Free-breathing myocardial T1
mapping with physically-
constrained motion correction

Eyal Hanania






Free-breathing myocardial T1
mapping with physically-
constrained motion correction

Research Thesis

am#KBii2/ BM T 'iB H7mH}HHK2Mi Q7 i?2 2[mB 2K2M
7Qi?21/2;°22 Q7 J bi2 Q7 a+B2M+2 BM 1H2+i'B+ H 1M;B

Eyal Hanania

am#KBii2/iQi?2 a2M i2
Q7 i?2 h2+?MBQM Ab" 2H AMbiBimi2 Q7 h2+?MQHQ ;v
1HmH 8d38 > Ba2Ti2K#2 kyk8






h?Bb "2b2 “+?2 r b + B2/ Qmi mM/2  i?2 bmT2 pBbBQM Q7 S Q7X
JQiB 6°2BK M-BM i?2 6 +mHiv Q7 1H2+i'B+ H M/ *QKTmi2 1M:BM

h?2 mi?Q Q7i?Bbi?2bBbbi i2bi? ii?2 2b2 "+?-BM+HmM/BM; i?
M/ T 2b2Mi iBQM Q7 /i - //"2bbBM; M/ +QKT BM; iQ T 2pBQmlt
/QM2 2MiB 2Hv BM M ?2QM2bir v- b 2tT2+i2/ 7°QK b+B2MiB}+ "2b
++Q /BM; iQ i?2 2i?B+ Hbi M/ /b Q7 i?2 + /2KB+ rQ H/X HbQ- "
M/ Bib "2bmHib BM i?Bb i?2bBbr b /QM2 BM M ?2QM2bi M/ +QKTH
i?72 b K2 bi M/ “/bX

aQK2 2bmHib BMi?Bbi?2bBb ? p2#22M Tm#HBb?2/ b "iB+H2b:
+QHH #Q iQ b BM +QM72 2M+2b M/ DQm M Hb /m BM; i?2 +Qm’
T2'BQ/-Q° "2+m "2MiHv mM/2®  +QMbB/2" iBQMf#2BM; T 2T "2/ 7
MT@IQ@/ i2 p2 " bBQMb Q7 r?B+? #2BM;,

1vH>M MB - GBH +? " "F i- Ab° 2H *Q?2M- > BK x? 'B- M/ JQiB 6 2BK MX .
# b2/ :°QmT@rBb2 KQiBQM +Q "2+iBQM 7Q" KBQ@+XBAHJNR KallTBM:;X AM
MMm H J22iBM; 1t?B#BiBQM- ARGAYRMNIQ- * M /

1VH>MMB - AHV 0QHQpPBF- GBH +? " “F i- Ab" 2H *Q?2M- |M/ JQiB 6 2BK
6°22@#°2 i?BM; KvQ+ /B HhR K TTBM; rBi? T?vbB+ HHv@+QMbi' BM2/ KQi
S'Q+X kykj AMiX *QM7X J2/B+ H AK :2 *QKTmiBM; M/ *QKTml|i2 @ B/2/ AMi2
* A kykjV- G2+im°2 LQi2b BM *QKTpiRin K2BRMk2- T :2b kke Kj8X aT BM:2" -
kykjX r “/2/i38** A kykjah _ r '/ X

1vH>M MB - AHv 0QHQpPBF- Ab> 2H *Q?2M- M/ JQiB 6 2BK MX S?2vbB+ HH
+QMbi’ BM2/ b2H7@bmT2 pBb2/ KQiBQM +Q "2+iBQM 7Q" 7°22@# 2 i?BM;
S'Q+X AalJ_J alJ_h MMm H J22iBM; 1t?B#Bky@MX aBM2TID/ ZQ  Q  H

T 2b2Mi iBQM M/ r N2J i2Xkyk9 amKK *mK G m/2 J2 Bi rX/

lvH>M MB - /IBw2? pB@G2Mx- AHv oQHQpBF-. T?M GBMH@aQm ™ MB- Al

6°2BK MX J#bb@iR, JQ/2H@# b2/ bm#D2+i@bT2+B}+ b2H7@bmT2 pBb2/ KQi
+ /B +iRK TURMBX H AK ;2 M RiybBRyjIN8- kyk8X

Acknowledgements

A KI/22THvV; i27mHiQ KvbmT2 pBbQ b-S Q7X Ab" 2H *Q?2M M/
i?2B° mMr p2°'BM; bmTTQ i-T iB2M+2- M/ T ' Q72bbBQM H :mB/ M+
DQm M2vX Ai ? b #22M i'm2 T'BpBH2:;2 iQ H2 "M 7°QK vQm- M
QTTQ imMBiviQ :"Qr mM/2  vQm  K2MiQ b?BTX A rQmH/ HbQ HBF
i? MFbiQ KvrB72-.; MBi- M/iQ Qm  +?BH/ 2M- pBp-P72F M/ LQ;:
2M+Qm’ ;2K2Mi M/ mM/2 bi M/BM:X uQm  bmTTQ i? bK /2i?Bbr

h?2 h2+?MBQMd&6b M/ i?2 "a66b 7mM/BM; Q7 i?Bb "2b2 "+? Bb ?2°2






Contents

GBbi Q7 6B;m 2b

#bi® +i R

## 2pB iIBQMb M/ LQi iBQMb i

R AMi"Q/m+iBQM 8

j

RXR " +F; QmMMK X X X X X X X X X X X X X X X X X X X X X >
RXRXR S?vbBQHQ;B+ H7QmM/ iBQMb Q7 +X/B % iB&bm2 +
RXRXK Zm MiBi iBp2 + /B + JXAX X[MBHBIBQX K X X X X X

RXK *? HH2M:2b BMI*TTBMX X X X X X X X X X X X X X X X X |

RXj S'2pBQmb qQ Fb QM JQiBOMXQKX2MK MM X X X X X X
RXjXR AK ;2 2:Bbi° iBQM 7Q" KIBXQM XOQX Z2BQM X X X )

RX9 :Q H M/>VTRIZ2EBHX X X X X X X X X X X X X X X X X X

RX8 aB;MBPMMX2X X X X X X X X X X X X X X X X X X X X X >

S'2HBKBM “B2b Rj

kKXR J :M2iB+ 2bQM M+2 AK :BM;, SXvXB& X 6Q X NK/ XBQM X X

kXk Zm MiBi iBp2 AK ;BM;, 6°QK Zm HBi iBp®2 QMiX Ki XQ RTTEB

kXj SBM+BTH2DLTQJI TTHBEK+X X X X X X X X X X X X X X X X X

kX9 AK ;2 2:BbX XBXQM X X X X X X X X X X X X X X X X X X
KX9XR h> Mb7Q K iBRM MOK2KbX X X X X X X X X X X X X
kKX9Xk J i?2K iB+ H6Q KmH iBQX RO X )2 ;B XiBKQM X X X X
kKX9Xj *H bbB+ H Ai2  iBp2 _2;BbiX MBRNK KR MBiRKbX X X
KX9X9 .22T G2 "MBM:@" b2X X B XiBOMX X X X X X X X
kX9X8 GBKBi iBQMb Q7 1tBbiBM; X I XiBEQMX 2 2Q M X |

S?vbB+ HHV@*QMbi> BM2/ JQiBQM *Q "2+iBQM 7Q" 6°22@" 2

Q+ “/BTHJ TTBM: k8

iXR AMi"Q/BHBOM X X X X X X X X X X X X X X X X X X X X

Xk >VTQi?XDEBOX X X X X X X X X X X X X X X X X X X X X X

iXj J2i2QX X X XX XXX XXXXXXXXXXXXXXXXX X
iX]XR JQ/2H “+2BiX+XmX2X X X X X X X X X X X X X X X X



8

iXjXk GQbb 6mMKMABQKK X X X X X X X X X X X X X X X X X X X
jX9 1tT2 BRR2MIK X X X X X X X X X X X X X X X X X X X X X X X X
FXOXR X X X X XXX XXXXXXXXXXXXXXXXXXXX
jX9XKk 1p Hm iBOQM JXiZQXQHG: X X X X X X X X X X X X X X X X
iX9Xj _2bmMHEBX X X X X X X X X X X X X X X X X X X X X X X X
jX8 *QM+HMDBBEMbB X X X X X X X X X X X X X X X X X X X X X X X

JQ/2H@" b2/ am#D2+i@aT2+B}+ a2H7@amT2 pBb2/ JQIiBQM *Q "2+l
* /B 1 J TTBM; iR

IXR AMITQ/MXiEQMX X X X X X X X X X X X X X X X X X X X X X X

9Xk >vTQi?2bBEK X X X X X X X X X X X X X X X X X X X X X X X X

9Xj] J2iI7QAUMKXK X X X X X X X X X X X X X X X X X X X X X X X X X X

IXjXR JQ/2H "+2BRHM X X X X X X X X X X X X X X X X X X X

9XjXk GQbb EMMXIiBOME X X X X X X X X X X X X X X X X X X X

9XjXj AKTH2K2Mi iBQOQMX2X BHH X X X X X X X X X X X X X X X X

9X9 1p Hm iBQM J2KPE/RBEKQAXVYX X X X X X X X X X X X X X X X X X |

I9X9OXR . i H2ADBX X X X X X X X X X X X X X X X X X X X X X X X

9X9Xk 1tT2 BK2MKbX X X X X X X X X X X X X X X X X X X X X )

