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Abstract

Metal artifacts are considered a major challenge in computed tomography (CT) as these

adversely affect the diagnosis and treatment of patients. Several approaches have been

developed to address this problem. The present study explored the clinical potential of a

novel photon-counting detector (PCD) CT system in reducing metal artifacts in head CT

scans. In particular, we studied the recovery of an oral tumor region located under metal arti-

facts after correction. Three energy thresholds were used to group data into three bins (bin

1: low-energy, bin 2: middle-energy, and bin 3: high-energy) in the prototype PCD CT sys-

tem. Three types of physical phantoms were scanned on the prototype PCD CT system.

First, we assessed the accuracy of iodine quantification using iodine phantoms at varying

concentrations. Second, we evaluated the performance of material decomposition (MD)

and virtual monochromatic images (VMIs) using a multi-energy CT phantom. Third, we

designed an ATOM phantom with metal insertions to verify the effect of the proposed metal

artifact reduction. In particular, we placed an insertion-mimicking an iodine-enhanced oral

tumor in the beam path of metallic objects. Normalized metal artifact reduction (NMAR) was

performed for each energy bin image, followed by an image-based MD and VMI reconstruc-

tion. Image quality was analyzed quantitatively by contrast-to-noise ratio (CNR) measure-

ments. The results of iodine quantification showed a good match between the true and

measured iodine concentrations. Furthermore, as expected, the contrast between iodine

and the surrounding material was higher in bin 1 image than in bin 3 image. On the other

hand, the bin 3 image of the ATOM phantom showed fewer metal artifacts than the bin 1

image because of the higher photon energy. The result of quantitative assessment demon-

strated that the 40-keV VMI (CNR: 20.6 ± 1.2) with NMAR and MD remarkably increased

the contrast of the iodine-enhanced region compared with that of the conventional images

(CNR: 10.4 ± 0.5) having 30 to 140 keV energy levels. The PCD-based multi-energy CT

imaging has immense potential to maximize the contrast of the target tissue and reduce

metal artifacts simultaneously. We believe that it would open the door to novel applications

for the diagnosis and treatment of several diseases.
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Introduction

Dual-energy computed tomography (DECT) has provided new opportunities for X-ray CT.

The major advantage of DECT is that it shows different attenuations of two materials using

two different energy spectra, thereby allowing the separation of two materials that can hardly

be distinguished by single energy CT [1, 2]. DECT reduces the use of contrast media [3, 4] as it

improves the contrast among different tissues. Several applications of DECT have been

reported since its introduction. For example, virtual monochromatic images (VMIs), synthe-

sized from DECT data, are utilized to locate abdominal tumors (such as liver, pancreatic, and

kidney tumors) [5–8], intracerebral hemorrhage [9], pulmonary embolism [10, 11], and vascu-

lar calcification [12, 13]. Moreover, VMI enables the detection and characterization of chemi-

cal compositions of materials that help in assessing specific disease processes [14]. However,

the DECT approach suffers from certain limitations related to its mechanism of image acquisi-

tion. For instance, difference in the acquisition time of high- and low-energy datasets [2, 15]

and acquiring images with substantial spectral overlap are major challenges.

Recently, photon-counting detector (PCD) CT scanners, which use an X-ray detector with

improved energy-resolving power, have emerged as a diagnostic technique. This detector

adopts a mechanism different from that used in conventional energy-integrating detectors; it

uses a photon-counting technology. It counts the number of photons striking a detector and

directly measures the photon energy. PCD-based multi-energy CT imaging is an innovative

technology [16], which can considerably improve the current CT imaging through reduced

radiation exposure [17], high spatial resolution [18–20], reduced beam-hardening artifact [21–

23], and improved material decomposition (MD) [24, 25].

In the present study, we focused on the problem of artifacts caused by metallic dental pros-

thetics in head and neck CT that can degrade the image quality. Typically, dental fillings or

implants generate severe streaks or shadings, hampering the accurate characterization of the

type of tissue, which is critical when structures of diagnostic interest overlap with metal arti-

facts. As a result, it can be considerably challenging to the clinicians to determine the patholog-

ical condition [26–29]. Furthermore, metal artifacts could lead to inaccurate location of a

tumor and wrong characterization of the surrounding tissues. Accurate delineation of tumors

from the surrounding tissues is crucial in a radiotherapy plan for cancer treatment [30, 31].

To solve this problem, we used a prototype CT scanner based on a commercially available

CT scanner installed with an in-house developed PCD system. Furthermore, we designed a

dedicated phantom in which an insertion mimicking an iodine-enhanced oral tumor is placed

between the two metallic dental implants. Despite iodine enhancement, the insertion is hardly

detected by conventional single-energy CT owing to beam hardening or photon starvation of

teeth, jawbone, and metallic dental implants. We evaluated the imaging performance and

application of the PCD CT system for viewing the region of an oral tumor lying between highly

dense metallic objects.

Materials and methods

Photon-counting detector CT scanner

We developed a prototype PCD CT system based on a CT system available in the market

(CereTom; Samsung-NeuroLogica, Danvers, USA) while using the original X-ray tube. The

geometry of the scanner was as follows: the source to isocenter distance was 227.5 mm, and the

source to detector distance was 408.6 mm. Hybrid multi-bin PCDs were integrated into this

system, which operated on an application-specific integrated circuit (ASIC). The newly

designed ASIC consisted of a 1.4-mm thick cadmium telluride (CdTe) sensor. The physical
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pitch of the detector pixel was 190 μm × 230 μm, and the anti-scatter collimator grid was

placed between the pixels (every sixth pixel) to suppress the scattering on the plane. The effec-

tive size of the pixel along the z-axis at the isocenter was 0.128 mm. The detector assembly

included 48 detector modules, with each detector module having an array size of 80 × 48 pix-

els. As a result, the detector assembly had 80 rows and 2,304 columns, allowing the collection

of 80 simultaneous slices of data with each rotation of the gantry. The field of view (FOV) of

the scanner at the isocenter was 250 mm in diameter (Fig 1A).

