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SA-CME LEARNING OBJECTIVES 

 
After completing this journal-based SA-CME  

activity, participants will be able to:  
■ Describe the physical mechanisms of 

metal artifact generation at CT. 
 

■ Describe the theoretical basics of arti-

fact reduction techniques available with 

modern CT systems, and recognize the 

strengths and limitations of these tech-

niques from a physical point of view. 
 

■ Discuss the optimal MAR methods for 

frequently encountered clinical situ-ations. 

 
See www.rsna.org/education/search/RG.  

 
 

Artifacts caused by metallic implants appear as dark and bright streaks 

at computed tomography (CT), which severely degrade the image 

quality and decrease the diagnostic value of the examination. When x-

rays pass through a metal object, depending on its size and 

composition, different physical effects negatively affect the measure-

ments in the detector, most notably the effects of photon starvation and 

beam hardening. To improve image quality and recover infor-mation 

about underlying structures, several artifact reduction meth-ods have 

been introduced in modern CT systems. Projection-based metal artifact 

reduction (MAR) algorithms act in projection space and replace 

corrupted projections caused by metal with interpola-tion from 

neighboring uncorrupted projections. MAR algorithms primarily 

suppress artifacts that are due to photon starvation. The dual-energy CT 

technique is characterized by data acquisition at two different energy 

spectra. Dual-energy CT provides synthesized virtual monochromatic 

images at different photon energy (kiloelec-tron volt) levels, and virtual 

monochromatic images obtained at high kiloelectron volt levels are 

known to reduce the effects of beam hardening. In clinical practice, 

although MAR algorithms can be applied after image acquisition, the 

decision whether to apply dual-energy CT for the patient usually needs 

to be made before image acquisition. Radiologists should be more 

familiar with the clinical and technical features of each method and 

should be able to choose the optimal method according to the clinical 

situation.  
 

©RSNA, 2018 • radiographics.rsna.org 
 
 
 

Introduction  
Metal-related artifacts have limited the diagnostic value of computed 

tomographic (CT) images since the early days (1,2). Artifacts caused by 

metallic implants, such as dental fillings, surgical clips, coils, wires, and 

orthopedic hardware, appear as bright and dark streaks across the 

reconstruction image (3). This problem often leads to impaired image 

quality of the adjacent tissue as well as of the metallic implant itself.  
Relevant anatomic structures are often completely obscured by the 

artifacts, which increase the risk of missing relevant findings.  
Metal artifacts are caused by a combination of multiple mecha-nisms, 

including photon starvation, beam hardening, scattering, par-tial volume 

effects, undersampling, and patient motion (4). In this article, the two 

major mechanisms of metal artifact generation, pho-ton starvation and 

beam hardening, are thoroughly reviewed. Then, the theoretical basics of 

state-of-the-art artifact reduction techniques are described, emphasizing 

the important differences between the projection-based metal artifact 

reduction (MAR) technique and the dual-energy CT technique. Special 

attention is paid to the strengths 
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TEACHING POINTS   
■ Technical features of projection-based MAR algorithms that 

use image-based metal segmentation methods include 

(a) the correction process is performed on the projection 

space, which leads to images that are consistent with the un-

corrected image; (b) the original uncorrected images usually 

contain severe artifacts, which may make accurate metal 

seg-mentation difficult; and (c) discarding metal-corrupted 

data leads to a loss of information, which may not be fully 

recov-ered with interpolation. Clinical features of projection-

based MAR algorithms include (a) there is no need to 

increase radia-tion dose; (b) MAR algorithms can be applied 

retrospectively, and radiologists can decide whether to apply 

the algorithm after viewing the scanned images; and (c) 

although MAR al-gorithms reduce the original streak artifacts, 

the algorithms may introduce new artifacts into the images. 
 

■ With dual-energy CT, creation of virtual monochromatic im-ages 

at different kilovolt peak (photon energy) settings may allow users 

to freely select the optimal energy for maximum diagnostic image 

utility (usually between 40 and 140 keV). Researchers have 

evaluated the quality of virtual monochro-matic images at different 

energy levels in several studies. Virtual monochromatic images at 

high energy levels are able to reduce the effects of beam 

hardening. For reducing artifacts caused by metallic implants, 

monochromatic energies varying between 95 and 150 keV have 

been found to be effective. 
 

■ Bright and dark band artifacts caused by photon starvation 

from large amounts of metal and from metals with high 

atomic numbers are so strong that the dual-energy CT tech-

nique alone does not sufficiently remove the artifacts. On the 

other hand, the projection-based MAR algorithm detects and 

segments the metal part from the original image by using a 

Hounsfield unit threshold and compensates the image with a 

designated algorithm for photon starvation caused by metal. 
 

