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Simultaneous Multi-Slice Echo Planar Imaging
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90° 180°
m volt
RF-
400 400 J
200 200
0 0
0 2 4
time (ms) tlme (ms)
mT/m
201G 201G _—
] ll I
| A ! ||_\_ J
0 ' ot' : '
1
-20 | ( -20
0 2 0 2 4
time (ms) time (ms)

s ——— __--' PP

——

Slice-GRAPPA recon: leak-block and dual kernel

Reduced signal leakage between slices

PN O Xl
Signa ‘Aﬂ | ﬁ
b= U
Standard
Recon
Improved
Recon

n blipped-CAIPIRINHA Z W5 RO EEIEH % g K, SLR 7))L 31 X /& VERSE 7 )L XL

ZHALRET

IS L—a v T 7R —3DIIVFINY K90° /LA -180° NIV AKER

9, (4A) VERSE Ik 90° KT 180° RF /LR EXTIGT BIBRIFIZ/ VR, (4B) 1ZHED Y
YIRS ARD90° INIVA-180° RFPET IS L—3 > T 79 2Z—3DRF/INVAN
TIKEBRZARTOT 7 A IVDLE, TNSD/INIVAIEE—7 /8T —& SAR ZilHI L 7aH
SEBEAHRT DDITRETH S, (4C) “LeakBlock” slice-GRAPPA BBREIC & 2 [EIFFINEE R
S A ABDESDREAIFHIZNR. 1ZZED slice-GRAPPA BB ICLENT (SMS-7 DUNEICH T
%) 6 BEHDRZ A ANDESDEADNKIBITED LT, (4D) FOVI2 7 b &S SMS-3
D blipped-CAIPIRINHA EPl 7—42®D “7 177 )L} —F)V" slice-GRAPPA IC K 2738, X514 AH
IRz k BRET—2DBHITEFTHITIC2 DDA—XIVERIRICAVWADT. R4 X
T—2ED—RA MDOEA%Z (KFRHNED—R MEEDRIIC) BRICHBETE S,

MAGNETOM Flash | (63) 3/

2015 | www.siemens.com/magnetom-world 15



Technology Simultaneous Multi-Slice Diffusion

[26] ICK U EEEOEWVBERHTT
ABESICHBLIEBLDTH S, TD
FESERNER S 1 ABDESDE
AZEIHIL. 87725 L—avic
BFZEENEEEERH ST EHT
TNTWVWB,KA4CIEK 32 F v =L
ANy FO14IVZEBWSMS-7D
blipped-CAIPIRINHA INEEICH W T, 12
D slice-GRAPPA B &S R A D
LeakBlock slice-GRAPPA BBH#ERRIC K B
FEEDEAZLEBRLIEEDTH S,
LeakBlock BAERDERICK Y . 6 THE
DAZA ANDEBDRADKIRICTHE
DLTVWBDHELL DD B,

SMS-EPI BIERICB VW TEER S S 1
DO EEHN N2 I—R M7 —F
T7U M ERNMNINGIT B ETH
%, THIE SMS-EPI TIIFICEETH
%, SMS-EPI CIZARSINET Z XS5 1
AT EIERID T—R MEENRKE(C
TBHalREEN S B TeHT (N2 I—X
b DORMERREN A S A AEBICLY R
BB1D) NS UIVA A=V VT
B GFWVIRELRZ A4 ADER) #ilc
ATZA ARV RLEET—2tY D
S5N2d—R FEENWITERYERL
TEIETERL, AT ADFTURL
fe k BT — 2 DBEITEFHITIC
A L2 DGRAPPAL — R IV E B WS
"FTaT7ILA—F)L" D slice-GRAPPA
& COMEZRRTED T EHRE
NnTW3 [15], TOAEERENK
Jd—XMHEEICEKZ>T. AZAR
T—RED—X DS % BB B
TBHIENTES,