We investigated the characteristics of our CdTe detector, such as energy resolution, count

rate (detector efficiency), and detector stability. First, we measured the energy resolution using

radioactive isotopes of Co-57 with photon energy of 122.06 keV. Energy spectra were obtained

using a threshold scan of radioactive isotopes. We swept the energy threshold and obtained all

counts above the threshold energy. Energy spectra were extracted by differentiation. Photo-

peaks were obtained by fitting a Gaussian function in the spectra. Next, energy resolution was

calculated from the full width at half maximum (FWHM) of the photopeak in the spectrum

divided by its energy. Second, we conducted experiments to determine the count rate. Scan

parameters were obtained under a single-channel image (energy range above 30 keV) with

varying tube currents (25, 15, 25, 55, 73, and 91 mA) at 120 kVp tube voltage, and 1 s data

acquisition time. The data were fitted to a non-paralyzable counter model to characterize the

time response. The true (input) count rate n is given by n = m/(1−mτ) [32], where m is the

measured count rate and τ is the dead time. The measured count rate was obtained by averag-

ing the 25 detector pixels. Finally, the behavior of the detector response for a certain period

was determined by measuring the response for 20 s with a –900-V bias voltage at the same

scan parameters as that used for the analysis of the count rate.

Fig 1. (a) Image of the prototype photon-counting CT system. (b) Illustration of ROIs used for uniformity measurement

using the cylindrical water phantom with 150 mm diameter; uniformity value (the absolute value of [center (1) mean CT#-

periphery (2–5) mean CT#]). 140 kVp, 1 mA, slice thickness: 0.625 mm, display window: W/L = 400/0 HU.

https://doi.org/10.1371/journal.pone.0247355.g001
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Image acquisition

Our PCD CT system generated three-energy bins with an arbitrary keV setting. Energy cali-

bration using the polyenergetic spectrum was performed to set the thresholds of all pixels. We

used two additional filters, gadolinium and tungsten having different K-edge energies, 50.2

keV and 69.5 keV, respectively. From the measured X-ray spectra, threshold values corre-

sponding to the K-edge energies of individual pixels were acquired using a linear fitting. We

applied 30 keV, 50 keV, and 65 keV as thresholds for energy bin 1, bin 2, and bin 3, respec-

tively. Images were acquired in the 5 × 6 binning mode. The slice thickness at the isocenter

was 0.640 mm, and the number of slices per scan was 16. Axial scans were obtained under con-

ditions of 140 kVp voltage, 4 mA current, gantry rotation time of 2 s, and 1,440 projections per

rotation.

Phantom

We measured uniformity, one of the fundamental image quality metrics, using a cylindrical

water phantom with a diameter of 150 mm. As shown in Fig 1B, CT numbers were measured

on regions of interest (ROIs) at the center and four peripheries to assess uniformity. To evalu-

ate the accuracy of iodine quantification, we built cylindrical phantoms with five holes (20 mm

diameter) to be filled with iodine solutions of varying concentrations. The cylindrical phan-

toms were made of polymethyl methacrylate (PMMA) and had diameters of 12, 17, and 22 cm

(Fig 2). Iodinated contrast medium (Iomeron 350 mg/mL; Bracco, Milan, Italy) was diluted

with water to produce iodine concentrations of 3.5, 6, 9, 11, 17, and 23 mg/mL. Next, the holes

of the phantoms were filled with diluted iodine. We first applied MD and measured the density

of iodine contrast from iodine-decomposed images of cylindrical phantoms. The decomposed

iodine and PMMA images of the cylindrical phantom are shown in Fig 2C. To decompose

materials more accurately, we used another phantom specifically designed for basis material

calibration, which is described in Fig 3. The true concentration of iodine in the calibration

phantom was 18.9. mg/mL, based on which the values of the images could be converted rela-

tively. In other words, a converted value of 1 indicated full contrast of 18.9 mg/mL. The largest

possible circular ROI without touching the container was drawn to measure the concentration

of iodine in each of the five holes. This process was applied to the images of each phantom

size. The measured iodine concentration was compared to the ground truth, namely the real

known concentration in each hole, and errors were calculated. A linear fit was performed, and

the coefficient of determination (R2) was reported. As shown in Fig 4, we used a multi-energy

CT phantom (model 1472 Gammex) to evaluate the performance of MD and VMI. Fig 4a

shows four solid insertions representing four concentrations of iodine (I-1 to I-4) and three

insertions of calcium (Ca-1 to Ca-3). PMMA and Gammex phantoms were scanned in the

axial scan mode with 140 kVp tube voltage, 4 mA tube current, and a speed of 2 s per rotation.

We inserted two titanium implants in the adult male ATOM head phantom (model ATOM

701-HN; CIRS Inc., VA) (Fig 5), one on the left and the other on the right region of the lower

jawbone (Fig 5C, red arrows). Furthermore, we placed an iodine-enhanced tissue (Fig 5C, yel-

low arrow) between the implants to simulate a challenging situation for the overlap of the tis-

sue and streak artifacts. The Hounsfield unit (HU) values of inserted iodine and the

surrounding tissues were 75 and 57, respectively.

Metal artifact reduction for multi-energy CT

The normalized metal artifact reduction (NMAR) method [33] was applied before performing

MD and VMI reconstruction. Metallic objects were identified in the image domain through

thresholding, and they were forward projected to find the corresponding metal trace in the
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projection domain. Subsequently, a prior image was obtained by segmentation using multiple

thresholding of the bone, soft tissue, and air regions. A miss-segmentation between air and the

bone (such as the boundary of the tooth) can lead to new streaks of artifacts. To prevent such

artifacts, we applied a morphological operation with a circular kernel on multiple segmenta-

tions. The modified NMAR was applied to each of the three multi-energy images for compari-

son with an integrated image of 30 to 140 keV energy level. Conventional MD based on three

materials (water, iodine, and bone) was utilized, following which VMIs were created by the

weighted sum of three material maps. The overall scheme of the proposed method is shown in

Fig 6.