■ As for virtual monochromatic images obtained with high 

kiloelectron volt settings, although these settings are known to be 

effective for suppressing beam hardening, there is a si-

multaneous reduction in iodine contrast enhancement. This 

reduction renders the diagnosis difficult, particularly in certain 

clinical situations such as assessing vascular patency or hy-

pervascular lesions. Projection-based MAR algorithms, on the 

other hand, work only on pixels categorized as metal by us-ing a 

Hounsfield unit threshold. The MAR algorithm preserves iodine 

contrast enhancement, in addition to reducing bright and dark 

band artifacts from metallic hardware. 
 

■ Radiologists should be aware of newly developed 

artifacts to reduce the risk of misinterpretation. Images 

obtained with and without application of the MAR 

algorithm should always be reviewed together.  

 
 

 

and limitations of each method. As a practical 

guide, the optimal MAR methods are discussed for 

frequently encountered clinical situations. 
 

Physical Effects 

Causing Metal Artifacts 
 

Photon Starvation  
As the x-ray beam passes through a material, 

photons get absorbed and scattered as a result of 

interaction between the x-ray photons and the 

atoms of the material; this process is known 

 

 

as attenuation (5). The photoelectric effect and 

Compton scatter are the primary ways of inter-action 

at the energy levels used for diagnostic imaging (Fig 

1). In the photoelectric effect, an incident photon 

transfers all of its energy to eject an electron from the 

K shell (the innermost shell) of an atom (Fig 1a). The 

incident photon is com-pletely absorbed in the 

process (5). In Compton scatter, an incident photon 

hits a free electron (unattached to atoms) or a loosely 

bound elec-tron in the outer shell (Fig 1b). The 

incident pho-ton loses only part of its energy and then 

scatters in a different direction (5). 

 

The total rate at which photons interact with a 

material (attenuation coefficient value) depends on 

the individual rates associated with the photo-electric 

effect and Compton scatter. At the energy levels used 

for diagnostic imaging, the general relationship is 

that the probability of the photoelec-tric effect is 

proportional to (Z/E)3, where Z is the atomic number, 

and E is the energy of the photons. On the other hand, 

the probability of Compton scatter is essentially 

independent of Z. The prob-ability of Compton 

scatter is usually constant for different energies, 

although it slowly decreases at higher energies (5). 

 

Metals have much larger atomic numbers than the 

atomic numbers for soft tissues. Because the 

probability of the photoelectric effect is propor-tional 

to the cube of the atomic number for a given x-ray 

energy, the absorption in metallic hard-ware is 

amplified relative to the absorption in the 

surrounding soft tissue. The x-ray beam becomes 

markedly attenuated after passing through metal-lic 

hardware, and insufficient numbers of photons reach 

the detectors. This phenomenon is known as photon 

starvation. The result is that projection data with 

large statistical error are obtained (6,7). Such data 

result in fine bright and dark streaks that appear 

preferentially along the direction of greatest 

attenuation, resulting in severe streaks on the 

reconstruction image (Fig 2). 

 

Beam Hardening  
Conventional CT makes use of a polychromatic x-ray 

beam composed of photons with a range of energies, 

with maximum energy expressed as the peak voltage 

(kilovolt peak) (7,8). The effects of beam hardening 

result from x-ray polychromaticity  
(7). When traveling through a material, the low-en-

ergy photons of the polychromatic x-ray beams are 

preferentially attenuated, whereas the high-energy 

photons are not attenuated as easily. This differ-ence 

causes the mean energy of the x-ray beam to increase 

(Fig 3). The effects are more pronounced when the 

beam is traveling through materials with a high 

atomic number, such as bone or metal. This finding is 

primarily due to the photoelectric effect, 
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Figure 1. Diagrams show the mechanisms of the photoelectric effect (a) and Compton scatter (b). 
 

 

where the probability of the photoelectric effect is 

proportional to (Z/E)3. Compared with materials with 

a low atomic number, such as water, those with a 

high atomic number markedly attenu-ate photons at 

lower energies. For high-energy photons, the 

probability of the photoelectric effect drops rapidly, 

and they are not attenuated as easily as low-energy 

photons.  
The effects of beam hardening lead to a shift of 

the energy spectrum of the x-ray beam toward higher 

energies (that is, the x-ray beam becomes “harder”) 
(Fig 3) (7). If different projections from different 

projection angles travel through different material 

thicknesses, this shift to higher energies is different in 

the different projec-tions. This difference leads to 

inconsistent data acquisition, which gives 

inconsistent informa-tion about the scanned object, 

resulting in dark streaks near metal structures on the 

reconstruc-tion image. 
 
