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Abstract: A significant gap in the known methods for assessing the levels of metal artifacts in X-ray
computed tomography and approaches to their reduction is an almost complete disregard for the
physical nature of this artifact—the proximity to zero of radioscopic transparency. The proposed
work fills this gap. A mathematical model has been developed for evaluating metal artifacts in X-ray
computed tomography as applied to the geometry of a parallel beam. The simulation model was
transformed into an algorithm, and a Mathcad program was designed to simulate images of the
internal structure of the test objects. The algorithm for estimating the studied artifact includes the
stages of generating sinograms and estimating the distributions of the linear coefficient over the
sections of the object based on the back projection method with filtering. The efficiency of the metal
artifacts simulation algorithm is demonstrated in the example of symmetric and asymmetric objects
with low- and high-density inclusions and inclusions from materials with high atomic number values.
The possibility of reducing metal artifacts with the help of a rational choice of the maximum energy of
X-ray radiation and the ADC bit depth is illustrated. For example, for an aluminum cylinder 200 mm
in diameter with a central cylindrical cavity 80 mm in diameter, cylindrical inserts 12 mm in diameter
with material densities from 1.5 g/cm3 to 10 g/cm3, and effective atomic numbers of materials from
13 to 47, the numerical simulation method proved the following: it is practically unattainable to
significantly reduce the level of metal artifacts by increasing the ADC capacity to the maximum X-ray
energy of 160 keV; the desired effect is achieved by simultaneously increasing the maximum X-ray
energy to 225 keV and the ADC capacity to 24 or 32; increasing the maximum X-ray energy from
160 keV to 225 keV leads to an increase in the energy absorbed in the material of the test object by
26%. The results of this research can be used at the design stage of X-ray computed tomography
systems designed to control objects with fragments of low radiation transparency.

Keywords: X-ray computed tomography; metal artifacts; ADC bit depth; density; effective atomic
number; simulation modeling

1. Introduction

Problems related to the influence of artifacts on the quality of evaluation of the internal
structure of test objects (TOs) in X-ray computed tomography (CT) continue to be one of
the most important areas of research in tomography [1–5]. This is primarily due to the
expansion of the range of objects that have not previously been tested using the X-ray CT
method. Moreover, the noted expansion occurs not only along the line of complication
of the structure of the test objects, but also an increase in their size, an increase in the
density and effective atomic number of the materials of their structural fragments. All of
the above leads to a decrease in the transparency of the test objects for X-ray radiation
and, consequently, an increase in the influence of metal artifacts on the quality of testing
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objects by X-ray CT [6–8]. Therefore, the role of studies related to the reduction of the
contribution of metal artifacts to the bias in estimates of the distributions of informative
parameters over the TO slice (volume) increases [8–11]. Here, informative parameters
are the Hounsfield number, linear attenuation coefficient (LAC) of radiation, density, and
effective atomic number. In connection with the transition of the X-ray CT method from a
means of visualizing the TO internal structure to a measuring tool, which has been outlined
in recent decades [12,13], the density and effective atomic number can be considered the
prevailing informative parameters.

It was noted in [14] that the design of X-ray CT systems is based on the principles
of physical and technical feasibility. In relation to X-ray CT, the principle of physical
feasibility is understood as the presence of physical laws that connect the set of measured
projections (sinograms) with the distribution of density (density and effective atomic
number) over the TO slice (volume) using mathematical relationships. Moreover, this
relationship should be one-to-one. It was noted in [15] that the physical reasons include
the differences between the actual laws of emission, interaction, and registration of photon
radiation from some idealized laws and models, for example, the model of a plane-parallel
beam of mono-energetic radiation. The principle of technical feasibility indicates the
availability of technical capabilities for the implementation of the physical principle in
order to obtain estimates of the distributions of the required informative parameters over
the TO slices or its entire volume with the calculation time and accuracy specified by the
consumer. Accordingly, it is possible to divide, with a certain degree of conditionality, the
entire set of reasons causing the appearance of artifacts in the X-ray CT into physical and
technical factors.

The purpose of the proposed study is to clarify the nature of metal artifacts in com-
puted tomography and to substantiate, by simulation modeling, the possibility of correcting
metal artifacts in the final images of CT using a rational choice (optimization) of the techni-
cal parameters of the analyzed systems.

It is necessary to solve several problems to achieve the above goal: to develop a
mathematical model for evaluating metal artifacts in X-ray computed tomography in
relation to the control of objects with fragments of low radiation transparency; to carry out
a cycle of computational experiments to study symmetric and asymmetric objects with low
and high-density inclusions and with inclusions from materials with high atomic numbers
using the X-ray CT method; to identify the influence of which main technical (physical)
factors on the level of metal artifacts is the most significant; to illustrate the possibility
of reducing metal artifacts by a rational choice of significant parameters. Here, radiation
transparency is understood as the transparency of objects to X-rays [6,7].

Let us make a number of necessary explanations concerning the stated goal of research
and the tasks for its implementation. Let us divide these explanations into three main
groups: mathematical models for evaluating metal artifacts in X-ray CT; ways to reduce
metal artifacts in CT; the main physical and technical factors affecting the level of metal
artifacts in the X-ray CT; the technical possibility of solving the problems of designing CT
systems for testing TO with fragments with low radiation transparency. Note that these
groups are related to each other. Let us dwell on them in more detail.