Algorithms for MD and VMI

The aim of MD is to find bm(x) for each image pixel x based on the formula below:

miðxÞ ¼
PM

m¼1
bmðxÞm

i
m; i ¼ 1; 2; 3 ð1Þ

where μi(x) is the attenuation coefficient of the reconstructed image for the i-th energy bin, M

is the number of the basis material, bm(x) is the mass fraction of the basis material lying in the

Fig 2. (a) Three different cylindrical phantoms (diameter: 12, 17, and 22 cm) for iodine quantification accuracy. (b) Low-energy

threshold (bin 1: 30–50 keV), middle-energy threshold (bin 2: 50–65 keV), and high-energy threshold (bin 3: 65–140 keV) images of the

12 cm phantom. (c) Iodine images and PMMA images. (d) Comparison of the measured iodine concentration with the true

concentration.

https://doi.org/10.1371/journal.pone.0247355.g002
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range of [0,1], and mi
m is the known attenuation coefficient of each basis material at the i-th

energy bin. In the case of three materials, this can be solved by a matrix inversion from the for-

mula:

m1ðxÞ

m2ðxÞ

m3ðxÞ
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Fig 3. (a) Cylindrical PMMA phantom with 150 mm diameter and (b) transaxial image at a single-channel image for the 30–140 keV energy level. The phantom was

specifically designed for basis material calibration and contained drilled holes filled with iodine (I) and gadolinium (Gd) at several concentrations: iodine (I-1: 3.7 mg/mL,

I-2: 10.1 mg/mL, I-3: 18.9 mg/mL) and gadolinium (Gd-1: 3.0 mg/mL, Gd-2: 7.5 mg/mL, Gd-3: 13.8 mg/mL).

https://doi.org/10.1371/journal.pone.0247355.g003

Fig 4. (a) Gammex phantom with iodine and calcium at various concentrations: Iodine (I-1: 2.0 mg/mL, I-2: 5.0. mg/mL, I-3: 10 mg/

mL, I-4: 15 mg/mL) and calcium (Ca-1: 300 mg/mL, Ca-2: 100 mg/mL, Ca-3: 50 mg/mL). (b) The single channel image for the 30 to 140

keV energy level (display window: W/L = 1000/0 HU): Iodine (I-1: 51 HU, I-2: 128 HU, I-3: 268 HU, I-4: 402 HU) and calcium (Ca-1:

899 HU, Ca-2: 333 HU, Ca-3: 195 HU). Calcium and iodine are difficult to distinguish. (c) An overlaid image that clearly separates

iodine and calcium using images of the three energy levels (bin 1, bin 2, and bin 3) (pink: iodine, blue: calcium).

https://doi.org/10.1371/journal.pone.0247355.g004
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The VMI is reconstructed using the formula below.

mðx; EÞ ¼
XM

m¼1
bmðxÞmr;mðEÞ ð3Þ

Fig 5. (a) Adult male ATOM head phantom (ATOM phantom) that artificially generates metal artifacts and targets iodine-enhanced oral

tumor. (b) Two metal implants and iodine were inserted into the ATOM phantom. (c) Image for the 30 to 140 keV energy level. We placed

two metallic implants, one on the left, and the other on the right region of the lower jawbone (red arrow); iodine-enhanced tissue (yellow

arrow) is located between them. Display window: W/L = 600/150 HU.

https://doi.org/10.1371/journal.pone.0247355.g005

Fig 6. Scheme of metal artifact reduction and tissue characterization image for multi-energy CT. The NMAR

method and MD are applied to the bin 1, bin 2, and bin 3 reconstructed images of different energy levels and created

VMIs.

https://doi.org/10.1371/journal.pone.0247355.g006
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where M is the number of basis material, bm(x) is the mass fraction of the basis material (the

result of MD), and μρ,m(E) is the mass attenuation coefficient of the m-th material at energy E.

The result of VMI using this formula is shown in Fig 7B.

Evaluation of image quality

Seven ROIs were selected in the image of the ATOM phantom (Fig 8), including an area where

metal artifacts were most severe. The mean CT number (in HU) and standard deviation (SD,

i.e., image noise) were measured in the circular ROIs: ROI1, area of iodine-enhanced tissue;

ROI2s, normal tissue (area where metal artifact is less affected), and ROI3s surrounding air for

measuring background noise. Contrast-to-noise ratios (CNRs) were calculated using the fol-

lowing formula: CNR = (ROI1–ROI2s)/ROI3s (or background noise) [34, 35].

Results

The estimated energy resolution reached 4.51% at 122.06 keV using the 1.4-mm thick CdTe

detector, as depicted in Fig 9. Fig 10 shows the averaged output count rate of 25 detector pixels

as a function of input count rates. It implies an average non-paralyzable dead time (τn) of

101.42 ns and count rate per detector area of 112.81 Mcps/mm2 (at 50% loss). The mean

counts of pixels per frame as a function of time were calculated as a measure of the stability,

and the result is shown in Fig 11. It appears that the mean count was considerably stable in the

20-s time window. Its standard deviation was less than 1.1% for several tube current condi-

tions. Further investigation is necessary to understand the meaning of the measured stability

for several CT protocols and applications.

Fig 7. Multi-energy bin 1, bin 2, and bin 3 images acquired from the PCD CT system. VMI was created using three acquired images. (a) The

higher the energy from bin 1 to bin 3, the smaller the metal artifact (red arrow). Compared with bin 2 and bin 3, bin 1 (yellow arrow) shows

enhanced iodine in the oral tumor portion. (b) VMI from 40 keV to 140 keV created from three energy bin images reconstructed from an iodine-

enhanced ATOM phantom with a left oral tumor (red arrow). VMIs of the same scan/slice are shown at 40, 60, 80, 100, 120, and 140 keV. Display

window: W/L = 600/150 HU.

https://doi.org/10.1371/journal.pone.0247355.g007
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Accuracy and uniformity of iodine quantification

The iodine phantoms were scanned using a prototype PCD system. Fig 2B shows images at

each energy bin (bin 1: 30–50 keV, bin 2: 50–65 keV, and bin 3: 65–140 keV) of the 12 cm

phantom. As expected, the image at lower energy provides an increased contrast between

iodine and its surrounding materials. This is because the k-edge of iodine (33.2 keV) was closer

to bin 1 than to bin 2 or bin 3. As a result, the attenuation of iodine-containing substances was

substantially higher than in the background at bin 1.