 

Approaches to the 

Correction of Metal Artifacts 

 

Approaches to Photon Starvation  
Simple and conventional approaches to pho-ton 

starvation include use of (a) a higher tube charge in 

milliampere-seconds (tube current– time product 

[mAs setting]) to allow a sufficient number of 

photons to pass through the metallic hardware and 

(b) a higher peak voltage (kVp setting) to allow 

sufficient energy of photons to pass through the 

metallic hardware. However, these simple parameter 

adjustments may only reduce metal artifacts to a 

minor degree (3,9). Moreover, the adjustments lead 

to a higher radiation dose to the patient (7). To 

reduce artifacts without increasing radiation dose, 

several MAR algorithms that work on projection 

data (projection-based MAR algorithms) have been 

introduced by CT vendors. Currently, the following 

projection-based MAR algorithms are commercially 

available: (a) single-energy MAR (SEMAR; Toshiba 

Medical Systems, Otawara, Japan) (10); (b) MAR 

for orthopedic implants 

 
 

 

(O-MAR; Philips Healthcare, Best, the Nether-

lands) (11); (c) iterative MAR (iMAR; Siemens 

Healthineers, Forchheim, Germany) (12); and  
(d) smart MAR (Smart MAR; GE Healthcare, 

Milwaukee, Wis) (13). 
 

Projection-based MAR Algorithms  
The basic concept of projection-based MAR al-

gorithms is to detect and segment the corrupted 

projection data that correspond to metallic implants, 

and then modify the corrupted data by replacing them 

with estimates of the corrected values. The first step 

of the algorithm, the detec-tion and segmentation of 

metal, is performed either with the projection data 

(projection-based metal segmentation) or with the 

reconstruction images (image-based metal 

segmentation). The projection-based metal 

segmentation method involves the direct 

segmentation of the metal in the projection data (14–
19). For image-based metal segmentation methods, 

the metal region is segmented in the reconstruction 

images and is forward-projected to localize the 

projection data that have been contaminated by the 

metal (2,20–23). The currently commercially 

available MAR algorithms (10–13) all use the image-

based metal segmentation method. The basics of a 

typi-cal projection-based MAR algorithm that uses 

an image-based metal segmentation method are 

illustrated in Figure 4 and can be summarized with 

the following four steps: 

 

1. The “metal” pixels on the original uncor-
rected CT image are segmented by using a 

Hounsfield unit threshold.  
2. The images are forward-projected to identify the 

corrupted data that correspond to “metal” pixels in 
the projection (sinogram).  

3. The corrupted data are removed and inter-

polated, with appropriate estimations that are based 

on uncorrupted projection data.  
4. The interpolated sinogram is back-projected 

(reconstruction) to generate a corrected image (Fig 

5).  
The correction process may be iteratively per-

formed until reaching convergence in some MAR 
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Figure 2. Axial (a) and coro-  
nal (b) reformatted CT images  
(soft-tissue window) of a 71-year-  
old woman who had undergone  
spinal fusion surgery for scoliosis  
show that the bright and dark  
streaks from the pedicle screws  
(made of titanium) and rods  
(made of cobalt-chrome) obscure  
the depiction of adjacent tissues.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Graph shows the effects of beam hardening for 

conventional polychromatic CT. As a polychromatic x-ray beam 

passes through metal, low-energy x-ray photons are 

preferentially absorbed, whereas high-energy photons are not 

attenuated as easily. This difference leads to a shift of the en-

ergy spectrum of the x-ray beam toward higher energies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Illustration shows the theoretical basics of projec-

tion-based MAR algorithms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

algorithms (11,12). Multiple iterative processes are 

intended to reduce the remaining misclassifi-cations 

and consequently improve the quality of MAR at 

each step. Technical features of projec-tion-based 

MAR algorithms that use image-based metal 

segmentation methods include (a) the correction 

process is performed on the projection space, which 

leads to images that are consistent with the 

uncorrected image; (b) the original un-corrected 

images usually contain severe artifacts, which may 

make accurate metal segmentation difficult; and (c) 

discarding metal-corrupted data leads to a loss of 

information, which may not be fully recovered with 

interpolation (2,6,24,25).  
Clinical features of projection-based MAR 

algorithms include (a) there is no need to in-crease 

radiation dose; (b) MAR algorithms can be applied 

retrospectively, and radiologists can decide whether 

to apply the algorithm after view-ing the scanned 

images; and (c) although MAR algorithms reduce the 

original streak artifacts, the algorithms may introduce 

new artifacts into the images (19,24–35). Details of 

newly developed artifacts with the use of projection-

based MAR algorithms are discussed later in the 

“Interpreta-tion Pitfalls” section. 
 

