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Abstract: Spine fixation is required in cases such as congenital spinal curvatures, vertebral
fractures, sagittal collapse over time, painful kyphosis, and bone load due to tumors. Although there
are many methods in the literature, the most commonly used spine fixation method is the fixation
with pedicle screws. In these cases, it is known that pedicle screws are used frequently in the body.
In this study, how the radiological exposure of the pedicle screws in the vertebral column that dose
was evaluated by simulation methods. First, the elemental analysis of the pedicle screw was
analyzed via Scanning Electron Microscopy (SEM) equipped with the Energy Dispersive X-ray
Spectroscopy (EDS). Then, the elemental compositions of the pedicle screw obtained were used for
simulation codes. subsequently, the half-value thickness and the attenuation coefficient calculations
were conducted for the pedicle screw and vertebral column. Both XCOM software and MCNP
(Monte Carlo N-Particle) simulation code were used to obtain photon interaction parameters within
the energy range of 60-250 keV.
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Pedikiil Vidas: i¢in Kiitle Zayiflama Katsayilarimin Teorik ve Monte Carlo
Simiilasyon Teknikleri ile Hesaplanmasi

Oz: Konjenital omurga egrilikleri, vertebra kiriklari, zamanla sagital kollaps, agrili kifoz, timérlere
bagli kemik yiikii gibi durumlarda omurga tespiti gerekir. Literatiirde birgok ydntem olmasina
ragmen en sik kullanilan omurga sabitleme yontemi pedikiil vidalar ile sabitlemedir. Bu durumlarda
viicutta pedikiil vidalarmin siklikla kullanildigi bilinmektedir. Bu c¢aligmada vertebral kolondaki
pedikiil vidalarinin radyolojik maruziyetinin simiilasyon yontemleri ile nasil degerlendirildigi
arastirlmustir. {1k olarak, pedikiil vidasinin element analizi, Enerji Dagitici X-1s1n1 Spektroskopisi
(EDS) ile Taramali Elektron Mikroskobu (SEM) ile analiz edildi. Daha sonra elde edilen pedikiil
vidasinin elementel bilesimleri simiilasyon kodlar1 i¢in kullanilmistir. Daha sonra pedikiil vidasi ve
vertebral kolon i¢in yari deger kalinlik ve zayiflatma katsayisi hesaplamalart yapilmistir. Enerji
aralig1 60-250 keV olan foton etkilesim parametrelerini elde etmek i¢cin hem XCOM yazilimi hem de
MCNP (Monte Carlo N-Particle) simiilasyon kodu kullanilmistir.
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1. Introduction

The main principle in the surgical treatment as deformity, fracture, spondylolisthesis,
tumor or disc degeneration is the stabilization and fusion of the pathological spine
segment. The researcher described the first use of transpedicular screws after the other
reported the use of screws aimed at fixing the facet joint in the spine [1-3].

The screw fixation of posterior transpedicular has become the method for
instrumentation, especially in the lumbar and lumbosacral regions [4]. This technique is
superior to other fixation methods used in the region, both biomechanical and clinical
[4-6]. The pedicle screw is the center of force of the vertebra and all the forces applied
through the pedicle are reflected on the vertebral body [7]. In this way, pedicle fixation
provides control of the whole body and the stability provided by conventional methods.
The idea that the correction effect and fusion rate will increase as the stability and
power of the instrumentation increase, the use of pedicle screws has become widespread
[8]. The successful prosthesis to replace damaged joints or bones was especially a
cemented total hip prosthesis with a stainless steel stem developed [9].

Biocompatible metal alloys are frequently used in joint and bone implants due to their
superior physical characteristics including mechanical strength, toughness, and ductility.
Metallic biomaterials with resistance to corrosion and mechanical characteristics are
used in the production of instruments as plates, screws, nails used for the fixation of the
hip, knee, spine implants, and fractured structures. Stainless steels have been still in
high demand as implant material in developing countries due to their relatively facilitate
of manufacture, low cost, and reasonable resistance to corrosion [10]. Since the
resistance to corrosion of Cobalt, Chromium alloys is better than that of stainless steel,
Cobalt (Co), Nickel (Ni), Chromium (Cr), Molybdenum (Mo) alloys are used in stems
of prosthetics of load-bearing joints such as hip and knee, and metal-metal hip implants
[10-13]. It has been reported that elements as Co, Cr, Ni in stainless steel, and cobalt-
chromium alloys are released into the body environment due to corrosion [14-16].

