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Metallic artifacts on MR imaging are typically induced by differences in magnetic susceptibility
between the metallic implant and surrounding tissue. Conventional techniques for metal arti-
fact reduction require MR machines with low field strength, shift in the frequency-encoding
and phase-encoding directions according to the axis of metallic implant, increased receiver
bandwidth and matrix, decreased slice thickness, and utilization of the short tau inversion re-
covery or Dixon method for fat-suppression. Slice-encoding for metal artifact correction and
multi-acquisition variable-resonance image combination can dramatically reduce the number
of metallic artifacts. However, these sequences have a considerably long acquisition time. Fur-
thermore, the recently developed acceleration techniques including compressed sensing can
solve this problem.

Index terms Magnetic Resonance Imaging; Artifact; Metals; Prostheses and Implants
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MR oM 24 A3 5 =2 T8 £4]9] magnetic susceptibility?] ko]
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Fig. 1. 74-year-old man with posterior fusion of L2-3-4.

A, B. Sagittal T2-weighted image shows the signal void and pile-up next to the screws (A). The out-pouching
of the intervertebral discs (arrows) can be identified on this image (A). However, it may be a pseudo-lesion
associated with a geographic distortion considering the fact that the out-pouching of the intervertebral disc
(arrows) is less prominent on the slice encoding for metal artifact correction combined with T2-weighted
image (B).
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Fig. 2. Types of metallic materials.
A, B. T1-weighted images with spinal fusion using titanium in 59-year-old man (A) and using stainless steel
in 63-year-old man (B). There are more metal artifacts in (B) than in (A).

o IS n]XIth(Fig. 2). 2 A AREE AL Q)
stainless-steel 5-0] 9|11, ] cobalt-chromium-< FZo0|u T#d} Zhe npr 7} Algh Zlo g
AAE] = o) &2 ARESHL titanium S LRTF upR 7L A8 A0 2 of|AtE = 9x]o] 1RE
= AA6F7] flaf(oll € 01 &4 X =oll AREE]= plate) F= ARESHTH(11, 12). Cobalt-chromi-
um (900~1370 ppm)°|tt stainless-steel (3000~5000 ppm)2] magnetic susceptibility+= titani-
um (182 ppm)el| H]3l -2 73517] whell, cobalt-chromium -2 stainless-steel MR G/l
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Fig. 3. 63-year-old man with postoperative spinal infection.

A, B. Axial T2-weighted image (TR/TE = 2000/100, receiver bandwidth = 230 Hz/pixel) obtained by a 3 T MR
machine shows the prevertebral abscesses (arrowheads) (A). The follow-up MRI outcome after a 3-month
antibiotic therapy has been imaged by a 1.5 T machine (B). The image (TR/TE = 3550/123, receiver band-
width = 163 Hz/pixel) shows resolution of prevertebral abscesses. The metal artifact of the screws (B) is
smaller than that in the initial MRI with 3T (A).

TE = echo time, TR = repetition time

N

SAR)ol| 2Jal 227}t L7l 7t 52 EA17F Eot At(14). 227 T MR H| 7t 3] 4
o] ey doll thsl| 7} Fol™, endovascular grafitt B2 &P elud G452 BT 4 2

th= B7HE ERLTH1S).

X17|13E HAE(Pulse Sequence)