1. In the scientific literature, many mathematical models of X-ray CT of varying de-
grees of complexity are described with a sufficient degree of detail, for example, [14,16–20].
In [15], a number of general requirements for mathematical models of X-ray CT were formu-
lated. Such requirements include simplicity, high performance, clarity, and variability in the
description of the structures of control objects. It is necessary to add the ability to adapt to
physical and technical influences (disturbances) to expand the capabilities of mathematical
models. These requirements are fully met by the mathematical model from [14]. The ad-
vantage of this model is the simplicity of its implementation in the system of mathematical
calculations MathCad. This is due to the fact that the MathCad language is exceptionally
close to the natural mathematical language [21]. The MathCad system is widely used in
the development of methods and tools for nondestructive testing [14,15,22–24]. Based on
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the foregoing, mathematical models from [14,15] can serve as the basis for a model for
assessing metal artifacts and the degree of their correction when changing the parameters
of X-ray CT systems.

2. It was noted above that metal artifacts significantly limit the use of X-ray CT
systems in various fields, medicine, science, and technology. There are several approaches
to reducing the effect of metal artifacts. Among these approaches are: the use of a priori
information about the structure of TO and its fragments [25]; the use of neural networks
with the preliminary creation of databases and subsequent training [26]; preliminary
segmentation of images of metal fragments with separation of metal zones, subsequent
interpolation and corrective insertion [27]; increase in the maximum energy of X-ray
radiation [7,28]; increasing the intensity of the X-ray source [28,29]; increasing the capacity
of the ADC [29,30]. The first three approaches to reducing metal artifacts are algorithmic,
and the last three are physical (technical) since they are associated with a change in the
parameters of the X-ray CT system.

3. The technical possibility of solving the problems of designing CT systems for testing
objects with fragments with low radiation transparency is determined by the presence
on the market of scientific equipment of the main elements of CT systems, which allows
reducing metal artifacts to levels that suit the end user. The main elements of CT systems
include a radiation source and a detector with an ADC. Currently, high-intensity X-ray
machines with a maximum energy of tens to hundreds of keV [31,32], as well as linear
electron accelerators and betatrons with energies from 1 MeV to 9 MeV [29,33], are used as
an X-ray source in CT systems. Over the past decades, the bit capacity of X-ray detectors
has increased significantly [34–36].

The specificity of the simulation model for the formation and processing of information
for the problem under consideration lies in the features of the considered TOs and the block
to generate a set of projections (sinograms), taking into account the low transparency of
the TO for X-rays. The novelty of the proposed work, in addition to the adaptation of the
X-ray CT simulation model to the control of objects with fragments with low radiation
transparency, includes the demonstration of the possibility of correcting metal artifacts in
the final CT images based on the rational choice of the maximum X-ray energy and ADC
bit depth, which is necessary to prove the technical feasibility of the problem of designing
the analyzed systems.

2. Test Objects and Methods
2.1. Description of Test Objects

This work [37] presents a general approach to the description of objects consisting of
fragments isolated from each other. Due to the importance of the object’s structure on the
quality of their testing by the X-ray CT method, we will briefly summarize this description.

The test object is a set of points V belonging to the three-dimensional space <3.
For convenience, we introduce the Cartesian coordinate system XOYZ centered at the
point O∈V. The TO is completely defined if the spatial distributions of the density ρ
and the effective atomic number Z are known. This means that set V has a one-to-one
correspondence with two sets ρ and Z [37]

ρ = {ρ(x, y, z)| (x, y, z) ∈ V}
Z = {Z(x, y, z)| (x, y, z) ∈ V} (1)

For the convenience of describing the process of generating projections, we represent
the set V as a union of disjoint fragments Vi, i = 1 . . . n, [37]

V =
n
∪

i=1
Vi, ∀ i, j, i = 1 . . . n, j = 1 . . . n, i 6= j, Vi∩Vj = ∅. (2)

The paper [37] illustrates the advantages of the representation (1) and (2) simulating
the process of generating digital radiographic images of objects that are quite complex in
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structure. The same is true for the generation of projections in X-ray CT [14,15,38]. The
advantages of the noted approach are reduced to a significant simplification of object
descriptions through the union of descriptions of its fragments. This simplification leads to
a reduction in the computational complexity of the corresponding modeling algorithms.

2.2. Radioscopic Transparency of the Test Object

The restriction on the class of TO subjects is noted in the introduction. This limitation is
due to the low transparency of the object in X-rays. The noted transparency is called radia-
tion or radioscopic transparency [39] and is equal to the ratio of the signal from the detector
with the attenuation of photon radiation from the object to the signal without attenuation.

2.2.1. Basic Formulas

The signals at the output of total absorption detectors for counting IN and integral IE
modes of registration of X-ray radiation behind the test object are estimated by the formulas
similar to [40]

IN(Emax, ρH, Z) =

N0

Emax∫
0

fN(E, Emax) exp(−m(E, Z)ρH)dE

, (3)

IE(Emax, ρH, Z) = N0

Emax∫
0

E fN(E, Emax) exp(−m(E, Z)ρH)dE, (4)

where [x]—integer part x, f (E, Emax)—numerical energy spectrum of X-rays with maximum
energy Emax; ρH—mass thickness of TO; m(E, Z)—mass attenuation coefficient (MAC) of
photons with energy E for materials with effective atomic number Z; N0—the number of
photons incident on the front surface of the detector during registration. The parameter N0
is called the loading of the radiometric detector.