9X8 _2bXMHMIK X X X X X X X X X X X X X X X X X X X X X X X X X X

9X8XR 1tTX R, JQIBQM*Q '2+iBQMBM6°22@" 2 i?BM;J_AIbBM;

i b2IX X X X X X X X X X X X X X X X X X X X X X X X X X

9X8Xk 1tTX k, JQiBQM *Q '2+iBQM BM 6'22@" 2 i?BM; M/ " 2 i

J _ AIbBM; JPEGAX X X X X X X X X X X X X X X X X X X X X

9X8Xj 1tTX j, *QMbBbi2M+v Q7 + /B + hRJ TTBM: rBi? JQiBQM

"2+iBQM BM h2bif_2h2bi JIPBXAX KBRIX X X X X X X X X 9e

9Xe .Bb+mbBBRM X X X X X X X X X X X X X X X X X X X X X X X X

9Xd *QM+HKBBRNMNM X X X X X X X X X X X X X X X X X X X X X X X

.Bb+mbbBQM M/ *QM+HmMbBQMbD 8j

S2#°2r #bio +i B



List of Figures

RXR a+?2K iB+ bmKK v Q7 MTBp2 KNEX M XH X X X X X X X
RXk _2bTB  iQ'vKQIiBQM 2z2+ib @M+X KB X+ BR BM: X X X X X

KXR 1z2+iQ7 M _6 TmHb2 QM MXiX XMRiBXiBQXMX X X X X X X
kXk " bB+ 2H t iBQM K2+? MBOKDOXBK ¥ A X X X X X X X X X X
KXj *QMi> bi /2T2M/2M+2 QNKHX. XMX KL X X X X X X X X X X X X
kX9 :2M2° HrQ F~QrRK+TTBM: X X X X X X X X X X X X X X X
kX8 JPGGA +[mMBDbLBIiBXQM K+22KX X X X X X X X X X X X X X >
kXe ahPL1b2[m2M+2XbX22K2X X X X X X X X X X X X X X X X
kXd J ;M2iBx iBQM "2+Qp2'v + Qb¥% KHBX2K KMXaXKPL X X X X )
kX3 1t KTH2b Q7 i° Mb7Q K MBAMKQKMbLX X X X X X X X X X |
KXN AMi2MbBiv@# b2K X;BbX XBOQM X X X X X X X X X X X X >
KXRy 62 im 2@# b2/ "2; B XBQMX X X X X X X X X X X X X X
KXRR 0Qt2HJQ T? "2;Bbi’ iBQMX7I XKRMIXFX X X X X X X X X X |

JXR S*J*@hR M2irQ F "X?RBiX+XmX2X X X X X X X X X X X X X >
Xk _2T 2b2N;ji KBpR +QKTmi2/ rBi? i?72 /Bz2 2MX XTX X +RR&b

9XR Pp2'pB2r Q7 i?2J"aa@hR KQX2¥ X ®? BiX+XmX2X X X X X X
9Xk .Bbi'B#miBQM Q7 b2H2+i2/ 272 2M+2 iBK2 TQBMib + Qt
JPGGA- M/ 6"@ahPIXIX X X X X X X X X X X X X X X X X X
9Xj *QKT "BbQM Q7 /27Q K iBQM ;"B/b M/ “2:Bbi2 2/ BK ;2b m
KQIiBQM +Q "2+iBQK K2A2QM X X X X X X X X X X X X X X >
9X9 2T 2b2Mi iBp2 ahPL1 hR K Th +QKTmi2/ rBi? in®B/Bz2 2Mi
9X8 *QKT "BbQM Q7 ahPL1hRK TTBM; rBi? M/ rBi?QmiJ'aa@}
FQ U2+IBQAMX X X X X X X X X X XXX XXXXXXXXXX
9Xe *QKT "BbQM Q7 JPGGA hR K Tb mbBM; P B;:BM BdJvQJ T-
9Xd _2T 2b2Mi iBp2 > Re@b2;K2Mi #mHHb2v2 THQib Q7 JPGG
/Bz2 2Mi KQIiBQM +Q "2+MBRM KR /K X X X X X X X X X X
9X3 > Re@b2:K2Mi A** THQib 7Q° JPGGA hR K TTBM; rBi? M
KQIiBQM +Q X2XiBQMX X X X X X X X X X X X X X X X X X X






Abstract

* /B +hRK TTBM; Bb [m MiBi iBp2J_Ai2+?MB[m2i? i2M #H2b T
Q7 KvQ+ /B HHQM;Bim/BM H "2H t iBQM iBK2b M/ b2 p2b b Fz
+ /B + T i?QHQ;B2b bm+? b }# QbBb- 2/2K - M/ BM}Hi' iBQMX
"2[mB ' 2b KmHiIBTH2 BK ;2b Q7 i?2 b K2 M iQKv +[mB 2/ i/Bz2 2
#2 bT iB HHv HB;M2/X >Qr2p2 - KQiBQM "iB7 +ib@+ mb2/ #v +
TiBQM- M/ BMpQHMMi v T iB2Mi KQp2K2Mi @ Q7i2M /2;" /2 BK
2°°QM2Qmb hR p Hm2b M/ “2/m+2/ /B ;MQbiB+ “2HB #BHBivX q?FE
M/ 1*:@i B;;2°BM; T "iB HHv KBiB; i2 KQiBQM-i?2v "2 MQi Hr vb
T iB+mH "Hv 7Q  pmHM2" #H2 T iB2Mi TQTmH iBQMbX

h?Bb i?2bBb T 2b2Mib irQ MQp2H /22T H2 "MBM;@# b2/ TT Q -
#mbiM2bb Q7 + /B + hR K TTBM; BM i?2 T'2b2M+2 Q7 KQiBQM, S*

h?2 }°bi K2i?Q/- S*J*@hR US?vbB+ HHv@*QMbi® BM2/ JQiBQM
K TTBM;V- BMi2; i2b i?2 T?vbB+ HbB;M H "2H t iBQM KQ/2H /B"
/22T H2 "MBM; "+?Bi2+im 2X h?2 M2irQ"F DQBMiHv 2biBK i2b pQt
r?BH2 +Q "2+iBM; 7Q° KQiBQM i?°"Qm;? H2 "M2/ /27Q K iBQM }2F
HQbb 7mM+iBQM 2Mbm 2b +QMbBbi2M+v #2ir22M Q#b2 p2/ M/ bv
/IBIiBQM H b2;K2Mi iBQM@;mB/2/ HQbb T QKQi2b M iQKB+ H TH
Tm#HB+ ahPL1 /i b2i UKRy T iB2Mib- 7'22@# 2 i?BM;V- S*J*@h}
P2MiBQM H "2;Bbi°” iBQM # b2HBM2b RRM=KQ32\H Mi/B R+ 284pR] i?2 U
?B;?2bi +HBMB+ H[m HBivb+Q 2b 7 QK 2tT2"i > /BQHQ;BbibX

h?2 b2+QM/ K2i?Q/- J"aa@hR UJQ/2H@" b2/ am#D2+i@aT2+B}-
K TTBM;V-#mBH/b mTQM S*J*@hR #v 2KQpBM; i?2/2T2M/2M+v Q
T'2i°" BMBM;X AMbi2 /-J"aa@hR QTiBKBx2b HH KQ/2H T ~ K2i2 b
iBK2BM b2H7@bmT2 pBb2/7 b?BQMX Ai +QK#BM2b i?2 T?vbB+ F
;mB/ M+2 7°QK T'2@i° BM2/ b2;K2Mi iBQM M2irQ'F M/ mb2b +QN
Q7 ?B;?@[m HBiv 7" K2b iQ M+?Q  i?2 KQiBQM +Q "2+iBQMX J"«
#Qi? ahPL1 M/JPGGA/ i b2ibU7'22@# 2 i?BM; M/ # 2 i7@?QH/V
BKT ' Qp2/ T2 7Q 'K M+2 Qp2  S*J*@hR M/KmHIiBTH2bi i2@Q7@i?:
R%2=0:975 QM ahPL1 M/ .B+2 b+Q 2b mT iQ yXNej QM JPGGAX 1tT:
bb2bbK2Mib +QM} K2/ i? i J"aa@hR +QMbBbi2MiHv T°Q/m+2/ i?:
K Tb- 2p2M BM +? HH2M;BM; 7°22@# 2 i?BM; + b2bX

hQ;2i?2 - i?2b2 +QMi ' B#miBQMb /2KQMbi® i2 T BM+BTH2/ T

R



BM; /IQK BM FMQrH2/;2@bm+? b T?vbB+ H KQ/2HBM; M/ M iQKB+ H b
H2 "MBM; TBT2HBM2b 7Q° "Q#mbi + /B + hR K TTBM;X "v 2M #HBM;
+QKT2Mb i2/ K TTBM; + Qbb +[mBbBiBQMT QiQ+QHb M/ T iB2Mi TQTn
Q/bbmTTQ i# Q /2> M/IKQ 2 "2HB #H2 mb2 Q7 [m MiBi iBp2 + /B +J_A
iB+2X