ZdAtol| T (gradient echo) B2 FEH= = ol TS Al ExFA R Qlsf 11453HH intra-
voxel dephasingE- E/Jsh= ®io] gl7] wiizol], 24 ol H]a4 2 signal void7} LFERATE.
gk A3o) F(spin echo) P42 180%= refocusing AE- 0]-83510] £0i7 spin®] YAFS ThHA|
S5to g Hol 7] whizol] FAPge] Bt Aol iAoz Qg A o]}, Eot &2 echo time (°]5}
TE)2 2% 2] dephasings 2t %] refocusing 3l 7] w2l T2 4= G/doll H|3l A2 TES
ARESH= T1 -2 proton density 4% F/dollA 4 Qla= LAJo] Ealth(le, 17). $HH, < A
e £0)7] 9J8l Aoz Agshe dAof|F fast spin echo 2-2 turbo spin echo)ol|A]
echo train length& =°l¥ &4 ?153-&50] o Asirich= 2 E17} IoK(18). 3D B3] 4%
= HRES QARG SLR A7) wfjRol| 1AIZQ1 2D JAtol| Hsl S 91 g-Eo] J EAStch 3D
g2 excitation H2~of| w2} slab-selective@t non-selective® Uz 4= L=, slap selective exci-
tation& AF85H= 74-9+= through-plane o = ofj=o] LUebd 4= 1T} Non-selective excita-
tion AF8-2 o]2{gt through-plane W&Fo 20] GAfe] o= ¢lort FE3t bandwidthe] RF 2
22 " Q2 5131, through-plane 322 aliasing artifact”} LR 4> 21Tk, 19).
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Fig. 5. 66-year-old woman with posterior fusion of L3-4-5.

A, B. The receiver bandwidths for the two axial T2-weighted images are 150 Hz/pixel (A) and 550 Hz/pixel
(B), and the other parameters for (A) and (B) are the same. The metal artifact size for the bilateral screws is
considerably largerin (A) thanin (B).

=2 Receiver Bandwidth AF235}7|

Receiver bandwidthS 0] 7, ThA] W8l readout 3O 2 gradientE &ol= 22
plane artifacts &°l+= 7F¢ &340 ¥ F9] stuolt}. Receiver bandwidthE =0|H,
readout '&F0 = Sht9] pixelol Eote]= Futgo] Hol F7IsHA| ko], Al Fap @7
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T Fig. 4. Effect of receiver bandwidth.
Each voxel is encoded by a wider frequency range in a high receiver
bandwidth than in a low bandwidth. Therefore, the local frequency
AF Lowsw 4 % errors generated by metal implant do not significantly influence
cé) the spatial encoding in a high receiver bandwidth.
- BW = bandwidth, Gr = readout gradient axis, Gs = slice selection
Gr gradient axis
N Modified from Khodarahmi et al. Semin Musculoskelet Radiol 2019;
23:e68-e81, with permission of Thieme (10)
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A5 2 ol A matrixe] 5 F7HA7 ] A voxel 3717} 2to}A] A intravoxel dephasing

O 2 ISt 4lS 447} in-plane distortionS £ 4~ Qlth ThA] Wall, 24-50] Q= 749 shte]
voxel ¢rof] 50 Sl= AW ES ARt 2= o OE%} | 271 wiizoll, voxel®] 7|5 &olH £

S AR S5 7HA = ATEL] 471 F0]50] o]0l whE intravoxel dephasing©] 7r451A| &
+ Zojt}. ZL2ju; receiver bandwidthe] S7Fek 22 ThE ¥4=0] ®H3} glo] matrix F7]9] ¥
5Heko 2= in-plane distortionS £0J+= Zofl= SHAIZF it o8 A2 o/ 55} vgfo] of

o FubpR o0 Beko 2 matrixg 37| she 2o 84 g2 PAE Eole=t =80l Hh
YA FubpR ook ¥Rk 2Rt matrix 2715 529 truncation artifactZh 2 4> e

d

o2 QAR TS Hgko 2 Aol w FulpR 55l matrix®] 60%~80%S Hrolok BHke).

HH S Z£017]

MatrixE 37| sh= 20 22 wgto 2 di £71E Sol= A L3t voxel?] 2715 2| 5ho
0]

intravoxel dephasing @& It A& A4l o1 £ Zo]7] galjx= Bot 4
3t slice selection gradient& 4}-8-sofgt shar, A o] A7} ZhAEH Zg Alzto] F7skar Al

S 4sks, 10).