4D [E. FOVI2 & 7 h &£ 5 SMS-3
D blipped-CAIPIRINHA SMS-EPI [Z &5
BNR2d—RANT7—FT770 DL
N)WwE D) T IVHA—FRIVD slice-
GRAPPA IC K 2B E i) 7217V
11— IV D slice-GRAPPA |Z & B B 18
& THE LD TH %, SMS I
DERIMNMASZARODI—RNT7—F
779 DN HFRIZAAD FOV DH
DEBICHIE LTS (FOVI2 A1 R
o7 bDfedd), Db T Ib
H— %)V D slice-GRAPPA Tl T — X
N7—FT7 70 N EIEREICERT S

ERTERW, M4 Tld. RIS A
ADHILEBCKEEBER T —F 7 7
7 MHRHENDE, T2 T IVA—XIV
D slice-GRAPPA Cl&. TD7—F T 7
I EBERENTWDS, T2 7 IVA—
2 IV3EF SENSEIGRAPPA BB 48 AR LT i
BAENTIFERERSTHY 27 70
HERARB AT O— RS0 - )\
FUOIHEST—FTI70 b ETRRY
BHEELTHAVLLSNTVS [28], &
5[T, SENSE IZ& % SMS T— 2 DEE
BTl&, J—ANT7—F 777 bDR
A RAEBOREREN/NT LILA
A=V TBIERICO E HFHAEN
W5 [29],

HLBGHR A 4 — TV T DIGH

RF/NIVR L ERBEREZIEEICT
4 >4 1. blipped-CAIPIRINHA %
BWTHEEBEZED DWI A SMS-EPI 77—
RIENEWINET BT EHTES,
ERRICBWTIFREABRSNTE Y.
DWI DIEE T > JI— R AREIE DI
BREETNBZEHZL, Do, 1
SABIE RN DILBUREL (apparent
diffusion coefficient ; ADC) 75 & D&RE
BEARNGIBUIERICREL S5 515%
L L D L blipped-CAIPIRINHA SMS-
EPIZ ALNIE SNRIET & 77— F
779 b EEFETESLANVITHE L
EOS. BEEOINEGEAT — 4 % 3
ERTINET BT ENTES, Thic
LY BARMICHYGRBANTEYZ
 DHFOIERRA T —2H1E5NS
L DICZY, BAMEEER (Fractional
Anisotropy ; FA). ¥5ERSE (Diffusion
Kurtosis) . fR#ZERHEIBER (fiber track-
ing) ZED, KYERMGIEBET IV -
BELEEBNTEDLDICHE o1
51& BT > VIV A—2 > (Dif-
fusion Tensor Imaging ; DTI). Q-ball,
AR Y ML A—=T > 5 (Diffu-
sion Spectrum Imaging ; DSI) K 21X
NG EBRERICE T 5.3ER
blipped-CAIPIRINHA INE DR AT Y
HLEDTHB, TORTIE. T 5Dk

16 MAGNETOM Flash | (63) 3/2015 | www.siemens.com/magnetom-world

BETIVDSBIAHZ—FA BBEDH
B9 # (Orientation Distribution Func-
tion ; ODF). FHEIRHEEIDIER% | 12
£ D SMS-1 X & & SMS-3 D blipped-
CAIPIRINHA IR EE & DR T L TWL
%, 2fFITH T, 3 133K blipped-CAIP-
RINHA INE CEBEBEL R TN TV
%o

DWI DGR T % BEOME I AN D&
HTEEE>THEY. TNSDBEEH TIE
HREBICHTIREN BV BT
BAL TWL %, BIRDRLEHRERAN DI
& [EIBKIC. blipped-CAIPIRINHA SMS-EPI
IEEBBICHEVTHBRERBERD—
BEBESAREMND 5, AR TIERE
HEAFOV AT O— R B3HRELRD
V. BIROEHZERT HTHICERD
ToEI L=y 3y (—RIC2ER H
BWoN%, AZARAARERAS A RE
RADT7 7S L— 3 VIdHABATES
MEAZRAWVSEEEDT/EZ L —
2avITIR—QODT eI L—
23V IFIR—DE) BDRELHEY,
g7 7032 — /A XDBREHKEL G
%o REHBITSNRHMEWLDWI 7 T 1
T—2avTlE /A XDBIEBETES
RIS LIeAD KW, ZDes, 1FE
ZRD blipped-CAIPIRINHA SMS-EPI (< &,
—RRIC SMS-2 & 2 fEROEAT 75
L—YarailsahesAE0EL
5Nn5,