Abbreviations and Notations

.*

Lhb
*J
*LL
.LL
1*:
1*o
66.
L
A_
G:1
GG

TT "2Mi .BzmbBQM *Q2{+B2Mi

I'p M+2/ LQ K HBx iBQM hQQHDb

* /BQp b+mH ~J ;M2iB+ _2bQM M+2
*QMpPpQHmMIBQM HL2m™ HL2irQ F

22T L2m° H L2irQ F

1H2+i"'Q+ /BQ; K

1ti° +2HHmMH ~ oQHmMK?2

6°'22@60Q K .27Q K iBQM

:2M2° iBp2 /p2'b "B HL2irQ F

AMp2'bBQM 2+Qp2'v

G i2: /QHBMBmMK 1M? M+2K2Mi
GQQF@GQ+F2°

Jmim HAM7Q K iBQM

JQ/B}2/ GQQF@GQ+F2  AMp2 ' bBQM _2+Qp2°v
J ;M2iB+ _2bQM M+2 AK ;BM;

J2 Ma[m "2/ 1°°Q"

LQ 'K HBx2/ *"Qbb@*Q " "2H iBQM

S'BM+BT H*QKTQM2Mi M HvbBb

S?vbB+ HHv@*QMbi®" BM2/ THQIiBQR@®*Q  "2+i2/
Zm MiBi iBp2J ;M2iB+ _2bQM M+2 AK ;BM;
_/IBQ7°2[m2M+v

_2;BQM P7 AMi2 2bi

aim iBQM 2+Qp2'vaBM;H2@a?Qi +[mBbBiBQM
aHB+2@AMi2J HZ B R/,

avkKK2i'B+ LQ 'K HBx iBQM

1+?Q hBK2

AMp2 'bBQM hBK2

_2T2iBiBQM hBK2






Chapter 1

Introduction

1.1 Background

1.1.1 Physiological foundations of cardiac tissue characterization
JvQ+ /B HT i?QHQ:B2b?MI;2b

h?2 HQM;Bim/BM H 2H,V iRBQR+iBK22JiBK2 +QMbi Mi rBi? r?B+? T°
#BQHQ;B+ H iBbbm2 "2 HB;M rBi? i?2 bi iB+ K ;M2iB+ }2H/ 7i2"
[mM2M+v TmHb2X Aib p Hm2 Bb bi QM;Hv BM~m2M+2/ #v i?2 KB+ Q
+QKTQbBIBQM Q7 i?2 iBbbm2X hBbbm2b rBi? ?B;?2 7 °22@r i2" +
T MbBQM 2t?B#Bilil- (PBOK ;RMi° +2HHmMH ~HBTB/ Q T ~ K ;M2iB+
H2 /b iQ b?I@ p2HmM2bX Zm M{BK BIpRM; i?72°27Q°2 T ' QpB/2b b2M
MQM@BMp bBp2 iQQH iQ +? ~ +i2 ' Bx2 KVRk-[J/BXH iBbbm2 T QT2

6B;m 2 RXR, a+?2K iB+ bmKK v Q7TM+PBRI22vG+QbHB T 2b2Mi iB
Ti?QHQ;B2b™ BhBgRHmMbi™ i2/ 7Q°  MQ K H KvQ+ "/BmK- KvQ+ “/Bi
B'QM Qp2 HQ /-6 # v /Bb2 b2- M/ /Bzmb2 X QbBbX [/ Ti2/ 7 QK (

6B, mMRXBRHHmMbi" i2b+? ~ +i2 BbiB+ Hi2+ i@KbM b B RM+WM mBpQ 7 Kv @
Q+ /B H/Bb2 b2bX AM~ KK iQ'v M/ BM}Hi iBp2 T'Q+2bb2b bm+
}#°QbBb- M/ KVHQB/MQbBD-RQBRM2ti° +2HHmMH " 2tT MbBQM Q" T
bBIiBQMX *QMp2 b2Hv- biQ" ;2 /BbQ ' /2'b bm+? b M/2°'bQM 6 # v
bbQ+B i2/ rBi? T ° K ;M2iB+ /2TQbBiBQM bm+? b KvQHX/B H B C
h?2b2 /Bb2 b2@bT2+B}+ Hi2" iIBXMBTBWM#HRbB2 pR b #BQK "F2°
KvQ+ /B HiBbbm2 ?2 Hi?X

h #HRXBMKK "Bx2b i?2bZ,ivliiRRf HBQMb M/ i?2B° K2+? MBbiB+
S i?QHQ;B2b bbQ+B i2/ rBi? 2ti° +2HHmMH ~ pQHMK2 2tT MbBQM-
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h #H2 RXR, hvTB+ H Hi2 iBQMb BM M QBp2KK D@+ T/B?BHQ:B2b M/
i72B° mMM/2 HVBM; K2+? MBbK®X / Ti2/ 7 QK (

*QM/BiBQM L iBp2 IM/2°"HvBM; K2+? MBbK
Ty

+mi2 KvQ+ /B H BMDm'v fAM+°2 b2/ 7°22@r i2° +QMi2Mi
2/2K

‘Bzmb2 }# QbBbD " *QHH ;2M /2TQDbBIBQM M/ 2ti° +2HHmMH " K
i"Bt 2tT MbBQM
* /B + KVHQB/QbBB AMi2 biBiB H KVHQB/ }# BH ++mKmH iBQ

*2°QMB+ BM7 +iBQM f b+ ~ *QHH ;2MQmb b+ iBbbm2 M/ 2ti° +2HHmM}
2tT MbBQM

M/2bQM@6 # v /Bb2 b2 AMi° KVQ+2HHmMH ~ bT?BM;QHBTB/ ++mK
iBQM

JvOQ+ /BHB QM Qp2 HQ/ S K ;M2iB+ B QM /2TQDbBIiBQM

KvHQB/QbBb- Q" BM7 "+iBQMT+QNMBBRIBMiHw 2HEmMMH2 bT?BM;QHBTB/
+mKmH iBQM Q° B'QM /2TQbBiBQM HQr2" BiX h?Bb +QMi° bi mM/2 TB
+ /BTt K TTBM; BM i?2 /B ;MQbBb M/ KQMBIQ BM; Q7 /Bzmb2 KvQ+ "/
h?mb- MTBPp2QpB/2b i?72 T?vbBQHQ;B+ H7QmM/ iBQM 7Q" [m MiBi iBpz
+? ° +i2'Bx iBQMX

*HBMB+ H QH2TIBM;

Zm MiBi iBp2 ¥ KBT¥BM; Bb BM+ 2 bBM;Hv "2+Q;MBx2/ b +2Mi° H +QK
+ "/BQp b+mH K ;M2iB+ "2bQM M+2 U*J V- T°'QpB/BM; MQM@BMp bBp
Q+ /B HiBbbm2 +@KTXQbBHBQR(F#vp M@/2 @:22bi 2i HX /2KQMbi i2/
72 bB#BHBiv Q7 TMKiBmiRBK2Mib BM i?72 KvQ+ '/BmK-H vBM; i?2 7QmM
7Q° +HBMB+ H BDHB+ iBQMb (

LiBpi2 K TTBM;- T2 '7Q K2/ rBi?Qmi +QMi" bi ;2Mib- 2M #H2b /2i2+iE
Q+ /B H2/2K -/Bzmb2}# QbBb- M/BM}Hi® iBp2/BbQ /2°'b-r?BH2 pQB
Q7H i2; IQHBMBmMK 2M? M+2K2Mi UG:1V-r?B+? Bb H2®K b2MbBiBp2 iQ
SQbi@+QNiK HiTBM; 7m i?2° HHQrb + H+mH iBQM Q7 2ti° +2HHmMH * p¢
"2~2+iBM; BMi2 'biBiB H2tT MbBQM M/ +Q "2H iBM; yBBX?BbiQHQ;B+ F

*HBMB¥  HKHVTBM; b2 p2b i?7°22 K DQ™ Tm TQb2b, URV bmTTQ iBM; /
/IBzmb2 KvQ+ /B H /Bb2 b2- UkV 2M #HBM; HQM;Bim/BM H 7TQHHQr@ m
BM;- M/ UjV T°QpB/BM; T'Q;MQbiB+ p HMZ-GbBMe2p HVQDbK 'R M iBp2
bbQ+B i2/ rBi? /p2'b2 Qmi+QK2b +°Qbb * M92XQ7 + '/BQKVQT i?B2b (

