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Purpose: Kilovoltage computed tomography (kV-CT) is essential for radiation treatment planning.
However, kV-CT images are significantly distorted by artifacts when a metallic prosthesis is
present in the patient's body. Thus, the accuracies of target delineation and treatment dose
calculation are inevitably lowered. We evaluated the accuracy of the calculated doses using an
image restoration method with hybrid CT, which was introduced in our previous study.
Methods: A cylindrical phantom containing four metals, namely, silver, copper, tin, and tungsten,
was scanned using kV-CT and megavoltage CT to produce hybrid CT images. We created six
verification plans for three head and neck patients on kV-CT and hybrid CT images of the phantom
and calculated their doses. The actual doses were measured with film patches during beam
delivery using tomotherapy. We used the gamma evaluation method to compare dose distribution
between kV-CT and hybrid CT with three gamma criteria, namely, 3%/3 mm, 2%/2 mm, and 1%/1
mm.
Results: The gamma pass rates decreased as the gamma criteria were strengthened, and the pass
rate of hybrid CT was higher than that of kV-CT in all cases. When the 1%/1 mm criterion was
used, the difference in gamma pass rates between them was up to 13%p.
Conclusions: According to our findings, we expect that the use of hybrid CT can be a suitable
approach to avoid the effect of severe metal artifacts on the accuracy of dose calculation and
contouring.

Keywords: Metal artifact, Hybrid computed tomography, Radiation treatment planning, Dose
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Introduction

body and for delineating the target volume and the volume
in the surrounding normal organs. However, kV-CT images

In modern radiotherapy, kilovoltage computed tomog-

are significantly distorted by image artifacts caused by the

raphy (kV-CT) is an essential imaging system for radiation

presence of metal prostheses, such as dental fillings or ar-

treatment planning (RTP). kV-CT images are used for calcu-

tificial knee joints in a patient’s body. Thus, the accuracies

lating therapeutic radiation doses absorbed by the patient’s

of target delineation and treatment dose calculation are in-
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evitably lowered. Many studies on metal artifact reduction

tering properties of megavoltage X-ray energies, which may

(MAR) in kV-CT images have been conducted since Glover

preclude precise image reading or identification of regions

and Pelc [1] first reported this issue in 1981. Most studies

of interest.

on MAR suggested similar procedures: (1) identification of

In 2015, we proposed a novel method to generate hybrid

metal inserts in raw projection data or reconstructed CT

CT images utilizing the advantages of kV-CT and MV-CT

images; and (2) replacement of the identified data with the

and demonstrated its benefits in terms of image quality us-

neighboring data through various interpolation techniques

ing a cylindrical phantom in three clinical cases [14]. We

[2-8]. Recently, alternative trials based on iterative methods

showed that, like MV-CT, hybrid CT also successfully re-

have been suggested [9-11]. Although the effects of these

moved artifacts due to metal prostheses while maintaining

MAR studies were significant, the original pixel values of CT

high image quality compared to that of kV-CT. As a follow-

images near metal prostheses could not be restored because

up study, this study evaluates the accuracy of the calculated

incident X-ray photons were fully absorbed or scattered

treatment dose when the calculation was implemented

during penetration. This means that the treatment dose

using hybrid CT and compares it with that of the original

values cannot be calculated accurately. However, megavolt-

kV-CT. MV-CT was excluded from this comparative study

age CT (MV-CT) [12,13] uses higher X-ray energy beams

owing to its inherently low image quality. We expect that

that can penetrate high-density materials and produces CT

the feasibility of hybrid CT as an imaging technique for ac-

images with rare metal artifacts and accurate pixel values of

curate radiotherapeutic dose calculation would be consid-

metal prostheses. MV-CT images present higher noise and

ered.

lower image contrast due to the high transmission and scat-
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Fig. 1. Experimental setup of (a) the cylindrical phantom containing (b) four metal inserts. (c) Transverse view of the phantom. Ag, silver;
Cu, Copper; Sn, tin; W, tungsten.
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Inc., Madison, WI, USA) with a 4-mm spacing and 3.5 MV.