6&. FED2EROEAT VL7
L —< 3 7|Z SMS-2 D blipped-CAIPIR-
INHA D EH Y - 5 L TUNE LF=RF
. £28. AL E DDWIE & T b 3,
blipped-CAIPIRINHA St TIE. IZIFE
ZDEBRERGEHNSREE-EN 25D
1ICEETNTWS, TNUIEX T A R
DNDZWVELE DWI ITBEWTHKICERTH
%, BEANGZADCAIEAZEENET S
BEDOIMAF ¥ IClE 20 DRk %
BYBHTEHZVH ZDEIICRVA
Frv UREEERT ST EIEE2E DWI
DERRSBICKELGFEREEZ 5T &
IZiZEBE5 5,

3x Faster brain dMRI

Q-ball: 12 min » 4 min

DTI: 10 min -+ 3 min

3x Aquisition

MB-1 DSI (45 min)

Applications outside of the brain

Liver diffusion

b =400

b =800

ADC

o
1

Whole-body diffusion

Breast diffusion

Simultaneous Multi-Slice Diffusion Technology

'_’l“b]. |

I %
B-3 DSI (15 min)

I BBV =T

%" (DTI). Q-ball, #EELAN
9 M A= 5 (DSI)
(CH T BIZEED SMS-1 X
£ & blipped-CAIPIRINHA
SMS-3 INEE D L&, 3T T
I—AVRDI2F ¥V
ANy FOA )L ERE
. 715 —FA. BBA% 7R
%4 (ODF) | {HEARHEIBERD
BRENZIFRAFD LAV
THBDHDD B,

# L OMEEEBA D DWI S
Bl KT FOV DR
EB DWI [ SMS-2blipped-
CAIPIRINHA & in-plane
GRAPPA 2 Z . TERD
in-plane GRAPPA 2 % F3 LM
e DWI & IZERFDEE
HRBE5N B, KERE FOV
DR EE DWI TIEFFIT,
EHEBERT BT8IT in-
plane GRAPPA [C K577 7
I L— 3 rvhRAR
12 H\, blipped CAIPIRINHA
SMS (T NEZNEBITHE
HEDEDTENTES,
blipped-CAIPIRINHA SMS-
EPl Z B NUIE. BREEL 2L
B 280DWIHIcH 0T
BB % FFHER LED S
AF v VEEZ 275D 1
ICEEHE CE S,

MAGNETOM Flash | (63) 3/2015 | www.siemens.com/magnetom-world 17



18

Larkman DJ, Hajnal J V, Herlihy AH, Coutts
GA, Young IR, Ehnholm G. Use of multicoil
arrays for separation of signal from
multiple slices simultaneously excited. J
Magn Reson imaging. 2001;13:313-7.
Pruessmann KP, Weiger M, Scheidegger
MB, Boesiger P. SENSE: sensitivity
encoding for fast MRI. Magn Reson Med
[Internet]. 1999 Nov;42(5):952-62.
Available from: 10.1002/
(SICI)1522-2594(199911)42:5<952::AID-
MRM16>3.0.CO;2-S.

Griswold MA, Jakob PM, Heidemann RM,
Nittka M, Jellus V, Wang J, et al. Gener-
alized autocalibrating partially parallel
acquisitions (GRAPPA). Magn Reson Med
[Internet]. 2002 Jun [cited 2014 Jan
21];47(6):1202-10. Available from: http://
www.ncbi.nlm.nih.gov/
pubmed/12111967.