Titanium (Ti) alloys have excellent corrosion resistance to the inert Titanium Dioxide
layer formed on the surface. Ti is one of the most used pedicle screws compounds
which are widely used in the treatment of various physical disorders in the spine as
orthopedic implants. Aluminum (Al) and vanadium (V) alloying elements improve the
mechanical properties and microstructure [10]. These alloying elements are considered
to be safer compared to V and Al, and alloys have advantages such as elastic modulus
close to that of human bone, excellent corrosion resistance, and high specific strength
[17-19].

Radiation attenuation occurring in the tissues between the relevant biological materials
and the detector is one of the most crucial issues in the use of y-rays in radiology. For
this reason, measurements of the half-value thickness (layer) of biological materials are
important linear attenuation coefficients and related mass attenuation coefficients,
which are defined as the probability of photon interaction with a particular material per
unit path length for crucial in radiation-related issues.

The radiological methods depend on the transmission, absorption, or scattering of the
radiation beam from body organs and tissues in body structures [20]. Problems in
applying unacceptably high radiation doses to patients in radiological methods can be
minimized by a good estimate of the thickness of the biological materials in the
radiation path and careful selection of the radiation source-related radiology. Accurate
data on these quantities for narrow beam geometries are essential for y-rays in areas
such as radiology imaging, nuclear medicine, radiotherapy. Measurements of half-value
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layer and attenuation coefficients using many techniques and materials have been made
by different groups [20-26].

Recently, the important program that makes nuclear interactions using the Monte Carlo
(MC) Simulation Code has taken its place as MCNP (Monte Carlo N-Particle). The
Energy Dispersive X-ray Spectroscopy is the most effective Scanning Electron
Microscopy (SEM) attachment Dispersive X-ray Spectroscopy (EDS). The EDS system
can provide atomic, qualitative, and quantitative data from the specimen. The EDS
results which are characteristic of the pedicle screw's atomic structure to be
distinguished from one another have been used by computer-aided simulation and
calculation codes with XCOM and MCNPG6. Obtained results via both codes have been
compared and these results have been graphed for better visual understanding.

2. Material and Method

In the present study, the SEM-EDS analysis of pedicle screw has been conducted to
obtain an elemental composition whose knowledge is crucial for MC simulations. The
half-value layer and mass attenuation coefficients of the pedicle screw and vertebral
column have been calculated by using MCNP6 software. Obtained results have been
compared the National Institute of Standards and Technology database via XCOM.

2.1 Scanning electron microscopy analysis

SEM is a tool that creates magnified images that reveal information on a microscopic
scale about the size, shape, composition, crystallography, and other physical and
chemical properties of a sample [27]. The basic working principle of SEM is the image
formation by processing the data obtained as a result of the interaction of electrons
released from the electron source with the sample by the sensors. The image is formed
by the signals that occur as a result of the interaction of the sample surface under
investigation with the electron beam [28]. SEM is a technique used to image the surface
of a sample, and three-dimensional images can be obtained with this technique.

2.2 Energy dispersive x-ray spectroscopy

The EDS system can provide atomic, qualitative, and quantitative data from the sample.
It focuses on the study of X-rays produced by matter in place of the impact of charged
particles and examines a sample through the interactions between electromagnetic
radiation and material. Their characterization abilities are largely due to the basic
concept that each element has an atomic structure and distinguishes X-rays, which are
characteristic of an element's atomic structure [25-28].

In this study, to lighten up the surface morphology and elemental composition of the
pedicle screw SEM ZEISS Gemini SEM equipped with EDS- QUANTAX was used.
The microscope obtained the conditions such as voltage 20 kV, current as 8-10 nA, the
beam diameter of 100 um, decreased vacuum in the chamber with the pressure of 50 Pa.

2.3 Attenuation parameters

The y-ray or X-ray radiations, the intensity of the beam are attenuated for the Beer-
Lambert’s law [23] equation as follow,

I = lperx (1)
The u (em™) is the linear attenuation coefficient for a material, where | is the attenuated

photon intensity and I, is unattenuated photon intensity, x (cm) is the thickness. A
coefficient is characterizing a given material is the density-independent, mass
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attenuation coefficient. The rearrangement of Equation 1 obtained to the equation for
the linear attenuation coefficient [24];

u = In(lo/) @)

The mass attenuation coefficients for the materials were obtained from Equation 2 with
the density of corresponding samples as;

wp =pix In(lo/1) ©)

