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Purpose: Polychromatic x-rays are used in most computed tomography scanners. In this case, a

beam-hardening effect occurs, which degrades the image quality and distorts the shapes of objects in

the reconstructed images. When the beam-hardening artifact is not severe, conventional correction

methods can reduce the artifact reasonably well. However, highly dense materials, such as iron and

titanium, can produce more severe beam-hardening artifacts, which often cannot be corrected by con-

ventional methods. Moreover, when the size of the metal is large, severe darks bands due to photon

starvation as well as beam-hardening are generated. The purpose of our study was to develop a new

method for correcting severe beam-hardening artifacts and severe dark bands using a high-order poly-

nomial correction function and a prior-image-based linearization method.

Methods: The initial estimate of an image free of beam-hardening (a prior image) was constructed

from the initial reconstruction of the original projection data. Its corresponding beam-hardening-free

projection data (a prior projection) were calculated by a projection operator onto the prior image. A

new beam-hardening correction function G(praw) with many high-order terms was effectively deter-

mined via a simple minimization process applied to the difference between the original projection

data and the prior projection data. Using the determined correction function G(praw), a corrected lin-

earized sinogram pcorr can be obtained, which became effectively linear for the line integrals of the

object. Final beam-hardening corrected images can be reconstructed from the linearized sinogram.

The proposed method was evaluated in both simulation and real experimental studies.

Results: All investigated cases in both simulations and real experiments showed that the proposed

method effectively removed not only streaks for moderate beam-hardening artifacts but also dark

bands for severe beam-hardening artifacts without causing structural and contrast distortion.

Conclusions: The prior-image-based linearization method exhibited better correction performance

than conventional methods. Because the proposed method did not require time-consuming iterative

reconstruction processes to obtain the optimal correction function, it can expedite the correction pro-

cedure and incorporate more high-order terms in the linearization correction function in comparison

to the conventional methods. © 2018 American Association of Physicists in Medicine [https://doi.org/

10.1002/mp.13072]
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1. INTRODUCTION

Computed tomography (CT) is an imaging technique used to

acquire three-dimensional (3D) information of the cross sec-

tion of an object. It is widely used in clinical practice for

medical diagnosis and in industrial fields to examine the

internal structure of products.

Polychromatic x-rays are used in most CT scanners. In

such systems, as the x-rays penetrate the object being ana-

lyzed, low-energy x-rays are attenuated more than high-

energy x-rays, i.e., a beam-hardening phenomenon occurs.

Therefore, a nonlinearity between the line integrals of the

object and the projection measurement data in the

energy-integrating detectors occurs, resulting in the formation

of beam-hardening artifacts such as cupping, dark and white

bands, and streaks, in the reconstructed images. Several

correction methods have been proposed to solve this prob-

lem,1–20 and these can be categorized into four types of

beam-hardening correction methods.

The first approach is a prefiltering method using physical

filters.1,2 A filtering metallic plate is placed between the x-ray

source and the object, which can highly attenuate low-energy

photons while allowing only high-energy photons to be trans-

mitted before entering the object. Therefore, the x-ray spectra

become similar to those of monochromatic x-rays, thereby

facilitating reduction of the beam-hardening effect while
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penetrating the object. However, this method has a limitation

because it does not produce a perfect monochromatic x-ray,

and the signal-to-noise ratio of the images is decreased due to

the loss of x-ray photons during the filtering step.

The second approach is to use dual-energy scans.3–5 The

object is scanned at two different voltages (dual-energy scan-

ning), and the attenuation coefficients of the object are ana-

lyzed using these two sets of data, which can provide

material decomposition, virtual noncontrast imaging, bone

subtraction, and virtual monochromatic imaging with reduc-

tion of beam-hardening artifacts. Most dual-energy CT scan-

ners perform beam-hardening correction via the material

decomposition approach with the help of a high-energy

image; however, the beam-hardening artifacts are still present,

particularly in the low-voltage images. Furthermore, this

method requires the application of dedicated dual-energy sys-

tems.

The third approach is to correct the projection measure-

ment to be linearized to the line integrals of the objects (lin-

earization method).6–8 This method is particularly useful

when correcting the projection data obtained from objects

comprising a homogeneous material. When a raw projection

data (sinogram) praw is obtained from a homogeneous mate-

rial, the path lengths (the lengthwise distance that the x-rays

travel through a certain object4) can be estimated based on an

initial reconstructed image of praw. Using the estimated path

length information, a corrected sinogram pcorr can be calcu-

lated, which is linearized for the path lengths of the object.