Sodickson DK, Manning WJ. Simultaneous
acquisition of spatial harmonics (SMASH):
fast imaging with radiofrequency coil
arrays. Magn Reson Med [Internet]. 1997
Oct;38(4):591-603. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/9324327.
Paley MNJ, Lee KJ, Wild JM, Griffiths PD,
Whitby EH. Simultaneous parallel inclined
readout image technique. Magn Reson
Imaging [Internet]. 2006 Jun [cited 2014
Sep 9];24(5):557-62. Available from:
http://lwww.ncbi.nlm.nih.gov/
pubmed/16735176.

Weaver JB. Simultaneous Multislice Acqui-
sition of MR Images. 1988;284:275-84.
Feinberg D a., Reese TG, Wedeen VJ.
Simultaneous echo refocusing in EPI.
Magn Reson Med. 2002;48(1):1-5.

Reese TG, Benner T, Wang R, Feinberg D
a., Van Wedeen J. Halving imaging time of
whole brain diffusion spectrum imaging
and diffusion tractography using simulta-
neous image refocusing in EPI. J Magn
Reson Imaging. 2009;29(3):517-22.
Nunes RG, Hajnal J V, Golay X, Larkman DJ.
Simultaneous slice excitation and recon-
struction for single shot EPI . Proc Intl Soc
Mag Reson Med. 2006. p. 293.

Moeller S, Yacoub E, Olman C a, Auerbach
EJ, Strupp J, Harel N, et al. Multiband
multislice GE-EPI at 7 tesla, with 16-fold
acceleration using partial parallel imaging
with application to high spatial and
temporal whole-brain fMRI. Magn Reson
Med [Internet]. 2010 May [cited 2014 Jan
21];63(5):1144-53. Available from: http://
www.pubmedcentral.nih.gov/articler-
ender.fcgi?artid=2906244&tool=pmcentre
z&rendertype=abstract.

Contact

Breuer FA, Blaimer M, Heidemann RM,
Mueller MF, Griswold MA, Jakob PM.
Controlled aliasing in parallel imaging
results in higher acceleration (CAIPIRINHA)
for multi-slice imaging. Magn Reson Med.
2005;53:684-91.

Setsompop K, Gagoski BA, Polimeni JR,
Witzel T, Wedeen VJ, Wald LL. Blipped-
controlled aliasing in parallel imaging for
simultaneous multislice echo planar
imaging with reduced g-factor penalty.
Magn Reson Med [Internet]. 2012 May
[cited 2014 Jan 21];67(5):1210-24.
Available from: http://lwww.pubmed-
central.nih.gov/articlerender.fcgi?artid=33
23676&tool=pmcentrez&rendertype=abs
tract.

Polimeni JR, Wiggins GC, Wald LL. Character-
ization of artifacts and noise enhancement
introduced by GRAPPA reconstructions. Proc
Intl Soc Mag Reson Med. 2008. p. 1286.
Conolly SM, Nishimura DG, Macovski A,
Glover GH. Variable-rate selective excitation.
J Magn Reson [Internet]. 1988 Jul [cited
2012 Jul 4];78(3):440-58. Available from:
http://linkinghub.elsevier.com/retrieve/
pii/l002223648890131X.

Setsompop K, Cohen-Adad J, Gagoski BA,
Raij T, Yendiki A, Keil B, et al. Improving
diffusion MRI using simultaneous multi-slice
echo planar imaging. Neuroimage
[Internet]. Elsevier Inc.; 2012 Oct 15 [cited
2014 Jan 30];63(1):569-80. Available from:
http:/lwww.pubmedcentral.nih.gov/articler-
ender.fcgi?artid=3429710&tool=pmcentrez
&rendertype=abstract.

Wong E. Optimized phase schedules for
minimizing peak RF power in simultaneous
multi-slice RF excitation pulses. Proc Intl Soc
Mag Reson Med [Internet]. 2012 [cited
2014 Jan 21]. p. 2209. Available from:
http://scholar.google.com/scholar?hl=en&bt
nG=Search&g=intitle:Optimized+phase+s-
chedules+for+minimizing+peak+RF+power+
in+simultaneous+multi-
slice+RF+excitation+pulses#0.