Fat Suppression 2ol MeH

Frequency selective fat suppression H| a4 A& oif-g4] 9] k4 glo] whE A7 Woll &
Aoz A 275 S 4 Qlo], 5] ARE = 7ot L2y, o] = FAFES] A kol H
&S Hh=c}. "HH | short tau inversion recovery (15} STIR)= £} A|{9] Fup4=0] xjo]7}

5 28 79| T1 ghe] Aol & ol gste] A2 a7she 7IRo17] wiizoll, 422 15k 5
A7 B AR IS GFFo] oba, F4 Qlg-Eo] & W frequency selective fat suppression
A%t fat suppressions HITHFig. 6) (21). L2}, STIRS Al S thg-ZH]|7F 27]
59] 371= frequency selective fat suppression®t H|w5ko] %&HAJo] Wojzict
GAHZ AHESH Lol 2YSHE 222 T1 ol Alto] Zrasto] STIR G dollA

2739 22 0] A5t oAE 4 Q7] wiRol, STIRS T1 2YZLA S AF&5
Fols A8 4 glok= ol .

Dixon 7] (chemical-shift-based separation of water and fat signal)-2 2} #1o] 9J4ke]
zfo] & o]-&sto], Bt Aol 22 91doll 312 wle] F(in-phase F/d)2t grtte] 214l U
< w2} JJopposed-phase F4)& D& F 0|+ 0 & water-only B2 fat-only 4= re-
construction dh= "ol Dixon-2 STIROY H]s] AlS 7S H|7F =1l PS54 S T14E 9
dofl AFEE 4= 9131, frequency selective fat suppression®} B wajA] Ho} A3 fat suppres-
sion Y2 DS 4 AUTh23, 24). T2fut 2] EwtAo] 45 7 Qofl= Bl o] =8 AEo] HF
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Fig. 6. 59-year-old man with septic arthritis at left hip joint.

A. Simple radiography shows the presence of antibiotic beads, spacer, and metallic device at the left hip
joint and femur. Right hip joint and right femur are deformed.

B. The frequency-selective fat suppressed T2 weighted image applied with SEMAC shows incomplete fat
suppression around the metallicimplant.

C. The water-only image from Dixon technique shows more homogenous fat suppression than that in (B).
However, it shows zebra artifact or Moire fringes (arrowheads) around the metallic instrument.

D. Although the short tau inversion recovery with SEMAC shows more homogenous fat suppression than
thatin (B) and (C), its signal-to-noise ratio is relatively poor.

E, F. Compared with T1 weighted image with SEMAC after contrast administration (E), subtraction image (F)
between pre-contrast and post-contrast T1 weighted images with SEMAC shows obvious contrast-enhance-
ment around the left hip joint (arrowheads) and right acetabulum (arrow).

SEMAC =slice-encoding for metal artifact correction

48 jksronline.org
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}_Oé A A+ F fat suppressions sh= Wiols 29574 A5 T1 4% Y-S subtraction

Sh= o] Atk 2FAN ARE Hak Fo] G Z AlZE A St @HAYEE ghxte] g2]9)o] ¢l

O LA A2 2T 4= = R olth(25). ©, o] ' o2 el FAfolA Yk geo-
ANA

metric distortion®|L} A5 AAlS ZHESF 2~ ol

F

QAN S} UrSHD} I H S} S UL

R sl e S Aol JEE © W) mhgol, WSk} sh e Helvt

Q1g2o] o8l 7eix|x] HES SR EE WP Fok R EEE Y A2 R Zlo] Egol
o,

g 4 Aok 22, R 23} 12 aliasing artifactE &°17] $1sh %’—l”‘:‘i&} s
oversamplingo] B3t 4= Qlo B & 7.9of ufzt 2o AJ7to] Fojdth= B0l Jlthe).
=45 3= UAE lct S8 WY