Materials and Methods

Fig. 1 shows the overall experimental setup. We inserted
film patches (EBT2, Ashland, NJ, USA), in the horizontal

1. Experimental setup

direction, at the center of the phantom to measure dose disA standard cheese phantom (TomoTherapy, Inc., Madi-

tributions (Fig. 1c). The dose values measured on the film

son, WI, USA), which is a cylindrical solid water phantom

were read using a flatbed scanner (Expression 10000XL;

with a diameter of 30 cm, was used. The phantom con-

Epson, Nagano, Japan).

tained four polymethyl methacrylate holders. They were
embedded with silver (Ag, physical density=10.49 g/cm3),
3

2. Hybrid CT

3

copper (Cu, 8.94 g/cm ), tin (Sn, 7.37 g/cm ), and tungsten
(W, 19.25 g/cm3) rods. These metals represent the main

A hybrid CT image set of the phantom was generated us-

components in metal prostheses, such as dental amalgams

ing the corresponding kV-CT and MV-CT images according

and implants. The phantom was scanned using a 16-slice

to the post-processing procedure reported in our previous

Brilliance Big Bore CT (Philips Healthcare, Andover, MA,

study [14]. Metal-affected kV sinogram data were identified

USA) with a 3-mm spacing, 250 mA, and 120 kV to obtain a

and replaced with the corresponding data of the MV sino-

kV-CT image set. Besides, an MV-CT image set was scanned

gram after adequate calibration between the kV and MV

using a helical tomotherapy (HT) system (TomoTherapy,

sinograms. Fig. 2 shows the reconstructed images of kV-CT

kV-CT

Hybrid CT
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Fig. 2. Density distributions of the phantom (a) scanned using kilovoltage computed tomography (kV-CT) and (b) generated using hybrid
CT, expressed in g/cm3. (c, d) They are also plotted on three-dimensional axes. Ag, silver; Cu, Copper; Sn, tin; W, tungsten.
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Fig. 3. Density-intensity curves in the reconstructed images of
kilovoltage computed tomography (kV-CT) and hybrid CT.

Measured (ground truth)

Fig. 5. Dose distributions calculated using (a) kilovoltage
computed tomography (kV-CT) and (b) hybrid CT, and (c)
measured using film in the coronal view in patient 1. The size of
the film is 200×30 mm2.

and hybrid CT in patient 1. The dark streak regions due to
metal artifacts in kV-CT and the resultant difference in the
calculated dose distributions are well observed (see dotted

a

boxes in Fig. 4).

kV-CT

The dose distributions calculated using kV-CT and hybrid
CT were compared with the dose distribution measured

b

using a film as ground truth. The comparison was quanti-

Hybrid CT

Fig. 4. Calculated dose distributions on the phantom obtained
using (a) kilovoltage computed tomography (kV-CT) and (b)
hybrid CT in the coronal view in patient 1.

tatively conducted using a gamma evaluation method [18]
with three criteria of dose difference/distance-to-agreement: 3%/3 mm, 2%/2 mm, and 1%/1 mm. The minimum
dose threshold was chosen as 10%.

and hybrid CT. We observe that the pixel intensities of all
metallic rods are saturated in kV-CT, and those in hybrid CT

Results

accurately reflect the real density of each metallic rod. Fig. 3
shows the plots of quantitative values.

We obtained two dose distributions calculated using kVCT and hybrid CT, and one dose distribution measured using a film per patient. Fig. 5 shows the three-dose distribu-

3. Dose calculation and analysis

tions in patient 1. Comparing Fig. 5a and 5b, different dose
Three clinical HT plans for three head and neck patients

distribution patterns (see black arrows) are observed. The

(nasopharynx, submandible, and retromolar trigone) were

pattern in hybrid CT is closer to the measured pattern than

selected to evaluate the hybrid CT performance. The pre-

that observed in kV-CT.

