elSBN: 978-1-68108-377-3 elSSN: 2468-8053
ISBN: 978-1-68108-378-0 ISSN: 2468-8045

FRONTIERS IN HEART FAILURE

MOLEGULAR IMAGING
AND RELATED TOPICS

Editor:
Panagiotis Georgoulias

Bentham B Books



Frontiers in Heart Failure
(Volume 2)

Molecular Imaging and Related Topics
Edited by

Panagiotis Georgoulias
Nuclear Medicine Department
School of Medicine, University of Thessaly
Larissa
Greece



Series Title: Frontiers in Heart Failure
Volume Title : Molecular Imaging and Related Topics
Volume # 2

Editor/Author: Panagiotis Georgoulias

ISSN (Online): 2468-8053

ISSN: (Print): 2468-8045

ISBN (Online): 978-1-68108-377-3

ISBN (Print): 978-1-68108-378-0

© 2016, Bentham eBooks imprint.

Published by Bentham Science Publishers — Sharjah, UAE. All Rights Reserved.



BENTHAM SCIENCE PUBLISHERS LTD.

This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement
carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your
agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms
and conditions then you should not use the Work.

Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the
Work subject to and in accordance with the following terms and conditions. This License Agreement is for
non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please
contact: permission@benthamscience.org.

1. All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the
Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify,
remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way
exploit the Work or make the Work available for others to do any of the same, in any form or by any
means, in whole or in part, in each case without the prior written permission of Bentham Science
Publishers, unless stated otherwise in this License Agreement.

2. You may download a copy of the Work on one occasion to one personal computer (including tablet,
laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.
The following DRM (Digital Rights Management) policy may also be applicable to the Work at Bentham
Science Publishers’ election, acting in its sole discretion:

- 25 ‘copy’ commands can be executed every 7 days in respect of the Work. The text selected for copying
cannot extend to more than a single page. Each time a text ‘copy’ command is executed, irrespective of
whether the text selection is made from within one page or from separate pages, it will be considered as a
separate / individual ‘copy’ command.

« 25 pages only from the Work can be printed every 7 days.

3. The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject
you to liability for substantial money damages. You will be liable for any damage resulting from your misuse
of the Work or any violation of this License Agreement, including any infringement by you of copyrights or
proprietary rights.

Disclaimer:

Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that
it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is
provided "as is" without warranty of any kind, either express or implied or statutory, including, without
limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the
results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science
Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods, products instruction,


mailto:permission@benthamscience.org

advertisements or ideas contained in the Work.
Limitation of Liability:

In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages,
including, without limitation, special, incidental and/or consequential damages and/or damages for lost data
and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire
liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.

1. Any dispute or claim arising out of or in connection with this License Agreement or the Work (including
non-contractual disputes or claims) will be governed by and construed in accordance with the laws of the
U.A.E. as applied in the Emirate of Dubai. Each party agrees that the courts of the Emirate of Dubai shall
have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License
Agreement or the Work (including non-contractual disputes or claims).

2. Your rights under this License Agreement will automatically terminate without notice and without the
need for a court order if at any point you breach any terms of this License Agreement. In no event will any
delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement
constitute a waiver of any of its rights.

3. You acknowledge that you have read this License Agreement, and agree to be bound by its terms and
conditions. To the extent that any other terms and conditions presented on any website of Bentham Science
Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License
Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.

Bentham Science Publishers Ltd.
Executive Suite Y - 2

PO Box 7917, Saif Zone

Sharjah, U.A.E.

Email: subscriptions@benthamscience.org g E NTH EM


mailto:subscriptions@benthamscience.org

CONTENTS

FOREWORD 1 ..ottt ettt ettt ettt ettt i
FOREWORD 2 ...t iii
PREFACE ...ttt v
LIST OF CONTRIBUTORS ... vii
CHAPTER 1 COMPUTED TOMOGRAPHY IN HEART FAILURE ........ccccccccoiiiiiiiiiccceceeeees 3
loannis A. Chryssogonidis, lokasti E. Gkogkou and Christos A. Papadopoulos
INTRODUCTION ..o 3
CORONARY ARTERIES ..ottt 4
IN-STENT STENOSES ...ttt ettt ettt ettt ettt ettt ettt seaeaes 8
CALCIUM SCORING ..ottt 8
IMAGING OF ATHEROSCLEROTIC PLAQUES .........ccccociiiiiiiiiiiiiiciciccieieeieieee et 9
LEFT VENTRICLE (LV) ..ottt bbbttt bbbt be bbb bbb bebebenen 10
WALL MOTION i 12
MYOCARDIAL PERFUSION ...ttt 13
RIGHT VENTRICLE (RV) .ottt sttt 14
CARDIAC DYSSYNCHRONY .ottt ettt ettt ettt st ettt sesnaene 15
CORONARY VEINS ettt bbbttt bbbttt beneee 15
ATRIAL FIBRILLATION ..ottt ettt ettt 16
HEART TRANSPLANT ..o 18
CARDIOMYOPATHIES ..ottt 19
RADIATION ............... 19
CONCLUDING REMARKS .. 20
CONFLICT OF INTEREST ... e 20
ACKNOWLEDGEMENTS  .....ooiiiiiiiitt ettt ettt 20
REFERENCES ...t 20
CHAPTER 2 MAGNETIC RESONANCE IMAGING IN HEART FAILURE .........ccccococnniiniinne. 26
Maria A. Mademli and Nikolaos L. Kelekis
INTRODUCGTION ..ottt ettt 27
CARDIAC MAGNETIC RESONANCE IMAGING (MRI) EXAMINATION .......ccoovviinninnnenneene 27
CINE IMAGING .ottt ettt ettt ettt b bt b et b bt sa bttt et st esea e e ebencs 28
Myocardial Tissue CharacteriZAtiON ...........ceceeerueuiririeueeirieietrieiet ettt ettt sttt et se e eaenen 28
Contrast ENNANCEIMENT ........couiiiiiiiiiiiiieictesteie ettt ettt sttt ettt et sa et e s e b e s s et eseete s eneenennen 29
PErfiSTON IMAZING  ......covvveuiieiiiiiinieiiteieieit sttt ettt ettt ettt sttt sttt ebe e 29
Late Gadolinium Enhancement (LGE) .. 30
Velocity Encoded Imaging ...........ccccooeeeee. ... 30
Myocardial Strain MAPPING ......cccoueeernieuiinieieiriniet ettt et ettt ses et e essseneneees 30
CARDIAC MAGNETIC RESONANCE IMAGING (MRI) IN CARDIOMYOPATHIES (CMPS) ......... 31
Ischemic Cardiomyopathy (CMP) .......cccciiiiiiiiiiiciiece ettt ettt 31
Acute Myocardial INfarction (MI) ...........ccc.cccreuceinneininiieienieietnieiee ettt sttt enaene 31
Chronic Myocardial INfarction (MI) ............cccoueeenieinnceeee ettt 34
IMYOCATAILIS ...eveeteneetietetet ettt ettt ettt e st ettt et st et e s b e s et es e et en s en e es e et emees e e bessenees et ensene st et eneebessenseneasenee 35
Dilated Cardiomyopathy (CIMP) ........cciiirieieiiieieieiete ettt ettt se et be e sessesaeseesesseneesansensens 36
Hypertrophic Cardiomyopathy (CIMP) .......c.ciiiiiiiiiieiiiieieeteesete ettt 37
SATCOIAOSIS  ..euveuteuietiteiietest ettt ettt et sttt et et e st et et e s e e st ss et es e e b e s entes e bensenesse et eneebe e b e s en e et e seneenesseneeneane 40