 

Approaches to Beam Hardening  
In theory, scanning at a higher tube voltage (ie, an x-

ray beam composed of higher-energy pho-tons) 

results in less-pronounced artifacts from beam 

hardening because the relative contribution from 

lower-energy x-ray quanta, which primar-ily cause 

beam hardening, is lower (3). However, simply 

increasing the tube voltage will lead to a higher 

radiation dose to the patient if other scan 
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Figure 5. Coronal contrast material–enhanced reformatted CT images (bone window) of a 70-year-old 

woman after total elbow arthroplasty: Uncorrected image (a) and the image obtained after applying the MAR 

algo-rithm (b) show that the MAR algorithm substantially reduced the bright and dark bands depicted in a, 

which were caused by the metallic device made of cobalt-chrome. 
 
 
Figure 6. Types of dual-energy CT systems. (a) Dia-gram 

shows that a dual-source CT scanner has two x-ray tubes 

that generate x-rays at low and high energy and has two 

detector chains that capture the low- and high-energy 

spectra separately. (b) Diagram shows a single-source 

CT scanner with rapid alteration between low and high 

energy. (c) Diagram shows a single-source CT scanner 

with a split filter at the output of the x-ray tube, which 

splits the x-ray beam in the z direction into low- and high-

energy x-ray spectra. (d) Diagram shows a single-source 

CT scanner with a dual-layer detector system to acquire 

low- and high-energy spectra.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

parameters are not changed (eg, the automatic 

exposure control algorithm being turned off and the 

effective mAs setting being fixed).  
Current CT systems have several built-in features 

to minimize beam hardening, such as the use of 

filtration, calibration correction, and beam hardening 

correction software (7). More recently, 

monochromatic images created with dual-energy CT 

have been widely introduced on commercially 

available CT systems to reduce the effects of beam 

hardening, with radiation doses similar to those for 

conventional single-energy CT (36–41). Different 

dual-energy CT systems are commercially avail- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

able and are based on either single- or dual-source 

CT scanners (Fig 6). A dual-source CT scanner has 

two x-ray tubes that generate x-rays at low and high 

energy and has two detector chains that capture the 

low- and high-energy spectra sepa-rately 

(SOMATOM Definition DS, Definition Flash, Force, 

and Drive; Siemens Healthineers) (42–45). A single-

source CT scanner can provide dual-energy CT 

images through one of the follow-ing methods: (a) 

use of a single x-ray tube that has the capability to 

alternate between low and high energies, either 

within the same gantry rotation (Discovery CT 

750HD; GE Healthcare) (46) 
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Figure 7. Graph shows the relationship between polychro-matic 

spectral imaging with conventional single-energy CT and virtual 

monochromatic imaging with dual-energy CT. A polychromatic x-

ray beam is composed of photons with a range of energies, with 

maximum energy expressed as the peak kilovoltage (kVp 

setting). A monochromatic x-ray beam is composed of photons 

with a single constant energy expressed in kiloelectron volts. The 

dual-energy CT technique is charac-terized by data acquisition at 

low- and high-energy spectra. By using these two datasets, a 

mathematical model is then used for reconstruction of virtual 

monochromatic images that mimic those that would be 

generated from a true monochromatic x-ray source with the 

same energy and depict objects as if they were imaged with a 

theoretical monochromatic beam.  

 
Figure 8. Axial nonenhanced CT images (bone win-

dow) of a 73-year-old woman who had an ischial 

screw made of titanium. Compared with the 

conventional polychromatic (120-kVp) image (a), the 

virtual mono-chromatic image obtained at 135 keV (b) 

shows reduc-tion of the dark bands from the screw.  
 
 
 
 
 
 
 
 
 
 

or with sequential rotations (Aquilion One and Prime; 

Toshiba Medical Systems) (47); (b) directly placing a 

split filter at the output of the x-ray tube, which splits 

the x-ray beam in the z direction into low- and high-

energy x-ray spectra (SOMATOM Definition Edge; 

Siemens Healthineers) (48,49); or (c) use of a dual-

layer detector system to ac-quire low- and high-

energy spectra (IQon Spectral CT; Philips 

Healthcare) (50–52). 
 