The mass attenuation w/p(cm®g™), where p (gem™) is the measured density of the
material, and 1 is the attenuated photon intensity and lo unattenuated photon intensity
and x (cm) is the thickness in Equation 3 and obtained from Equation 2. for half-value
layer (cm), is the thickness of material for which the intensity in Equation 4 [24, 26].

n2

X /2 :T (4)

2.4 Simulations

The XCOM software is possible to obtain photon cross-section data for a single
element, compound, or mixture. It was used to calculate theoretical values of the half-
value layer and mass attenuation coefficients (um) of the samples for y-rays at photon
energies of 60 —250 keV [36]. In nuclear physics, numerous computer codes, based on
analytical approximations [30-36] and MC techniques [37-43], are widely used by
researchers. MC techniques can be used in the solution of probabilistic processes such
as radiation transport as well as in a complex integral calculation that is not practical to
solve [44]. MC techniques are statistical methods used to study arbitrary behaviors that
cannot be handled analytically on a computer. Most of the calculations are based on
repeatable, arbitrary numbers that are uniformly distributed, providing a variety of
statistical tests, and produced in the range (0,1). Since these numbers are not uniformly
distributed and independent from each other, these numbers produced by the computer
are called so-called random numbers. Nuclear libraries embedded in code systems
contain the possibilities of interaction of each atom at each energy [45]. The random
numbers produced by MC codes are used to decide which event will occur over these
probability distributions.

The distribution of random numbers used in calculations made by the MC method
affects the result. The random numbers generated must be regular random numbers.
Calculations using probabilistic random numbers stacked in one section bring errors
[46]. In our study, all calculations have been carried out by employing two of the best
known and frequently used computer-aided simulation and calculation tools which are
XCOM and MCNP6 [47]. The half-value layer and mass attenuation coefficients of
the pedicle screw and the vertebral column have been calculated. The MCNP6
geometry can be seen in Figure 1. In MCNP simulations 5 x 10° photons were used
as a number of particles with computer hardware(Intel Core 17 CPU 2.6 GHz).
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Figure 1. MCNP Geometry used in simulations

3. Results

The surface morphology and elemental composition of the pedicle screw have been
obtained from scanning SEM-EDS. As depicted in Figure 2(a), the smooth and
homogenous morphology has been detected for the bottom side of the pedicle screw in
Figure 2(a) and related EDS analysis of the pedicle screw in Figure 2(b).

(b)

©O H N W A 0O O N ®
Torasl Y TP P T PR

— e
4 6 8 10 12 14 16 18 20
keVv

Figure 2. (a) SEM images (b) related EDS analysis of pedicle screw

The SEM-EDS analysis of the related region (yellow-lined in Figure 2(a)) has been
demonstrated that the pedicle screw has been composed of Ti (89.11%), Al (8.54%),
and V (2.35%) (Table 1).

Table 1. % Elemental composition of pedicle screw

Ti Al \Y
89.11 8.54 2.35
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The mass attenuation coefficients of the pedicle screw were calculated by using the
elemental composition which is obtained from SEM-EDS analysis as seen in Figure 2
and elemental composition values in Table 1. In addition to pedicle screw calculations,
the mass attenuation coefficients of the vertebral column were calculated. Elemental
compositions of the vertebral column, which have been shown in Table 2, are obtained
from the literature [48].

Table 2. %Elemental composition of vertebral column [48]

H C N 0] Na Mg P S Cl K Ca Fe
7.098 25792 3599 47.18 0.1 0.1  5.098 0.3 0.1 0.1 10497 0.03

Photon interaction parameters of the pedicle screw and vertebral column were
calculated for radiological energies. The density of pedicle screw is p = 4.56 g cm™and
vertebral column is p = 1.33 g em™ [48]. The mass attenuation coefficients values of the
pedicle screw and vertebral column were calculated using Equation 3. The half-value
layer of the pedicle screw and vertebral column were calculated using Equation 4. The
half-value layer and mass attenuation coefficients of results have been presented in
Table 3. Especially at low photon energy mass attenuation coefficients of the pedicle
screw were found to be much higher than the vertebral column. The mass attenuation
coefficients of the pedicle screw approximately are three times that of the vertebral
column at 60 keV. This huge difference is a problem for radiological imaging. In
addition to mass attenuation coefficients, half-value layers were calculated by using
MCNP6 results.