AMYIOTAOSIS vttt ettt ettt ettt bbbttt ettt ettt b bt se bt enene 41



Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) ......ccooiiniiiiiiiincccceeeeeeeceee 42

Left Ventricular NON-COMPACHON ......ecveuieuirieieiieiiieietirieieiestestese ettt st seesesse e esessesaesessessesaesessenseseesen 43
EOSINOPNILIC DISEASES ....ueuvieiiiieiiirieteiietetet ettt sttt ettt ettt bttt b et a bt e b e b s s teseeenenens 44
Iron Overload Cardiomyopathy (CIMP) ......ccoocioiiiiiiiiiccicerieeeeee ettt 44
OTHER CARDIAC DISEASES ...ttt ettt sttt 45
Valvular Heart Disease .......... . 45
Pericardial Disease ......... .45
Congenital Heart DiS€ase ........c.cccccevererreerecnnrccnenencns . 46
CARDIAC RESYNCHRONIZATION THERAPY (CRT) ..ocooioiiiiiiiiiiee s 46
CONCLUDING REMARIKS ...ttt ettt ettt st b e b e s e st et et e st e st saeneeseebenseneas 49
CONFLICT OF INTEREST ...ttt ettt ettt ettt ettt ettt es 50
ACKNOWLEDGEMENTS ...ttt ettt bbbt 50
REFERENCES ...ttt ettt ettt s a et h bt e e et e st e st s s e e ene e b e e s et ene et et eneenenneneeneane 50

CHAPTER 3 MYOCARDIAL PERFUSION (SPECT) IMAGING: RADIO-TRACERS AND TECHNIQUES

....................................................................................................................................................................................... 68
Panagiotis A. Georgoulias, George C. Angelidis, Athanasios S. Zisimopoulos and loannis C. Tsougos
INTRODUCTION ..ottt 69
PATHOPHYSIOLOGY OF HEART FAILURE (HF): MOLECULAR IMAGING ........cccccooviiinnine 70

Myocardial Ischemia and NECTOSIS ......cveiruerieiirtirieieieeteietrt ettt ettt ettt et ssesseneesene 71
Myocardial Perfusion Single Photon Emission Computed Tomography (SPECT) Imaging ............... 73
Left Ventricular (LV) DYSUNCHON  ....covouiuiiiiieiiiieieiiiet ettt ettt 74
Left Ventricular (LV) Dysfunction: Myocardial Perfusion Imaging Findings .............ccceceevevrveneeens 76
MyO0cardial VIADILILY .....ccoveuiiririeiinirieiiinieictrite ettt ettt b ettt st 78
Mpyocardial Viability Molecular IMAZING ............cc.cccoccvereiimiininieiniiieieescte ettt 79
Increased Cardiac Sympathetic ACHVILY ......ccoeueiiriiuiiiiriciiiniecietceeeeeere e 80
1231-metaiodobenzylguanidine (MIBG) Imaging and Cardiac Innervation in Heart Failure (HF)
....................................................................................................................................................... 81
MYOCARDIAL PERFUSION RADIOTRACERS ......cocooiiiiiiiiiinnire sttt 81
Thallium-20T (20TTI) ooviiiiiiiii e 83

Technetium (99mTc) — Labelled Tracers ...
MYOCARDIAL PERFUSION IMAGING: PROTOCOL!

Thallium-201 (201T1) Imaging .....c...ccccecvvevenee. 87
Technetium (99mTc) — Labelled Tracers IMaging ..........ccoeeerivieieininieinneieeee et 88
2-AAY PFOIOCOL ...ttt ettt ettt et b e bt n ettt ne st e neenens 88
T-G@Y PFOTOCOL ..ottt ettt e s ettt b et se e s et e st e s e sse st esaesenseneeneesan 89
Dual — Tracer PrOtOCOL ......c.ccuiuiiiiiiiiiiiiiiiiiiiicicicictceietetcietcete ettt bbbt bbbttt 89
SIESS TESt PIOCEAUIES ....eviuieiiiiieietieteei ettt ettt ettt st b s et s et e st s ae st et es e be e eneesesennne 89
EXEICISE TOSHNG ..ottt ettt ettt b et ens 90
Pharmacological Stress TESHNG ..........cocoecirieiiiiirieiieiieieeet ettt sttt ettt st bt 91
Pharmacological Stress Combined With Exercise TeSting ...........ccccveeeenreenireeeenecereeeeeereenenes 98
Reconstruction MEthOds ...........ccoiiiiiiiiiiiiiii s 98
Attenuation and SCAtter COITECTION .......cciiiiiuiiiiiit ettt et 99
AHENUALION ATHIUCES ..ottt ettt ettt b et s e b et e st et e be st eaesaenenene 99
Image Analysis and INTErPIEtAtION .........ceceoerieueiririeuiririeieirietcteree ettt ettt ettt se et s st seennene 100
QUANTTLALIVE ANGLYSIS ..ottt ettt ettt ebe e 101
TRACER ACTIVITY: DOSIMETRY AND RADIATION SAFETY ...ccoooiiiiiiieeeeeeeceeee 102
Radiation Exposure to Relatives ..........cccoceverieirenieieinieieeseieeens .. 103
INfants ......cccooceeenvecnnciene. .. 103
Radiation Exposure to Staff Members 103
Pregnant Patients ........c..cccccoeeenennne .. 104

