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Metal artifacts are

beam 
hardening

+ scatter

+ directed 
noise

+ increased susceptibility to sampling artifacts and motion.
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Metal Artifact Reduction (MAR)

ÅWith linear interpolation (MAR1)
ï[1] W. A. Kalender, R. Hebel and J. Ebersberger, ñReduction 
of CT artifacts caused by metallic implantsò, Radiology, vol. 
164, no. 2, pp. 576 -577, August 1987.

ÅWith simple length -normalization (MAR2)
ï[2] J. M¿ller and T. M. Buzug, ñSpurious structures created 

by interpolation -based CT metal artifact reductionñ, SPIE 
Medical Imaging Proc., vol. 7258, no. 1, pp. 1Y1 -1Y8, March 
2009.

ÅOur generalized normalization (NMAR)
ï[3] E. Meyer, F. Bergner, R. Raupach, and M. Kachelrieß. 
ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, IEEE Medical Imaging Conference Record, 
M09-206, October 2009.
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GEós Solution Combines DECT Acquisition 
with Data Inpainting é

Han et al. Metal artifact reduction software used with abdominopelvic dual -energy CT of patients with metal hip 
prostheses: Assessment of Image Quality and Clinical Feasibility. AJR 203:788 -795, October 2014
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é but the Results are not Convincing!

Han et al. Metal artifact reduction software used with abdominopelvic dual -energy CT of patients with metal hip 
prostheses: Assessment of Image Quality and Clinical Feasibility. AJR 203:788 -795, October 2014

FBP
FBP

+
GEós MAR
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 



9

Corrected image

Normalized sinogram

Uncorrected image

MAR2

Thresholding

Normalization Denormalization

Interpolation

Input

Output

Original sinogram

Metal image Binary image

Metal projections Sinogram of bin. im. Corrected sinogram

Interpol. & norm.

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
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Results and Comparison:
Patient Data

Patient with hip implants, Sensation 16, 140 kV, (C=0/W=500)
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Results and Comparison:
Patient Data

Uncorrected MAR1

MAR2 NMAR

Patient with hip implants, Sensation 16, 140 kV, (C=500/W=1500)

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Results and Comparison:
Patient Data

Uncorrected MAR1 MAR2 NMAR

Patient dental fillings, slice 110, Somatom Definition Flash, pitch 0.9. Top 

and middle row: (C=100/W=750). Bottom row: (C=1000/W=4000)

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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NMAR: Results
NMARUncorrected

Bone removal (with scanner software), (C=40/W=500).

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Patient with hip implant, Somatom Definition Flash, pitch 2.7. 
Top and middle row: (C=0/W=500). Bottom row: (C=500/W=1500).

Uncorrected MAR1 NMAR

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 

NMAR: Results
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FSMAR: Scheme
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Patient with spine fixation, Somatom Definition, (C=100/W=1000).

FSMAR: Results

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Patient with bilateral hip prosthesis, Somatom Definition Flash, (C=40/W=500).

FSMAR: Results
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Patient with bilateral hip prosthesis, Somatom Definition Flash, (C=40/W=500).
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Hip Implant ïB50f Kernel

(C40/W800), Seff = 1.5 mm

Uncorrected NMAR

FSNMAR

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Hip Implant ïB50f Kernel
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E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 
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Hip Implant ïB50f Kernel

(C440/W1500), Seff = 1.5 mm

Uncorrected NMAR

FSNMAR

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 



30

Hip Implant ïB50f Kernel

(C440/W1500), Seff = 1.5 mm

Uncorrected NMAR

E. Meyer, R. Raupach, M. Lell, B. Schmidt, and M. KachelrieÇ, ñNormalized metal artifact reduction (NMAR) in computed 
tomographyò, Med. Phys . 37(10):5482-5493, 2012. 





Courtesy of Siemens Healthineers. Data courtesy of University Hospital of Würzburg, Germany



Courtesy of Siemens Healthineers. Data courtesy of University Hospital of Würzburg, Germany
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DECT and Pseudo Monochromatic Imaging

Pseudo monochromatic imaging is a linear combination of DECTôs
fL and fH volumes:
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C/W = 0/800 HU

a= 1.43,
E = 128 keV

a= 1.61, E = 176 keV

Original DEMAR IMAR (FSNMAR)1

fH of Patient 1
100 kV / 140 kV Sn

fL of Patient 2
100 kV / 140 kV Sn

Patient 3
100 kV

DEMAR
not applicable since this is 
a single energy CT scan.

1Iterative metal artifact reduction (IMAR) is the Siemens product implementation of FSNMAR.
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Further Reading

ÅMaik Stille, Matthias Kleine, Julian Haegele, Jörg Barkhausen, and 
Thorsten M. Buzug. Augmented Likelihood Image Reconstruction. 
IEEE Transactions on Medical Imaging 35(1), 158 ï173, July 2015.