1.1.2 Quantitative cardiac MRI acquisitions

Zm MiBi iBp2 ¥ KBT¥BM; "2[mB 2b +[mB'BM; KmHiBTH2 BK ;2b +'Qbb
iBQM 2+Qp2'v+m ' p2X h?2KQbirB/2HVBKTH2K2Mi2/ T QiQ+QHb 2 # :
bm+? b i?2 JQ/B}2/ GQQF@GQ+F2  AMp2 'bBQM _2+Q@PXv UJPGGAV M



h?2b2 b2[m2M+2b "2 +HBMB+ HHv "Q#mbi M/ rB/2Hv /QTi2/ #2+
rBb2 }iiBWM;, @AmM2b rBi?BM bBM;H2 # 2 i7@?QH/X >Qr2p2 -i?2v |/
T iB2Mi +QQT2 iBQM- r?B+? K v MQi #2 72 bB#H2 7Q" +?BH/ 2N
T iB2Mib rBi? 2?2 i 7 BHm 2 Q" "~ "?vi?KB bX

hQ +?B2p2 r?QHX@TPRBM; mM/2  7°22@# 2 i?BM; +QM/BiBQMb-i
T; UahPL1V b2[m2M+2 r b BIM QBRI B#miBM; b KTHBM; + Qbb |
bHB+2b- ahPL1 T QpB/2b +QKT 2?2MbBp2 KvQ+ /B H+Qp2  ;2X h
mb27mH BM T iB2Mib mM #H2 iQ iQH2  i2 '2T2 i2/ Q" +QMbBbi2Mi
7°22@#°2 i?BM; T'QiQ+QHb "2K BM?B;?Hvb2MbBiBp2iQ "2bTB" i
BM; iQ BMi2 @7 K2 KBb HB;MK2Mi M/ /23) X2/ }iiBM; ++m" > +v (

AMbmKK “v-+m  2IMK+TTBM; +[mBbBiBQMb 7 HHBMiQirQ + i2;¢
2QH/ T QiQ+QHbUJPGGA M/ 2H i2/p "B MibV M/ 7°22@# 2 i?BM:
"T2 i?7@7?2QH/ K2i?Q/b "2r2HH 2bi #HBb?2/ BM +HBMB+ H T  +iB+2
M/ T iB2Mi +QKTHB M+2X 6°22@# 2 i?BM; K2i?Q/b 2tT M/ TTHB+
M22/7Q  2z2+iBp2 KQiBQM +Q "2+iBQM iQ 2Mbm 2 "2HB #H2 T "

1.2 Challenges in Cardiac T; Mapping

.2bTBi2 i?2 +HBMB+ H pTHK T DEFM- - bR p2  H i2+?MB+ H +? HH2M ;.
"Q#mbiM2bb M/ 2T Q/m+B#BHBivX h?2b2 Bbbm2b "2 T “iB+mH |
+[MBbBiBQMb-r?2°2 T iB2Mi +QQT2  iBQM- KQiBQM- M/ b2[m2M
BK ;2 [m HBiv M/ T > K2i2RX+m" +v (

Respiratory motion

PM2 Q7 i?2 K BM Q#bi +H2b Bb "2bTB" iQ'v KQiBQMX b i?2 /B -
BMbTB™ iBQM M/ 2tTB" iBQM-i?2 ?2 "imM/2 ;Q2b bm#bi MiB H /I
BK ;BM; TH M2X h?BbH2 /biQBMi2 @7 K2KBb HB;MK2MiBM i?2
Qb im iBQM@ 2+Qp2°v BK ;2b "2[n8BN X/ & B; RiXBHpL2M}biB M2 ?Qr
/B T? ;K b?B7ib/m BM; i?2 # 2 i?BM; +v+H2 + M /BbTH +2 i?2 +
T M2H U V b?Qrb b+?2K iB+ Q7 /B T? ;K@BM/m+2/i° MbH iBQM
M/' T M2H U#V b?Qrb "2 H@iBK2 J_BK ;2br?2°2i?2 ?2 i pBbB#H
bHB+2X gBi?Qmi+Q "2+iBQM-i?2b2b?B7ib/BbiQ ibB;M HBMi2Mt
p Hm2bX "2vQM/ bBKTH2 KBb HB;MK2Mi- //BiBQM H +? HH2M;2b
+'Qbb BMp2'bBQM iBK2b-BM+HmM/BM; T "iB HpQHmMK2 2z2+ib M/
+ ' QbbBM; Q7i?2 "2+Qp2'v+m p2X h?2b22z2+ib +QKTHB+ i2 "2;Bb
T?vbB+ H/27Q K iBQMb B7 MQi FNX 27 HBH2/#2d0b2@(?QH/ +[mBbE
KBiB; i2 KQiBQM ‘iB7 +ib-i?2v "2 MQi Hr vb 72 bB#H2 BM "QmiB
T iB2Mib rBi? HBKBi2/ +QKTHB M+2X h?mb-7'22@# 2 i?BM; BK ;E
+Q "2+iBQM #2+QKaX2bb2MiB H (

d



UV a+?2K iB+ 2T 2b2Mi iBQM U#V 2 H@iBK2 J_BK ;2b

6B;m 2 RXk, 2bTB  iQ ' VKQIBQM /m 'BM;7°22@# 2 i?BM; *J_XU Va+?2
/B T? ;K /BbTH +2K2Mii> MbH i2bi?2 2?2 i "2H iBp2 iQ i?2 }t2/ BK ;BM
2 H@iBK2J_BK ;2bQ7i?2/B T? ;K M/?2 i + Qbb "2bTB  iQ v +v+}
BM; BMi2 @7 K2 KBb HB;MK2MiX "Qi? /2KQMbi  i2 2Qr "2bTB" iQ v KQ
"2H t iBQM +m p2 }iiBMIy BIMTBKFNB +vX / Ti2RJXQK (

Cardiac motion and arrhythmia

MQi?2  +? HH2M;2 'Bb2b 7 QK + T/BK ¥ KBVMB QM BDR2BFIX1*: ; iBM;-

#mi ?2 i " i2 p "B #BHBiv Q" ""?vi?KB b+ M+ mb2 B "2;mH " b KTHBM
iBx iBQM "2+Qp2 v +m p2X a2[m2M+2b bm+? b JPGGA M/ a a> "2 b2V
p "B iBQMb- "2bmHiBM; BM BM +¥mp mMQRbBVM+BWmBbi2HWi BM T iB2Mib
rBi? "~ "?vi?KBRRKX h?Bb HBKBi iBQM Bb 2bT2+B HHv + BiB+ HBM TQTm
K TTBM; +QmH/ #2 KQbi +HBMB+ HHv BM7Q K iBp2X

Sequence-dependent biases

.Bz2 ' 2Mi TmHb2 b2[m2M+2b BMi"Q/m+2 i?2B" QrM bvbi2K iB+ #B b2bX 6
i2M/b iQ mM/2 2biBKpiHmaR /mp2biZMbBiBpBiv M/ K ;M2iBx iBQMi® Mb72
2z2+RR-r?22 ba a> T QpB/2bKQ 2 ++m  i2p Hm2b #mirBi? HQr2 T
RkX ahPL1 2ti2M/b +Qp2° ;2 + Qbb KmHiIiBTH2 bHB+2b M/ Qz2' b ?B;?2"°
"2[mB 2b KQIiBQM +Q "2+iBQM bi" i2;B2b i @)XmHA2\b 22/ BHAX2 BiHRBH Qi2MiE
+QKTHB+ i2 bi M/ "/Bx iBQM +°'Qbb +2Mi2°b M/ b+ MM2 b- K FBM; 2T
+? HH2M;2 7Q  #°'Q /2 +HBMB+ H /QTiBQM (

1.3 Previous Works on Motion Compensation

1.3.1 Image registration for motion correction

S'2pBQmMb rQ Fb BK2/ i KQiBQM @ QHBMj + MB2/BpB/2/ BMiQ +H b@

bB+ H TT'Q +?22b M/ KQ'2 "2+2Mi /22T@H2 "MBM; # b2/ TT Q +?22bX °
T°BK "BHvV 2HV QM KQ/2H@# b2/ i2+?MB[m2b M/ Bi2 iBp2 H:Q Bi?Kb i
P "B iBQMb #2ir22M 7° K2bX JQ 2 "2+2MiHv- /22T H2 "MBM; K2i?Q/b ? p
'BM; H :2 /i b2ib M/ M2m  H M2irQ ' F “+?Bi2+im 2b iQ 2M? M+2 KQil
MM, K TTBM; ++m° +vX AM i?2 7TQHHQrBM;-r2 "2pB2ri?2b2 rQ FbX
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*H bbB+ H TT Q +?2b

w? M; 2i HX //°2bb2/ BMi2MbBivp B iBQMb BM T B'rBb2 MQMC
7 K2rQ F 7Q° ¥, KBTABM,; #v 2KTHQVBM; i?2 MQ K HBx2/ ;" /IB2M
72°2M+2 b DbBKBH RN KQMBHQH 2i HX T 2b2Mi2/ M [/ TiBp2
K2i?Q/ 7Q p 'vBM; +QMi bi@r2B;?i2/ BK ;2b- mbBM; HQ+ H MQN
QM QTiB+ H~QriQ bBKmHi M2QmbHv 2biBK i2 KQiBQM }2H/b M/
/[IBiBQM H "2;mH "Bx iBQM pB miQKRM+ 72 im 2 i +FBM; (