Fetal RAdiation EXPOSUFE .............cccoiiinieiiiniiiiirieieeese ettt ettt 104



Lactating PAtICNS .....ccueiieiiiiieietiiteetet ettt ettt b et e sttt e et es et e st bt et ne et et et enennen 104

COMPARISON BETWEEN THE AVAILABLE IMAGING MODALITIES ..o, 104
FUTURE DIRECTIONS ..o 107
CONCLUDING REMARKS ..ottt ettt 107
CONFLICT OF INTEREST ..o 107
ACKNOWLEDGEMENTS ... .. 107
REFERENCES ...ttt ettt sttt a e nenne 108

CHAPTER 4 RADIONUCLIDE ASSESSMENT OF CARDIAC FUNCTION AND MODELING: THE

CLINICAL APPLICATION OF GATED-SPECT .....cooiiiiiiieiiieteeeeete ettt 124
Spyridon Tsiouris, Athanasios Papadopoulos and Andreas Fotopoulos
INTRODUCGTION ..ottt ettt ettt bbbttt et ettt et se b bt s e bt eaebe e etenenens 125
TECHNICAL AND CLINICAL ASPECTS OF GATED SINGLE PHOTON EMISSION COMPUTED
TOMOGRAPHY (G-SPECT) ..ottt sttt et se e seseeesesenesesenn 127
Radiotracers ........ccocccceevueuenne . 127
Gating and Framing ...........cc.c..... 127
Stress and/or Rest Gated PrOtOCOLS ......cveivivieiieiieieiteetieiesie st et eeete et esaesaeesesaeeseessesseessessessnessenseenen 130
DAta ACQUISTHION ..oviiviuieiieiiiteietieteie ettt ettt e st et e bt eaesse st eseeb et eseeseesenseseesessenteseesenseneesensessesessansas 131
IMAZE RECONSIUCTION ....oeiuiieiiniieiitirteteieet ettt ettt ettt ettt bt et e bbb ese st e b sa et et beneneeee 132
Image Analysis and Quantitative MEaSUIEIMENLS .........cc.erueueruerierietinieeeneeeesteneesesseseeneetesseeenesseeesesseseeneenes 133
CLINICAL VALUE ..ottt ettt ettt ettt ettt b et be et enesenens 138
LIMITATIONS ottt ettt s st b et h st e bt s e b e s et e b e st e et e b et s et e st e ebeseneasesenis 142
MODERN TRENDS ...ttt ettt ettt et ettt et ese s et e s e e s et eaeesesesensesesentesesesesesesensesesensanasan 142
CONCLUDING REMARKS ..ottt ettt ettt ettt et st b sttt saenes 144
CONFLICT OF INTEREST ...ttt ettt ettt b ettt ettt e e s neebenene 145
ACKNOWLEDGEMENTS ...ttt ettt ettt a b se e e s ese e s seseneesesaneseseneaes 145
REFERENCES ..ottt ettt ettt bbbttt b et bbbttt b e nenene 145

CHAPTER 5 EVALUATION OF HEART FAILURE PATIENTS USING PET PERFUSION IMAGING:

RADIOTRACERS AND TECHNIQUES ..ottt 152
Sofia Chatziioannou, Nikoletta Pianou and Alexandros Georgakopoulos
INTRODUCGTION ...ttt ettt ettt bttt b ettt e b ettt e b et et e b e s s et ese et e s eae st ebeneatebebeneeteneneas 153
RADIOTRACERS ...ttt ettt ettt et e sttt e b e sae e s eabeeseeste s e eseessassesssesseeseessesseesaessenseensensenseensensas 154
RUDIAIUM-82 (82RD) .ttt bbbttt b bbbt b bbbt bt ee 154
Nitrogen-13-ammonia (13N-aMMONIA) ....coueuiuirieueiririeiiiriete ettt sttt ettt b et s seebeneneas 155
OxXyZen-15-Water (150-WALET) ..ccooviuiiiiiiiiiiiicici ettt 157
IBF-FIULIPITIAAZ ...eoviieiieiieieieteie ettt ettt ettt ss e sb e s et s e e e s e esebeneesessenseseesesseneesesensans 157
Other I8F-1aDE1ed TIACEIS ....cueirueuiuirieteiiirieteietete ettt ettt ettt et b bbbttt e ettt b e e e 159

TECHNIQUES ..................
Cardiac PET Imaging Protocols
Cardiac PET Stress Protocols ...

COld Pressor TSt (CPT) ..ottt ettt 165
Electrocardiographic Synchronization (ECG-gated) .........coeevirmiiirnieioinineinineccneceneereiceneerceseenenens 165
CONCLUDING REMARKS ...ttt ettt 166
CONFLICT OF INTEREST ..ottt ettt st b ettt ettt se s e e ens 166
ACKNOWLEDGEMENTS ..ot 166
REFERENCES .......oiiiiiiiiiiiiiecete ettt ettt bbbttt 167
CHAPTER 6 HYBRID IMAGING (SPECT/ CT, PET/CT, PET/MR) .....cccoooviiiiiiiniiinicriccreeneee 172
Dimitrios J. Apostolopoulos

INTRODUCGTION ..ottt b bt s et e e st s s et e st e b e s e st es et e st e st sse s eneebesseneeseesenes 172

CARDIAC IMAGING WITH SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY
(SPECT)/COMPUTED TOMOGRAPHY (CT) 174
Computed Tomography (CT) - Based Attenuation Correction (AC) in Myocardial Perfusion Single Photon




Emission Computed Tomography (SPECT) ...c.cccoiiiiiiiiiiiieirecceeereecceeeee e 176
Commercially Available Single Photon Emission Computed Tomography (SPECT)/Computed Tomography

(CT) SYSIEIMS .nvuiiteteieet ettt ettt ettt ettt b ettt a et et b e bt s e eb et st st et eseebenaeneenen 180
Common Errors in Computed Tomography (CT) - Based Attenuation Correction (CT-AC) ................... 182
Interpretation of Attenuation-Corrected Myocardial Perfusion Single Photon Emission Computed

Tomography (SPECT) ..ottt sttt st s ene e 185
Diagnostic Efficacy of Attenuation-Corrected (AC) Myocardial Perfusion Single Photon Emission

Computed Tomography (SPECT) ..c.cooioioirieiiricciec ettt ettt 188
Prognostic Value of Attenuation-Corrected (AC) Myocardial Perfusion Single Photon Emission Computed