Formulas (3) and (4) imply that

Emax∫
0

fN(E, Emax)dE = 1

In accordance with the definition of the expression for the dependences of radioscopic
transparencies for counting TN and integral TE recording modes on the parameters of the
radiation source and TO, they have a form similar to [40,41]

TN(Emax, ρH, Z) =
[IN(Emax, ρH, Z)]
[IN(Emax, 0, Z)]

≈
Emax∫
0

f (E, Emax) exp(−m(E, Z)ρH)dE, (5)

TE(Emax, ρH, Z) =
IE(Emax, ρH, Z)
IE(Emax, 0, Z)

=

Emax∫
0

E f (E, Emax) exp(−m(E, Z)ρH)dE

Emax∫
0

E f (E, Emax)dE

, (6)

From the analysis of expression (3)–(6), it follows that the estimates of radioscopic
transparency T for the registration modes under consideration depend on the maximum
energy of X-ray radiation Emax, on the description of the numerical energy spectrum of
X-ray radiation f (E, Emax), mass thickness ρH and effective atomic number Z of the TO
material, as well as from registration mode.

It is known that in the range of maximum energies of X-ray radiation, which is typical
for industrial digital radiography (DR) and X-ray CT, the MAC of radiation m increases
with increasing Z.
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From the analysis of Equations (3)–(6) and the previous remark, it follows that the
functions TN(Emax, ρH, Z) and TE(Emax, ρH, Z) are decreasing in ρH and Z. From this
conclusion, it is natural to conclude that a decrease in the values of signals from the
detectors to levels that lead to the appearance of metal artifacts in the X-ray CT is achieved
not only by increasing the effective atomic number Z of the TO material but also by
increasing the mass thickness ρH of the object. This means that a metal artifact can be
observed for objects not only with metal fragments.

From the above, it follows that in order to study the conditions for the appearance of
metal artifacts in the X-ray CT and ways to reduce the levels of these artifacts, it is necessary
to vary the values of the main parameters of the fragments of the TO, that is, the mass
thickness ρH and the effective atomic number Z.

The estimates of TN and TE according to formulas (3)–(6) are idealized; that is, they do
not take into account some of the nuances associated with the technical implementation
of digital imaging in the DR and projections in the X-ray CT. We’ll discuss this in the
next section.

2.2.2. Influence of Parameters of Detectors and Pre-Filters on the Radioscopic
Transparency Estimation

Detectors in DR and X-ray CT systems are, as a rule, far from total absorption detec-
tors. In addition, pre-filters are used to harden the X-ray emission in order to reduce the
corresponding artifact.

The fundamental difference between the counting and integral recording modes is
that the detector output in the first case is already a digital signal (DS), and in the second
case, it is an analog signal (AS), which is converted into a DS using an analog-to-digital
converter (ADC).

The X-ray detector is characterized by the effective atomic number of the material Zd
and the mass thickness ρdhd. The pre-filter has similar characteristics—Zf and mass thick-
ness ρfhf. These characteristics are the same for counting and integral registration modes.

It was emphasized above that the ADC transforms AS IE into DS DE. The analog-
to-digital converter is characterized by the bit depth kADC, which determines the range
of digital signal from 0 to 2kADC − 1. The random nature of the registered AS causes the
introduction of the CADC parameter, CADC > 1, designed to protect against exceeding the
DS level 2kADC − 1.

Let us introduce the notation

f ∗N(E, Emax, Z f , ρ f H f , Zd, ρd Hd) = fN(E, Emax) exp
(
−m(E, Z f )ρ f H f

)
ε(Zd, ρdhd), (7)

where ε(Zd, ρdhd) = 1− exp(−m(E, Zd)ρdHd) is the detection efficiency of the detector.
With the introduced parameters and (7) formulas (3), (6) take the form

IN(Emax, ρH, Z) =

N0

Emax∫
0

f ∗N(E, Emax, Z f , ρ f H f , Zd, ρd Hd) exp(−m(E, Z)ρH)dE

, (8)

TN(Emax, ρH, Z) ≈

Emax∫
0

f ∗N(E, Emax, Z f , ρ f H f , Zd, ρdHd) exp(−m(E, Z)ρH)dE

Emax∫
0

f ∗N(E, Emax, Z f , ρ f H f , Zd, ρd Hd)dE

, (9)

Since the digitization of the IE signal changes its essence, we denote the new signal by
the symbol DE. The expression (4) is transformed as follows
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DE(Emax, ρH, Z) =


N0

Emax∫
0

Eab(pd, E) f ∗N(E, Emax, Z f , ρ f H f , Zd, ρd Hd) exp(−m(E, Z)ρH)dE

∆ADC

, (10)

where ∆ADC is AS, equivalent to the digital unit; pd is a vector of linear dimensions of the
sensitive element of the detector; Eab(pd, E) is the energy transferred to the scintillator by a
registered photon with energy E.

The energy Eab(pd, E) depends on the materials and dimensions of the detector’s
array, but this fact does not play a special role in illustrating metal artifacts, revealing their
nature, and developing ways to compensate for them, so Eab(pd, E) ≈ E.