Dual-Energy CT Techniques  
Regardless of the scanner type, dual-energy CT 

techniques are characterized by data acquisition at 

two different energy spectra (low and high kilovolt 

peak settings) (eg, at 80 and 140 kVp) from the same 

anatomic location. By using these two datasets, 

virtual monoenergetic extrapolation that is based on 

two base materials (eg, bone and soft tissue) is 

performed, and virtual monochro-matic images may 

be synthesized. Calculation of the monochromatic 

image is a linear operation performed on the two base 

material–specific images. The respective material-

specific images are scaled to reflect the absorption 

that these materials would have at the selected mono-

chromatic energy level. The calculated virtual 

monochromatic images mimic those that would be 

generated from a true monochromatic x-ray source 

with the same energy and depict objects as if they 

were imaged with a theoretical mono-chromatic 

beam (53–55) (Fig 7). The unit for the energy of one 

x-ray photon is the kiloelectron 

 
 
 
 
 
 
 
 
 
 
 
volt, and it specifies the photon energy for a 

monochromatic x-ray source. With dual-energy CT, 

creation of virtual monochromatic images at 

different kilovolt peak (photon energy) set-tings 

may allow users to freely select the optimal energy 

for maximum diagnostic image utility (usually 

between 40 and 140 keV) (Fig 8).  
Researchers have evaluated the quality of virtual 

monochromatic images at different energy levels in 

several studies. Virtual monochromatic images at 

high energy levels are able to reduce the effects of 

beam hardening (56,57). For reducing artifacts 

caused by metallic implants, monochromatic 

energies varying between 95 and 150 keV have been 

found to be effective (43,58). However, the trade-off 

is that there is less tissue contrast on images obtained 

with high kiloelec-tron volt settings (59,60). 

 

In clinical practice, radiologists are required to 

select the optimal energy for virtual monochro-matic 

imaging that yields the lowest artifact level and the 

best contrast, noise, and lesion detect-ability. Another 

requirement is that radiologists need to decide 

whether to use dual-energy CT for the patient before 

image acquisition, with the exception of dual-layer 

detector systems. The dual-layer detector system 

allows dual-energy analysis to be performed on every 

dataset ac-quired, and the user can retrospectively 

decide to use conventional single-energy CT or dual-

energy CT information (Fig 6). However, for most 

types of dual-energy CT, virtual monochromatic 

images 



456 March-April 2018 radiographics.rsna.org  
 
 
 
 

 
Figure 9. The projection-based 

MAR algorithm has minimal effect 

on artifacts from nonmetal struc-

tures. Axial contrast-enhanced CT 

images of a section of the poste-rior 

fossa of a 67-year-old woman: 

Uncorrected image (a) and the 

image obtained after applying the 

MAR algorithm (b) show that use of 

the algorithm resulted in little 

improvement in the beam harden-

ing (dark streaks) caused by bone 

structures of the posterior fossa. 
 
 

 

cannot be generated once the patient is scanned 

with conventional single-energy CT. 
 

Practical Guide for 

Reducing Metal Artifacts  
Although projection-based MAR algorithms can be 

applied after image acquisition, the decision to 

acquire a scan by using the dual-energy CT mode 

usually needs to be made before scanning is per-

formed. Radiologists should choose the optimal 

method for artifact reduction in advance, accord-ing 

to the clinical situation. To make the right decision, 

radiologists should be more familiar with the clinical 

and technical features of the artifact re-duction 

methods. As a practical guide, the optimal methods 

for reducing metal artifacts are discussed for 

frequently encountered clinical situations. 
 

Types of Metallic Hardware  
Depending on the size and composition of the 

metallic hardware, different degrees of x-ray at-

tenuation and physical effects will occur (61). For 

example, small metallic implants made of a metal 

with a relatively low atomic number, such as a 

surgical clip (usually made of titanium [atomic 

number 22]), may only cause minor beam hard-ening. 

Larger metallic hardware and/or metallic hardware 

with a higher atomic number, such as a hip prosthesis 

(usually made of cobalt-chrome [atomic number 27 

for cobalt and 24 for chro-mium]) or endovascular 

coils (usually made of platinum [atomic number 78]), 

will likely create more severely photon-starved 

conditions.  
For suppressing beam hardening, virtual 

monochromatic images with high kiloelectron volt 

settings are known to be effective (56,57). On the 

other hand, projection-based MAR is primarily 

developed to compensate for photon starvation that 

is due to metal. Artifacts from other sources may not 

be fully corrected with the MAR algo-rithm (26). 

The algorithm only works on pixels categorized as 

metal by using a Hounsfield unit 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

threshold (metal is usually >3000 HU), and the 

algorithm has limited effect on artifacts from non-

metal pixels, such as beam hardening from bone 

structures (usually around 500 HU) (Fig 9).  
Artifacts that are due to metallic hardware are also 

caused by photon starvation, among other ef-fects, 

and such artifacts become more pronounced with 

larger amounts of metal and with metals with higher 

atomic numbers. Bright and dark band artifacts 

caused by photon starvation from large amounts of 

metal and from metals with high atomic numbers are 

so strong that the dual-energy CT technique alone 

does not sufficiently remove the artifacts (31,62,63). 

