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This study aimed to quantitatively evaluate the efficacy of a metal artifact reduction (MAR) 
algorithm in cone-beam computed tomography (CBCT) under varying exposure modes and metal 
rod orientations using a standardized evaluation method. A SEDENTEXCT IQ phantom was scanned 
with a CBCT system under three exposure modes (standard, low-dose, ultra-low-dose) and two rod 
orientations (horizontal, vertical), with the MAR algorithm activated and deactivated. Artifact areas 
were quantified from binarized images based on a thresholding method that distinguished artifact-
affected regions from the background. The percentage reduction in metal artifacts was calculated by 
comparing scans acquired with and without MAR activation. Statistical analyses were conducted to 
assess differences across conditions. The MAR algorithm significantly reduced metal artifacts under 
all tested conditions (P < 0.05), with reductions of 61.5% in the standard mode, 73.6% in the low-dose 
mode, and 80.3% in the ultra-low-dose mode. By rod orientation, artifact reduction was 63.3% for 
the horizontal orientation and 80.7% for the vertical orientation. These results confirm the consistent 
effectiveness of the MAR algorithm across different acquisition settings. The proposed standardized 
evaluation method provides a reproducible framework for objectively assessing MAR performance and 
supporting its clinical integration.
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Cone-beam computed tomography (CBCT) has become an indispensable tool in dental and maxillofacial 
imaging due to its lower radiation exposure, smaller equipment footprint, and cost-effectiveness compared to 
multidetector computed tomography (MDCT). However, one significant limitation of CBCT is the presence 
of metal artifacts caused by dental restorations, implants, or orthodontic appliances. These artifacts appear as 
streaks or dark and bright regions that degrade image quality, obscure critical anatomical details, and complicate 
both diagnosis and treatment planning.

To mitigate these challenges, various metal artifact reduction (MAR) algorithms have been developed for 
CBCT systems. MAR techniques range from projection-based interpolation methods to advanced approaches 
such as iterative reconstruction and deep learning-based algorithms1–5. These methods have demonstrated 
promising results in reducing artifacts and improving image clarity. However, the effectiveness of MAR 
algorithms can vary depending on factors such as metal type, artifact complexity, and imaging protocols, making 
their clinical utility inconsistent6.

While qualitative improvements in image quality have been well documented, quantitative assessments of 
MAR algorithms remain limited. Existing studies often suffer from methodological shortcomings, such as using 
custom-made phantoms or evaluating only arbitrarily selected regions of interest (ROIs), rather than the entire 
artifact-affected area3,5,7. These inconsistencies make it difficult to compare MAR algorithm performance across 
studies and highlight the need for a standardized and objective evaluation method.

In this study, we aimed to quantitatively evaluate the effectiveness of a MAR algorithm using a standardized 
quality assurance phantom recommended by SEDENTEXCT, a project for establishing quality assurance in 
CBCT imaging. Specifically, the study examined the MAR performance across three CBCT exposure modes: 
standard, low-dose, and ultra-low-dose, as well as two metal rod orientations, horizontal and vertical.
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Materials and methods
This in vitro study quantitatively assessed the effectiveness of a MAR algorithm in CBCT. Scans were performed 
using a CBCT system (T2 Plus; Osstem Implant Co., Ltd., Seoul, Korea) equipped with an X-ray tube, an IGZO-
type flat panel detector, and a deep learning-based MAR algorithm. The detector has a native pixel size of 98 μm, 
with a detector matrix of 1628 × 1628, 16-bit depth, and a frame rate of 33 frames per second. The gantry is 
rotating type, with a source-to-detector distance of 656.7 mm and a source-to-object distance of 409.7 mm. 
The system performs a 360° rotational scan and acquires 706 projections per scan using a circular (half-pan) 
acquisition trajectory.

The CBCT scans were performed in three exposure modes (standard, low-dose, and ultra-low-dose) with 
constant parameters, including a 15 × 9 cm2 field of view, 95  kV tube voltage, and 200  µm voxel size. Tube 
current, exposure time, and binning mode were adjusted for each mode. Scans were performed with the MAR 
algorithm both deactivated (MAR off) and activated (MAR on), resulting in six distinct scanning conditions. 
To minimize variability and ensure statistical reliability, each condition was repeated eight times. The detailed 
scanning parameters are provided in Table 1.