The maximum signal level IE is achieved during measurements without TO; more
precisely, the air between the radiation source and the detector acts as TO. Air attenuation
is usually neglected, so the signal ∆ADC is estimated using the formula

∆ADC = CADC

Emax∫
0

Eab(pd, E) f ∗N(E, Emax, Z f , ρ f H f , Zd, ρd Hd)dE/
(

2kADC − 1
)

. (11)

The physical meaning of the parameter ∆ADC lies in the fact that the signal IE of a
lower level ∆ADC becomes invisible to the ADC, and the signal DE = 0.

The radioscopic transparency of the TO for the integral photon detection mode is
described by the expression

TE(Emax, ρH, Z) ≈ DE(Emax, ρH, Z)/DE(Emax, 0, Z). (12)

The set of formulas (1)–(12) is a mathematical model of radioscopic transparency and
is the basis of a simulation model designed to study the magnitude of a metal artifact and
answer the question posed in the article title.

2.3. Method of Projection Formation in X-ray CT

The basis of the method for generating projections in X-ray CT is the model proposed
in [14,37].

In accordance with the task under consideration, the TO contains one or more frag-
ments, the materials of which may differ from the surrounding material by higher values
of density and (or) effective atomic number.

Figure 1 shows a diagram of the formation of projections in the X-ray CT in the parallel
beam geometry for the TO slice described by the set S⊂<2. Traditionally, fixed XOY and
moving X′OY′ Cartesian coordinate systems are used for the convenience of describing
the process of projection formation. The finiteness of the set S allows it to be inscribed in a
circle R⊂<2 with radius R. The coordinates of a point in the fixed coordinate system (x, y)
are related to the coordinates of the same point in the moving coordinate system (x′, y′) by
the rotation transformation by the angle θ [14,15]{

x′ = x cos θ + y sin θ
y′ = −x sin θ + y cos θ

,
{

x = x′ cos θ − y′ sin θ
y = x′ sin θ + y′ cos θ

. (13)

Angle θ characterizes one projection. The point with coordinates (x′, y′) belongs to the
front surface of the detector’s array if |x′| ≤ A and y′ = F. Let the shadow of the TO slice
S and the circumscribed circle R for any projection (0 ≤ θ ≤ 2π) does not go beyond the
boundaries of the detector’s array, then R < A. The key element of the descriptive model of
the process of generating projections in X-ray CT is the set of rays L (θ, x′) passing through
the points x′, |x′| ≤ A, at an angle θ. The range and direction of the beam L (θ, x′) when
generating the projection Pθ are indicated in Figure 1 red dotted arrow. The projection Pθ is
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understood as a set of integrals of the informative parameter over the entire set of rays L
(θ, x′), |x′| ≤ A. The introduction lists the main informative parameters of X-ray CT and
notes that density and effective atomic number are preferable for X-ray tomography as a
means of measurement. This statement is obvious since it is these two parameters at fixed
photon (gamma-ray) energy that uniquely determine the LAC of gamma radiation and all
other informative parameters of the X-ray CT.
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In accordance with the approach outlined in [14], we present an expression for esti-
mating the TO thickness along the beam L (θ, x′) in mean free paths p(E, x′, θ) for gamma
radiation with energy E [14,15]

p(E, x′, θ) =
∫

L(θ,x′)

m(E, Z
(
x′, y′

)
)ρ
(
x′, y′

)
dy′. (14)

The formula for calculating the estimate of radioscopic transparency T∗N(Emax, x′, θ)
along the beam L (θ, x′), taking into account expressions (9) for the counting registration
mode, will take the form

T∗N(Emax, x′, θ) =

[
N0

Emax∫
0

f ∗N(E, Emax, Z f , ρ f H f , Zd, ρdHd) exp(−p(E, x′, θ))dE

]
[

N0

Emax∫
0

f ∗N(E, Emax, Z f , ρ f H f , Zd, ρdHd)dE

] . (15)
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For the integral registration mode, the expression T∗E(Emax, x′, θ) for the estimate is
derived from (10)–(12), taking into account (14), and looks similar to

T∗E(Emax, x′, θ) =

N0

Emax∫
0

Eab(pd,E) f ∗N(E,Emax,Z f ,ρ f H f ,Zd ,ρd Hd exp(−p(E,x′ ,θ))dE

∆ADC


[N0 f ∗N(E,Emax,Z f ,ρ f H f ,Zd ,ρd Hd

∆ADC

] , (16)

The transformation of the distribution T(Emax, x′, θ) = T∗N(Emax, x′, θ)∨T∗E(Emax, x′, θ)
into the projection Pθ, 0 ≤ θ ≤ 2π, has the form [14]

Pθ =
{

P(E0, x′, θ) = − ln T(Emax, x′, θ)
∣∣ − R ≤ x′ ≤ R

}
. (17)

The complete set of projections P is equal to the union of unit projections (17) [14]

P = ∪
θ∈[0,2π]

Pθ . (18)

The set of expressions (1)–(18) is a mathematical model of the generating projections
in the X-ray CT for the counting and integral modes of registration of photon radiation.
Moreover, radionuclides with a line energy spectrum, as well as X-ray machines, betatrons,
and linear electron accelerators, can be used as a source of photons.