ÅWebster J. Stayman, Yoshito Otake, Jerry L. Prince, Jay A. Khanna, 
and Jeffery H. Siewerdsen. Model -based tomographic reconstruction 
of objects containing known components. IEEE Transactions on 
Medical Imaging 31(10), 1837 ï1848, October 2012.

ÅYi Zhang, Yifei Pu, Jin -Rong Hu, Yan Liu, Ji -Liu Zhou. A new CT 
metal artifacts reduction algorithm based on fractional -order 
sinogram inpainting. J Xray Sci Technol. 19(3), 373 -84, January 2011.
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MAR FOR PHOTON-COUNTING CT
A PCCT-based method to generate better prior images for NMAR and FSNMAR
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PCNMAR

Bin Images

Bone Emph. Images

Artificial Sinograms

Basis Sinograms

Artificial Images
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Tissue Thresholds
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NLT = non -linear transform
T = thresholding
FP = forward -projection
FBP = filtered -backprojection
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Threshold & Bin Images

C = 50 HU, W = 700 HU
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Bone -Emphasized Images

ÅInstead of segmenting bone, we can apply a non -linear function to 
the input bins:
ɀ╘░ȟ▒ ╘░ȟ▒ȟἱἮ ╘░ȟ▒  ἩἶἬ ╘░ȟ▒ ╘░ȟ▒ Ȣ ╘░ȟ▒ȟἱἮ ╘░ȟ▒

Bin 2 Bone Image
C = 50 HU, W = 700 HU

Schüller, Sawall, and Kachelrieß. Segmentation Ȥfree empirical beam hardening correction for CT. Med. Phys. 42(2): 794 -803, 2015
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Basis Sinograms

ÅThe artificial sinograms approximate higher order beam -hardening 
artifacts.

ÅEach artificial sinogram p ijkl is an element -wise product of two basis 
sinograms (i.e. from the bin or bone images):

p ijkl = p i
bin,low Ā p

j
bin,high Ā p

k
bone,low Ā p

l
bone,high , i+j+k+l = 2

ÅAll sinograms are individually backprojected.

ÅFor four bins, there are eight basis sinograms.

Kyriakou , Meyer, Prell , and Kachelrieß. Empirical beam hardening correction (EBHC) for CT. Med . Phys. 37(10):5179 -5188, 2010
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Basis Images

f i,j,k,l = X-1(bin 1
i*bin 2

j*bone 1
k*bone 2

l)=> ijkl , e.g. 0101 for bin 2*bone 2
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Optimal Linear Combination

ÅAll basis images f ijkl are linearly combined to produce an artifact -
reduced image:

█ἫἷἺ
░ȟ▒ȟ▓ȟ■

╬░ȟ▒ȟ▓ȟ■█░ȟ▒ȟ▓ȟ■ȟ ╬ȟȟȟ ╬ȟȟȟ

where the condition ensures that the coefficients of the original bin 
images add up to one.

ÅTo find the coefficients, we minimize a cost function with a Nelder -
Mead algorithm.
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Measurements

ÅCT data of seven forensic specimen 

ÅSiemens Somatom CounT

ÅVoltage: U = 140 kV

ÅTube current: Ieff = 300 mAs

ÅEff. slice thickness: Seff = 0.6 mm

ÅPixel size: æx= æy= 0.5 mm 

ÅEnergy thresholds chess mode: 25/45/75/90 keV

ÅEnergy thresholds macro mode: 25/90 keV

ÅReconstruction kernel: B40f

All experiments were approved by the local ethics committee ( S-388/2014)
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Results: Case 1

C = 50 HU, W = 700 HU for the images and C = 0 HU, W = 300 HU for difference images

ůA = 87.5 HU, CNR = 3.2 ůA = 47.1 HU, CNR = 3.3 ůA = 38.5 HU, CNR = 3.5

ůA = 259.8 HU, CNR = 5.2 ůA = 38.9 HU, CNR = 4.5 ůA = 42.6  HU, CNR = 4.6
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Results: Case 2

ůA = 151.9 HU, CNR = 2.8 ůA = 42.2 HU, CNR = 2.7 ůA = 23.3 HU, CNR = 3.0

ůA = 453.2 HU, CNR = 5.5 ůA = 69.5 HU, CNR = 5.8 ůA = 26.8 HU, CNR = 5.8
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C = 50 HU, W = 700 HU for the images and C = 0 HU, W = 300 HU for difference images
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Results: Case 3

ůA = 62.7 HU, CNR =  1.8 ůA = 52.8 HU, CNR = 2.0 ůA = 26.0 HU, CNR = 1.7

ůA = 286.4 HU, CNR = 3.3 ůA = 58.1 HU, CNR = 4.1 ůA = 26.3 HU, CNR = 2.8
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C = 50 HU, W = 700 HU for the images and C = 0 HU, W = 300 HU for difference images