Image reconstruction was performed using a filtered back-projection algorithm based on the Feldkamp-
Davis-Kress (FDK) method. High-pass filtering and pixel-driven back projection were applied, followed by 
post-processing using edge-enhancing denoising and adaptive sharpening filters. Beam-hardening correction 
is integrated into the standard reconstruction pipeline of the T2 Plus CBCT system and applied automatically 
during image reconstruction.

The MAR algorithm used in this study, described as “deep learning-based” by the manufacturer, is a 
proprietary component of the T2 Plus system. According to the manufacturer’s documentation, it integrates a 
GAN-based unsupervised data labeling module and a CNN-based supervised metal segmentation step. Artifact 
correction is subsequently performed using a projection-domain correction algorithm during post-acquisition 
reconstruction. The algorithm operates automatically during post-acquisition reconstruction.

A SEDENTEXCT IQ phantom (Leeds Test Objects Ltd., Boroughbridge, UK) was used for the quantitative 
assessment of metal artifacts. This cylindrical polymethyl methacrylate (PMMA) phantom (diameter: 160 mm; 
density: 1.20  g/cm3) includes test inserts designed to evaluate metal artifacts, contrast resolution, and pixel 
intensity. For this study, the metal artifact inserts containing three titanium rods (diameter: 5.0 mm) embedded 
in PMMA were utilized. While the exact alloy composition was not specified by the manufacturer, a density of 
approximately 4.5 g/cm3 was assumed based on commonly used materials such as commercially pure titanium 
(CP-Ti) or Ti-6Al-4 V. The rods are fixed within the phantom in both horizontal (parallel to the radius) and 
vertical (perpendicular to the radius) orientations. These orientations are simultaneously present within the scan 
volume, as determined by the phantom’s design. This configuration reflects clinically relevant conditions and 
was used consistently across all scans. The phantom was centrally aligned within the scanner’s field of view in 
accordance with the manufacturer’s guidelines. Figure 1 shows the phantom setup, and the image was captured 
by the authors during the experiment.

For each scan, six representative axial slices were selected for quantitative analysis: one reference slice from 
the homogeneous PMMA layer and five test slices from the metal artifact layer. Each layer consisted of 85 axial 
slices. The central slice of each layer was identified, and in the metal artifact layer, two additional slices were 
selected at equal intervals above and below the central point to yield five test slices.

The selected slices were quantitatively analyzed using ImageJ software (version 1.54 g; NIH, Bethesda, MD, 
USA) as follows (Fig. 2):

	1.	 ROI selection: To measure extent of metal artifacts, circular ROIs with a diameter of 32 mm were placed on 
specific axial slices of each CBCT scan. In the homogeneous PMMA layer, which does not contain any metal, 
one central ROI was drawn to serve as a reference. This region was used to define the pixel value distribution 
expected from normal and artifact-free PMMA. In each of the five slices from the metal artifact layer, two 
ROIs were placed—one over the horizontally oriented titanium rod and the other over the vertically oriented 
titanium rod. These ROIs were used to assess the degree of image distortion caused by metal.

	2.	 Threshold calculation: To define the pixel value range that reflects normal PMMA, the mean and standard 
deviation (SD) of pixel values were calculated from the reference ROI. Using these values, we defined a ref-
erence pixel value range as:

	 Reference pixel value range = [mean−3 × SD, mean + 3 × SD]

Mode MAR FOV (cm2) Voxel size (µm) Tube voltage (kV) Tube current (mA) Exposure time (s) DAP (μGy × m2)

Standard
Off

15 × 9 200 95 6 22 238.7
On

Low-dose
Off

15 × 9 200 95 6 10 111.4
On

Ultra-low-dose
Off

15 × 9 200 95 3 10 53.3
On

Table 1.  CBCT scanning protocols. MAR metal artifact reduction, FOV field of view, DAP dose-area product.
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	Pixel values within this range were assumed to be unaffected by artifacts, while values outside the range were 
considered distorted by metal artifacts or associated with the metal itself.