Tomography (SPECT) ..ottt 193
Assessing Myocardial Viability with Attenuation-Corrected (AC) Myocardial Perfusion Single Photon

Emission Computed Tomography (SPECT) ...c.coiiiiiiiieiirieieerieeeriee et 195
Single Photon Emission Computed Tomography (SPECT)/Computed Tomography (CT) for Calcium Score

Estimation and Computed Tomography Coronary Angiography (CTCA) .....cccecevvimecrenncrcnnecncns 198
Incidental Computed Tomography (CT) Findings in Attenuation-Corrected (AC) Myocardial Perfusion

Single Photon Emission Computed Tomography (SPECT) ......ccccociriiinniiiicneccirccceeenne 201
Molecular Targets of Single Photon Emission Computed Tomography (SPECT)/Computed Tomography

(CT) IMAGINE vttt ettt b ettt b et s sttt s et e b e b et st ebesene et ebeneasenene 202

1-123 Metaiodobenzylguanidine (MIBG) for the Evaluation of Cardiac Sympathetic Innervation

..................................................................................................................................................... 202

Other Molecular Single Photon Emission Computed Tomography (SPECT)/Computed Tomography

(CT) Targets in Heart FAIIUTe ..............cccccoouiuiioiniiuiiiniiciieecteecee et 204
Myocardial Perfusion Single Photon Emission Computed Tomography (SPECT)/Computed Tomography

(CT) Imaging for the Assessment of Myocardial Blood Flow (MBF) and Flow Reserve ................. 204
Radiation Exposure with Hybrid Single Photon Emission Computed Tomography (SPECT)/Computed

Tomography (CT) SYSIEIMS ...ccuvveuiririeuiiirieieiirinieietrtetei ettt ettt ettt et e et bttt sesese s sesennene 205

CARDIAC IMAGING WITH POSITRON EMISSION TOMOGRAPHY (PET)/COMPUTED
TOMOGRAPHY (CT) ooooooooeeeeeeeeeeeseeeeeeeeesseseeeeesessesseeeseeeesessesesseeseesseeeessesssseeeesssesseeeesesesesseeesesseees 207
Advantages of Positron Emission Tomography (PET) over Single Photon Emission Computed Tomography

(SPECT) ittt 208

Commercially Available Positron Emission Tomography (PET)/Computed Tomography (CT) Systems
............................................................................................................................................................. 208

Computed Tomography (CT) - Based Attenuation Correction (AC) in Positron Emission Tomography (PET)
............................................................................................................................................................. 209

Assessment of Myocardial Blood Flow (MBF) and Flow Reserve with Positron Emission Tomography

(PET)/Computed TomOZraphy (CT) ...ccoeueeririeieirieieiiiriete ettt ettt 210
Assessment of Myocardial Viability with Positron Emission Tomography (PET)/Computed Tomography

(CT) s 211
Positron Emission Tomography (PET)/Computed Tomography (CT) for Integration of Myocardial

Perfusion, Calcium Score, and Computed Tomography Coronary Angiography (CTCA) ... 212
Molecular Imaging in Heart FAIIUIE ..........cccoviiiriiiiininiiiiiecirc ettt 213

Imaging Inflammation .................... . 213

Imaging the Cardiac Nervous System . 213

Left Ventricular REMOEIING .............c.ccovuvuccinnieieiniiiiinieicieteiectsieie ettt enaene 214

CARDIAC IMAGING WITH POSITRON EMISSION TOMOGRAPHY (PET)/MAGNETIC
RESONANCE (IMR)  ..ooocooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseesseeeeessseeseeeeesesesseeeeeesseeseseeeesseessseeeesesesseeeeeseee 216
Technical CONSIAEIAtIONS .........cccoviiiiiiiiiiiiiiiiiiii s 216
Commercially Available Positron Emission Tomography (PET)/Magnetic Resonance (MR) Systems

............................................................................................................................................................. 217
Magnetic Resonance (MR) - Based Attenuation Correction (AC) .....c.coeeerrieverinercininiercninreeenereenenen 218

Cardiac Applications of Positron Emission Tomography (PET)/Magnetic Resonance (MR) .........c.c....... 218



Positron Emission Tomography (PET)/Magnetic Resonance (MR) in Heart Failure ....................... 219

Molecular Cardiovascular Positron Emission Tomography (PET)/Magnetic Resonance (MR) ...... 220
CONCLUDING REMARKS .....ocoiiiiiiiiiiiiieeietete ettt ettt ettt ettt b bbbttt ettt b et b s b 222
CONFLICT OF INTEREST ...ttt ettt ettt st sa e teesaesaesbeesaessesseessanseeseessesseessensesseensans 222
ACKNOWLEDGEMENTS ...ttt 222

REFERENCES

..................................................................................................................................................................................... 240
Efstratios Moralidis
INTRODUCGTION ..ottt b e bt s et et e st e st st et es e e b e s e st es et e st e st ss et eneebesbeneesensenes 241
DEFINITION OF MYOCARDIAL VIABILITY ..oooiiiiiiiiiiicieneeeet ettt 242
STUNIINE .ttt ettt ettt e bbb e bttt e b e st et e st st e b e s eae s e ebe s et et eb et besen et et ese e beseneaaanen 243
Hibernation . 243
PATHOPHYSIOLOGIC CORRELATES .. 243
HISTOPATHOLOGIC CORRELATES .........ccccccciiiiiiiiiiiiiiicieiceiceeeee e .. 245

IMAGING TECHNIQUES FOR THE ASSESSMENT OF MYOCARDIAL VIABILITY .......ccccceeuue. 246
Positron Emission TOMOZIAPRY ......ccccueueiriiiiirinieiiiniiietiret ettt ettt et ee 247
Myocardial MEtADOLISI ............c..cccovueoiiiiriiiiiiesieeeee ettt 248
Radiotracers and Technical Aspects of Cardiac Positron Emission Tomography (PET) Imaging
..................................................................................................................................................... 248
CFIteria Of VIADIIILY .ottt 250
HYDFIA APDFOUCRES ...ttt sttt ettt se et n b s nean 251
Myocardial Perfusion Single Photon Emission Computed Tomography (SPECT) .....c.cccoecevvecnnnencne 252
Nuclear Imaging by Single Photon Emission Computed Tomography (SPECT) with Thallium 201
(20ITI) = CRIOFIAE ...ttt bbb 252
Nuclear Imaging by Single Photon Emission Computed Tomography (SPECT) with Technetium-99m
(99MTC) - LaAbDeled AGENLS  .........c.oouceeuiriiiiiiiiiiieietetee ettt 256
Aspects of Imaging Myocardial ViabDility ...........ccocuoeoeeviieiieieeneietseeese ettt eenes 256
EChOCArdiOZIapIY ....cocueueriiieiiriieicitetcertetet ettt ettt ettt ettt ettt 258

Cardiac Magnetic Resonance (CMR) Imaging .