scribed dose for the three plans was 50 Gy, with 25 frac-

Table 1 presents the evaluated gamma pass rates between

tionations, and optimization constraints were set to meet

the calculated and measured dose distributions, and the

the clinical requirements of our physicians. We created six

plots are shown in Fig. 6. The gamma pass rates decreased

verification plans for the clinical plans on kV-CT and hybrid

as the gamma criteria were strengthened in all patients. The

CT of the phantom. A convolution/superposition algorithm

pass rate dropped significantly at the 1%/1 mm criterion.

using the collapsed-cone approach [15-17] was used to cal-

The pass rate of hybrid CT was higher than that of kV-CT in

culate the dose distribution with a calculation grid of 2 mm.

all cases, which remained above 80% even at the criterion

Fig. 4 shows the dose distributions calculated using kV-CT

of 1%/1 mm.

www.ksmp.or.kr

Hosang Jeon, et al：Accuracy of Dose Calculation Using Hybrid CT

22
Table 1. Gamma pass rates between the calculated and measured dose
Gamma criteria
3%/3 mm
2%/2 mm
1%/1 mm

Patient 1

Patient 2

Patient 3

Mean

kV-CT

Hybrid CT

kV-CT

Hybrid CT

kV-CT

Hybrid CT

kV-CT

Hybrid CT

∆

99.1
97.3
74.3

99.9
99.6
91.6

100.0
97.2
75.8

100.0
99.2
85.0

97.8
91.7
70.9

99.8
98.3
84.4

99.0
95.4
73.7

99.9
99.0
87.0

0.9
3.6
13.3

Values are presented as percentage only.
kV-CT, kilovoltage computed tomography; ∆, difference in the average gamma pass rates between hybrid CT and kV-CT (in percentpoint).
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Fig. 6. Comparison of gamma pass rates at different gamma criteria in the three patients. kV-CT, kilovoltage computed tomography; HCT,
hybrid CT.

neck, an accurate and precise RTP is necessary. Thus, hy-

Discussion

brid CT plays a significant role in making RTP for the head
Although the 3%/3 mm gamma criterion has been widely

and neck.

used for the verification of RTP, it is recommended to use

Fig. 7 shows the gamma evaluation results of patient 1.

stricter criteria because of the development of RTP tech-

Comparing Fig. 4 and 7, using kV-CT, we observe that the

niques that require high accuracy and precision, such as

distribution of gamma failures where gamma values are

intensity-modulated radiation treatment or stereotactic

greater than 1 approximately coincides with the distribu-

body radiation treatment [19,20]. In this study, all pass rates

tion of metal artifacts (see black dotted boxes in Fig. 4a and

obtained using the 3%/3 mm gamma criterion, which was

7). However, using hybrid CT, it can be visually verified that

99.0% (kV-CT) and 99.9% (Hybrid CT) on average, were suf-

both image artifacts and gamma failures are significantly

ficient to be accepted for treatment. When the 2%/2 mm

reduced.

criterion was used, the hybrid CT showed significant supe-

Established MAR techniques that could help only in the

riority over kV-CT (Fig. 6). When the 1%/1 mm criterion was

reduction of image artifacts but not in image restoration,

used, the difference in gamma pass rates between them was

like hybrid CT, were not considered since the restored im-

about 13%p. These results indicate that hybrid CT, which

ages were more helpful for target/organ identification and

can reduce artifacts due to metal prostheses, can aid accu-

contouring. In our previous study [14], the hybrid CT was

rate dose calculation for RTP. For instance, severe metal ar-

compared with three well-known MAR techniques, such as

tifacts are frequently observed in head and neck CT images

linear interpolation, Lagrange interpolation with high-order

owing to metallic dental prostheses. Because the important

polynomials, and normalization prior to interpolation (NI)

organs at risk, such as the brain stem, optic nerves, and pa-

with the best performance among them. We compared the

rotid glands, are located close to each other in the head and

hybrid CT performance to NI. The difference in their dose

www.ksmp.or.kr
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Fig. 7. Gamma evaluation results of (a–c) kilovoltage computed tomography (kV-CT) and (d–f ) hybrid CT with the three gamma criteria in
patient 1.

calculation seems to be worthy for further study to evaluate
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