	3.	 Binarization: The reference range was applied to the ROIs in the five test slices to classify each pixel based on 
its pixel value. Pixels were assigned to one of two categories:

	 W hite (unaffected P MMA) : pixel values within the reference range

	 Black (metal or artifacts) : pixel values outside the reference range

	This binarization process generated a binary (black-and-white) image, in which metal and artifact-affected areas 
were clearly visualized as black.

	4.	 Artifact area calculation: In the binarized images, black pixels included both metal-induced artifacts and the 
actual area occupied by the titanium rods. To measure only the artifact, we subtracted the known cross-sec-
tional area of the three titanium rods from the total black pixel area in each ROI:

	 Artifact area = (ROI area × proportion of black pixels) −metal rod area

	The ROI area was fixed at 804.32 mm2, and the metal rod area was 58.9 mm2, corresponding to the three rods 
embedded in the phantom. This correction allowed us to isolate and accurately quantify only the artifact-af-
fected region. The artifact areas from the five test slices were then averaged to represent the result for each 
scanning condition.

Fig. 1.  Phantom setup and region of interest (ROI) placement for metal artifact evaluation. (A) Photograph of 
the SEDENTEXCT IQ phantom used for standardized evaluation of metal artifacts in cone-beam computed 
tomography (CBCT). (B) CBCT projection image indicating the metal artifact evaluation layer (white solid 
box) and the homogeneous background layer made of polymethyl methacrylate (PMMA), which was used as a 
reference (white dotted box). (C) Cross-sectional photograph of the phantom showing the fixed configuration 
of three titanium rods positioned in horizontal and vertical orientations. (D) Axial CBCT slice used for 
analysis. Circular regions of interest (yellow dotted circles) were placed over the horizontal and vertical rods to 
measure the extent of artifact based on pixel value deviations from the PMMA reference.
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	5.	 Percent reduction calculation: To assess how effectively the MAR algorithm reduced artifacts, we calculated 
the percentage reduction in artifact area by comparing the averaged values with and without MAR enabled:

	
P ercent reduction (%) = Artifact area (MAR off) − Artifact area(MAR on)

Artifact area(MAR off) × 100

	This value provided a standardized, quantitative measure of the MAR algorithm’s performance under various 
exposure conditions and rod orientations.

All statistical analyses were performed using SPSS software (version 25.0; IBM Corp., Armonk, NY, USA). 
Artifact areas with the MAR algorithm deactivated and activated were compared using the Wilcoxon signed-rank 
test. Differences among exposure modes (standard, low-dose, and ultra-low-dose) and between rod orientations 
(horizontal and vertical) were analyzed using the Kruskal–Wallis test, followed by the Mann–Whitney U test for 
pairwise comparisons where appropriate. Statistical significance was defined as P < 0.05.

This study did not involve human participants or live vertebrates/invertebrates. Instead, it utilized an in 
vitro experimental design with a standardized phantom model (SEDENTEXCT IQ phantom). As such, ethical 
approval and informed consent requirements are not applicable. The study adhered to all relevant guidelines for 
in vitro research and imaging protocols.

Results
A total of 240 axial images were analyzed, with 120 images obtained with the MAR algorithm deactivated 
(MAR off) and 120 images processed with the algorithm activated (MAR on). The evaluation included different 
exposure modes (standard, low-dose, and ultra-low-dose) and rod orientations (horizontal and vertical).

Figure 3 presents representative CBCT images that qualitatively demonstrate how exposure mode and rod 
orientation affect the severity of metal artifacts. These visual observations are substantiated by quantitative 
measurements of artifact area and percent reduction, as summarized in Table 2.

Evaluation of metal artifact reduction across exposure modes
The MAR algorithm significantly reduced artifact areas across all exposure modes (Fig. 4A). Percent reduction 
values were 61.5% in the standard dose, 73.6% in the low-dose, and 80.3% in the ultra-low-dose mode, with the 
highest reduction observed in the ultra-low-dose mode (Fig. 4B).