CLINICAL CORRELATES AND ENDPOINTS IN MYOCARDL 261
Improvement in Regional Function . 261
Improvement in Global FUNCHON .....cc.ouiuiiiiieiiiieieiecete ettt 263
Improvement in Symptoms and EXercise Capacity ..........ccccoveerirueueirinieenirieiceneeeseseeieeeseseeseeeeeenens 265
IMprovement in PrOZNOSIS .....cccoveuiiriiiiuiinieiiirieiei ettt ettt ettt ettt ettt et s et ee 267

Meta-analyses of ObServational STUAIES ............ccovueeoieerueinirieeiieieeeeet ettt 267
Randomized Controlled Trials of Myocardial Viability ..............cccccocevviveoneiciniciencceeeeeeens 270
Additional Variables to Consider in Myocardial Viability Studies ..........ccccoeevmneinnecnneiinnecnenne 275
Stress-induced Ischemia and Revascularization Procedures ................ccccoccoivvciiincicinicncncnnn. 275
Left Ventricular Remodeling and COmOrbiditios ..............cococvecviioinieininiceiieneenieeeeeeeeseeenens 276
ATTRYTRMIC SUDSIEALE ...vivieviiviieiietiieiet ettt ettt ettt eseeb e b s e esessetesaesenseneeseesenseseasens 277
The ADMIRE-HF TFIQL .......cccocoiiiiiiiiiiiiiiiitcttcttc sttt sttt 277
The PAREPET TFIQL .....c.c.cccoiiiuiiiiiiiiiiiiiiiiiicictee ettt 277

RECOMMENDATIONS FROM GUIDELINES ..ot 278

CONCLUDING REMARKS ...ttt ettt

CONFLICT OF INTEREST ...ttt ettt ettt ettt bbb b bbbt st nenene

ACKNOWLEDGEMENTS .... .

REFERENCES .......oiiiiiiiiiiiiiecete ettt ettt bbbttt

CHAPTER 8 RADIOISOTOPIC VS NON-RADIOISOTOPIC METHODS FOR MYOCARDIAL
VIABILITY IDENTIFICATION oottt ettt ettt bt seese b esaesessensesaebeseneesansenes 300
Varvara 1. Valotassiou and Julia V. Malamitsi



INTRODUCGTION ...ttt ettt ettt a e e eneneneas 301

RADIOISOTOPIC METHODS ........ccciiiiiiiiiieiiicieiniteetetteie ettt ettt sseaae 302
Single Photon Emission Computed Tomography (SPECT) IMaging ........ccccoeeverurueenirerenenieieeneeeenenens 302
Thallium=201 (201T]) ...c.cocueueueueeeieiiieieieieieteeeete ettt bbbttt ettt a bt esebenenan 302
Technetium-99m (99MTc) - LaABEled TrACETS ........ocvvveeeeieeeieieiesieieiesieiee et seeeeseaeneens 305

Positron Emission Tomography (PET) ............. .. 308
NON-RADIOISOTOPIC METHODS ... . 312
Echocardiography .......cccccccoveceennccnnecncne. . 312
Cardiac Magnetic Resonance (CMR) IMAZING ....c.covvieuiiririeiiirieieieieie ettt 314
Computed TomOGraphy (CT) ...coovcuiiriieiiiiecicieieceree ettt e 317
ADVANTAGES AND DISADVANTAGES .....c.ccooiiiiceeeneeeese ettt 321
CONCLUDING REMARKS ...ttt 323
CONFLICT OF INTEREST ...ttt ettt st b ettt ettt sseneens 323
ACKNOWLEDGEMENTS ....c.coiiiiiiiiiiiiieeitceeet ettt ettt sttt senns 324
REFERENCES ..ottt ettt bbbttt 324

CHAPTER 9 CLINICAL VALUE OF CARDIAC NEUROTRANSMISSION SPECT IMAGING IN HEART

FAILURE PATIENTS oottt bbbttt b bbbttt et bbb 335
Denis Agostini, Damien Legallois and Alain Manrique
INTRODUCGTION ..ottt ettt ettt et et e te et e saessaessesseessesesseessesesssessenseessensessaessensesssessanseeseensessens 336
RISK STRATIFICATION OF PATIENTS WITH HEART FAILURE (HF) .......ccoceoiiiiniiiiniiieeene 336
ISCHEMIC CARDIOMYOPATHY (ICM) AND VENTRICULAR TACHYARRHYTHMIA (VT) ..... 343

NON - ISCHEMIC CARDIOMYOPATHY AND VENTRICULAR TACHYARRHYTHMIA (VT) ... 344
EFFECT OF LEFT VENTRICULAR ASSISTANCE DEVICE (LVAD) ON CARDIAC ADRENERGIC

FUNCTION .o 345
RECOMMENDATIONS BEFORE INTERPRETING HEART-MEDIASTINUM RATIOS (HMRS) AND
1231-MIBG SPECT IN HEART FAILURE (HF) RATIENTS ..o 346
CONCLUDING REMARKS ..ot 347
CONFLICT OF INTEREST ...ttt ettt 347
ACKNOWLEDGEMENTS ..ot 347

REFERENCES

CHAPTER 10 APPLICATIONS OF PET CARDIAC NEUROTRANSMISSION IMAGING IN HEART

FATLURE oottt 351
Sophia 1. Koukouraki
INTRODUCGTION ..ottt b bt s et e st e st s s et e st e b et e st es et e st eness et eneebesteneeseesenes 352
NEURONAL IMAGING WITH POSITRON EMISSION TOMOGRAPHY (PET) IN HEART FAILURE
(HF) ettt 353
POSITRON EMISSION TOMOGRAPHY (PET) TRACERS .. 354
Tracers of Sympathetic Neuronal Integrity .........c.cccceenee. .. 355
11C-Hydroxyephedrine (11C-HED) .. .. 355
L1C-EPinephrine (11C-EPI) .......cccooumeiioiriieieeseeeeeteete sttt ettt sttt et eseseneene 356
11C-Phenylephrine (11C-PHE) ......c.cccoccccmmioinrieiiinieiitnteieteteiecste ettt ettt eae e 357
L18F- FIUOFOAOPDAININE ...ttt ettt st b ettt 357
18F—-Fluorobenzilguanidine (LMI1195) .........ccccovuiiiieieiieiieseeeeie ettt 357
Tracers of Adrenergic RECEPLOIS ......c.ccooirueuiririiueiiririeiirinteici ettt ettt ettt ne st be e aene 358
TIC-CGPI21T7 oottt s 358
TIC-CGPI2388 .ottt ettt ettt 358
TIC-GBOT ..o 358
Tracers of the Parasympathetic Nervous SYStEIM .......c.coeueirirueiininieieniniee ettt 358
LI8F-FEOBYV .ottt ettt sttt b bttt s st a et s b e b et st et et et ne s et ens 359
TIC-MONB ..ot 359