:"QmTrBb2 bi™ i2;B2b pQB/ 272 ' 2M+2@BK ;2 #B bX :mv /27 2i
rBb2 "2;Bbi” iBQMi2+?MB[m27Q  [m MiBi iBp2J_ A# b2/ QM /Bbb
7°QKiQi H+Q '2H iBQM- 2M #HBM; bBKmHi M2Qmb HB;MK2Mi Q7
H2+iBM; bBM;HRBX7TR QRI+HK 2ti2M/2/i?Bb B/2MiQti "AHRHHM @
H pQHmMK2 U1l*oV K TTBM;-BMi ' Q/m+BM; S* @# b2/;"QmTrBb2
HH JPGGA 7° K2b bBKmHi M2QmbHv mbBM ;R X > @xBM;2HRi i BIZEM
HBF2rBb2 /2p2HQT2/ S* @# b2/ ;°QmTrBb2 "2;Bbi’ iBQM 7Q" [J_/
K TTBM;-r?2'2 HH 7 K2b 2 HB;M2/iQ K2 MbT +2 #v KBMBKB
+Qbi 7TmMM+iBQMX h?Bb TT'Q +? bbmK2b i? i HQr@/BK2MbBQM
b2Mi BMi2MbBivp "B iBQMbBM [J_ArBi?Qmi 2tTHB+BiHv KQ/2HB
(RYX

a2;K2Mi iBQM@;mB/2/ "2;Bbi’ iBQM mb2b M iQKB+ H BM7Q K
/Bz2 2M+2b #2ir22M BK ;2bX 1H@ 2r B/v 2i HX T°'QTQb2/ MQM
QM +iBp2b? T2 KQ/2Hb-r?2 2 KvQ+ /B H+QMiQm'br2 2K Mm H
iQ :mB/2i?2 "2:BbT; @BDBMRQZ/ BK ;2bX "v +QMbi> BMBM; i?2 /27Q"
iQ HB;M rBi? i?2 KvQ+ /B H #QmM/ "B2b- i?2 K2i?Q/ “2/m+2/ 2
BKT Qp2/ b2;K2MK®TH M2 H RiRX(

+QKKQM HBKBi iBQM Q7 i?2 T 2pBQmbHvV /2b+ B#2/ TT Q +°?
2tTHB+BiHVBM+Q TQ  i2i?2J_ DbB:M HKQ/2H/m BM: “2:Bbi’ iBQ
T?vbB+ H +Q "2+i2/ b2 B2WiBK#RXRhQ // 2bb i?Bb-b2p2° HKQ/:
bi> i2:B2b ? p2 #22M T QTQb2/X

sm2 2i HX /2p2HQT2/ p "B iBQM HMQM®@ B;B/ 7" K2rQ F BM
i?2iB+ BK ;2b- ;2M2" i2/ 7 QK Th2BIKBKBM ;mB/2 i?2 "2:Bbi’ iBQM T
M/ i?2 2#v "2/m+2 KQiBOM 0iB722b(BDF 2i HX BMi"Q/m+2/ KQ/
HB:MK2Mi K2i?Q/7Q  GQQF GQ+F2 b2[m2M+2b- mbBM: 2tTQM2 N
bi?2 bBKBH "BivK2i'B+iQ BKT Qp2 KvQ+ RBXHnBH#Qm; MiRj+HEC
T°QTQb2/ "Q#mbi MQM@ 'B;B/ 7 K2rQ F TIQ MKQBQXMTA@M2+iB Q]I
i? iBi2 iBp2Hv 2biBK i2bbB;M H@KQ/2H T * K2i2 b- bvMi?2bBx2|
mb2b i?2K iQ “2}M2 “23)Kbi’ iBQM (

h?2b2 KQ/2H@# b2/ TT Q +?2b BKT ' Qp2 ++m” +v #v 2M7Q +BN
mM/2 "HvBM; "2H t iBQM KQ/2H- #mi i?2B Bi2  iBp2 QTiBKBx iBQ!
Tm 2Hv BK ;2@# b2/ K2i?Q/bX

N



22T@G2 "MBM; TT ' Q +?2b,

22T@H2 "MBM; TT Q +?2b ? p2 HbQ #22M T QTQb2/7Q KQiBQM +Q "
Bbi® iBQMX h?2b2 M2irQ FbivTiB+ HHvH2 "M 7mM+iBQMi? i/B 2+iHv C
}2H/ ;Bp2M M BK ;2T B X 6Q BMbi M@pBKIQ2K2Mi21 WMX g HB/ i2/
i?7°22@/BK2MbBQM H +QMpQHmMIBQM H M2m™ H M2irQ ' F 7Q" 2biBK iBI
*BM2 J_A BK ;2bX EmbKMZI RITAX2( /22T H2 "MBM; TT Q +?2 7Q 7 bi |
++m° i2 MQM@ B;B/ "2;Bbi” iBQM /B 2+iHv 7 QK mM/2'b KTH2/ F@bT +
r2B;?i2/ bTQBH2/ ;" /IB2Mi 2+?2Q BK /22 QB 2/ HXT2 pBb2/2M/@iQ@2M
[22T M2m™ HM2irQ ' F+ T #H2 Q7 bBKmHi M2QmbHv T2 7Q KBM; j. MQMC
iBQM M/ KQiBQM@+QKT2Mb i2/ "2+QMbi m+iBQM 7' QK mM/2°'b KTH2/ +
>2'BM; 2iIkKIHRKT Qp2/ + /B + KQiBQM i +FBM; #v BMi2; iBM; ;HQ# H Db
7Q K iBQM 7' QK b2;K2Mi iBQMH #2Hb rBi? HQ+ H /Bbi M+2 K2i B+b-i?:
HB;MK2Mi Q7 bm "QmM/BM; bi nkgiBIMIbQJ/ mMx2//2i 6hX (/22T M2m ™ H
M2irQ ' F 2KTHQVBM; "2+m " "2Mi mMBib iQ 2biBK i2 QTiB+ H~Qr BM pB/2
MQibT2+B}+ HHv /2bB;M2/7Q K2/B+ HBK ;BM; TTHB+ iBQMbX .2bTBi
HH i?2b2 K2i?Q/b bbmK2 "2H iBp2Hv +QMbBbi2Mi bB;M H TT2 ~ M+2b
#2BM; "2;Bbi2 2/-r?B+? HBKBibi?2B" TTHB+ #BHBiviQ+ /B +hRK TT
bB;M Hp "B iBQMb 2tBbi + Qbb 7" K2bX

a2p2° H/22T@H2 "MBM; TT Q +?2b? p2#22M T QTQb2/iQ //"'2bbi?:
p BiBQMbBM + /B + hR K TTBMgBMi Q/i+BX (2+m bBp2 7 K2rQ ' F
i? i+ b+ /2b T B'rBb2 "2;Bbi” iBQM bvbi2Kb 7Q° KQiBQM +Q "2+iBQM B
;2b- KBMBKBXxBM; Kmim HBM7Q K iBQM #2ir22M 2 +?K§B” Q7 BK ;2bX
2KTHQV2/ KmHIiB@BK ;2 "2;Bbi” iBQM KQ/2Hb QTiBKBx2/ mbBM; Kmim
HQbb 7TmM+iBQMX QkMXHL2Dp2HMHIK2/( KmHiB@b+ H2 1@L2i "+?Bi2+im"
72M2° i2 /IBbi M+2 p2+iQ" }2H/b- BM+Q TQ iBM;r "TBM; Hv2'biQ T Q;
72 im2K Tbh 7°QK +Q "'b2iQ }M2X h?Bb bi® i2;v2M #H2b i?2 HB;MK2Mi
p vBM; BMi2MbBiB2b r?BH2 "2/m+BM; KQiBQM "iB7 +ibi?"Qm;? Bi2 il
HXN TTHB2/ bT b2 +Q/BM; i2+?MB[m2iQ 2ti~ +i +QMi~ bi +QKTQM2M
;2b- 7TQHHQr2/ #v b2H7@bmT2 pBb2/ /22T M2m™ H M2irQ F U.LLV 7Q"
AM "2H i2/ rQ F- B BIME2X (i2/ bT iB H@i2KTQ  H M/ T?vbB+ H +QMb
rBi? HQr@™ MF M/bT "bBiv 2;mH 'Bx iBQMBMiQ /22T M2m  HM2irQ F
hRK TTBM;-/2MQBbBM;- M/ "iB7 +i 2/m+iBQMX

ZBM 2i [RXT(QTQb2/ DQEBMi H2 "MBM; TT ' Q +? 7Q  KQiBQM 2biBK i
K2Mi iBQM-H2p2 ;BM;mMbmT2 pBb2/72 im2bH2 "M2/7 ' QKH ;2 KQr
/i iIQ BKT ' Qp2 "2;Bbi° iBQM ++nk)+M{ S M RIiB HZ ) HXQTi2/
;2M2° iBp2 /p2°b "B H M2irQ ' Fb U: LbV iQ T2 ' 7Q K bivH2 i® Mb72 - ;2N
BK ;2b i/Bz2 2Mi BMp2 bBQM iBK2b 7' QK bBM;H2 BMTmi BK ;2X "v b
i~ bi +'Qbb BK ;2b-i?2: L@# b2/ K2i?Q/b "2/m+2 b2MbBiBpBiviQ BMi2
M/ 2M? M+2 i?2 HB;MK2Mi Q7 BK ;2b rBi? p "vBM; +QMi  bibX

uM; 2i HXBMi"Q/m+2/ b2[m2MiB H K2i?Q/iQ //"2bb +QMi" bi/Bz2"