The water pre-correction method8,9 is a good example of an

application of this method. When implementing this method,

all substances constituting the object are assumed as water

equivalents, and praw is corrected using a polynomial correc-

tion function FðprawÞ ¼
P

cipraw
i. The coefficient ci must be

optimally determined so that the correction function can

make the relationship between the path lengths and pcorr as

linear as possible. However, inaccurate estimation of the opti-

mal coefficients often leads to inaccurate correction. Further-

more, when a substance other than water is included in the

object, additional correcting terms should be included in the

correction function, and the determination of optimal coeffi-

cients becomes complicated.

The last approach is applying iterative reconstruction

methods.10–12 The beam-hardening process is modeled and

incorporated into the iterative reconstruction algorithm.

These methods have shown promising results, but they

required prior knowledge about the base materials of the

object and the energy spectrum of the x-ray source. Moreover,

the iterative reconstruction process is computationally very

expensive owing to the repetitive projection and back-projec-

tion calculation for each iteration step.

When the object is made of a high-attenuation material,

such as metal, a severe beam-hardening artifact is created.

Furthermore, when the size of the metal is large, severe dark

bands also occur due to photon starvation; thus, these

artifacts cannot be effectively removed by a conventional

beam-hardening correction method. In the present study, we

propose a beam-hardening correction method using only the

projection data praw, without the need for other a priori infor-

mation to remove severe beam-hardening artifacts and severe

dark bands. The initial estimate of an image free of beam-

hardening (a prior image) and its corresponding projection

data (a prior projection) was constructed from the initial

reconstruction of the original projection data. A new beam-

hardening correction function GðprawÞ with many high-order

terms was effectively determined via a simple minimization

process applied to the difference between the original projec-

tion data and the prior projection data. Using the determined

correction function GðprawÞ, a corrected linearized sinogram

pcorr was obtained, and the final beam-hardening corrected

image was reconstructed. Simulations and experimental stud-

ies were conducted to evaluate the proposed method and

compare it with other existing methods.

2. MATERIALS AND METHODS

2.A. Correction method using linearization

Because the principle of the proposed method was based

on the existing linearization method, we have briefly

described the linearization method and its principles.

A projection measurement q using a polychromatic energy

x-ray can be expressed as follows:

q ¼ �ln

Z

wðEÞexp �

Z

lðx; y;EÞds

� �

dE: (1)

where wðEÞ is the initial x-ray energy spectrum (normalized

to unit area) and lðx; y;EÞ represents the attenuation coeffi-

cient at energy E at each x; y coordinate along the path s.

When the number of substances is M, the attenuation coef-

ficient can be expressed as lðx; y;EÞ ¼
PM

i¼1

ðl=qÞiðEÞ � qiðx; yÞ, where ðl=qÞiðEÞ is the mass attenua-

tion coefficient of material i at energy E, and qiðx; yÞ is the
density of material i at each position. Then, Eq. (1) can be

expressed as follows:

q¼�ln

Z

wðEÞexp �

Z

XM

i¼1
ðl=qÞiðEÞ�qiðx;yÞds

� �

dE:

(2)

If we let li denote the line integral of density
R

qiðx; yÞds,
then Eq. (2) can be simply expressed as follows:

q ¼ �ln

Z

wðEÞexp �
XM

i¼1
ðl=qÞiðEÞ � li

� �

dE: (3)

In this case, li and q had a nonlinear relationship due to

the different levels of attenuation at different energies, and

this nonlinearity increased when the beam-hardening effect

increased. Linearization is a process in which q is corrected

to be linear with li such that the subsequent reconstruction

does not induce beam-hardening artifacts.

Figure 1 shows this nonlinear relationship between the

line integrals of the object and the projection measurement

when obtaining a sinogram for a uniform object via polychro-

matic x-rays. In order to linearize the measurements, the path
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lengths of this homogeneous object (d) were first calculated

using the binary image as shown in Fig. 1(c), which was

obtained by thresholding the initial reconstruction (a). Then,

the line integrals of the object density were obtained via mul-

tiplying the path lengths by the density of the object. The

nonlinear relationship between the line integrals and the mea-

surement is shown in Fig. 1(e). To linearize this relationship,

a polynomial correction function pcorr ¼
P

cipraw
i can be

applied to the projection measurements, which were used in

water pre-correction methods.8 Because we knew the rela-

tionship between the line integrals of density and the projec-

tion data praw from Fig. 1(e), we can find appropriate

coefficients ci for the correction function that made the cor-

rected sinogram pcorr linear with the line integrals of density.