=
T MRoIA 24 Q158 74E 95l 53] /iE 7|/ 22 view-angle-tilting (0|3} VAT)
¥} multispectral imaging (°]3

o
=

SI)7} At} MSIell= multi-acquisition variable-resonance
image combination (°]8F MAVRIC)#} slice-encoding for metal artifact correction (°|5t
SEMAC) 12]a1, o] 50| 23He MAVRIC-selective (°]5} MAVRIC-SL)2t multiple slab acquisi-
tion with VAT based on SPACE (°]3} MSVAT-SPACE)7} Itk o]2ist 7[HES 24 18582 &
o= o efalt} a8y, 2 AIRRe] E7) AT thieH] 2] 4, spatial resolution®] 74 5
of TS 7HAIAL TH(26).

;ﬁ

View Angle Tilting (VAT)

VAT in-plane distortiong &0°]7] flal] 7PE=]ATH?27). 4A1&E read-out Sh= 27gollA] =
o255} gradient?} S, AH A e (slice-selection) WO 2 AHAE gradient?} 22 am-
plitude®] gradientE 7F510], readout-encoding WS HHAME WiFo 2 7|80 So2H
in-plane distortion (spatial misregistration)< “g4iA17]+= " o] ChFig. 7). VAT+= & Al7He]
37t 3ol 35 B35S UM = o, Fukp R ot WRko = o] sEitke &
o] 3t} o]= E0i7l voxel 2 QI3 A F-2ofl partial volume effect’} A§717] o2 F& 5
Hoj Aol opid g4t ZAoll A LERATH?28). Receiver bandwidthS 500 Hx/pixel o402 =
Ql BRoll=, VATE 71024 A= 34 QIeE 4 aibe vnjsiths BalE ITH(26).
VAT+= through-plane distortion& w75HA] 23ttt 17 7boll VAT S+ through-plane
distortiong W75k= SEMACS} S| ARS-EITH?29).

(6]
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Slice Encoding for Metal Artifact Correction (SEMAC)
SEMAC+= 2D 9g/dollA19] through-plane distortiong 17gds}7] el 7HA=| et ZFzke] G4t

HyolA] AHAE PO R JJHETIE F7lsto] Aozl YAFEES linear T2 quadratic
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Fig. 7. Concepts of VAT.

A, B. Three materials with different magnetic susceptibility are assumed to be aligned in a row (A). The ma-
terials are displaced under the magnetic field and demonstrate signal overlap and signal void (A and B).

C. VAT by applying the gradient in slice selection direction during the readout results in tilting the angle of
the readout direction and resolves the in-plane artifacts. However, the image blurring can be seen at the
margins of the materials.

VAT =view angle tilting

Modified from Khodarahmi et al. Semin Musculoskelet Radiol 2019;23:e68-e81, with permission of Thieme (10)

Q\)Y Physical assumption Under Bo
X T
B I
I
N
| o\
Conventional readout NI
N
[ I
]
(T 3
v v v l v l / o

Fig. 8. SEMAC with SEMAC factor of 19.

Individual encoding step images are obtained by additional phase-encoding steps in a slice-selection direc-
tion. The combination of these partitions makes a final SEMAC image.

SEMAC = slice encoding for metal artifact correction

summation (sum-of-squares)2 &l g 2] F/d2 U224 through-plane2 = Y71 arti-
factZ #|75H= Zlo]chFig. 8) (29). o170l VATZ 7 48519 in-plane distortiong | A%t
o}, F7oh= %’A%l‘%;ir Step9] 42 SEMAC factor -2 SEMAC step®|2tal 3131, SEMAC fac-
tor7} 2 Aleh 24 13-E AA7F -&olshd F AlZte] Aofitt webs 4 18352 Ty
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Fig. 9. 39-year-old man with ACL, PLC, and medial collateral ligament repair.