Fig 2C shows the material separated iodine and PMMA images. The overall trend shows a

good match with the ground truth. As shown in Fig 2D, a linear relationship was observed

Fig 8. (a) Imaging of adult male ATOM phantom acquired at an energy level of 30 to 140 keV. White dotted lines outline the ROIs

placed for objective image analysis: ROI1, area of iodine-enhanced tissue; ROI2s, normal tissue (area where metal artifact is less

affected), and ROI3s surrounding air for measuring background noise. (b) Image with NMAR method applied to image A. (c)

Virtual monochromatic image of 40 keV with MD applied to bin 1, bin 2, and bin 3 without NMAR. (d) Iodine-enhanced virtual

monochromatic image (yellow arrow) at 40 keV, which applied NMAR and MD to bin 1, bin 2, and bin 3. The imaging shows how

metal artifacts were removed and iodine was enhanced. (a´), (b´), (c´), and (d´) are magnified images of (a), (b), (c), and (d)

focusing on the iodine-enhanced tissue. Display window: W/L = 600/150 HU.

https://doi.org/10.1371/journal.pone.0247355.g008
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between the measured and true iodine concentrations for the PCD CT system (R2> 0.99). The

errors between the measured and true iodine concentrations ranged from 0.4 to 1.8 mg/mL,

which corresponded to a maximum of 7.5% error. This was comparable to the results of a pre-

vious study [36]. The uniformity in the water phantom was acceptable; more specifically, the

maximum difference in the mean HU values on five ROIs was 4.3 HU, lying within the clini-

cally acceptable range (±5 HU), as shown in Fig 1B.

Fig 9. The energy spectrum of the CdTe detector with FWHM of 4.51% at 122.06 keV.

https://doi.org/10.1371/journal.pone.0247355.g009

Fig 10. Count rate performance of the CdTe detector. The output count rates were obtained by averaging the 25

detector pixels. The count rate was recorded as a function of input count rate (5, 15, 25, 55, 73, and 91 mA) for 120

kVp tube voltage, and 1 s data acquisition time.

https://doi.org/10.1371/journal.pone.0247355.g010
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Material decomposition and VMI

We used the Gammex phantom-based experiment to evaluate the performance of our PCD

system for MD. Fig 4B shows a single channel image (30–140 keV) in which some solid inser-

tions are not clearly distinguished by HU values in the window setting W/L (1000/0). In partic-

ular, the HU values for I-3, Ca-2, I-2, and Ca-3 were considerably similar. In contrast, Fig 4C

shows a clear separation of the solid insertions of iodine and calcium using an overlaid image

based on the results of MD.

We conducted a further experiment using the ATOM phantom to evaluate the overall

multi-energy performance. Reconstructed images at three different energy bins, shown in Fig

7A, demonstrate that the strength of metal artifacts (red arrow) decreased as the mean energy

increased from bin 1 to bin 3. We still have few remaining rings (white arrow) in the bin 3

image owing to imperfect calibration. The results of VMI approach are demonstrated in Fig

7B for energies ranging from 40 keV to 140 keV with a 20-keV interval. The tradeoff between

the contrast of the iodine-enhanced insertion and the severity of metal artifacts is well evident.

While the contrast is maximized in the 40-keV image, it suffers from severe metal artifacts that

partially overlap with the lesion. On the contrary, while metal artifacts tend to mitigate as the

energy increases, the tumor-mimicking lesion is hardly detected in the images above 100 keV.

This is where the idea of applying NMAR comes into play. We applied NMAR to the three bin

images and generated VMIs to achieve both the maximum contrast and reduced metal artifact

simultaneously.

Fig 11. Stability of mean pixel (25 pixels) counts per frame in 20 s for varying tube currents at 120 kVp tube voltage.

Mean pixel counts and SD were 90 ± 1.0 (2 mA), 217 ± 1.4 (5 mA), 411 ± 1.9 (10 mA), 583 ± 2.1 (15 mA), and 874 ± 2.5(25

mA), respectively.

https://doi.org/10.1371/journal.pone.0247355.g011

Table 1. Detailed values (HU) of mean ± SD and CNR at each ROI. These are used for quantitative evaluation of image quality of the multi-energy CT imaging shown

in Fig 8.

Images ROI1 ROI2-1 ROI2-2 ROI2-3 ROI3-1 ROI3-2 ROI3-3 CNR1 CNR2 CNR3

(a) 103.1 ± 19.8 24.8 ± 10.0 21.0 ± 15.8 27.7 ± 9.7 –997.0 ± 8.4 –999.9 ± 6.5 –1008.7 ± 7.7 10.4 10.9 10.0

(b) 29.1 ± 11.3 25.8 ± 13.7 25.5 ± 17.5 25.3 ± 7.0 –998.1 ± 6.8 –1004.7 ± 5.7 –1002.8 ± 5.9 0.5 0.6 0.6

(c) 360.8 ± 65.7 33.9 ± 40.2 41.5 ± 41.4 35.2 ± 36.7 –1000 ± 7.6 –1000 ± 6.1 –1000 ± 6.8 47.9 46.8 47.7

(d) 178.0 ± 25.9 40.7 ± 27.2 43.4 ± 22.8 28.1 ± 21.5 –1000 ± 7.6 –1000 ± 6.1 –1000 ± 6.8 20.1 19.7 22.0

https://doi.org/10.1371/journal.pone.0247355.t001
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For comparison with the conventional approach, we demonstrated four images in Fig 8. Fig

8A is an image of the ATOM phantom acquired from 30 to 140 keV, and (b) is the result of

NMAR applied to (a). Fig 8C shows the VMIs of 40 keV generated due to MD using bin 1, bin

2, and bin 3 without applying the NMAR method. Applying NMAR to each energy bin first

generates the VMI at 40 keV in (d), which demonstrates the effect of the proposed method.

Unlike the conventional approach, metal artifacts are removed and the lesion is well visualized

despite certain residual artifacts. The result is promising as it can be utilized to view lesions

when highly dense materials are present in the field of view (FOV). Table 1 and Fig 12 show

the detailed mean ± SD and CNR of each ROI in Fig 8.

Discussion

Metal prosthetics inserted into the human body can cause artifacts that severely distort or

compromise the quality of CT images. To address the problem, several approaches have been

proposed, such as algorithms reducing metal artifacts, reconstruction using thin slices, and

scanning with a high voltage. However, each of these show limitations [37]. Recently, dual-

energy CT has been used to solve the problem of metal artifacts. One can create VMIs at an

arbitrary energy level ranging from 40 to 140 keV after collecting the DECT data. Monochro-

matic images at higher energy (minimum 100 keV) develop less metal artifacts owing to high

photon energies. Moreover, they outperform conventional polychromatic images or mono-

chromatic images at lower energy [27–29]. However, current DECT suffers from non-ideal

workflow, limitations in energy separation, etc. Our PCD CT system can generate three energy

Fig 12. Contrast-to-noise ratio (mean ± standard deviation) for quantitative image quality of the multi-energy CT imaging in Fig 8.

https://doi.org/10.1371/journal.pone.0247355.g012
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bins with different keV settings. To equalize the ratio of photons at each energy bin, we applied

thresholds of 30 keV, 50 keV, and 65 keV to energy bin 1, bin 2, and bin 3, respectively.