Fig. 2.  Representative cone-beam computed tomography (CBCT) images and threshold-based binarization 
used for metal artifact quantification. Top row: original axial CBCT images with circular regions of interest 
(ROIs) placed over horizontally and vertically oriented titanium rods. These ROIs correspond to the locations 
indicated in Fig. 1D. Bottom row: Corresponding binarized images generated by applying thresholding based 
on the pixel value distribution of the homogeneous polymethyl methacrylate (PMMA) reference region. Pixels 
within the defined range (mean ± 3 standard deviations) were classified as unaffected PMMA (white), while 
those outside the range were classified as metal or artifact regions (black). (A, B) Low-dose mode, horizontally 
oriented rods, with metal artifact reduction (MAR) deactivated and activated, respectively. (C, D) Low-dose 
mode, vertically oriented rods, with MAR deactivated and activated, respectively.
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Evaluation of metal artifact reduction based on rod orientation
The MAR algorithm significantly reduced artifact areas regardless of rod orientation (Fig. 5A). Percent reduction 
values were 63.3% in the horizontal rod orientation and 80.7% in the vertical rod orientation, with the greater 
reduction observed in the vertical orientation (Fig. 5B).

Discussion
This study quantitatively evaluated the performance of a proprietary MAR algorithm implemented in a CBCT 
system using a standardized quality assurance phantom. The results showed an overall reduction in artifact 
area of approximately 70%, with significant improvements observed across all exposure settings and metal rod 
orientations. These findings support the feasibility of the proposed threshold-based quantification method and 
demonstrate the artifact-reducing potential of the tested MAR algorithm in CBCT imaging.

The MAR algorithm demonstrated consistent artifact reduction across all exposure settings, with percent 
reductions of 61.5%, 73.6%, and 80.3% in the standard, low-dose, and ultra-low-dose modes, respectively. At 
first glance, the trend of greater reduction at lower exposures may appear counterintuitive, as reduced photon 
flux is typically associated with increased image noise and more pronounced artifacts. However, this observation 
reflects a characteristic of our threshold-based quantification method rather than an actual improvement in 
image quality. In our approach, artifacts were defined as pixels with intensity values outside the range of mean ± 3 

Conditions MAR off (mm2) MAR on (mm2) Percent reduction (%)

Overall 317.39 ± 60.60 92.40 ± 55.27 70.9

By exposure mode

 Standard 358.28 ± 40.28 137.83 ± 57.16 61.5

 Low-dose 331.59 ± 50.78 87.66 ± 41.45 73.6

 Ultra-low-dose 262.30 ± 44.01 51.72 ± 21.61 80.3

By rod orientation

 Horizontal 357.82 ± 45.78 131.45 ± 50.26 63.3

 Vertical 276.96 ± 44.53 53.36 ± 23.09 80.7

Table 2.  Measured artifact area and percentage reduction across conditions. Measured artifact areas are 
presented as mean ± standard deviation. Percent reduction was calculated as: (artifact area of MAR off − artifact 
area of MAR on)/artifact area of MAR off × 100. MAR metal artifact reduction, off deactivated, on activated.

 

Fig. 3.  Representative axial cone-beam computed tomography (CBCT) images of the SEDENTEXCT IQ 
phantom acquired under varying exposure conditions. Top row: images obtained with the metal artifact 
reduction (MAR) algorithm deactivated. Bottom row: corresponding images with the MAR algorithm 
activated. (A) Standard mode, (B) Low-dose mode, (C) Ultra-low-dose mode. Horizontally and vertically 
oriented titanium rods are positioned on the right and left sides of each image, respectively.
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standard deviations (SD) of a homogeneous PMMA region. Increased noise at lower exposures elevates the SD, 
thereby broadening the threshold range and reducing the number of pixels classified as artifacts. For example, 
the threshold interval expanded from approximately 220–550 in the standard-dose mode to 480–1090 in the 
ultra-low-dose mode. As a result, even if the images appear noisier, fewer pixels exceed the threshold and are 
included in the artifact area calculation. The higher percent reduction seen at lower doses is thus a mathematical 
outcome of the evaluation formula: when the denominator (artifact area before MAR) is smaller, a similar or 
modest absolute reduction (numerator) results in a higher percent change. This highlights the importance of 
interpreting percent-based metrics in the context of the measurement method rather than assuming improved 
algorithmic performance at lower exposure levels.