LEF-AB5380 ... s 359



CLINICAL APPLICATIONS OF NEURONAL IMAGING WITH POSITRON EMISSION
TOMOGRAPHY (PET) IN HEART FAILURE (HF) ...cccooiiiiiiiiiieieeecce e 359
Risk Stratification of Patients with Heart Failure (HF) after the Assessment of Sympathetic Innervation and

Activation Of the HEATE .......ccooiriiiiiieieieee ettt enes 360
Identification of Patients who should Undergo Implantation of Cardioverter Defibrillators (ICDs) and Risk
Assessment for Patients with Ventricular Arrhythmias and Sudden Cardiac Death (SCD) .............. 362

Therapy Monitoring for Heart Failure (HF) ......ccocooiiiiiiiieeece e .. 363
CONCLUDING REMARKS ...

CONFLICT OF INTEREST ...ttt ettt ettt b ettt ettt b et s e abenene 365
ACKNOWLEDGEMENTS ...ttt ettt sttt sttt et et ese et e e st e sese et eseebeneeneas 365
REFERENCES ..ottt ettt ettt bbbttt b et st be sttt benennenenn 365
CHAPTER 11 IMAGING OF RADIOLABELLED FATTY ACID METABOLISM ........ccccecviiiiieiiieene 371
Hein J. Verberne
INTRODUCGTION ...ttt sttt ettt s et b ettt e bttt e bttt e s e s s et es et ebesene st ebeneatebebeneeteseneas 371
MYOCARDIAL METABOLISM ...ttt sttt ettt st et es b sse e eneetennene 372
Free Fatty Acid (FFA) MetaboLiSI .......c.cceoiiiiuiriniiieiniiiccinieicineete ettt ettt saen e nene e 372
RADIOLABELLED FREE FATTY ACIDS ..ottt ettt 375
Single Photon Emission Computed Tomography (SPECT) TTacers .........ccccocceercvenireerennieereneneenenes 375
Positron Emission Tomography (PET) Tracers: 11C-acetate, 11C-palmitate and 18F Labelled Fatty Acid
(FA) ANALOZUES ...vviniiieiiieiet sttt ettt ettt ettt b et b et et e b st e b et et ene s 376
AGING . 377
SEX oo .. 378
DIABETES MELLITUS ........ccocecevinnee. .. 378
OBESITY AND INSULIN RESISTANCE .....ocoiiiiiiiiiieeeeetese ettt sttt ebe e 379
ISCHEMIA .ottt sttt ettt sttt sttt b et et b ettt be s b et e 379
HYPERTROPHY ..ottt ettt ettt bbb et b bt e b et et ebeneean 380
DILATED CARDIOMYOPATHY ..ottt ettt sttt sttt s e b nnene 381
CONCLUDING REMARKS ....c.oiiiiiiiiiiictectetei ettt ettt ettt et s b ettt eaenes 381
CONFLICT OF INTEREST ...ttt ettt b ettt ettt b et et senebenene 382
ACKNOWLEDGEMENTS ..ottt ettt sttt ettt et ese et e e st e seseeneeseebeneeneas 382
REFERENCES ..ottt ettt ettt bbbttt b et bbbttt b e nenene 382

CHAPTER 12 MOLECULAR IMAGING OF APOPTOSIS AND ATHEROMATOUS PLAQUES:

CURRENT AND FUTURE APPLICATIONS IN HEART FAILURE ... 389
Argyrios Doumas and loannis lakovou
INTRODUCGTION ..ottt bbb
MECHANISMS OF APOPTOSIS ..ottt ettt ettt
The Role of Phosphadyl-serin (PS) Externazilation
NUCLEAR MEDICINE METHODS IN THE EVALUATION OF APOPTOSIS .......cccccccoeiiiiiinnee 395
Molecular Imaging of Apoptosis in Heart Failure (HF) ......ccooooviiiinieieeeeee e 396
MOLECULAR IMAGING OF ATHEROMATOUS PLAQUES ..........ccccoiiiiiiiiiciecceeeeee 398
Endothelial Activation and Permeability .........cccccoeeeririeueininieineieie ettt 401
Monocyte Accumulation, Phagocytosis and MetaboliSIm .........c.cccveveiririerieinineiecreseeeeese e 402
Matrix Remodeling and Protease Activation .. 404
Neovascularization, Plaque Calcification, Rupture of the Inflamed Atherosclerotic Plaque and Thrombus
Formation ............ . 405

CONCLUDING REMARKS .. .. 406
CONFLICT OF INTEREST ... .. 406
ACKNOWLEDGEMENTS ..ottt es 406
REFERENCES .....oiiiiiiii st n e 406

CHAPTER 13 MOLECULAR IMAGING TECHNIQUES OF GENE AND CELL HEART FAILURE
THERAPIES: STATE OF THE ART AND FUTURE PERSPECTIVES ... 414

Athanasios Katsikis and Maria Koutelou



INTRODUCTION . 414

MOLECULAR IMAGING IN HEART FAILURE (HF) 415
Molecular Imaging in Stem Cell Therapy for Heart Failure (HF): Principles and Methods ..................... 417
Molecular Imaging in Stem Cell Therapy for Heart Failure (HF): Clinical Applications ...........c.cccc.c..... 430

Tracking of Stem Cells in Human Models of Heart Failure (HF) ........ccccoouecivneennncinniccnenneneas 430
Tracking of Stem Cells in Animal Models of Heart Failure (HF) .......cccccooievinneinneeineeineeenene 432
Assessment of the Effects of Stem Cell TREFapy .........c.ccocceeivcininieucinicieeeceeeeee e 433
Predicting the Functional Outcome of Stem Cell TREFaPY  ........c.ccovueeeirvueinneininecenieccnenieeceens 435
The Role of Molecular Imaging in Gene Therapy for Heart Failure (HF) .......ccoceeiiiiiinniiiiciee 435
Molecular Imaging in Stem Cell and Gene Therapy for Heart Failure (HF): Future Perspectives ........... 436