However, this method of finding the correction function was

not suitable for beam-hardening correction in medical images

because it can be applied only to uniform materials. There-

fore, the initial reconstructed image was utilized to find a cor-

rection function.

When using a polynomial correction function pcorr ¼
P

cipraw
i, beam-hardening can be corrected if appropriate

coefficients ci are found, although the line integrals of den-

sity are unknown. Thus, if we repeatedly reconstruct images

by adjusting the ci, we may find the appropriate ci that results

in the least amount of artifacts in the images. However, in this

method, artifacts existing in the image should be quantita-

tively evaluated, and the image having the smallest artifact

value should be repeatedly searched and determined. There-

fore, different results may be obtained depending on how the

artifacts are quantitatively evaluated. Additionally, it is neces-

sary to reconstruct images multiple times according to each

combination of coefficients and subsequently evaluate them,

which is a very time-consuming process.

2.B. The proposed correction approach

As described in Section 2.A, there are several limitations

associated with using path lengths or reconstructed images in

the linearization method. Therefore, we propose a new method

for beam-hardening correction using a beam-hardening-free

prior image and its prior projection data for efficient

determination of the correction function. In our proposed

method, beam-hardening is corrected through three steps:

(a) generation of basis sinograms to be used for correction,

(b) generation of a prior image and prior projection data, and

(c) determination of the correction function followed by

generation of a corrected sinogram using the correction

function.

2.B.1. Basis sinogram generation

A polynomial correction function,8 such as pcorr ¼
P

cipraw
i, is the most commonly used linearization function

for beam-hardening correction. However, if the object is com-

posed of two materials, the raw sinogram praw is nonlinear

with respect to the two li axes, and this simple polynomial

correction function is not suitable because it is difficult to

simultaneously linearize praw with respect to two different

axes using only one set of basis sinogram data.

Figure 2 shows the simulation results obtained using an

acrylic base (diameter, 15 cm) and three iron inserts (diameters,

1.4 cm), illustrating the relationship between the line integral

of objects and the projection data in the case where the scanned

object constitutes two materials. The images of iron inserts

were obtained using image segmentation by a simple threshold-

ing technique [as shown in Fig. 2(c)]. It can be observed that

the relationship between the projection data, praw, and the line

integral of objects was not linear in both axes.

Therefore, a multivariate polynomial function should be

used for the correction function, and additional basis sino-

grams, other than the raw sinogram, were needed. For exam-

ple, in the empirical beam-hardening correction (EBHC)

method,13 a corrected sinogram was derived using a function

pcorr ¼
P

cijpwat
ipseg

j, where the basis sinogram pwat ¼
P

cipraw
i was a water pre-corrected sinogram, and the pseg

was obtained from the re-projection after the segmentation of

a material with a high-attenuation coefficient. Figure 2(b)

shows the segmented image of the iron inserts, and Fig. 2(d)

shows the result when we plotted the re-projected sinogram

of Fig. 2(b) in the axes of the line integrals of the object.

FIG. 1. Projection data and the reconstructed image obtained by simulating an Al phantom with a diameter of 8 cm at 130 kVp: (a) a reconstruction image of a

polychromatic sinogram, (b) a polychromatic sinogram, (c) a binary image created using the image in panel (a), and (d) the line integral of the object obtained by

re-projecting the image in panel (c) onto the detector space. (e) A graph showing the nonlinear relationship between the original projection data and the line inte-

grals of the Al phantom.
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EBHC worked well for moderate-density materials such as

aluminum and hydroxyapatite. However, artifacts such as

dark bands remain for materials with much higher attenuation

coefficients such as titanium. In such cases, different higher

order polynomial functions or additional projection datasets

should be considered.