In the present study, we explored the potential of spectral CT imaging based on a PCD CT

system for visualizing iodine-enhanced oral tumors when metallic objects are present in head

and neck CT. Customized phantoms were scanned in a prototype PCD CT system with three

energy thresholds. Afterward, metal artifact reduction, MD, and virtual monochromatic imag-

ing are performed. We first removed metal artifacts by applying the NMAR methods to bin 1,

bin 2, and bin 3. Next, we created VMIs using materially decomposed imaging.

Fig 7 shows the behavior of metal artifacts depending on the energy level. Both bin images

(a) and VMI (b) show that metal artifacts decrease as the energy level increases; this is opposite

to the behavior of soft tissue contrast. In summation, images at lower energy have higher con-

trast and can be hardly distinguished from its background in images at higher energy in

iodine-enhanced insertion. We could maximize the visualization by combining VMI and

reduction in metal artifact, which is a remarkable advantage over the conventional approach.

Whereas the images of the conventional energy-integrating CT system suffer from metal arti-

facts or poor contrast (CNR: 10.4 ± 0.5 and 0.6 ± 0.0) as shown in Fig 8A and 8B, respectively,

images of the novel PCD CT system show an outstanding improvement in CNR (47.5 ± 0.6,

20.6 ± 1.2), as shown in Fig 8C and 8D. Despite the metal artifact correction, the contrast of

the lesion is extremely poor, making it difficult to identify its location as shown in Fig 8B. The

reconstructed VMI (Fig 8C) at 40 keV without the NMAR method shows that the iodine

enhancement is maximized in the tumor-mimicking area; however, the metal artifacts still

exist. Fig 8D demonstrates the benefit of the proposed method. VMI at 40 keV reconstructed

after applying the NMAR methods showed considerably reduced metal artifacts and maxi-

mized iodine enhancement in the tumor-mimicking area (yellow arrow in Fig 8D), which is

not the case in the images obtained using the conventional method.

We can provide new opportunities for several CT-based treatments, such as cancer treat-

ment, by selecting the lesion-specific energy level and adopting metal artifact reduction tech-

nology. Application of several de-noising strategies and improving the calibration are ongoing

processes and warrant further research.

Our custom-developed PCD consisted of multiple hybrid chips that combined a CdTe chip

with an ASIC. However, despite its disruptive concept, the resulting images have certain visible

and remaining artifacts owing to certain limitations of PCD, such as charge sharing, pulse

pileup, and fluorescence. We believe that improvements in the hardware and more sophisti-

cated calibration could overcome these limitations.

One factor to be considered is the temperature of the PCD, which could distort the energy

spectrum. It is well known that CdTe and ASIC are sensitive to temperature. When each

hybrid chip has a different temperature, distortions and differences in the measured signals

among the hybrid chips can easily occur. As a result, the rings and band artifacts remain in the

final imaging even after calibrations and post-processing. To determine the effect of tempera-

ture change, we conducted an experiment as shown in Fig 13. We observed that the energy

peak of the radioisotope, Co-57 (122.2 keV), shifted as the temperature was increased from

20˚C to 40˚C. This implied that PCD without a sophisticated cooling system could generate

different detector responses even under the same scan conditions. Calibration tables generated

at a different time might not work owing to the lack of reproducibility of the signals. Evaluat-

ing the impact of temperature on PCD could be an interesting research topic.

The present study has several limitations. First, the precise composition of the two dental

implants in the ATOM phantom was not known, except that its basis was titanium. Several

clinically relevant materials need to be assessed because the severity of beam hardening and

photon starvation are strongly related to the type and size of the metal [38, 39].
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Second, as is well known, the detector counts registered in the PCD CT system are not line-

arly correlated to the actual X-ray counts incident to the detector pixels (due to, e.g., pulse

pileup). Therefore, to reconstruct CT images from this type of data, we need to correct this

nonlinearity of the PCD data. For the pre-processing of each energy bin, we collected detector

count data of several X-ray doses (different mAs). In addition to the detector counts, we col-

lected one common reference count for each dose, known to be linearly correlated to X-ray

doses. Fig 14 shows the detector–response curves used for this nonlinearity correction for two

selected detector pixels. Unfortunately, “air correction” alone did not result in “artifact-free”

reconstructed images. To remedy this situation, we used water phantom data to further reduce

ring artifacts. Although the image quality improved, the pre-processing was an ongoing work.

We can see the remaining ring and band artifacts at the 7 o’clock position in the middle of the

bin 3 imaging in Fig 7A. As VMIs are reconstructed using bin 1, bin 2, and bin 3, inherited

ring and band artifacts are pronounced in the same position in Fig 7B imaging. As mentioned

above, we expect to stabilize the image quality by improving the hardware and using more

sophisticated calibration. In particular, we look forward to evaluating the basic image quality

after controlling the temperature of each hybrid chip.

Third, the performance of the proposed method may vary depending on the tissue of inter-

est and the types of metal present in the FOV. As Cha [29] pointed out, the performance of

VMI in combination with MAR is directly related to the energy selected to reconstruct mono-

chromatic images. We can optimize the thresholds defining the energy bins depending on the

applications, more specifically, on the target body structures. Furthermore, application of

adaptive selection of thresholds is an interesting research topic for PCD systems. We will con-

duct more studies in this regard. Moreover, comparison with commercially available DECT

systems is a potential future work.

Conclusions

We developed a PCD CT system by integrating PCD to the commercially available CereTom

and evaluated its potential benefits in head and neck CT. The proposed method in the PCD

system showed great potential to provide enhanced iodine imaging of the simulated oral

Fig 13. (a) Hybrid chip image using Co-57 (3.7 MBq) source. (b) Energy peak according to temperature. As the temperature rises, it shifts to the left.

https://doi.org/10.1371/journal.pone.0247355.g013
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tumor with substantially reduced metal artifacts. We believe that PCD-based multi-energy CT

imaging will open the door to new opportunities in the diagnosis and treatment of cancer in

the head and neck.

Author Contributions

Conceptualization: Chang-Lae Lee, Junyoung Park, Jiyoung Choi, Minkook Cho.