CONCLUDING REMARKS ..ot 439

CONFLICT OF INTEREST ..ottt ettt 439

ACKNOWLEDGEMENTS ..ottt ettt ettt aeaeben 439

REFERENCES ...t 439

CHAPTER 14 ARTIFACTS AND PITFALLS IN CARDIAC MOLECULAR IMAGING .........c.ccccoeeeeee. 449
loannis C. Tsougos and Panagiotis A. Georgoulias

INTRODUCGTION ..ottt bbb 449

QUALITY CONTROL (QC) PROCEDURES ........cocooiiiiiiiiiierte sttt 451
UNIfOrMIty COITECION ...cuvvuiiteiiiiieteeirtetet ettt ettt sttt ettt bt a bt be e s e bbbt stebes et saebenensenene 451
COR COITECHION ..eevititiiiitiiteteteteteietete ettt bbbttt bbb bbb bbb bbb bbb bbb bbb bbb e bbbt be b bbb bebeaebenes 452
PRANTOIMS ...ttt sttt ettt 452

MOTION RELATED ARTIFACTS ..o 454

GATING ARTIFACTS ..ot 457

TECHNICAL AND ACQUISITION ARTIFACTS ......ccooiiiiiiiiiiieiiieieeieieieieeieieieieieieieieseieienenesesenenenes 458
AenUAtion ATHTACES .....c.coviiiiiiiiiiiiiiicc s 458

Breast AeNUALION ...........c.cccociiiiiiiiiiiiiiiiiiiie s 459
OBESE PALICNLS ...ttt ettt st neaene 461
SKINIY PALIETES  ....oveveeeeeieieieteeiesietete et ettt se st et et se st e st ssesseseesessessesaesenseseesensessesesseseneesensensenensan 462
Sub-diaphragmatic Activity .. .. 465

HEART RELATED ARTIFACTS ....... .. 468
Left Bundle Branch Block (LBBB) . .. 468
DIEXIIOCAIAIA ...ttt 470

USER RELATED ARTIFACTS ..ottt sttt 470
ProCeSSING EITOTS ..ottt ettt ettt st 470
INJECTION ATEIFACES ...euieetitiieteieietet ettt sttt b etk s e bbbt be b s e ee 471

CONCLUDING REMARKS ......coiiiiiiiiiiiiieieteieteei ettt ettt ettt sttt 472

CONFLICT OF INTEREST ...t 473

ACKNOWLEDGEMENTS ...ttt 473

REFERENCES ..ottt bbb bbbt b et bbb bbb bbb bbb bbb b bbbt enenesene 473

CHAPTER 15 BASICS OF RADIATION PROTECTION IN CARDIAC IMAGING STUDIES .............. 476

Constantin Kappas and Kiki Theodorou

INTRODUCTION ..o 477

POPULATION - COLLECTIVE EXPOSURE

PATIENTS’ EXPOSURE ..........cccc....
Fluoroscopically Guided- Procedures .
Cardiac Computed Tomography (CT) .... .
Cardiac Electrophysiology PrOCEAUIES ...........cccciiiriiuiiiiiiieiniiicicieeicere ettt 479
NUCIEAT CArQIOLOZY ..ceeuveviiiieieiiirict ettt ettt bbbttt bttt ne e ee
(Therapeutic) Brachytherapy

OCCUPATIONAL RADIATION RISK  ...ooiiiiiiiiiiieeeetee ettt et 480




RADIATION BIOLOGY AND RISK OF MEDICAL IMAGING .......ccccoiiiiiiiiiceeceeeeeeenes 481

Types of Radiation EffECtS .......c.coviuiiriiiiiiiniicinecctet ettt 481
Deterministic Effects (Harmful TiSSU€ REACHIONS) ......c.ccceueuirerueueinieeeirieieitiseeieteesieenesaeieeseeeeeneenes 481
Stochastic Effects (Cancer and Heritable Effects) ............ccocuionniiienieireeieeneeeeeseeseeeeens 482

Occupational Radiation RISK .........ccceciviriiieiieieicieeeeee ettt sse s benens 485

Catarracts Associated with lonising Radiation

Patients Radiation Risk from Cardiac Diagnostic Imaging .. 487
Radiation Risk in Paediatric Cardiology ....................... .. 488
DOSIMETRY AND MEASURES TO DECREASE EXPOSURE ...........cccccccciiiiiiiiiiiiicicceciceeee 489
General Principles and Considerations on Radiation Protection ...........c.ccccceeveeinnceninnccnnecnneneene 489
DOSTMELFY MEIROAS ..ottt ettt ettt et et be st e st eseese st esessenseseesenseneesensensans 492
General Considerations on Patients and Staff EXPOSUIE ........cccoeririeiininirieininieeieecreiee e 494
Patients Exposure CONSIACTALIONS  ..........cccoeeeeurucueininieinieieeeeeeeee ettt 494
Staff EXposure CONSIAETATIONS ............co.cceureueuieiriiueieinieenteteeesteeeee sttt ettt et sesesesesnenens 495
Cardiac CT EXAMINATIONS ......cueuiuiuiuiuiiiieiiieteieieteieieteteietete et tetete bt betese bt bbb bt s b bt bebesebebesebesesesenenas 498
AbSOrbed Dose By the PALIENL  ...........cccueevuirieiieiieieiee sttt ettt eae sttt sse s s 498
Methods t0 MINIIIZE DOSE  .......ccooucueoeeeeuiinieiiirinieiitnieietetseete ettt ettt 499
Fluoroscopy, Interventional Cardiology and ElectrophySiology ........cccccoeeiririeeninieieeninieeieeecseeieeeas 500
AbSOrbed Dose By the PALIENL  ...........c.ccueiierieiieisieietseeieeeete sttt sttt et eese s 501
Methods to Minimize Dose t0 the PAtient ................cccccveivunieiviniciiiniciiiiiiiiisieisisieeeieeseeseeeas 503
Staff Radiation Exposure and Radiation ProOteCtion .............ccccoceeeeneeeieisieueinesieeneseeeeneseenesnenens 505
NUCLEAr CATdIOIOZY .....vueiiiiiiicicieic ettt ettt eaeae e 515
Radioisotopes and Radiopharmaceuticals Used in Nuclear Cardiology .. .. 515
Patients’ DOSES  .........c.cccoccuvuiuiiniiiiiiiiiiicc .. 518
Strategies to Minimize Radiation Dose to Patients . 519
StAff EXPOSUFE ..ottt 522
Strategies to Minimize Radiation Dose to the Staff . .. 523
Radiation Protection of Pregnant WOTKETS .........cccceciviriiirirenieieeieieesee ettt 525
SPICIAING ...ttt ettt ettt ettt sttt 526
MORIIOFIIG .ttt et h bt ettt ettt b et et a ettt sae s 526
COUNSEIITG ..ottt ettt st 526
Radiation Exposure During Paediatric Cardiovascular Procedures ............c.coecoerneeconnccnnccneneccnnnn 526
OcCUPALIONAL EXPOSUTE ...ttt sttt sttt et sa ettt st 527
Child EXPOSUTE ...ttt ettt 527
Radiation Data Collection and Documentation, Quality Assurance Programmes and Diagnostic Reference
LEVEIS ettt 528
Recording and Reporting RAAIQUION DOSE .............ccocueoerenieieiiiieieieeeese et 528
Quality Assurance Programmes (QAP) ........ccccoeevrecrnnueinieiettnieeetsesieiet st seseeneesenes 529
Diagnostic Reference LEVelS .........ccoueeoieueoiniieiiieieieeeeeteetete ettt ettt 530
Training, Education and Research in Radiation Protection .............ccceceverieiriinieineneniecseeceeeeeeciene 531
Recommendations for EQUCATION  ............c.ccoveioiniriciininieiinieieteeeeet ettt 531