The orientation of metal rods also had a significant impact on MAR performance, with greater artifact 
reduction observed when the rods were positioned vertically (80.7%) compared to horizontally (63.3%). This 
difference can be explained by the geometric nature of artifacts relative to the imaging plane: vertically oriented 
rods generate localized and distinct artifacts that are easier to detect, whereas horizontally oriented rods 
produce broader, more diffuse artifacts. Although previous studies have suggested that the position of metal 
objects within the field of view does not significantly affect MAR performance, our findings emphasize that 
metal orientation plays a critical role in algorithm efficacy8. From a clinical perspective, these results suggest 
that optimizing patient positioning or adjusting the orientation of metallic implants during CBCT imaging can 
further enhance the MAR algorithm’s performance. Incorporating such strategies into clinical practice could 
improve image quality, particularly in cases with extensive metal artifacts, thereby supporting more accurate 
diagnoses and treatment planning.

The threshold-based methodology proposed in this study offers a reproducible and objective framework 
for quantifying metal artifacts in CBCT images. By defining artifacts based on deviation from the intensity 
distribution of a homogeneous reference region, our method reflects the net visible impact of artifacts under 
clinically relevant conditions. This approach does not attempt to isolate individual physical causes of artifact 
formation—such as scatter, photon starvation, or beam hardening—but instead captures their cumulative effect 
as they appear in reconstructed images9,10.

Fig. 5.  (A) Measured artifact areas (mm2) according to rod orientation with MAR deactivated and activated. 
Error bars indicate standard deviations (*P < 0.05, Wilcoxon signed-rank test). (B) Percent reduction in artifact 
areas by rod orientation with MAR activated (*P < 0.05, Mann–Whitney U test).

 

Fig. 4.  (A) Measured artifact areas (mm2) across exposure modes with MAR deactivated and activated. Error 
bars indicate standard deviations (*P < 0.05, Wilcoxon signed-rank test). (B) Percent reduction in artifact areas 
across exposure modes with MAR activated. (*P < 0.05, Kruskal–Wallis test followed by Mann–Whitney U 
test).
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Since MAR algorithms were first introduced in the 1980s, several approaches have been developed and refined 
to address metal-induced artifacts in CBCT imaging11,12. First, projection-based methods, such as inpainting 
and interpolation, work by estimating missing or distorted data in metal-affected areas, significantly reducing 
streak artifacts in the projection domain before image reconstruction3,13,14. Second, iterative reconstruction 
techniques iteratively refine the reconstruction process by comparing reconstructed images to the original 
projections, enabling more accurate artifact correction while preserving anatomical details15–18. Finally, deep 
learning-based methods represent the most recent advancement, using artificial intelligence to automatically 
detect and correct artifacts, improving image quality with minimal user intervention19–21. Although these 
approaches differ in mechanism and complexity, direct comparisons have been hindered by the absence of 
standardized evaluation protocols. Our algorithm-independent quantification method addresses this gap by 
providing a reproducible platform for benchmarking MAR performance across diverse algorithms, exposure 
settings, and system configurations.

Despite these promising outcomes, this study has some limitations that warrant further investigation. First, 
the analysis focused on a specific MAR algorithm integrated within a single CBCT system, and performance 
may vary with other CBCT systems or MAR algorithms, particularly those utilizing advanced deep learning 
techniques. Comparative studies with other commercially available MAR algorithms and CBCT devices are 
needed to gain a broader understanding of their relative performance.

Second, although a homogeneous PMMA layer was used as the reference region for thresholding and 
binarization, this approach may not fully replicate the variability encountered in clinical settings. In real-world 
practice, the heterogeneity of anatomical structures and metal artifact intensity can complicate the selection 
of a consistent reference region. Future research should focus on developing automated, universally applicable 
methods for reference region selection to ensure consistent and reliable results in both clinical and research 
settings.

Lastly, although we quantitatively assessed the reduction in artifact area, diagnostic accuracy or interpretability 
was not evaluated. Since artifact reduction does not always equate to improved diagnostic performance, further 
studies linking quantitative artifact metrics with clinical outcomes will be necessary to fully assess the value of 
MAR algorithms in practice.

In conclusion, this study quantitatively assessed the performance of a MAR algorithm in CBCT using a 
standardized quality assurance phantom. The algorithm effectively reduced artifacts across various exposure 
settings and metal rod orientations. These findings highlight the value of a threshold-based, objective evaluation 
method and provide a reproducible framework for optimizing and benchmarking MAR techniques.
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The datasets reported are available upon reasonable request to the corresponding author.
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