Data curation: Chang-Lae Lee, Yuna Choi, Minkook Cho.

Formal analysis: Chang-Lae Lee, Junyoung Park, Jiyoung Choi, Kyoung-Yong Lee, Minkook

Cho.

Funding acquisition: Chang-Lae Lee.

Methodology: Chang-Lae Lee, Junyoung Park, Sangnam Nam, Yuna Choi, Minkook Cho.

Project administration: Chang-Lae Lee, Minkook Cho.

Resources: Chang-Lae Lee, Jiyoung Choi, Yuna Choi, Sangmin Lee, Minkook Cho.

Software: Junyoung Park, Sangnam Nam.

Validation: Chang-Lae Lee, Sangmin Lee, Minkook Cho.

Visualization: Chang-Lae Lee, Sangnam Nam.

Writing – original draft: Chang-Lae Lee, Sangnam Nam, Yuna Choi, Sangmin Lee, Kyoung-

Yong Lee, Minkook Cho.

Writing – review & editing: Kyoung-Yong Lee, Minkook Cho.

Fig 14. Detector–response curves of two different detector pixels. This non-linear behavior requires a sophisticated non-linearity correction,

unlike the conventional energy-integrating detector.

https://doi.org/10.1371/journal.pone.0247355.g014

PLOS ONE Metal artifact reduction and tumor detection using photon-counting CT

PLOS ONE | https://doi.org/10.1371/journal.pone.0247355 March 5, 2021 15 / 18

https://doi.org/10.1371/journal.pone.0247355.g014
https://doi.org/10.1371/journal.pone.0247355


References
1. Megibow AJ, Chandarana H, Hindman NM. Increasing the precision of CT measurements with dual-

energy scanning. Radiological Society of North America. 2014; 272(3):618–21. https://doi.org/10.1148/

radiol.14141118 PMID: 25153272.

2. McCollough CH, Leng S, Yu L, Fletcher JG. Dual- and Multi-Energy CT: Principles, Technical

Approaches, and Clinical Applications. Radiology. 2015; 276(3):637–653. https://doi.org/10.1148/

radiol.2015142631 PMID: 26302388

3. Clark ZE, Bolus DN, Little MD, Morgan DE. Abdominal rapid-kVp-switching dual-energy MDCT with

reduced IV contrast compared to conventional MDCT with standard weight-based IV contrast: an intra-

patient comparison. Abdominal imaging. 2015; 40(4):852–858. https://doi.org/10.1007/s00261-014-

0253-3 PMID: 25261257

4. Nagayama Y, Nakaura T, Oda S, et al. Dual-layer DECT for multiphasic hepatic CT with 50 percent

iodine load: a matched-pair comparison with a 120 kVp protocol. European radiology. 2018; 28

(4):1719–1730. https://doi.org/10.1007/s00330-017-5114-3 PMID: 29063254

5. George E, Wortman JR, Fulwadhva UP, Uyeda JW, Sodickson AD. Dual energy CT applications in pan-

creatic pathologies. The British journal of radiology. 2017; 90(1080):20170411. https://doi.org/10.1259/

bjr.20170411 PMID: 28936888

6. Liang P, Ren X-c, Gao J-b, Chen K-s, Xu X. Iodine concentration in spectral CT: assessment of prog-

nostic determinants in patients with gastric adenocarcinoma. American Journal of Roentgenology.

2017; 209(5):1033–1038. https://doi.org/10.2214/AJR.16.16895 PMID: 28871809

7. Marin D, Boll DT, Mileto A, Nelson RC. State of the art: dual-energy CT of the abdomen. Radiology.

2014; 271(2):327–342. https://doi.org/10.1148/radiol.14131480 PMID: 24761954

8. Tang H, Deng K, Zhao Y, Zhou Y, Jiang F. Use of computed tomography gemstone spectral curve in

evaluation on histodifferentiation of gastric cancer. Zhonghua yi xue za zhi. 2014; 94(45):3571–3574.

PMID: 25622836

9. Hu R, Padole A, Gupta R. Dual-energy computed tomographic applications for differentiation of intra-

cranial hemorrhage, calcium, and iodine. Neuroimaging Clinics. 2017; 27(3):401–409. https://doi.org/

10.1016/j.nic.2017.03.004 PMID: 28711201

10. Mayo J, Thakur Y. Acute pulmonary embolism: from morphology to function. Semin Respir Crit Care

Med. 2014; 35(1):41–49. https://doi.org/10.1055/s-0033-1363450 PMID: 24481758

11. Zhang LJ, Yang GF, Wu SY, Xu J, Lu GM, Schoepf UJ. Dual-energy CT imaging of thoracic malignan-

cies. Cancer Imaging. 2013; 6(13):81–91. https://doi.org/10.1102/1470-7330.2013.0009 PMID:

23470989

12. Matsui K, Machida H, Mitsuhashi T, et al. Analysis of coronary arterial calcification components with cor-

onary CT angiography using single-source dual-energy CT with fast tube voltage switching. The inter-

national journal of cardiovascular imaging. 2015; 31(3):639–647. https://doi.org/10.1007/s10554-014-

0574-x PMID: 25407480

13. Carrascosa P, Deviggiano A, Leipsic JA, et al. Dual energy imaging and intracycle motion correction for

CT coronary angiography in patients with intermediate to high likelihood of coronary artery disease.

Clinical imaging. 2015; 39(6):1000–1005. https://doi.org/10.1016/j.clinimag.2015.07.023 PMID:

26351035

14. McQueen FM, Reeves Q, Dalbeth N. New insights into an old disease: advanced imaging in the diagno-

sis and management of gout. Postgraduate medical journal. 2013; 89(1048):87–93. https://doi.org/10.

1136/postgradmedj-2012-131000 PMID: 23112219

15. Douglas-Akinwande AC, Buckwalter KA, Rydberg J, Rankin JL, Choplin RH. Multichannel CT: evaluat-

ing the spine in postoperative patients with orthopedic hardware. Radiographics. 2006; 26(suppl_1):

S97–S110. https://doi.org/10.1148/rg.26si065512 PMID: 17050522

16. Willemink MJ, Persson M, Pourmorteza A, Pelc NJ, Fleischmann D. Photon-counting CT: technical

principles and clinical prospects. Radiology. 2018; 289(2):293–312. https://doi.org/10.1148/radiol.