On the other hand, the projection-based MAR 

algorithm detects and segments the metal part from 

the original image by using a Hounsfield unit 

threshold and com-pensates the image with a 

designated algorithm for photon starvation caused by 

metal. Figures 5 and 10 demonstrate representative 

cases of artifact reduction by applying the projection-

based MAR algorithm. In a patient who developed 

postopera-tive fever after bilateral total hip 

arthroplasty (Fig 10), the MAR algorithm effectively 

suppressed bright and dark bands and clearly 

depicted a deep femoral abscess adjacent to the 

metallic device made of cobalt-chrome. In clinical 

practice, some patients may be unable to provide 

sufficient medical history on their own; and in such 

cases, both the presence and the material of the 

metal-lic hardware may not be acknowledged before 

the scan. The projection-based MAR algorithm has 

an advantage in this perspective in that it can be ap-

plied retrospectively (ie, after scanning) to the data 

from routinely acquired single-energy CT scans if 

considered necessary. 
 

 

Contrast-enhanced Studies  
For dual-energy CT, the iodine contrast-to-noise 

ratio of virtual monochromatic images at different 

energy levels has been extensively assessed. The 

term k edge represents the spike in attenuation that 
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Figure 10. Axial contrast-enhanced CT images (soft-tissue window) of a 75-year-old woman after bilateral total hip arthroplasty: 

Uncorrected image (a) and the image obtained after applying the MAR algorithm (b) show that the MAR algorithm substantially 

reduced the bright and dark bands and enabled a clear depiction of a deep femoral abscess (arrow on b) adjacent to the total hip 

arthroplasty device made of cobalt-chrome.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Axial contrast-enhanced CT images (same soft-tissue window) of a 37-year-old man with an implanted left ventricular assist 

device (arrow). Compared with the virtual monochromatic image obtained at 65 keV (a), the virtual monochromatic image obtained at 90 

keV (b) shows reduction of the bright and dark bands caused by the device; however, there was a simultaneous re-duction in iodine 

contrast enhancement in the outflow tube (arrowhead), in the vessels, and in the hepatic and splenic parenchyma.  
 

 

occurs at energy levels just greater than the binding 

energy of an electron to the K shell because of the 

increased likelihood of the photoelectric effect to 

occur at these energy levels (5); k-edge values vary 

for each substance. The closer the energy level used 

in virtual monochromatic imaging is to the k edge of 

a substance, the more the substance attenuates. 

Iodine is more attenuating for virtual monochro-

matic images obtained with lower kiloelectron volt 

settings than for images obtained with higher 

kiloelectron volt settings because lower energies are 

closer to 33.2 keV, the k edge of iodine.  
In the results of previous studies, investiga-tors 

have demonstrated that the maximal iodine contrast-

to-noise ratio occurs around 70 keV (8,57,64,65). 

The increased image noise in virtual monochromatic 

images obtained with low kiloelectron volt settings 

may be dealt with by using refined techniques that 

provide an in-creased iodine contrast-to-noise ratio 

with lower kiloelectron volt settings (66,67). 

However, vir- 

 
 

 

tual monochromatic images obtained with low 

kiloelectron volt settings also exhibit profound beam 

hardening, which precludes use of such images in 

patients with metallic hardware. As for virtual 

monochromatic images obtained with high 

kiloelectron volt settings, although these settings are 

known to be effective for suppress-ing beam 

hardening (56,57), there is a simul-taneous reduction 

in iodine contrast enhance-ment (Fig 11) (63). This 

reduction renders the diagnosis difficult, particularly 

in certain clinical situations such as assessing 

vascular patency or hypervascular lesions. 

Projection-based MAR al-gorithms, on the other 

hand, work only on pixels categorized as metal by 

using a Hounsfield unit threshold. The MAR 

algorithm preserves iodine contrast enhancement, in 

addition to reducing bright and dark band artifacts 

from metallic hardware (63). 

 

Images from three clinical cases are shown in 

Figures 12–14. In one case, the MAR algorithm 
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Figure 12. Axial contrast-enhanced CT images (soft-tissue window) of a 75-year-old woman after bilateral total hip arthroplasty 

(same patient as in Fig 10): Uncorrected image (a) and the image obtained after applying the MAR algorithm (b) show that the 

MAR algorithm preserved iodine contrast enhancement in the femoral veins (arrows), in addition to reducing the bright and dark 

bands caused by the total hip arthroplasty device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Axial contrast-enhanced CT images of a 56-year-old man after endovascular 

coil placement for an aneurysm in the anterior communicating artery. (a) Uncorrected 

image shows that the details around the metal coils were not observed because of the dark 

bands from the platinum coils deposited in the aneurysm. (b) Image obtained after applying 

the MAR algorithm shows that the dark bands were reduced by applying the MAR 

algorithm. Sharp thin alternating streaks surrounding the coils owing to undersampling 

remained. Io-dine contrast enhancement of the nearby cerebral arteries was preserved, 

enabling assess-ment of vascular patency. 
 
 
removed dark band artifacts caused by the total hip 

arthroplasty device without affecting iodine contrast 

enhancement; and the femoral veins were clearly 

depicted (Fig 12), enabling the as-sessment of 

vascular patency. Projection-based MAR algorithms 

should be preferably applied in screening studies for 

deep venous thrombosis af-ter orthopedic surgeries. 