Figure 3 shows the three sinograms used as the basis

terms in the polynomial correction function when correcting

the severe beam-hardening artifacts. Figure 3(a) is the raw

sinogram, showing the high values of the projected data pass-

ing through two iron inserts, where the beam-hardening arti-

facts become severe. In the conventional method, only praw
and pseg were used to correct the beam-hardening caused by

the high-density material. However, when we divided the pseg
into the projection data of one iron insert and the projection

data of two or more iron inserts (pseg2), the two-projection

data showed different properties as shown in Fig. 3(e), which

shows the two-projection data in the axes of the line integrals

of Fe. We can observe that the projection data of one iron

insert was determined by the line integrals of Fe, but the pro-

jection data of two or more iron inserts were determined by

the line integrals of Fe and acrylic. Therefore, we could not

correct the nonlinearity precisely if we used only pseg to cor-

rect praw because pseg was a combination of two types of pro-

jection data. For this reason, we used a new basis sinogram

pseg2 to correct the projection data where the x-ray penetrated

two or more iron inserts in the proposed method.

2.B.2. Prior image generation

For a polynomial beam-hardening correction function

GðprawÞ, we needed to find the coefficients of the

FIG. 2. Simulation results showing the relationship between the line integral of objects and the projection data for an object constituting two materials: (a) a

reconstructed image of a raw sinogram, (b) segmented image of iron inserts, (c) the raw sinogram in the axes of the line integrals of the object, and (d) the repro-

jection of the image (b) in the axes of the line integrals of the object.

FIG. 3. Three sinograms used for correction, and the projection data in the axes of the line integrals of the object: (a) raw sinogram praw, (b) reprojection of the

segmented image pseg, and (c) a sinogram pseg2 that contains only the projection part generated by the two overlapping iron inserts in pseg. (d) The projection data

in the axes of the line integrals of acrylic and Fe, and (e) the sinograms in the axes of the line integrals of Fe (left: projection data of one iron insert, right: projec-

tion data of two iron inserts).
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correction function that satisfied GðprawÞ � pmono, where

pmono is monochromatic projection data. In the conven-

tional beam-hardening correction method, the path lengths

or the repeated evaluation of the artifacts in the recon-

structed images are used to obtain these coefficients.6,7,13,14

In our study, we proposed a method to effectively deter-

mine the coefficients using a prior image without the

time-consuming repeated evaluation of the multiple recon-

structions. If we know the ideal pmono, we can determine

the optimal coefficients that minimize the difference

between GðprawÞ and pmono. However, because we do not

know the ideal pmono, we can obtain the coefficients satis-

fying GðprawÞ � pprior where pprior is an approximation of

pmono. In our study, pprior was obtained through projections

of a prior image that was generated from the original pro-

jection measurements through LIMAR21 and k-means clus-

tering algorithm.

When generating the prior image, the beam-hardening

artifact should be removed as much as possible, so that pmono
and pprior become sufficiently similar to determine the coeffi-

cients. The beam-hardening effect appears severe between

dense materials, as shown in Fig. 4(a). For this reason,

LIMAR was used because it reduces artifact formation

between metallic objects. However, when LIMAR was used,

the structural information was distorted as indicated by

arrows in Fig. 4(b). As we had to reduce these artifacts, we

used k-means clustering. The parts with similar values in the

image were grouped when using k-means clustering. Then,

when placing the median value of the group values in each

grouped part, minor artifacts disappeared as the image

became simpler. Finally, we obtained pprior using the prior

image taken through the radon transform. The optimal value

of k, which depends on the object, in Fig. 4 was empirically

determined to be 8.

2.B.3. Beam-hardening correction using correction
function

In general, a polynomial function was used for beam-

hardening correction.8,13 For example, the corrected sino-

gram pwat was obtained using the equation pwat ¼
P

cipraw
i

in the water pre-correction method,8 and the coefficients

were obtained through polynomial fitting. Kyriakou et al.13

proposed a correction function pcorr ¼
P

cijpwat
ipseg

j to

obtain a corrected sinogram pcorr and determined the coef-

ficients that minimized the L1-norm of the absolute value

of the gradient.

However, in the proposed method, the corrected sinogram

pcorr was obtained using the modified form of the correction

function as follows:

pcorr ¼
X

cijkpraw
i=2pseg

j=2pseg2
k=2: (4)

We can use a polynomial function such as pcorr ¼
P

cijpraw
ipseg

jpseg2
k, as discussed in the EBHC method.13

However, when using third or lower order polynomial func-

tions, the correction function is too simple to obtain a suffi-

cient correction effect. Conversely, when using fourth or

higher order polynomial functions, severe artifacts can occur

due to noise. Therefore, unlike the conventional polynomial

functions, we used a polynomial function after taking the

square root of all the basis sinograms.