2018172656 PMID: 30179101

17. Symons R, Pourmorteza A, Sandfort V, et al. Feasibility of dose-reduced chest CT with photon-counting

detectors: initial results in humans. Radiology. 2017; 285(3):980–989. https://doi.org/10.1148/radiol.

2017162587 PMID: 28753389

18. Leng S, Yu Z, Halaweish A, et al. A high-resolution imaging technique using a whole-body, research

photon counting detector CT system. Proc. SPIE 2016; https://doi.org/10.1117/12.2217180 PMID:

27330238

19. Rajendran K, Tao S, Abdurakhimova D, Leng S, McCollough C. Ultra-high resolution photon-counting

detector CT reconstruction using spectral prior image constrained compressed-sensing (UHR-

SPICCS). Proc. SPIE 2018; https://doi.org/10.1117/12.2294628 PMID: 30034082.

PLOS ONE Metal artifact reduction and tumor detection using photon-counting CT

PLOS ONE | https://doi.org/10.1371/journal.pone.0247355 March 5, 2021 16 / 18

https://doi.org/10.1148/radiol.14141118
https://doi.org/10.1148/radiol.14141118
http://www.ncbi.nlm.nih.gov/pubmed/25153272
https://doi.org/10.1148/radiol.2015142631
https://doi.org/10.1148/radiol.2015142631
http://www.ncbi.nlm.nih.gov/pubmed/26302388
https://doi.org/10.1007/s00261-014-0253-3
https://doi.org/10.1007/s00261-014-0253-3
http://www.ncbi.nlm.nih.gov/pubmed/25261257
https://doi.org/10.1007/s00330-017-5114-3
http://www.ncbi.nlm.nih.gov/pubmed/29063254
https://doi.org/10.1259/bjr.20170411
https://doi.org/10.1259/bjr.20170411
http://www.ncbi.nlm.nih.gov/pubmed/28936888
https://doi.org/10.2214/AJR.16.16895
http://www.ncbi.nlm.nih.gov/pubmed/28871809
https://doi.org/10.1148/radiol.14131480
http://www.ncbi.nlm.nih.gov/pubmed/24761954
http://www.ncbi.nlm.nih.gov/pubmed/25622836
https://doi.org/10.1016/j.nic.2017.03.004
https://doi.org/10.1016/j.nic.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/28711201
https://doi.org/10.1055/s-0033-1363450
http://www.ncbi.nlm.nih.gov/pubmed/24481758
https://doi.org/10.1102/1470-7330.2013.0009
http://www.ncbi.nlm.nih.gov/pubmed/23470989
https://doi.org/10.1007/s10554-014-0574-x
https://doi.org/10.1007/s10554-014-0574-x
http://www.ncbi.nlm.nih.gov/pubmed/25407480
https://doi.org/10.1016/j.clinimag.2015.07.023
http://www.ncbi.nlm.nih.gov/pubmed/26351035
https://doi.org/10.1136/postgradmedj-2012-131000
https://doi.org/10.1136/postgradmedj-2012-131000
http://www.ncbi.nlm.nih.gov/pubmed/23112219
https://doi.org/10.1148/rg.26si065512
http://www.ncbi.nlm.nih.gov/pubmed/17050522
https://doi.org/10.1148/radiol.2018172656
https://doi.org/10.1148/radiol.2018172656
http://www.ncbi.nlm.nih.gov/pubmed/30179101
https://doi.org/10.1148/radiol.2017162587
https://doi.org/10.1148/radiol.2017162587
http://www.ncbi.nlm.nih.gov/pubmed/28753389
https://doi.org/10.1117/12.2217180
http://www.ncbi.nlm.nih.gov/pubmed/27330238
https://doi.org/10.1117/12.2294628
http://www.ncbi.nlm.nih.gov/pubmed/30034082
https://doi.org/10.1371/journal.pone.0247355


20. Leng S, Gutjahr R, Ferrero A, et al. Ultra-high spatial resolution multi-energy CT using photon counting

detector technology. Proc. SPIE 2017; https://doi.org/10.1117/12.2255589 PMID: 28392615.

21. Shikhaliev PM. Beam hardening artefacts in computed tomography with photon counting, charge inte-

grating and energy weighting detectors: a simulation study. Physics in Medicine & Biology. 2005; 50

(24):5813. https://doi.org/10.1088/0031-9155/50/24/004 PMID: 16333157

22. Meganck JA, Kozloff KM, Thornton MM, Broski SM, Goldstein SA. Beam hardening artifacts in micro-

computed tomography scanning can be reduced by X-ray beam filtration and the resulting images can

be used to accurately measure BMD. Bone. 2009; 45(6):1104–1116. https://doi.org/10.1016/j.bone.

2009.07.078 PMID: 19651256

23. Bisogni MG, Del Guerra A, Lanconelli N, et al. Experimental study of beam hardening artifacts in photon

counting breast computed tomography. Nuclear Instruments and Methods in Physics Research Section

A: Accelerators, Spectrometers, Detectors and Associated Equipment. 2007; 581(1–2):94–98. https://

doi.org/10.1016/j.nima.2007.07.036

24. Faby S, Kuchenbecker S, Sawall S, et al. Performance of today’s dual energy CT and future multi

energy CT in virtual non-contrast imaging and in iodine quantification: a simulation study. Medical phys-

ics. 2015; 42(7):4349–4366. https://doi.org/10.1118/1.4922654 PMID: 26133632

25. Liu X, Yu L, Primak AN, McCollough CH. Quantitative imaging of element composition and mass frac-

tion using dual-energy CT: Three-material decomposition. Medical physics. 2009; 36(5):1602–1609.

https://doi.org/10.1118/1.3097632 PMID: 19544776

26. Forghani R, Kelly HR, Curtin HD. Applications of dual-energy computed tomography for the evaluation

of head and neck squamous cell carcinoma. Neuroimaging Clinics. 2017; 27(3):445–459. https://doi.

org/10.1016/j.nic.2017.04.001 PMID: 28711204

27. Hokamp NG, Laukamp K, Lennartz S, et al. Artifact reduction from dental implants using virtual monoe-

nergetic reconstructions from novel spectral detector CT. European journal of radiology. 2018;

104:136–142. https://doi.org/10.1016/j.ejrad.2018.04.018 PMID: 29857859

28. Gong X, Meyer E, Yu X, et al. Clinical evaluation of the normalized metal artefact reduction algorithm

caused by dental fillings in CT. Dentomaxillofacial Radiology. 2013; 42(4):20120105. https://doi.org/10.