Table 3. Calculated values of mass attenuation coefficients (cm?g™) and half-value layer (cm) for pedicle
screw and vertebral column

Differences
Energy Pedicle screw Zi?:;,{,e \/Cegltlejlr;rgl \gg;[ﬁg:’r?l p)Ve(l"fcébral HVL (Pedicle (V:':glt;ral
(kev) (MCNP) xcom)  (MCNP)  (xcomy ~ Coumn- Screw) Column)
screw

60 0.72610 0.72620 0.25480 0.2548 -0.4713 0.20934577 2.04538184

70 0.45259 0.51110 0.22076 0.2213 -0.23183 0.33585797 2.36076868

80 0.38841 0.38860 0.20106 0.2007 -0.18735 0.3913544 2.59207845

90 0.28605 0.31310 0.18764 0.1868 -0.09841 0.53139647 2.77746373
100 0.26436 0.26380 0.17734 0.1766 -0.08702 0.57499607 2.93878027
110 0.21592 0.22980 0.16929 0.1688 -0.04663 0.70399204 3.0785238
120 0.19497 0.20550 0.16348 0.1625 -0.03149 0.77963769 3.18793304
130 0.17945 0.18740 0.15811 0.1572 -0.02134  0.84706582  3.29620703
140 0.16749 0.17360 0.15319 0.1526 -0.0143 0.90755245 3.40207124
150 0.16315 0.16260 0.14961 0.1486 -0.01354  0.93169452 3.483479
160 0.15041 0.15380 0.14603 0.145 -0.00438 1.01061073 3.56887827
170 0.14372 0.14650 0.14290 0.1418 -0.00082 1.0576535 3.64704894
180 0.13768 0.14040 0.13977 0.1388 0.00209 1.10405259 3.72872071
190 0.13322 0.13520 0.13709 0.136 0.00387 1.14101457 3.80161422
200 0.13099 0.13060 0.13441 0.1335 0.00342 1.16043943 3.87741458
210 0.12549 0.12660 0.13217 0.1311 0.00668 1.21129939 3.9431285
220 0.12221 0.12310 0.12994 0.1289 0.00773 1.24380951 4.01079955
230 0.11920 0.12000 0.12770 0.1268 0.0085 1.27521779 4.08115344
240 0.11671 0.11710 0.12547 0.1248 0.00876 1.30242448 4.15368848
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250 0.11422 0.11450 0.12368 0.1229 0.00946 1.33081738  4.21380412

For visualizationMCNP6 and XCOM results have been presented for pedicle screw and
vertebral column in Figure 3-4 respectively. MCNP6 results have consisted of XCOM
data for both elements.
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Figure 3. Comparison of the calculated mass attenuation coefficients for pedicle screw via XCOM and
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Figure 4. Comparison of the calculated mass attenuation coefficients for vertebral column via XCOM
and MCNP

4. Conclusion and Comment

Pedicle screws are widely used in the treatment of various physical disorders in the
spine. Vertebral transpedicular screws are routinely used in the treatment of
degenerative or traumatic abnormalities of the vertebra. The density and model in which
pedicle screws are used differ widely in clinical practice to support, the weight of the
torso and are often used in the lumbar vertebra, the largest in the vertebral column.
Therefore, it is very important that the fixation of pedicle screws to the vertebrae absorb
the dose in routine radiologic examinations.

Studies on this subject have led to improvements in the screw placement technology and
the design of screws and plates. Recently, there are various studies on screw
implantation, proper screw selection, and screw strength. Although the importance of
radiological investigation of the location of the pedicle screw on the spine is
emphasized, the lack of the half-value layer and mass attenuation coefficients of the
pedicle screw calculations are among the main shortcomings.

The elemental analysis of the pedicle screw sample was made by SEM-EDS in Figure
2(b) and elemental analysis (Table 1) results were used in MCNP and XCOM. Photon
interaction parameters of the pedicle screw and vertebral column (Table 2) were
calculated with MCNP6 for radiological energies (60 keV-250 keV) and compared with
XCOM data (Table 3). It is seen; the mass attenuation coefficient results obtained by
MCNP6 simulation and XCOM data in Figure 3-4. This fit is important for the
validation of the MCNPG6 results, and the result is supported by the result that the MC
method is a powerful and flexible tool in such studies. As it is demonstrated that the
mass attenuation coefficients of the pedicle screw and vertebral column are different.
Differences are too high at radiological imaging energies. This study focused on finding
the difference between mass attenuation coefficients of the pedicle screw and vertebral
column. This difference may cause artifacts during radiological imaging.
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