In our study, we used a fourth-order polynomial function,

as the resulting corrected sinogram generated less noise arti-

facts and suitably corrected the beam-hardening artifacts. The

orders higher than five resulted in noise amplification and

additional artifacts due to the overfitting problem. Hence, the

total number of unknown coefficients in our polynomial

function was 34, which was the number of combinations of

i; j; and k in Eq. (4) (1 ≤ i + j + k ≤ 4).

This large number of unknown coefficients can be effec-

tively determined by minimizing the L2-norm of perror, which

was the difference between pprior and pcorr, as formulated in

Eq. (5):

c ¼ argminc

X

cijkpraw
i=2pseg

j=2pseg2
k=2 � pprior

�

�

�

�

�

�2: (5)

Because we used L2-norm for error minimization, we can

obtain a unique c value by simple matrix operation.

3. SIMULATIONS AND EXPERIMENTS

3.A. Simulations

We performed polychromatic x-ray simulations using

four numerical phantoms at 80 kVp. Reference images

were simulated at 60 keV. Phantom 1 was an acrylic

phantom (diameter, 27 cm) with three circular Al inserts

(diameter, 3.9 cm). Phantom 2 was an acrylic phantom

FIG. 4. The progression of generating a prior image. (a) The reconstructed image of a raw sinogram. (b) The corrected image using LIMAR. (c) The prior image

generated by k-means clustering (k = 8) using (b).
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(diameter, 27 cm) with three circular iron inserts (diame-

ter, 3.9 cm). Phantom 3 was a Shepp–Logan phantom

with three circular titanium objects (diameter, 2 cm).

Phantoms 4, 5, and 6 were clinical CT images with two

or three numerical circular iron objects (diameter, 1.6 cm/

3.6 cm/1.4 cm). The x-ray spectrum was obtained using

an online tool for the simulation of x-ray spectra by

Siemens (Simulation of x-ray Spectra, https://www.oem-

xray-components.siemens.com/x-ray-spectra-simulation).

Quantum noise was simulated by adding Poisson noise in

a polychromatic x-ray simulation. The resolution of all

phantoms was 512 9 512 pixels, and the number of

views was 2048 over 360°.

3.B. Measurements

We obtained measurement datasets using a bench-top

cone-beam CT (CBCT) system comprising a generator

(Indoco 100, CPI Communication & Medical Products

Division, Georgetown, ON, Canada), x-ray source (Varian

G-1592, Varian x-ray product, Salt Lake City, UT, USA),

and flat-panel detector (PaxScan 4030CB, Varian Medical

Systems, Salt Lake City, UT, USA). The size of the

detector element was 0.388 9 0.388 mm2 (1024 9 768

pixels), and the number of views was 270 over 180°.

The source–detector distance was 1454.43 mm, and the

source–axis distance was 929.19 mm. We performed the

experiment using SKS150 anthropomorphic head phantom

(Phantom Laboratory, Greenwich, NY) with an iron rod

(diameter, 0.8 cm) as well as axial slices of the nose and

skull.

4. RESULTS

4.A. Simulation results

Figure 5 shows the correction result for numerical phan-

toms 1 and 2. This figure shows the difference in correction

results between the conventional method and the proposed

method depending on the type of metal. As seen in the first

row of Fig. 5, the beam-hardening artifact caused by Alu-

minum (Al) inserts was well corrected using the EBHC

method, but the streak artifacts between the Al inserts

remained. For materials with severe beam-hardening, in the

second row of Fig. 5, the dark band remained because the

formula used for the correction was not adequate to correct

the artifact. Conversely, it can be observed that the artifacts,

which could not be removed by the conventional method,

were effectively removed by our proposed method.

Figure 6 shows the correction results for numerical phan-

toms 3, 4, and 5. The performance of the proposed method

was quantitatively evaluated and compared with that of the

EBHC method13 and normalized metal artifact reduction

method (NMAR).22 The quality of the corrected images was

evaluated by the normalized root mean square difference23

(NRMSD) in the regions of interest (ROIs) where the beam-

hardening artifacts occurred. We used noise-free monochro-

matic energy simulation data as a reference image for

performance comparison that showed the least root mean

square error between polychromatic simulation.