1259/dmfr.20120105 PMID: 23420861

29. Cha J, Kim H-J, Kim ST, Kim YK, Kim HY, Park GM. Dual-energy CT with virtual monochromatic

images and metal artifact reduction software for reducing metallic dental artifacts. Acta Radiologica.

2017; 58(11):1312–1319. https://doi.org/10.1177/0284185117692174 PMID: 28273739

30. Robertson DD, Weiss PJ, Fishman EK, Magid D, Walker PS. Evaluation of CT techniques for reducing

artifacts in the presence of metallic orthopedic implants. Journal of computer assisted tomography.

1988; 12(2):236–241. https://doi.org/10.1097/00004728-198803000-00012 PMID: 3351038

31. Kilby W, Sage J, Rabett V. Tolerance levels for quality assurance of electron density values generated

from CT in radiotherapy treatment planning. Physics in Medicine & Biology. 2002; 47(9):1485–1892.

https://doi.org/10.1088/0031-9155/47/9/304 PMID: 12043814

32. Knoll GF. Radiation detection and measurement. 4th ed. Hoboken, N.J.: John Wiley; 2010.

33. Meyer E, Raupach R, Lell M, Schmidt B, Kachelrieß M. Normalized metal artifact reduction (NMAR) in

computed tomography. Medical physics. 2010; 37(10):5482–5493. https://doi.org/10.1118/1.3484090

PMID: 21089784

34. Feldhaus F, Boning G, Jonczyk M, et al. Metallic dental artifact reduction in computed tomography

(Smart MAR): Improvement of image quality and diagnostic confidence in patients with suspected head

and neck pathology and oral implants. Eur J Radiol. 2019; 118:153–160. https://doi.org/10.1016/j.ejrad.

2019.07.015 PMID: 31439235

35. Schafer ML, Ludemann L, Boning G, et al. Radiation dose reduction in CT with adaptive statistical itera-

tive reconstruction (ASIR) for patients with bronchial carcinoma and intrapulmonary metastases. Clin

Radiol. 2016; 71(5):442–449. https://doi.org/10.1016/j.crad.2016.01.013 PMID: 26970839

36. Leng S, Zhou W, Yu Z, et al. Spectral performance of a whole-body research photon counting detector

CT: quantitative accuracy in derived image sets. Physics in Medicine & Biology. 2017; 62(17):7216.

https://doi.org/10.1088/1361-6560/aa8103 PMID: 28726669

37. Kotsenas A, Michalak G, DeLone D, et al. CT metal artifact reduction in the spine: can an iterative

reconstruction technique improve visualization? American journal of neuroradiology. 2015; 36

(11):2184–2190. https://doi.org/10.3174/ajnr.A4416 PMID: 26251433

38. Kaza RK, Platt JF, Cohan RH, Caoili EM, Al-Hawary MM, Wasnik A. Dual-energy CT with single-and

dual-source scanners: current applications in evaluating the genitourinary tract. Radiographics. 2012;

32(2):353–369. https://doi.org/10.1148/rg.322115065 PMID: 22411937

PLOS ONE Metal artifact reduction and tumor detection using photon-counting CT

PLOS ONE | https://doi.org/10.1371/journal.pone.0247355 March 5, 2021 17 / 18

https://doi.org/10.1117/12.2255589
http://www.ncbi.nlm.nih.gov/pubmed/28392615
https://doi.org/10.1088/0031-9155/50/24/004
http://www.ncbi.nlm.nih.gov/pubmed/16333157
https://doi.org/10.1016/j.bone.2009.07.078
https://doi.org/10.1016/j.bone.2009.07.078
http://www.ncbi.nlm.nih.gov/pubmed/19651256
https://doi.org/10.1016/j.nima.2007.07.036
https://doi.org/10.1016/j.nima.2007.07.036
https://doi.org/10.1118/1.4922654
http://www.ncbi.nlm.nih.gov/pubmed/26133632
https://doi.org/10.1118/1.3097632
http://www.ncbi.nlm.nih.gov/pubmed/19544776
https://doi.org/10.1016/j.nic.2017.04.001
https://doi.org/10.1016/j.nic.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28711204
https://doi.org/10.1016/j.ejrad.2018.04.018
http://www.ncbi.nlm.nih.gov/pubmed/29857859
https://doi.org/10.1259/dmfr.20120105
https://doi.org/10.1259/dmfr.20120105
http://www.ncbi.nlm.nih.gov/pubmed/23420861
https://doi.org/10.1177/0284185117692174
http://www.ncbi.nlm.nih.gov/pubmed/28273739
https://doi.org/10.1097/00004728-198803000-00012
http://www.ncbi.nlm.nih.gov/pubmed/3351038
https://doi.org/10.1088/0031-9155/47/9/304
http://www.ncbi.nlm.nih.gov/pubmed/12043814
https://doi.org/10.1118/1.3484090
http://www.ncbi.nlm.nih.gov/pubmed/21089784
https://doi.org/10.1016/j.ejrad.2019.07.015
https://doi.org/10.1016/j.ejrad.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31439235
https://doi.org/10.1016/j.crad.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26970839
https://doi.org/10.1088/1361-6560/aa8103
http://www.ncbi.nlm.nih.gov/pubmed/28726669
https://doi.org/10.3174/ajnr.A4416
http://www.ncbi.nlm.nih.gov/pubmed/26251433
https://doi.org/10.1148/rg.322115065
http://www.ncbi.nlm.nih.gov/pubmed/22411937
https://doi.org/10.1371/journal.pone.0247355


39. Lee YH, Park KK, Song H-T, Kim S, Suh J-S. Metal artefact reduction in gemstone spectral imaging

dual-energy CT with and without metal artefact reduction software. European radiology. 2012; 22

(6):1331–1340. https://doi.org/10.1007/s00330-011-2370-5 PMID: 22307814

PLOS ONE Metal artifact reduction and tumor detection using photon-counting CT

PLOS ONE | https://doi.org/10.1371/journal.pone.0247355 March 5, 2021 18 / 18

https://doi.org/10.1007/s00330-011-2370-5
http://www.ncbi.nlm.nih.gov/pubmed/22307814
https://doi.org/10.1371/journal.pone.0247355