MAR algorithms should also be preferably applied 

for follow-up studies of patients who have undergone 

endovascular coil placement (Fig 13). In another 

patient, extravasa-tion of iodinated contrast material 

adjacent to the platinum coils was clearly observed 

with use of the MAR algorithm (Fig 14). 
 

 

Interpretation Pitfalls  
Application of projection-based MAR algo-rithms 

may not always create superior images. Residual or 

newly developed bright and dark streaks have been 

reported (19,26,27). Accord-ing to Han et al (26), 

these streaks are due to  
(a) misinterpretation during the metal segmen-

tation and interpolation processes; (b) errors or 

inconsistencies in projection views introduced 

 

 

during the estimation of the corrupted data; or (c) 

beam hardening, scattering, and partial volume 

effects that are likely to be present, in addition to 

photon starvation, and these effects may not be fully 

corrected by application of the MAR algorithm. 

 

Disappearance of metallic implants and 

underestimation of implant size have also been 

reported (28–31). According to Wang et al (28), 

these problems may occur because the algorithm 

mistook part of the metal as an artifact and removed 

it during calculation, which seems to happen with 

thin and spiral-linear objects such as acetabular cups. 

 

Radiologists should be aware of newly 

developed artifacts to reduce the risk of misin-

terpretation. Images obtained with and with-out 

application of the MAR algorithm should always be 

reviewed together. Figure 15 shows an example of 

newly developed artifacts. In this particular case, 

the patient was suspected of having a periprosthetic 

infection after total elbow arthroplasty. Small low-

attenuation dots were noted between the metallic 

devices (made 
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Figure 14. Axial contrast-enhanced CT images of a 43-year-old man after endovascular 

coil placement in the splenic artery: Uncorrected image (a) and the image obtained after 

apply-ing the MAR algorithm (b) show that the bright and dark bands from the platinum 

coils were substantially reduced, and extravasation of iodinated contrast material (arrow in 

b) adjacent to the coils was clearly depicted with use of the MAR algorithm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 15. Axial contrast-enhanced CT images (bone window) of a 75-year-old man after total elbow arthroplasty. (a, b) Uncor-

rected image (a) and the image obtained after applying the MAR algorithm (b) show that small low-attenuation dots (arrow on b) 

are depicted between the metallic devices (made of cobalt-chrome) after applying the MAR algorithm, a finding that gave the 

impres-sion of gas-producing infection. (c) However, a coronal reformatted CT image shows that these dots were aligned linearly 

(arrows), a finding that gave the impression of a newly developed artifact rather than real air bubbles. 
 
 
of cobalt-chrome) after applying the MAR algorithm. 

Their CT values were approximately −800 HU. If 
these dots were real air bubbles, they would give the 

impression of gas-producing infection. However, 

coronal reformatted CT images revealed that these 

dots were aligned linearly, a finding that gave the 

impression of  
a newly developed artifact rather than real air 

bubbles. In clinical practice, creating multipla-nar 

reconstruction images and viewing the im-ages 

from multiple angles may be necessary to avoid 

misinterpretation. 
 

Conclusion  
The projection-based MAR algorithm primarily 

suppresses artifacts that are due to photon star-

vation, whereas the dual-energy CT technique 

 

 

(virtual monochromatic images obtained at high 

kiloelectron volt settings) primarily suppresses the 

effects of beam hardening. Photon starva-tion 

becomes more pronounced with larger amounts of 

metal and with metals with higher atomic numbers, 

and the projection-based MAR algorithm becomes 

more effective than the dual-energy CT technique for 

reducing artifacts in severely photon-starved 

conditions. The pro-jection-based MAR algorithm 

preserves iodine contrast enhancement, in addition to 

reducing artifacts, and should be preferably applied 

in certain clinical situations, such as screening studies 

for deep venous thrombosis after ortho-pedic surgery 

or follow-up studies after endo-vascular coil 

placement. Radiologists should also be aware of 

newly developed artifacts with the 
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application of the projection-based MAR algo-

rithm, to reduce the risk of misinterpretation. 
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QUESTIONNAIRE 
A6 (21)  

Current and novel techniques for metal artifact reduction at CT     
INSTRUCTIONS 

• Read through the article and answer the multiple- choice questions provided below  

• Some questions may have more than one answer; in which case you must please mark all the correct answers  

Question 1: The presence of metal-related artifacts is increasingly 
impacting on the value of CT images in your practice. You are 
requested to investigate this issue and provide some 
recommendations. Your initial research indicates that the two 
major mechanisms of metal artifact generation are which of the 
following?  
 