Table I is a quantitative comparison of the results in Fig. 6

using NRMSD. The NRMSD values for the proposed method

were lower than those for the conventional method, EBHC,

for all ROIs. Simulation results showed that the dark bands

FIG. 5. Correction result for numerical phantom 1 (first row) and 2 (second row). C = 200 HU/W = 600 HU at first row, and C = 500 HU/W = 3000 HU at

second row.
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FIG. 6. Correction results of numerical phantom 3 (Shepp–Logan phantom) and phantoms 4 and 5 (clinical CT image). The first row shows the correction result

of numerical phantom 3, and the second row shows magnified images of the region of interest indicated by a box in the first row (C = �300 HU/

W = 1100 HU). The third and fifth rows show the correction results of numerical phantoms 4 and 5, respectively. The fourth and sixth rows show magnified

images of the region of interest indicated by a box in the third and fifth row, respectively. (C = 0 HU/W = 900 HU)
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remained when we used the EBHC method as indicated by

arrows, as the correction function of EBHC method was not

suitable to remove severe beam-hardening.

The numerical performance of phantom 3 using NMAR

showed a better result than that of the proposed method; thus,

the conventional method appeared to suitably remove the arti-

facts between the metals. However, because it showed lower

intensity value than the uncorrected image as indicated by a

arrow in the first row of Fig. 6, it showed the possibility of

information distortion at the outer part of the ROI. Such a

problem occurred at the complex phantom, as shown in the

fourth row of Fig. 6. In this case, structural information was

distorted when using the NMAR method. These types of

structure distortions were more severe in the case of larger

metals as shown in the sixth row of Fig. 6, and the numerical

performance of NMAR was lower than that of the proposed

method in this case. This is because the NMAR method can-

not precisely replace the projection data that are corrupted by

metal (often called metal trace) with monochromatic projec-

tion data because the NMAR method uses interpolation in

large metal trace during the correction process.

However, in the proposed method, the artifacts were sig-

nificantly removed in all cases. In addition, the proposed

method did not cause structural and contrast distortion even

in the case of severe beam-hardening caused by large metals.

Figure 7 compares the results of polynomial correction

functions of various orders. If the order was too low, the func-

tion was too simple to correct beam-hardening. If the order

was too high, the corrected sinogram was overfitted to pprior,

resulting in an artifact. As shown in Fig. 7, a sharp streak

appeared in the second-order correction function, which was

weakened as the degree increased until the fourth-order func-

tion. When we used a fifth-order correction function, the arti-

fact appeared, which was caused by the overfitting problem.

The results of the third-order function and fourth-order func-

tion were similar, but the numerical performance of the

fourth-order function was better than that of the third-order

function.

Figure 8 shows the results of using the fractional order

polynomial function and the integer order polynomial func-

tion. When the beam-hardening phenomenon was severe, as

seen in the first row of Fig. 8, the correction function was not

sufficiently complicated when the second-order integer poly-

nomial function was used. Although the fourth-order integer

polynomial function was used, the artifact was not removed,

but when the fractional order polynomial function was used,

the artifact was significantly removed. In some cases, there

was no noticeable performance improvement, as seen in the

third row of Fig. 8; however, in general, the results were bet-

ter with the fractional order polynomial function, indicating

that it was more suitable than the integer order polynomial

function for beam-hardening correction.

4.B. Correction results using measurement data

To verify the performance of the proposed method, we cor-

rected the measurement sinogram data. In the simulation,

only beam-hardening occurred, but dark bands due to photon

starvation also occurred in the experimental data. When

TABLE I. Quantitative Comparison of the NRMSD values in Fig. 6.

Simulation data

Normalized root-mean-square difference (%)

Uncorrected EBHC NMAR Proposed method

Phantom 3 (ROI 1) 1.58 0.30 0.12 0.22

Phantom 5 (ROI 2) 9.15 3.86 9.52 2.34

Phantom 5 (ROI 3) 23.77 9.31 11.26 3.62

FIG. 7. Correction results of polynomial correction functions of various orders using phantom 5. The first row shows the correction result of numerical phantom

5, and the second row shows magnified images of the region of interest indicated by a box in the first row. (C = 60 HU/W = 1000 HU).
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circular metals were attached to the head phantom, as shown

in Fig. 9, the dark bands generated between the metals were

not removed by the EBHC method, and many streaks and dis-

tortions around the metal remained. When using NMAR, the

artifacts between the metals and streak artifacts caused by

noise and scatter were removed. Photon starvation occurred

in the measurement data, and the noise was also severe.