Ry



BMBiB HHv /1Bb2Mi M;HBM; BMi2MbBiv +? M;2b i /Bz2 2Mi BMp2'k
M iQKB+ Hbi'm+im'2X >Qr2p2°-i?Bb TT'Q +? + BiB+ HHv /2T2M
BM; i?72 M IiQKB+ Hbi'm+im 2 7°QK i?2 +QMi° bi BM7Q K iBQMX

Q++m b bQH2HV #2ir22M i?2 BbQH i2/ M iQKB+ HBK ;2b- M2;H2+]
i?2 BMp2 'bBQM iBK2 tBbX b ‘2bmHi-i?Bb K2i?Q/ K vH2 /iQ T?\v
7Q'K iBQMb /m2 iQ BibH +F Q7 BMi2;  iBQM rBi? i?2 mM/2 HVBM;

1.4 Goal and Hypothesis

h?2 :Q HQ7 i?Bb i?2bBb Bb iQ /2p2HQT "Q#mbi 7> K2rQ F 7Q" K
/B ¥, K TTBM; i? i Bb ++m > i2 mM/2> #Qi? #°2 i?@?QH/ M/ 7°22
bBiBQMbX *QMp2MiBQM H bi> i2;B2b 2Bi?2" "2bi'B+i +Qp2 ;2 M
THB M+2 U#°2 i?@?QH/V Q> T2 KBi HQM:2 b+ Mb #mi bmz2  7°Q
U7 22@# 2e2PMIYBbDiIBM; “2;Bbi° iBQM@# b2/ +Q "2+iBQM K2i?Q
bQHMIBQMb #mi 2K BM HBKBi2/ #v +QKTmi iBQM H +Qbi- H +F Q7
iBOQM KQ/2H- Q" "2HB M+2 QM H “:3-kMMWX i2// i b2ib (

Hypothesis

g2 ?vTQi?2bBx2i? i T?vbB+b@BM7Q K2/-bm#D2+i@bT2+B}+-b?2
TT° Q +? + M BKT'Qp2 i?2 ++m  +v M/ +HBMB#+KHTR2BR ;#BHBiv Q
DQEQBMiHv KQ/2HBM; "2H t iBQM /vM KB+b M/ KQiBQMX aT2+B}+ F

C AM+Q TQ iBBAMAPR@/2+ v RRRIQH?2 M2irQ'F HQbb 7mM+iBQM
KQIiIBOQM@+Q "2+iBQM ++m’ > +vX

C 1IM7Q FBWHB+ HHv +QMbBDbi2Mi /IR7TBMKEBIQMbT2+i2/ "2H t iBC
IVM KB+b M/ pQB/b BKTH mbB#H2 HB;MK2MibX

C G2p2" ;BWiQKB+ H HB;MK2Mi +Q@WthimBWMikHBMBHA;HHvV "2HB
K Tbhi? i "2 "Q#mbi + Qbb /Bz2'2Mi +[mBbBiBQM T ' QiQ+QHDb

h?Bb BMi2;" iBQM Q7 T?vbB+b- M iQKv- M/ bm#D2+i@bT2+B}+ H?2
Q7 Qm T QTQbR/K2iRa@- /2bB;M2/iQ /2HBp2  ++m  i2- KQiBQM@
T: K Tb rBi?Qmi "2[mB BM; H “;2@b+ H2 MMQi i2/i° BMBM; / i X

1.5 Significance

++m > i2 M/ Q#mbi[m MiB}+ iBQOM DH KViB@M/BbH BiB+ H 7Q /B ;
KQMBiQ BM:- M/ BbF bi® iB}+ iBQMBM rB/2  M:2Q7+ /B +/Bb
KVHQB/QbBb- 2/2K - M/ biQR k29)Bb.@WPRBb2(Bib T"QKBb2- i?2 +H
miBHBiv Q7T+ K/BTBM: 2K BMb +QMbi’ BM2/ #v i?2 M22/ 7Q T iB2Z
BM#' 2 i7@?QH/ +[mBbBiBQMb M/ #v KQiBQM@BM/m+2/ iB7 +ib

RR



h?Bb i?2bBb //°2bb2b i?2b2 HBKBi iBQMb i2°Qm:? irQ +QKTH2K2Mi
S*J*@r; U6'22@#°2 i?BM; RVB+TT/BMY rBi? T?vbB+ HHv@+QMbi> BM2/ K
iBQM +Q "2j8)BRINNA4@ UJQ/2H@# b2/ bm#D2+i@bT2+B}+ b2H7@bmT2
iBQM +Q "2+iBQM 7Q T Q¥ MBI BMYB S*IT@BMi Q/m+2b T?2vbB+b@
BM7Q K2/- KQ/2H@# b2/ “2;Bbi” iBQM bi i2;vi? i BMi2; i2bi?2 J_ bB;
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+ Qbb +[mMBbBiBQM b2iiBM:bX

"V T°Q/m+BM; TRHBTHH2 "Qbb /Bz2 2Mi BK ;BM: T'QiQ+QHb- i?2b2 K2
2tT M/ i?2 ++2bbB#BHBivKQVTBM/BIG T iB2Mi :"QmTb mM #H2 iQ iQH2"
“2T2 i2/#°2 i?7@?QH/b-bm+? b +?BH/ 2M-2H/2 " HVvBM/BpB/m Hb- M/ T
22 i 7 BHm 2X

"2VQNl/ K TTBM:- i?2 K2i?Q/QHQ:;v BMi"Q/m+2/ BM i?Bb i?2bBb ? b # (
+ iBQMb 7Q" [m MiBi iBp2 + “/BQp b+mH *J AX h?2 BMi2;" iBQM Q7 T?v
2HBM; rBi? KQiBQM +Q "2+iBQM Bb ;2M2  HBx #H2 M/ K v #2 2ti2M/2/
i2+?2MB[m2b-TemM? 2bi~ +2HHmMH ~ pQHmMK2 Ul*oV K TTBM;- Q" iQ Qi?2"
r?72°2 KQiBQM "iB7 +ib 2K BM K DQ  +? HH2M:2 U2X:X- HBp2 - HmM;|

IHIBK i2Hv- i?Bb rQ ' F BKbiQ ?2HT K F2[m MiBi iBp2- KQiBQM®@ Q#m
J A T +iB+ H+HBMB+ HiQQH-bmTTQ iBM; KQ 2 ++m’ i2 /B ;MQbBb
K2Mi /2+BbBQMb- M/ BKT Qp2/ T iB2Mi Qmi+QK2bX
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Chapter 2

Preliminaries

2.1 Magnetic Resonance Imaging: Physics Foundation

J ABb MQM@BMp bBp2 BK ;BM; i2+?MB[m2 i? i 2tTHQBib i?2 K
[7Q;2M Mm+H2B-r?B+? "2 #mM/ Mi BM #BQHQ;B+ H iBbbm2bX Al
K ;M2iB+ }2H/- T'QiQM bTBMb "2 > M/QKHv Q'B2Mi2/- T°'Q/m+BM
g?2M 2tTQb2/iQ bi'QM; bi iB+BQVMRI®+Q®H/ HB;M 2Bi?2 T * HH2
iBT " HH2H iQ i?2 }2H/- +2 iBM; bK HH M2i HQ MKkB\R{/BM 2K ;M 2
T QiQMb HbQ T 2+2iBlg tBMM/i?22G "KQ 7°2[m2M+ypw BRp2M #v
r?2°2Bbi?2 ;v QK ;M2iBlyX iBQ (

_/IBQ7'2[m2M+v U_6V TmHb2b TTHB2/ ii?2 G "KQ 7 '2[m2M+v
K ;M2iB+ RN/TR T2M/BBxpHBTOBM; i?2 M2i K ;M2iBx iBQM r v 7 (
HQM;Bim/BM 8 tBbXKmHb2 “Qi i2b i?2 K ;M2iBx iBQM 7mHHvV BMiQ
TH M2-+72 iBM; [/2i2+i #H2 i MKkp&®Rb226B:+:MiH U6BXBHb /2i2+i i?
bB;M H-r?B+? 7Q Kb i?2 # bBb Q7 JjdBBX ;2 +[mBbBiBQM (

6B;m 2 kXR, TTHB® iBBQMn@DB2 iBTb i?2 M2i K ;M2iBx iBQM 7 QK i
/IBMzW/UtBb BMiQ i?2 i xx\WbhpB M2U;2M2" iBM; K2 bm™ #H2 bB;M H
7 QKd{ X

7127 1?2 _6 TmHb2 Bb brBi+?2/ Qz- iBbbml2b 22HM{ 2 B Q M 2UHH Q NB; BN
im/BM H "2+Qp2°vV /2b+ ' B#2b i?2 "2; QriB§7r KBHI2A H xt iiBB@QW HQM
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6B;m 2 kXK, W t iBQM, 2tTQM2MiB H "2;°Qri? Q7 HQM;Bim/BM HK ;M2
T, "2H t iBQM, 2tTQM2MiB H/2+ v Q7 i Mbp2 b2 K :M2iBx iBQM /m2iQ b
iBOQMbX,U2W t iBQM, ++2H2 i2//2+ v+ mb2/#v //BiBQM H}2H/ BM?2Q}
I Ti2/ 7° Qjk)K