A. Simple radiography shows the several staples and anchor for ACL and PLC reconstruction.

B. Conventional T2-weighted image shows the signal void and signal pile-up around the metallic devices inserted at the lateral femoral
condyle.

C. SEMAC T2-weighted image shows a metal artifact, which is smaller than that in (A), at the lateral femoral condyle. The typical ripple ar-
tifact around the metallic implants is present on the SEMAC image (arrowheads).

ACL = anterior cruciate reconstruction, PLC = posterolateral corner reconstruction, SEMAC = slice-encoding for metal artifact correction

7ol w2k SEMAC factor?] | 2{eb7} stk (30). 54 322 B 4=5 2Hsh= 52
29l Fo shpt 249 FHEM, 2T 3 T MR FH|E 0|85 Ty -tof mh2H stainless-
steelo]t} cobalt-chromium-molybdenum-2 SEMAC factor 26 =& 7351A, titaniumeo| Lt
zirconium-> SEMAC factor 6 & oFsHA| A-8-6k= Zlo] ZAslrtal SHo(31). SEMACO]A
= ripple artifact -2 pile-up artifactzbal sh= 54291 Q1g-50] ¥H¥eh 4= QIckFig. 9). o=
F7I2 A2 AW E x| W Wfohe 2o 2 F4 RO = residual intensity fluctuation
O & yepdtt o]& 07| flaiAls 372 A= AHS overlap sk 20| 0] Hu, Y
Alzto] F71dtthe ©go] HAIRTH(32). 2| SEMAGE 3 @/doll 2-835F AtollAl, SEMAC

=
=
€ 3% 3= Pl gesiyloy TAAQl n&Ayo| s HolA] & central spinal

Multiacquisition Variable-Resonance Image Combination (MAVRIC)

MAVRICZ in-plane distortionfl} through-plane distortion2 27 5k= 3D G/deltH(34). 3D
V& F M2 FE VS Bl A7) wiiol, 2Dof| Hl5) through-plane distortionel] %
Sttt ZL2{uh non-selective RF A E AMESH| wiol] 54 FHY| AWS9 AxlsulpE =2
& 323kslA] Bato] off-resonance”t BHAYsHIL o] 2 QIaf 415 A4lo] LERATE MAVRICE ©]
2|5t FAIE s 2517 9ol -2 bandwidthe} thst 578 FukE 7FA= o2 7)e] RF A
(spectral bin)& AF8-ste], 2] 7§2] 3D slapE H=tt. o] Hojxl of2] 7} 3D slape =5+ 237

5to{(quadrature summation 2-2 maximumr-intensity projection) 24 Ql-8-=0| 743t st
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Fig. 10. 75-year-old woman with posterior fusion of L3-4-5 and interbody fusion of L3-4, L4-5, and L5-S1.

A, B. Sagittal T2-weighted image with high receiver bandwidth (545 Hz/pixel) shows fluid collection (arrows)
at the posterior epidural space of L4-5 (A). However, this fluid collection is obscured by the signal void (ar-
rows) at the spinal central canal on slice-encoding for metal artifact correction T2-weighted image (B).

o]a1 2,25 kHz2| &2 7FA|H, Z}2k9] spectral bin] 7HA-2 1 kHz= A2 BEZ 02 HAH 7tk
(17 36). SEMAC factor®} 0Rz7FA| 2 spectral bin®] & 2 A7l Y& njx|oz2 F4:9]

Z-57ol wke} spectral bine] 45 2HsH= Zl0] H}%X‘E]-E}. T2}, SEMACSb= 22 spectral
bin 4~ 242 of7] A-88tE]R] k-2 AJEfolth. MAVRICS £ A|7to] A1 non-selective RF
HAE ARZ-0 2 Q18] through-plane W3O 2 aliasing artifact™ BHAYEH 4= glom J/do] &
2]th= @o] AUTH3S).