Auerbach EJ, Xu J, Yacoub E, Moeller S,
Ugurbil K. Multiband accelerated spin-echo
echo planar imaging with reduced peak RF
power using time-shifted RF pulses. Magn
Reson Med. 2013 May;69(5):1261-7.

Zhu K, Kerr AB, Pauly JM. Nonlinear-Phase
Multiband 90°-180° RF Pair With Reduced
Peak Power. Proc Intl Soc Mag Reson Med.
2014. p. 1440.

Sharma A, Bammer R, Stenger VA, Grissom
W a. Low peak power multiband spokes
pulses for B 1 + inhomogeneity-compen-
sated simultaneous multislice excitation in
high field MRI. Magn Reson Med [Internet].

Kawin Setsompop

Massachusetts General Hospital
Martinos Center for Biomedical Imaging
Building 75, Room 2.102, 13th Street
Charlestown, MA, 02129, USA

Phone: +1 617-669-6640
kawin@nmr.mgh.harvard.edu

2015;doi: 10.1002/mrm.25455. Available
from: http://doi.wiley.com/10.1002/
mrm.25455.

Norris DG, Koopmans PJ, Boyacioglu R, Barth
M. Power Independent of Number of Slices
(PINS) radiofrequency pulses for low-power
simultaneous multislice excitation. Magn
Reson Med [Internet]. 2011 Nov [cited 2014
Jan 10];66(5):1234-40. Available from:
http://www.ncbi.nIm.nih.gov/
pubmed/22009706.

Eichner C, Wald LL, Setsompop K. A low
power radiofrequency pulse for simultaneous
multislice excitation and refocusing. Magn
Reson Med [Internet]. 2014 Oct [cited 2014
Sep 25];72:949-58. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/25103999.
Blaimer M, Breuer F a, Seiberlich N, Mueller
MF, Heidemann RM, Jellus V, et al. Accel-
erated volumetric MRI with a SENSE/GRAPPA
combination. J Magn Reson imaging
[Internet]. 2006 Aug [cited 2014 Oct
13];24(2):444-50. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/16786571.
Stab D, Ritter CO, Breuer F a, Weng AM, Hahn
D, Kostler H. CAIPIRINHA accelerated SSFP
imaging. Magn Reson Med. 2011;65:157-64.
Blaimer M, Choli M, Jakob PM, Griswold M a,
Breuer F a. Multiband phase-constrained
parallel MRI. Magn Reson Med [Internet].
2013 Apr [cited 2014 Jul 21];69(4):974-80.
Available from: http:/lwww.pubmedcentral.
nih.gov/articlerender.fcgi?artid=3606646&too
|I=pmcentrez&rendertype=abstract.

Moeller S, Vu AT, Auerbach E, Ugurbil K,
Yacoub E. RO extended FOV SENSE/GRAPPA
for multiband imaging with FOV shift. Proc
Intl Soc Mag Reson Med. 2014. p. 4396.
Cauley SF, Polimeni JR, Bhat H, Wald LL,
Setsompop K. Interslice leakage artifact
reduction technique for simultaneous
multislice acquisitions. Magn Reson Med
[Internet]. 2014 [cited 2014 Jan 28];72:93—
102. Available from: http://www.ncbi.nIm.nih.
gov/pubmed/23963964.

Koopmans PJ, Poser BA, Breuer FA. 2D-SENSE-
GRAPPA For Fast, Ghosting-Robust Recon-
struction of In-Plane and Slice Accelerated
Blipped-CAIPI-EPI. Proc Intl Soc Mag Reson
Med. 2015. p. 2410.

Moeller S, Auerbach EJ, Vu AT, Lenglet C,
Sotiropoulos SN, Ugurbil K, et al. EPI 2D ghost
correction and integration with multiband :
application to diffusion imaging at 7T. Proc
Intl Soc Mag Reson Med. 2015. p. 248.

Zhu K, Dougherty RF, Takahashi A, Pauly J,
Kerr AB. Nyquist Ghosting Correction For
Simultaneous Multislice Echo Planar Imaging.
2014. p. 647.



