thickness (mm
=
*

] 8 10 12 0 2 4 ] 8 10 12 14
Selected points Selected points

(a) (b)

Figure 17. The proposed method based on thermal analysis, the Ray-Triangle method, and the manual measurement results:

(a) skull thickness values obtained from left temporal bone to right temporal bone; (b) skull thickness values obtained from

the frontal bone to the parietal bone.

As seen in Figure 17, the proposed method found the thicknesses to be the same at
four points along both curves. The thickness values of other points could be calculated to
within an acceptable range. However, it was observed that the Ray-Triangle method was
insufficient to measure skull bone thickness values.

5. Conclusions

The goal of this study was to characterize how skull thickness changes with age and
sex. Regardless of gender, the general trend of skull thickness increased with age. This
increase was greatest in the frontal and parietal bones of the skull. To our knowledge, this
is the first study to have calculated 3D skull thickness on the basis of thermal analysis
for all age groups. In this study, thermal analysis was performed on the skull CT images
of 150 patients (female: 80, 53.3%; male: 70, 46.7%; mean age: 14.3) of different sexes,
aged 0-72 years. There was no significant difference in age between men and women
patients (female: 14; male: 14.7 mean age). Since the procedure is non-surgical, it can
be easily performed in a standard laboratory. Thus, skull thickness measurements were
performed on the basis of thermal color maps, and the bone thicknesses were calculated at
the desired points. The anatomical complexity of the skull bones was eliminated. Thanks
to the developed method, human skull bone thicknesses were calculated on the basis of the
thermal analysis and finite element methods, instead of by using invasive techniques.

Experiments on CT skull data illustrated that the proposed thermal analysis-based
model is discriminative and powerful for tasks involving the determination of skull bone
thickness. The average thicknesses of skull bones for men (frontal: 7.8 mm, parietal:
9.6 mm, occipital: 10.1 mm, temporal: 6 mm) and women (frontal: 8.6 mm, parietal:
10.1 mm, occipital: 10 mm, temporal: 6 mm) was given. The difference (10%) between
men and women appears to be statistically significant only for frontal bone thickness.
Experimental studies proved that the results obtained using the proposed method were
compatible with the related literature. However, the proposed method determined, in
accordance with the literature, that the occipital bone was the thickest skull bone and the
frontal bone was the second-thickest skull bone. It was also obtained using the proposed
method that the temporal bones were the thinnest bones of the skull.

The results obtained in this study offer convenience and speed to doctors when decid-
ing on the material thickness required to join/repair broken bone in the skull. In addition,
information will be available to experts when determining distinguishing diagnostic fea-
tures of bones in skull injuries. Since some color irregularity may occur in skull images,
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there may be minimal change in the heat transfer of some parts of the skull. Future work
will also focus on the color mapping robustness of our approach.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app112110483 /51, Table S1: All skull CT data, Video S1: Heat transitions of the model 1 s,
Video S2: Heat transitions of the model 4 s.
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