Hybrid Technique

MAVRIC-SL-2 volume-selective 3D MSI (VS-3D-MSD)Z £2|2el 2102 MAVRICOIA] AR
Sh= 2+2+9] spectral binoll SEMACONIA] AF-8-6h= AH A E gradients 485}, read-out 5k
VATE F7}sh= Ziolth(Fig. 11) (6, 7, 36, 37). HH MSVAT-SPACE+= SEMAC®} VATE- SPACE®]|
A 8A71 Z10 2 SPACE TH=of vl GAre] Ho| 245}r}(38).

Off-Resonance Suppression

Off-resonance suppression+ excitation RF A8} refocusing RF B 49| gradient@t band-
widthE A2 De|sto], 7 71x] WA0] FHE = |9 ¢hof] Qe AdolM thesAlorte =
&& TH= Z0|TH39). ol+= SEMACYF MAVRICY} 87 A-&k|ojA] 2 AlXkS Zo|HA] alias-

ing artifactE- @lof=tl =22 <o} 24 off-resonance suppression 41 5.2] AAlo] Tar,
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Fig. 11. 55-year-old man with acetabular fixation.

A, B. Compared with conventional coronal proton density-weighted image (A), the artifact size of the metal-
licinstruments is small in MAVRIC-SL (B). However, MAVRIC-SL demonstrates image blurring.

MAVRIC-SL = multi-acquisition variable-resonance image combination-selective

o alch. 14 el A8 5

~=

= A== Y AtE £017] 9JsliA=, partial Fourier en-
coding®]u} parallel imaging 22 &ile]Eo] = Q3lH(5, 40). ZZoll= Bt wl2A] J/4d= &
< 4= 3= compressed sensing®] 7HEHE| A TH41). ©]+= k space®] pseudo-randomized under-
samplingS £3 29 A|7He @35}, iterative reconstructions 53l undersampling wh=
of bl 4ol AS 58 A7]= 7]& 2, SEMACT MAVRICO 25 A3 02 #-85}lch
(Fig. 12). SEMACeI| compressed sensings 4}-83F 1-tof] wp=™ 1.5 MR %H| 2 k-space
sampling rate 12.5%% %}-23}0] SEMAC factor 192 F31-oll= E7351a1, J42] 22 {25t
A 2 AR 5 oWl = TSAIZITH(42-44).

E2E

OIAZIAl B4 Ql3-=2] LAY A3t Y P, 24 == =017] Sl LRkl Wt
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Fig. 12. 75-year-old woman with posterior fusion of L4-5.

A, B. T2-weighted images with SEMAC (A) and T2-weighted images with compressed-sensing SEMAC (B)
show similar image quality. The acquisition times for compressed-sensing SEMAC (B) is particularly shorter
than that for SEMAC (A) and are quite different: 6 minutes 35 seconds for T2-weighted images with SEMAC
and 3 minutes 10 seconds for compressed-sensing SEMAC.

SEMAC =slice-encoding for metal artifact correction

-

St 7]Ro]| ol OPOFE‘E}
P 15T MR gH] 2 %4 :

bility7} %-& 749, receiver bandwidthE 7151 matrix 27}, 23 £ Z£0]7], Dixon 7
o) AME 52 B0l ol A9 55 S AaAlE o Ak ARy S x|ghsou =
2 13 kol Aok cobalt-chromium®] 73-2+= magnetic susceptibility”} 2 8=,
7F55th SEMACH MAVRICE AR&Sh= Z10] v, |ol] SEMACO] compressed
sensing= 2|-8-sh= 1o -8kl wef, Zuiete] 54 o5& £77F e AQl B AR Ui
ol 7FssliA Het eet AL Hoh Byl o2 ARge 4~ Q1S Zlo]2} 7]Hgit.

w4 E== Sol7] flsl 7 ®A aesfiof sk A2 3 T7F

g 5ok= Aol Al 450 titanium*]3 magnetic suscepti-
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