2.4. Method to Reconstruct the Slices

The projections generated in accordance with (1)–(18) are fed to the slice reconstruction
code. This code is described in sufficient detail in [14]. We will follow the assumption
that the presence of metal artifacts and their features in reconstructed images should not
depend on which particular algorithm is used for reconstruction.

To restore images, we will use the back projection algorithm with filtering, which is
described in [14] and implemented in our subroutine for Mathcad.

2.5. Metal Artifact Measure

To estimate the value of the metal artifact, we use the approach from [15]. This ap-
proach compares the reconstructed distributions of the LAC µR(x, y) = (m(Z(x, y))ρ(x, y))R
with some “ideal” distributions of the LAC µid(x, y) = (m(x, y)ρ(x, y))id.

Let us adapt the approach [15] to the considered artifact.
The measure of a metal artifact is the function ∆m (x, y) [15]

∆m(x, y) = µR(x, y)− µid(x, y). (19)

As an “ideal” distribution µid(x, y), one can take the reconstructed LAC distribution
from projections (17) obtained for theoretical radioscopic transparencies, (8)—for counting,
and (9)—for integral registration modes. Such an interpretation µid(x, y) frees the researcher
from the need to isolate metal artifacts from the result of the interaction between beam
hardening artifacts and metal artifacts.

2.6. Specific Features of the Variation of the X-ray CT System Parameters

The goal of this research is to find ways to reduce metal artifacts by varying the
parameters of the X-ray CT systems. The main variable parameters of X-ray CT systems
are: the maximum energy of X-ray radiation Emax; the effective atomic number Zf and the
mass thickness of the preliminary filter ρfhf; and the ADC bit depth kADC for the integral
mode of registration.

It was noted above that reduction of metal artifact levels in X-ray CT is achieved by:
increasing the maximum energy of X-ray radiation [7,11]; stiffening the X-ray beam due
to its pre-filtering [9–11]; matching the variation ranges of the original analog and digital
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signals with respect to the integral mode of photon registration through the rational choice
of ADC bit depth or narrowing the variation range of the primary analog signals [42].

Limitations associated with the choice of a pre-filter are associated with a decrease in
the number of photons hitting the frontal detector surfaces, which leads to an increase in
the effect of “photon (quantum) starvation” [11] and the necessity to increase the integra-
tion time.

In a number of cases, insufficient ADC bit depth causes the effect of “pseudo-quantum
starvation” in digital radiography and X-ray CT [43] and leads to the appearance of metallic
artifacts in the reconstructed images. The limitations associated with ADCs are due to the
availability of fast ADCs with the required bit depth on the market for scientific equipment
or preamplifiers that narrow the range of analog signals.

It is known that increasing the maximum energy Emax of X-rays leads to an increase in
the energy Iab absorbed in the TO during the formation of projections. It is not the absolute
value of absorbed energy that is of interest, but the degree of its increase kab in comparison
with the base value of maximum energy Emax 0.

Regardless of the registration mode, the formula for estimating Iab (Emax) is as follows

Iab(Emax) = N0(Emax)

2π∫
0

R∫
−R

Emax∫
0

E f ∗∗N (E, Emax)
∫

L(θ,x′)

y′∫
0

exp
(
−m(E, Z

(
x′, y′

)
)ρ
(

x′, y′
)
dy′
)mab(E, Z(x′, y′))

m(E, Z(x′, y′))
dy′dEdθdx′, (20)

where mab(E, Z(x′, y′)) is the mass absorption coefficient of photons with energy E at
a point with coordinates (x′, y′); f ∗∗N (E, Emax) is the energy spectrum of a pre-filtered
radiation source.

In accordance with the definition given above, the dependence of the degree of in-
crease in absorbed energy kab when the maximum energy Emax changes is described by
the expression

kab(Emax, Emax 0) = Iab(Emax)/Iab(Emax 0). (21)

Evaluation of the kab parameter will judge the admissibility of increasing the maximum
energy of X-rays in order to reduce metal artifacts in X-ray CT.

2.7. Summary

The combination of the above-improved model for the generation of projections in
X-ray CT and the reconstruction algorithm from [14] is the basis for simulating metal
artifacts in X-ray CT, as well as studying the effect of maximum photon radiation energies
and ADC bit depth on the values of noted artifacts.

3. Modeling of Metal Artifacts in X-ray CT

It was noted above that metallic artifacts appear for TOs containing fragments of
materials with a high density and large values of the effective atomic number, and the
large sizes of the fragments, in this case, provide low radiation transparency. Simulation
modeling will be carried out for the integral mode of photon registration.

3.1. Examples of Test Objects

Let us select four groups of objects for illustration. The first group includes TOs
without cavities and with cavities, and the main material of TO is homogeneous in density.
Representatives of the second group of objects contain fragments with a high density of
their materials. The third group contains TOs with fragments with effective high atomic
numbers of materials. The fourth group of objects includes fragments with properties from
the second and third groups.

3.1.1. The Shape of Test Objects

We will consider objects with slices in the form of circles with and without round
fragments to ensure high speed of calculations. It should be taken into account that the
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slices of the TO fragments meet the conditions (2). The expression to describe the slices
Si, i = 1 . . . n, for the i-th fragment has the form

Si =
{
(x, y)|, (x− x0 i)

2 + (y− y0 i)
2 ≤ R2

i

}
, i = 2 . . . n, n > 1

S1 =
{
(x, y)|, (x− x0 1)

2 + (y− y0 1)
2 ≤ R2

1

}
\

n
∪

i=2
Si, n > 1

(22)

Here Ri is the radius of the i-th circle, and x0 i, y0 i are the coordinates of the center of
the i-th circle.