A: Patient motion 
B: Photon starvation  
C: Beam hardening  
D: Partial volume effects 
E: Scattering 
 

Question 2: You decide to investigate photon starvation as a 
mechanism causing metal artifact generation, and find which of 
the following?      
 

A: Brampton scatter is usually constant for different 
energies 

B: The photoelectric effect and Brampton scatter are the 
primary ways of interaction at the energy levels used for 
diagnostic imaging 

C: In terms of the photoelectric effect the incident photon 
is completely absorbed in the process  

D: The total rate at which photons interact with a material 
depends on the individual rates associated with the 
photoelectric effect and Compton scatter  

 
Question 3: Which of the following statements are CORRECT 
regarding beam hardening?   
 

A: The effects of beam hardening results from x-ray 
pylochromaticity 

B: When travelling through a material the high-energy 
photons are easily attenuated 

C: The effects are more pronounced when the beam is 
travelling through materials with a high atomic number, 
such as bone or metal  

D: The effects of beam hardening lead to a shift of the 
energy spectrum of the x-ray toward higher energies  

 
Question 4: Simple and conventional approaches to photon 
starvation include ……………………………… and have what effect?  
 

A: A higher tube charge in milliampere-seconds  
B: A higher peak voltage (kVp setting) to allow sufficient 

energy of photons to pass through the metallic hardware  
C: Parameter adjustments which reduce artifacts to a 

significant degree 
D: Parameter adjustments which lead to the patient 

receiving a lower radiation dose 
E: All the above 

 
 

Question 5: Is it TRUE that the basic concept of projection-
based MAR algorithms is to detect and segment the corrupted 
projection data that correspond to metallic implants, and 
then to modify the corrupted data by replacing them with 
estimates of the corrupted values?  
 

A: YES  
B: NO 

 
Question 6: Clinical features of projection-based MAR include 
all the following, except for…………………………………?   
 

A: The original streak artifacts are reduced, but new 
artifacts may be introduced into the images 

B: The radiation dose needs to be increased  
C: MAR algorithms cannot be applied retrospectively  
D: All the above 
 

Question 7: With reference to dual energy CT techniques, 
radiologists are required to do which of the following?  
 

A: Select the optimal energy for virtual monochromatic 
imaging that yields the lowest artifact level  

B: Decide whether to use dual-energy CT for the patient 
before image acquisition, with the exception of dual-
layer detector systems  

C: Use monochromatic energies between 95 and 150 
keV to reduce artifacts caused by metallic implants  

D: None of the above 
 
Question 8: You ask some of your staff members about the 
impact metal implants have when conducting imaging studies 
via CT. Which of the following answers they gave were 
CORRECT?  
 

A: The size of the hardware, more so than its 
composition, results in different degrees of x-ray 
attenuation and physical effects occurring 

B: Small metallic implants, such as surgical clips, which 
are usually made of titanium and have a high atomic 
number, causes major beam hardening 

C: Endovascular coils, usually made of platinum, have a 
high atomic number and will likely create more 
severely photon-starved conditions  

D: The MAR algorithm has good effect on artifacts from 
non-metal pixels 

 
 
 
 
 
 
 
 



Question 9: Contrast-enhanced studies indicate that 
……………………….?  
 

A: Virtual monochromatic images obtained with low 
kiloelectron volt settings also exhibit profound beam 
hardening, with precludes use of such images in patients 
with metallic hardware  

B: With high kiloelectron volt settings, beam hardening is 
suppressed with no reduction in iodine contrast 
enhancement 

C: The MAR algorithm preserves iodine contrast 
enhancement, in addition to reducing bright and dark 
band artifacts from metallic hardware  

D: All the above 
 
Question 10: Is the following statement TRUE or FALSE:   
 

“Bright and dark band artifacts caused by photon starvation 
from large amounts of metal and from metals with high 
atomic numbers are so strong the dual-energy CT technique 
alone does not sufficiently remove the artifacts”. 

 

A: TRUE  
B: FALSE 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Question 11:  Application of projection-based MAR 
algorithms may not always create superior images, and the 
following may occur:  
 

A: Residual or newly developed bright and dark streaks 
have been reported  

B: Disappearance of metallic implants and 
underestimation of implant size have been reported  

C: Newly developed artifacts may cause 
misinterpretation  

D: None of the above 
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