Therefore, NMAR suitably removed the streaks because it is

a specialized method for correcting the data of the metal

trace. However, distortion of the shape occurred at the edge

of the object, as indicated by arrows in Fig. 9.

The proposed method did not completely remove the

streaks caused by severe noise, but the dark bands between

the metals were suitably removed. The proposed method has

the advantage of not distorting the structural information

despite severe beam-hardening.

5. DISCUSSION AND CONCLUSIONS

The proposed method for beam-hardening correction

using a prior image is an effective implementation of the

linearization-based correction method. Using a prior

image, we corrected the raw sinogram by employing a

modified polynomial correction function. Conventional

methods also use polynomial functions for correction;

however, the inclusion of many high-order terms in the

polynomial function causes formation of new artifacts in

the reconstructed images due to noise and overfitting prob-

lems. Therefore, high-order polynomial functions cannot

be used in conventional methods. The effect of the correc-

tion is not sufficient because it is difficult to make a suf-

ficiently complex function correct severe beam-hardening

and dark bands caused by photon starvation. However, our

proposed method does not generate artifacts, even with

many high-order terms in the correction function because

it uses a modified high-order polynomial function with

square root of basis sinograms and the effective

determination of many unknown coefficients using a prior

image.

In the proposed method, high-density materials should

be segmented as done in other methods, and the correction

results may vary depending on the accuracy of segmenta-

tion. Because the proposed method uses a simple threshold-

ing technique, we compared the segmentation accuracy

with the threshold value and the corresponding correction

result in Fig. 10. Using a threshold value of 8113/5317/

2354 HU, we obtained a metal image 1/1.05/1.10 times lar-

ger than the actual size, respectively. The larger the metal

FIG. 8. Comparison of results obtained when using the integer order polynomial function and the fractional order polynomial function. The first row shows the

correction result of numerical phantom 5, and the second and third rows show the correction results of numerical phantoms 4 and 6, respectively. (C = 60 HU/

W = 1000 HU).
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size, the larger the distortion caused by the LIMAR and

the smaller the size of the bone in the prior image, as indi-

cated by arrows in the third row of Fig. 10. When the seg-

mented metal image is 10% larger than the actual metal

(threshold 3), the bone disappears in the prior image, as

indicated by arrows in the third row of Fig. 10, resulting in

streaks in the correction results. However, when the

segmented metal image is 5% larger than the actual metal

(threshold 2), although the artifact is more noticeable than

that when using threshold 1, it shows better results than

those of the conventional method. If we use a sophisticated

segmentation algorithm, we can obtain a better correction

result. However, we can see that a certain degree of seg-

mentation error is acceptable.

FIG. 9. Correction results of a head phantom with circular metals. The first row shows the correction result of the head phantom (nose), and the second row

shows magnified images of the region of interest indicated by a box in the first row. The third row shows the correction result of the head phantom (skull), and

the fourth row shows magnified images of the region of interest indicated by a box in the third row (C = 250 HU/W = 2500 HU).
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In conventional beam-hardening correction methods,

determination of the unknown coefficients of the polynomial

function is difficult and involves an iterative minimization

process evaluating many versions of the corrected images

with different coefficients. This becomes increasingly diffi-

cult as larger numbers of unknown coefficients are used in

the polynomial function. The number of coefficients in our

correction function is much larger than that in EBHC meth-

ods (34 vs 3); however, we used a prior-image-based method

to effectively determine the large number of coefficients in

the sinogram domain without an iterative evaluation process

in the image domain. Therefore, we can increase the number

of basis terms and orders in our polynomial correction func-

tion without increasing the complexity of determining the

coefficients.

The artifacts between the metals are suitably removed

using the NMAR method, but there are many structural dis-

tortions when the size of the metal is large. However, our pro-

posed method effectively removed beam-hardening artifacts

and dark bands without distorting the structural and contrast

information.

Finally, the proposed prior-image-based linearization

method provided a simple and powerful approach for correct-

ing severe beam-hardening artifacts and dark bands caused

by photon starvation. Both simulation studies and real

experiments demonstrated its superior correction perfor-

mance in comparison to other conventional methods.
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