3.1.2. Objects of the First Group

The first group includes objects without cavities and with cavities.
For an object without cavities, the set S1 (n = 1) corresponds to two sets ρ and Z

ρ = {ρ(x, y) = ρ1| (x, y) ∈ S1}, Z = {Z(x, y) = Z1| (x, y) ∈ S1}. (23)

For an object with cavities, the sets ρ and Z (n ≥ 2) are described by the expressions

ρ =

{
ρ(x, y) =

∣∣∣∣∣ ρ1, (x, y) ∈ S1

0, (x, y) ∈
n
∪

i=2
Si

}
, Z =

{
Z(x, y) =

∣∣∣∣∣ Z1, (x, y) ∈ S1

1, (x, y) ∈
n
∪

i=2
Si

}
. (24)

When modeling, the value of the effective atomic number of the material for the
cavities does not matter in expression (24) since the density of the material in the cavities
is zero.

There is no fundamental difference between the objects of this group for materials
with different Z from the point of view of the analysis of metal artifacts.

Aluminum was chosen as the TO material of the first group. (Z = 13, ρ = 2.7 g/cm3).

3.1.3. Objects of the Second Group

It was noted above that representatives of the second group of objects contain frag-
ments of materials with a high density.

For objects from this group, the sets ρ and Z (n ≥ 2) are represented as

ρ =

{
ρ(x, y) =

∣∣∣∣ ρ1, (x, y) ∈ S1
ρi, (x, y) ∈ Si, i = 2 . . . n

}
, Z =

{
Z(x, y) =

∣∣∣∣∣ Z1, (x, y) ∈ S1

Z, (x, y) ∈
n
∪

i=2
Si

}
. (25)

The Z value can be the same as Z1, density ρi 6= ρ1, and i = 2 . . . n.
Such objects have become widespread with the development of additive technologies

in the production of materials.
Aluminum with a limiting density level was chosen as the TO material ρlim = 2.7 g/cm3.

The density of fragments ρi varied in the range from 0 g/cm3 to ρlim.

3.1.4. Objects of the Third Group

The third group includes objects that are typical for the study of metal artifacts.
Homogeneous and porous metal structures act as fragments of such objects.

In this case, the corresponding sets ρ and Z (n ≥ 2) are described by the formula

ρ =

{
ρ(x, y) =

∣∣∣∣∣ ρ1, (x, y) ∈ S1

ρ, (x, y) ∈
n
∪

i=2
Si

}
, Z =

{
Z(x, y) =

∣∣∣∣ Z1, (x, y) ∈ S1
Zi, (x, y) ∈ Si, i = 2 . . . n

}
. (26)

Objects characterized by sets (26) were hypothetical until recently but have ceased to
be so due to the development of additive technologies.

In the third group, the fixed parameter is the density, and you can use, for example,
ρ = ρ1 = 2.25 g/cm3. Any set of effective atomic numbers can be used as the series Zi, taking
into account the remark formulated above.
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3.1.5. Objects of the Fourth Group

The fourth group is a generalization of the second and third groups.
The sets ρ and Z (n ≥ 2) for the fourth group can be represented by the expression

ρ = {ρ(x, y) = |ρi, (x, y) ∈ Si, i = 1 . . . n}, Z = {Z(x, y) = |Zi, (x, y) ∈ S1, i = 1 . . . n}. (27)

Arbitrary sets of materials can be used as examples of fragments characterized by
parameters (Zi, ρi).

3.2. Results of Modeling Metal Artifacts

Kramers formula [44] with the minimum energy constraint in calculating the inte-
grals was used to calculate the numerical energy spectrum of X-rays. The data from the
gamma attenuation library [45] were used to generate the projections. The scintillator
material was CdWO4 with a density ρd = 7.9 g/cm3. The thickness of the scintillator was
0.3 mm. The pre-filter material is copper (Zf = 29) with a density ρf = 8.9 g/cm3. ADC bit
depth was kADC = 16. The parameter values were CADC = 1, 2, N0 = 108. The base level
Emax = 150 keV is typical for many medical and industrial applications. The parameters
of the X-ray CT system were varied as needed. For all examples, the number of samples
in the projection was 640, the number of projections was 1800, and the pixel size was
0.4 mm. Computational experiments were performed for conditions of rigid collimation of
X-rays and the same N0 level, independent of the Emax variation. The slice reconstruction
was carried out by the inverse projection method with a Shepp-Logan filter [46].

3.2.1. Objects of the First Group

The first group is represented by two objects: an aluminum cylinder with a diameter of
250 mm and an aluminum pipe with a diameter of 250 mm and a wall thickness of 75 mm.

Figure 2 shows reconstructed slices of a 250 mm diameter Al cylinder with variation
in hf. kADC, Emax and hf.
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From the above, we can conclude that there are practically no metal artifacts in
the reconstructed slices for the object under consideration with the proper choice of the
parameters of the X-ray CT system.

Figure 3 shows the results of the reconstructions for the above aluminum pipe,
kADC = 16, and various parameter values, Emax and hf.
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Image analysis (Figure 3) confirms the conclusion made above.