Ui Mbp2'b2/2+ vV '2~2+ibi?2 HQbb Q7 T? b2 +Q?2 2KXXBM i?2 i Mbp:
T, "2H t iBQM //BiBQM HHv ++QmMib 7Q° KB+ Qb+QTB+ M/ K + Qb+Q"
BBo- H2 /BM; iQ M 2p2M 7 bi2  /2+ vX h?2b2 "2H t iBQM T Q+2bb2b mM,
+QMi’ bi M/ "2 iBbbipd®@bT2+B}+ (

2.2 Quantitative Imaging: From Qualitative Contrast to

Mapping

*QMp2MiBQM HJ_A Bb T'BK "BHv [m HBi iBp2-rBi? BK ;2 +QMi" bi/2i2
bT2+B}+ 2H t iBQM T QT2 iB2b M/ 2ti ' BMbB+ T ° K2i2'bbm+? b 2T2iB
2+?7Q iBK2 Uh1VX 6Q" 2t KTH2- hR@r2B;?i2/ BK ;2b 2KT? bBx2 /Bz2 2M
M H 2+Qp2°v- r?BH2 hk@r2B;?i2/ BK ;2b 2KT? bBXPXi hMdp2 b2 /2+ v U
+QMi> bib "2 mb27mH 7Q /B ;MQbBb #mi 2K BM "2H iBp2-/2T2M/BM; Q
M/ b+ MM2 +QNdXiBQMb (

Zm MiBi iBp2 J_A U[J_AV Qp2 +QK2b i?Bb HBKBi iBQM #v }iiBM; i?2
iQ #BQT?vbB+ H KQ/2Hb Q7 iBbbm2 "2H t iBQM- T'Q/m+BM; K Tb rBi?
p Hm2b U2X:X- hR BM KBHHBD2+QM/bVX h?Bb TT Q +? 2M #H2b “27T
+ Qbb bm#D2+ib- b+ MM2 b- M/iBK2 TQBMib-i> Mb7Q KBM; J_A 7 QK |
iQ [m MiBi iBp2 iBbbm2 +? ~ +i2 ' Bx iBQMX

6B;MKXBHHmMbi  i2b i?2 ;2M2° H rQ TE QT REM - BBM+2T2M/2Mi Q7
bT2+B}+ +[mBbBiBQM b2[m2M+2X S M2H U V b?Qrb BMp2 bBQM "2+Q
BMp2 ' bBQM iBK2bX h?2 bB;M H 7°QK KvQ+ /B H pQt2H Bb }ii2/ iQ i?:
U#V- VB2H/BKIBK i2X 0Qt2H@rBb2 }iiBM; + Qbbi?2 KvQ+ /BmK T Q/m-
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6B;m 2 kXj, AHHmbi® iBQM Q7 "2H t iBQM +m p2b mM/2 HvVBM; [n
a?Q’ih_ M/ hl vB2H/ hR@r2B;?i2/ BK ;2b /QKBM i2/ #v HQM;Bim
72°2M+2bX U*-.V GQM; h_ M/ hl vB2H/ hk@r2B;?i2/ BK ;2b /QKB!I
[2+ v /Bz2 2M+2bX [/ JdRA 7 QK (

iBi iBp2 T > K2i'B+ K TU+V- T'QpB/BM; 2T Q/m+B#H2 #BQK "F2
(e) X

2.3 Principles of Cardiac T, Mapping

Zm MiBi iBp2 ¥ KBTr'¥BM; 2M #H2b TBt2H@rBb2 +? ~ +i2 Bx iBQM (C
bm2- T ' QpB/BM; #BQK "F2°'b 7Q /Bzmb2 }# QbBb-2/2K - Q" KVvHQ!
PBbB#H2 rBi? H i2; /QHBMBROKRM? MP2R2MI-(02p2° H +[mBbBiBQ
;B2b ? p2 #22M /2p2HQT2/-2 +? rBi? /IBbiBM+ii" /2@Qzb #2ir22M
b+ M 2{+B2M+vX

JQ/B}2/ GQQF@GQ+F2 AMp2 'bBQM _2+Qp2'v UJPGGAV

h?2 KQbirB/2Hvmb2/K2i?Q/Bbi?2JQ/B}2/ GQQF@GQ+F2  AMp2 'k
b2[M2MHX (JPGGA b KTH2b i?2 2+Qp2'v Q7 HQM:Bim/BM H K ;M
BMp2 bBQM TmHDb2 + Qbb KmHiIBTH2 + /B + +v+H2b- Q7i2M BM
PQt2H@rBb2 bB;M H Bb }i iQ i?2 BMp2 ' bBQM "2+QpR Wmdb-p2 iQ
r?B+? "2 +Q "2+id{ "biBM2i?2 GQQF @ G Q +FRXEKny ?BA R LPLE)G A
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6B:m 2 kX9, :2M2  H rQ F~RIKQVTBMB BM/2T2M/2Mi Q7 +[mBbBiBQM
[M2M+2X U V JmHiIBTH2 BMp2 ' bBQM “2+Qp2'v BK :2b +[mB 2/ i/Bz2"
U#V 6BiiBM; Q7 pQt2H BMi2MbBiB2b iQ i?2 BNyp2bhBIQM2b2+ Qp¥ v +m p2
0Qt2H@rBb2 }iiBM; ;2M2" i2b [m MIBK iBX2/TTiH 27 j@WK (

T QpB/2b ?B:? T'2+BbBQM M/ 2T Q/m+B#BHBpvi28i2BWw/ BRIMBBiBp2 iQ 272
M/ K ;M2iBx iBQM i° Mb72" 2z2+ib- Q7i2M mM/2 2BiBK mBM: M iBp2 KvQ
iQ jyW3)X h?2 +[mBbBiBQM bi’ i2;v BbkBMHmbi  i2/ BM 6B;X

T1= 1 T UkXRV

B
A

aim iBQM _2+Qp2'v TT Q +?2b Ua a> V

M Hi2"M iBp2 Bbi?2aim’” iBQM "2+Qp2'v bBM;HRRBO?8#+?+[mMBbBiBQM
+[mB 2b BK ;2b 7i2 b im" iBQM TmHb2b rBi? /Bz2 2Mi "2+Qp2 v /2H vb
KQ'2 ++m’ i2 #bQbiBKR i2b M/ "2/m+2b /2T2M/2M+Q¥nA2 "i " i2 Q°
i?72T 2+BbBQM Bb HQr2" +QKT '2/iQJPGGAX h?mb-a a> BbT 'iB+mH ~
B2b "2[mB " BM; mM#B b2/ [m MiBi iBp2 p Hm2b- i?Qm;? i?2 BM+ 2 b2/ M
BM "QmiBM2 T  +iB+2X

6°'22@"°2 i?BM; JmHiBbHB+2 J TTBM; UahPL1V

F2v HBKBi iBQM Q7 JPGGA M/ a a> Bb i? ii?2v "2 ivTB+ HHv # 2 i-
k.- Q7i2M "2bi'B+i2/ iQ bBM;H2 KB/@p2Mi B+mH ~ bHB+2X h?Bb 7 Bt
p B iBQMb +°Qbb i?2 H27i p2Mi B+H2- r?B+? K v #2 +HBMB+ HHv "2H
+ /BQKvVQT i?v Q" KvQ+ /BiBbX hQ //"2bb i?Bb- q2BM; 'iM2" 2i HX B
aHB+2@BMIiR2UKRA PRIV b2[m2M+2 7Q° 7 22@# 2 i?BW3-®XHIBbHB+2 K TT

b BHHmbi i2kBBabBBLX mb2b bBM;H2 MQMb2H2+iBp2 BMp2 bBQM Tm
#v BMi2 ' H2 p2/ +[mBbBiBQM Q7 KmHIBTH2 bHB+2bX "2+ mb2 2 +? bHB+
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6B;m 2 kX8, 1t KTH2 Q7 i?2JPGGA8UjV] +[mBbBiBQMbi  i2;vX Ak
irQ BMp2 bBQM TmHDb2b b2T ~ i2/ #v 2+Qp2'v T2 'BQ/- +Qp2 BM
+m p2X 0Qt2H@rBb2 }iiBM; vBRHILT X[m WiB/i 1 B (

BMp2 bBQM-i?2 "2+Qp2'v+m p2 Bb KBMBK HHv /IBbim #2/- BKT C
KQiBQM Bb KBiB; i2/ rBi? M pB; iQ ; iBM; M/ 2i QbT2+iBp2 MQM
K2'B+ H bBKmH iBQMb- T? MiQK 2tT2 BK2Mib- M/ BM@pBpQ bim
+?B2p2b KQ 2 T+ pmHmM2b i? M JPGGA- rBi? T'2+BbBQM +QKT ~ #F
r?2M mbBM; irQ@T ~ K2i2 }iX h?2i?°22@T ~ K2i2  KQ/2H BKT Qy
#mi 11?2 +Qbi Q7 T'2+BbBQMX AKTQ'i MiHv- ahPL1 2M #H2b r?
BM RX8 KBMmi2b-r?B+? Bb MQi 72 bB#H2 rBi? +QMp2MiBQM H #
K ;M2iBx iBQM "2+Qp2'v + Qbb bHB+2b Bb hXQ P\ 0+2 242 bBHB HH v
Bb T2 im #2/ QMHv QM+2 T2 BMp2 bBQM- HHQrBM; M2 "Hv mM/B
+m p2bX