3.2.2. Objects of the Second Group

As an example, we chose an Al cylinder 250 mm in diameter with a central cylindrical
cavity 100 mm in diameter and twelve cylindrical inserts 40 mm in diameter with densities
from 0.2 g/cm3 to 2.4 g/cm3 in increments of 0.2 g/cm3.

Figure 4 shows the corresponding reconstructed slices.
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For asymmetric objects, metallic artifacts appear as streaks [7,8,25,27,47,48]. For the
simulated object and hf = 0 mm and kADC = 16, increasing the maximum energy to 300 keV
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leads to a decrease in streaks artifacts. The same effect for X-rays with Emax = 150 keV
is achieved by increasing the ADC bit depth to kADC = 20 and using 5 mm thick copper
pre-filters. Moreover, the simultaneous increase of the ADC bit depth and pre-filtering
most effectively eliminate metal artifacts.

For the object under study, the correct choice of the parameters of the X-ray CT system
made it possible to reduce the number of metal artifacts, as in the first two examples.

3.2.3. Objects of the Third Group

Objects of the third group are aluminum cylinders 200 mm in diameter with a central
cylindrical cavity 80 mm in diameter with local inclusions in the form of cylinders from the
materials listed in Table 1. The diameters of local inclusions are 12 mm. For objects of the
third group, materials are hypothetical foams with a density ρ = 2 g/cm3.

Table 1. Atomic numbers and material densities of test object fragments.

Group Z 13 13 23 23 26 26 29 29 40 40 47 47

3 ρ, g/cm3 2 2 2 2 2 2 2 2 2 2 2 2
4 ρ, g/cm3 1.5 2 3 4 5 6 7 8 5 6 9 10

Modeling was performed without pre-filtering, taking into account the recommen-
dations [14] for the maximum energy of X-ray radiation Emax = 150 keV and for three
levels of ADC bit depth kADC = 16; 20; 24, and for the maximum energy of X-ray radiation,
Emax = 250 keV and ADC bit depth kADC = 16.

Figure 5 shows reconstructed slices of the test object.
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Figure 5. Reconstructed slices of an aluminum cylinder 200 mm in diameter with cylindrical inserts
(Table 1, group 3).

For the class of objects under consideration, an even more pronounced manifestation
of metal artifacts in the form of streaks is observed [7,8,25,27,47,48]. From the analysis of
the images presented in Figure 5, we can conclude that the goal of correcting metal artifacts
is achieved in two ways: by increasing the ADC bit depth to kADC = 24 for Emax = 150 keV
or by achieving the maximum energy Eeff = 250 keV for ADC bit depth kADC = 16.

3.2.4. Objects of the Fourth Group

The objects of the fourth group differ from the third group in the density of materials
of local inclusions (see Table 1).

In the objects of the analyzed group, the range of changes, not only in the atomic
numbers of fragment materials but also in their densities, has increased. Simulation
modeling was performed for Emax = 160 keV and Emax = 225 keV.

Figure 6 shows the simulation results for hf = 0.
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From the analysis of the data shown in Figure 6, we can conclude that the signif-
icant reduction in the level of metallic artifacts by increasing the ADC bit depth for
Emax = 160 keV is practically unrealizable. The necessary effect is achieved by simul-
taneously increasing the maximum X-ray energy to 225 keV and the ADC bit depth
kADC = 24, kADC = 32. An increase in Emax from 160 keV to 225 keV results in a 26%
increase in the absorbed energy in the TO.

4. Discussion
4.1. General Statements

The developed mathematical model and the code for its implementation make it
possible to simulate metal artifacts and reduce their magnitude by varying the maximum
X-ray energy, the thickness, the material of the pre-filter, and the ADC bit depth.

It should be noted that an increase in the ADC bit depth and pre-filter thickness is
effective in the case of a sufficient number of N0 photons recorded by the detector behind
the test object. The specific level N0 depends not only on the general parameters of the TO
and the CT system but also on the number of projections.

The title of the article contains a question about the nature of the metal artifact. This
question is not idle for two reasons. The first refers to the expansion of the range of prob-
lems solved using various implementations of X-ray CT, with a simultaneous increase
in the range of test objects in size range (from micro to macro) and the complication of
their structure with the inclusion of high-density fragments, including those from heavy
metals. Researchers interested in using X-ray CT for solving their specific problems have
an easily justified temptation to use existing standard X-ray CT systems; as a rule, these are
medical tomographs. The discrepancy between the low levels of radioscopic transparency
of research objects and the parameters of the selected systems leads to pronounced metal
artifacts. The second reason is no less important and is associated with the rapid develop-
ment of algorithmic approaches to the compensation of metal artifacts [2,18,25–27,49–51].
Algorithmic approaches implicitly and explicitly assume the presence of information about
the X-ray opaque areas of the test objects.
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It follows from the law of attenuation of gamma radiation that for an object of any
size with an arbitrary density and an arbitrary value of the effective atomic number of the
material, the probability of a photon passing without attenuation is finite. From this follows
the fundamental physical feasibility of the task of monitoring objects by the methods of DR
and X-ray CT. The technical feasibility of the inspection task is understood as the availability
of technical means that allow inspecting at a given time with the required quality with a set
of restrictions specified by the consumer.

The following proposition is theoretically substantiated and illustrated by the results
of the computational experiment in Sections 1 and 2. The radioscopic transparency of
objects in combination with the radiometric detector loading, the maximum energy of X-ray
radiation, the ADC bit depth for the integral photon detection mode, and the thickness
of the pre-filter determine the presence or absence of metal artifacts in the reconstructed
TO slices. From the foregoing, it follows that the presence of metal artifacts is associated
with the technical feasibility of the inspection task by the X-ray CT method. The answer
to the question posed in the article title is formulated as follows: metal artifacts are of a
technical nature due to the incorrect choice of the parameters of the X-ray CT systems,
which determines the actual and physical laws of attenuation and registration of X-rays for
specific objects.

Such an answer should be an incentive for designers and developers when choosing
the parameters of X-ray CT systems based on the inadmissibility of metal artifacts for
specific test objects for which specialized X-ray CT systems are designed.

4.2. Comparison of Simulation Results with Known Ones

A visual comparison of the results of modeling metal artifacts in X-ray CT with the
data of other authors [7,8,25,27,47,48] showed their closeness for similar phantoms.

We also note the confirmation of the main statements cited above.
Works [11,18,47,52] note the effect of “photon starvation,” that is, a low level of the

product of radioscopic transparency and the number of initial photons, which leads to the
appearance of metallic artifacts. Images from [47] illustrate the conclusion that a decrease
in radioscopic transparency is associated with an increase in the significance of metal
artifacts. Works [7,49,53] emphasize the importance of choosing the energy of the X-ray
source and filtering the beam to exclude metallic artifacts. Metal artifacts significantly
complicate the interpretation of the final images in other implementations of computed
tomography [54–57].

Based on a visual comparison of images of ideal and real distributions of the linear
X-ray attenuation coefficient over the cross sections of test samples, we proved that for
the integral photon detection mode, the reduction of metal artifacts in X-ray computed
tomography is achieved by increasing the intensity of the X-ray source, increasing its
maximum energy, and increasing the ADC bit depth. The development of criteria for the
rational choice of the noted parameters is beyond the scope of this article; however, in the
context of the discussion, we will propose several ideas for future research.

4.3. On the Rational Choice of Parameters of X-ray Computed Tomography

The objects of control in the problem under consideration are characterized by low
radioscopic transparency, at least for one of the angles.

Let us consider several ideas regarding the choice of parameters of the X-ray computed
tomography system from the condition of minimizing the influence of the analyzed factor
on the quality of the reconstructed images of the sections of the test object. The analyzed
factor is the level of radioscopic transparency, which, when it decreases, leads to the appear-
ance of metal artifacts on the final tomographic images. These metallic artifacts appear on
the images in the form of several divergent bands for single, almost opaque local fragments
and form a stellate structure for a complex of such local fragments (see Figures 4–6). These
stripe or stellate structures are transformed as the radioscopic transparency of objects in-
creases as a result of changes in the parameters of the X-ray computed tomography system.
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It was noted above that, in the last decade, there has been a tendency for computed
tomography to transform from a means of visualizing the internal structure of objects into
a means of measurement. In this situation, it is especially necessary to develop a criterion
for choosing X-ray computed tomography parameters in order to reduce metal artifacts.

The main interest of research is related to metal artifacts, so we will correct the metal
artifact measure (19) by changing the interpretation of the concept of “ideal” distribution.
In the problem we are considering, taking into account the trends noted above, it is
logical to consider a pointwise criterion for the closeness of real µR(x, y) and “ideal”
µ∗id(x, y) linear attenuation coefficients. Here, the µ∗id(x, y) reconstructed distribution of
linear attenuation coefficients from projections (17) obtained for theoretically calculated
radioscopic transparencies (15)—for counting and (16)—for integral registration modes
is taken as. The specified transparencies are calculated for the same values of maximum
energy Emax; for the “ideal” linear attenuation coefficient, calculations are carried out for
kADC ≈ ∞ and N0 ≈ ∞.

Let Q be a set of triples q = (N0, Emax, kADC), and then as a criterion for the rational
choice of X-ray computed tomography parameters, we can propose a solution to the
following inequality

max(x,y)∈R|µR(x, y, q)− µ∗id(x, y, q0)| ≤ ∆lim, (28)

Here q0 = (∞, Emax, ∞); ∆lim—given the level of deviation error of linear attenua-
tion coefficients.

The solution of inequality (28) will be some subset Q0, Q0 ⊂ Q. The specific choice
of the required triplet of parameters is carried out by the developer of X-ray CT based on
the market of scientific equipment. In this case, it is necessary to take into account the
admissibility of the degree of increase in the absorbed energy kab.

5. Conclusions

An adaptation of a simulation model for evaluating metal artifacts in X-ray computed
tomography in a parallel beam geometry is proposed. The simulation model was trans-
formed into a MathCad program designed to simulate images of the internal structure of
the tested objects. The efficiency of the metal artifacts simulation algorithm is demonstrated
in the example of symmetric and asymmetric objects with low- and high-density inclusions
and inclusions from materials with high values of effective atomic number. The possibility
of correcting the analyzed artifacts is demonstrated on the basis of the analysis of the results
of numerical experiments carried out in order to rationally choose the maximum energy
and bit depth of the ADC. The results of the research can be used at the design stage of
X-ray computed tomography systems designed to control objects with fragments of low
radiation transparency.
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