JQiBp iBQM 7Q" J"aa@BRIX ahPL1 /2KQMbi® i2bi? i7°22@#°2 i?B
iBbHBK2TTBM; Bb TQbbB#H2- i?2 K2i?Q/ Bb BM?2 2MiHv b2MbBIil
M pB; iQ ; iBM; M/ 2i"QbT2+iBp2 "2;Bbi” iBQM- "2bB/m H 2bTB"
+ M biBHH /2;° /2 K T[m HBivX h?Bb HBKBi iBQM KQiBp i2b KQiB
b i?72 T°'QTQb2/ J'aa@hR 7° K2rQ F- r?B+? BMi2; i2b KQ/2H@ #
KQiBQM +Q "2+iBQM BMiQ i?2 K TTBM; T'Q+2bbX
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6B;m 2 kXe, a2[m2M+2 /B ;- K Q7 i?2 ahPL1 K2i?Q/X UV 6mHHv "2+Q
Q72 +? bHB+2 +[mB 2/ rBi?Qmi BMp2 'bBQMX U"V 7i2° bBM;H2 BMp2
+[mB 2/ b2[m2MiB HHv + Qbb /Bz2 2Mi ?2 "i#2 ib- T'2b2 pBM; i?2 "2+
bHB+2bX h?2 T°Q+2bb Bb "2T2 i2/7Q /Bz2 2Mi BMp2 bBQM iBK2b- T Qp
TQBMib 7Q 2 +? bHB+2X3)KTi2/ 7" QK (

6B;m 2 kXd, a+?2K iB+ Q7 HQM;Bim/BM H K ;M2iBx iBQM "2+Qp2°'v 7Q°
K "Fi?2 +[mBbBiBQM Q7 +2Mi" HF@bT +2 HBM2bX 1 +? bHB+2 Bb T2 il
p2°'bBQM- HHQrBM; b KTHBM; Q7 M2 "Hv mM/Bbim #2/ 2+Qp2°'v+m p2b
7 QK3|X
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kX9 AK :2 2:Bbi’ iBQM

AK ;2 “2;Bbi° iBQM Bb 7mM/ K2Mi Hi bF BM K2/B+ H BK ;BM;- r
iQ HB;M irQ Q" KQ'2 BK ;2b +[mB 2/ i /Bz2 2Mi iBK2b- 7°QK /B
Q mbBM; /IBz2 ' 2Mi KQ/ HBiB2bX h?2 Tm TQb2 Bb iQ 2bi #HBb? b
i1 MIiQKB+ HQ 7mM+iBQM HBM7Q K iBQM + M #2 /B 2+iHVv +(
[m MiBi iBp2+ /B +J_A- "2;Bbi" iBQMBb + BiB+ H7Q +QKT2Mb
i? i pQt2H@rBb2 bB;M H 2pQHmMIiBQM + Qbb iBK2 TQBMib "2~2+i
Ti?27 1?7 M KBb HB;MK2ME9VYiB7 +ib (

kKX9XR h> Mb7Q K iBQM JQ/2Hb

h?2 +?2QB+2 Q7 i  Mb7Q K iBQM KQ/2H /2i2 " KBM2b ?2Qr ~2tB#Hv i?:
+ M+ Tim 2 M iQKB+ Hp "B #BHBiv Q T?VbBQHQ:B+ H KQiBQMX
#°Q / + i2:Q°B2b ‘2 ivIB+ HHW/BRiBM:mBb?2/ (

C _B;B/ i° Mb7Q K iBBIMbB+i i?2 K TTBM: iQ i MbH iBQMb M/ °
T 2b2 pBM; /Bbi M+2b M/ M;H2bX h?2b2 2 2z2+iBp2 7Q " H|
bm+? bi?2 bFmHH #mi BM /2[m i2 7Q  i?2 /27Q K #H2 KvQ+ °/

C {M2 i Mb7Q K iBQMDM/ "B;B/ KQ/2Hb #v //BM; b+ HBM; M/
iQ Qi iBQM M/ i MbH iBQMX h?2v T 2b2 p2 T > HH2HBbK #mi
Q7i2M mb2/ b M BMBiB HBx iBQM bi2T #27Q°2 /27Q K #H2 KC

C.27Q°K #H2 UMQM@ 'B;B/V i° MDMQ¥HK2iBQMIH bi 2i+?BM;- +QK
bBQM- Q  #2M/BM; Q7 iBbbm2X h?2b2 KQ/2Hb "2 2bb2MiB H 7
iBQMbm+? bi?2MQM@mMB7Q K +QMi> +iBQM M/ 2H t iBQM
BM/m+2/ /BbTH +2K2MibX

6B;mMkXBHHmMbi™ i2b i?72 /IBz2 ' 2M+2b #2ir22M i?2b2 i° Mb7Q K il
"B;B/ M/ {M2 KQ/2Hb T'QpB/2 ;HQ# H HB;MK2Mi- /27Q K #H2 K(
pQt2H@rBb2 +QMbBbi2M+v BM [m MiBi iBp2 + /B + J_A-r?22 2p
+ M#B b "2H t iIBQM@+m p2 }iiBM; M/ T  K2i2 2biBK iBQMX

kX9Xk J i?2K iB+ H6Q KmH iBQM Q7 _2:Bbi’ iBQM

AK ;2 "2;Bbi” iBQM Bb +QKKQMHYVY 7Q°KmH i2/ b M QTiBKBx iBQ|
;Q HBbiQ 2biBK i2 i° Mb7 @ KBIBMbM KQpBW yrBK? ;3t2/ BK ;2

FX h?2QTiBK Hi°> Mb7Q K iBQM Bb Q#i BM2/ #v KBMBKBxBM; +0Q
BK ;2 bBKBH "BivrBi? /27Q K iBQM "2;mH "Biv,

b=argmin LpglEsM () + L-2of ); Uk XkV
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6B;m 2 kX3, 1t KTH2b Q7 i  Mb7Q K iBQM KQ/2Hb TTHB2/iQ bBKTH2bD
K TTBM:-U"V "B;B/i° Mb7Q K iBQM U Qi iBQMV-U*V {M2i  Mb7Q K iB
/27Q K #H2 i° Mb7Q K iBQM UMQM@HBM29RX TBM;VX / Ti2/ 7" QK (

>2°M() /2MQi2b i?2 KQpBM; BK ;2r "T2/ #v X MPZ/RBKEBQHIiv
i2 " KpgkK2 bm™2b ;"22K2MFAMMREWMU2X;X- K2 Mb[m "2/ 2 7"Q -+ 'Qbb@
+Q "2H iBQM- Q" Kmim H BMZ7-Q KMiB@MYb bABHRI?M2bb Q' BMp2 iB#Bt
+QMbi® BMXbh@® b+ HQMi " QHb i?2 i /2@Qz #2ir22M HB;MK2Mi ++m’ +
/127Q K iBQM "299 M "Biv (

*H bbB+ H "2;Bbi” iBQM H; X8 PXKbiBRHH2-IPIMBM; i?72 /127Q K iBQM
}2H/ mMiBH +QMp2°;2M+2X i 2 +? bi2T-i?2i° Mb7Q K iBQM 2biBK i2 I
QM i?2 bBKBH "Biv ;" /IB2Mi M/ i?2 "2;mH "Bx iBQM T2M Hiv- M/ i?2 K
"2b KTH2/ BMiQ i?2 }t2/ BK ;2 bT +2X

kX9Xj *H bbB+ H Ai2 iBp2 _2;Bbi iBQM H;Q Bi?Kb

*H bbB+ HBK ;2 2:Bbi° iBQM K2i?Q/b "2 ivIB+ HHvV 7Q KmH i2/ b Bi2"
T Q#H2Kb- bkBM 12X2 i?2 :Q HBbiQ 2biBK i2 iiMb#QG M+2QM
BK ;2 bBKBH “Biv rBi? /27Q K iBQM “2:mH “BivX Pp2  i?2 v2 b- b2p2°
“2:Bbi’ iBQM H:Q Bi?Kb ? p29%%J R JXQTT@hH2H Y mb2/ /BhiBM+iBQM Bb
#2ir22M BMi2MbBiv@# b2/ M/ 72 im 2@# b2/ TT Q +?22b- r?B+? 2T 21
K2Mi v bi® i2;B2b 7Q  /2}MBM: bBKBH “BivX

AM BMi2MbBiv@# b2/ TIVQ 22BbiUGBQM Bb T2 7Q K2/ #v /B 2+iHv Q
KBxBM: bBKBH 'BivK2i'B+ Qp2  pQt2H BMi2MbBiB2b BM Qp2'H TTBM;

Ky
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