Research

General Recommendations for Staff and Patient Radiation Protection

CONCLUDING REMARKS .. 536
GLOSSARY & DOSIMETRY UNITS [1, 2, 62, 85, 119, 227,233, 318] ......ccccoiniiiiiiiiiiciiccce 537
CONFLICT OF INTEREST ..ottt 544
ACKNOWLEDGEMENTS ..o 544
REFERENCES bbb 544

CHAPTER 16 TECHNICAL ADVANCES IN HYBRID CARDIAC IMAGING: POTENTIAL
APPLICATIONS IN HEART FAILURE 570
George K. Loudos




INTRODUCGTION ...ttt ettt ettt a e e eneneneas 570
SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY (SPECT) / COMPUTED
TOMOGRAPHY (CT) oottt ettt 571
Basics of Single Photon Emission Computed Tomography (SPECT) / Computed Tomography (CT)

TECHNOLOZY ..ttt ettt sttt ettt sttt 571
Single Photon Emission Computed Tomography (SPECT) / Computed Tomography (CT) and Attenuation
COITECHION (AC) ittt ettt ettt st 573
Applications of Single Photon Emission Computed Tomography (SPECT) / Computed Tomography (CT) in
Heart Failure (HF) and Future DIr€CtionS ........cooueueiririeuininieieirieiees ettt 574
POSITRON EMISSION TOMOGRAPHY (PET) / COMPUTED TOMOGRAPHY (CT) ....ccocevveuvnnns 576
Basics of Positron Computed Tomography (PET) / Computed Tomography (CT) Technology .............. 576
Positron Emission Tomography (PET) / Computed Tomography (CT) and Attenuation Correction (AC):
Role of Time of FIIght (TOF) ....oouiiiiiiieieee ettt sttt 577
Applications of Positron Emission Tomography (PET) / Computed Tomography (CT) in Heart Failure (HF)
............................................................................................................................................................. 579

POSITRON EMISSION TOMOGRAPHY (PET) / MAGNETIC RESONANCE IMAGING (MRI) .... 580
Basics of Positron Emission Tomography (PET) / Magnetic Resonance Imaging (MRI) Technology .... 580
Positron Emission Tomography (PET) / Magnetic Resonance Imaging (MRI) and Attenuation Correction

(AAC) ettt 583
Positron Emission Tomography (PET) / Magnetic Resonance Imaging (MRI) and Motion Correction

............................................................................................................................................................. 584
Applications of Positron Emission Tomography (PET) / Magnetic Resonance Imaging (MRI) in Heart
Failure (HF) 585
SINGLE PHOTON ISSION TOMOGRAPHY (SPECT) / M NCE IMAGING

(MRI)
CONCLUDING REMARKS ..

CONFLICT OF INTEREST ... .. 589
ACKNOWLEDGEMENTS ..ottt ettt es 589
REFERENCES ..ot 589

SUBJECT INDEX ...t bbbt 594



FOREWORD 1

When Dr. Georgoulias asked me to write this foreword, I was honored and thrilled to have the
opportunity to introduce this outstanding work on the “Frontiers in Heart Failure — Molecular
Imaging”.

This book represents the collaborative effort of numerous talented physicians and scientists
throughout Greece with expertise in heart failure to present this complex topic. This
challenging task has been accomplished via a multidisciplinary approach in this well
organized e-book that discusses all aspects of the disease. Heart failure is a very prevalent
disease with high mortality and significant social and economic impact on societies. As such
it is imperative to understand this silent epidemic, which affects all organs and systems of the
body. We live in the era of personalized medicine where the potential exists to identify and in
theory prevent factors that lead to heart failure as well as to slow the progression of disease.

The layout of this e-book follows a logical progression and thus gives the reader a
comprehensive approach to the study of heart failure. The first several chapters discuss
epidemiology, cardiac physiology and pathophysiology, genetics, clinical manifestations,
laboratory variables and biochemical markers. The book goes on to address management of
heart failure patients including the role of echocardiography, medical therapy, interventional
and device therapy, as well as novel treatments for heart failure such as gene and cell therapy
approaches. The second portion of the book is dedicated to imaging modalities for heart
failure other than echocardiography. Computed tomography is first discussed as a
fundamental method to delineate structural anatomy as well as to provide support for invasive
techniques used in heart failure. Magnetic resonance imaging is then discussed as an imaging
modality which can accurately establish the diagnosis of heart failure and which can also be
used for quantification of ventricular function as well as tissue characterization. The bulk of
the second portion of the book is a journey through the various imaging capabilities of
Nuclear Medicine, which provide both functional and anatomic information. Myocardial
Perfusion (SPECT) Imaging and Gated-SPECT are first highlighted, as they are particularly
useful in the heart failure patient population, two thirds of which has ischemic heart disease as
the underlying cause. The importance of identifying myocardium at risk, (ischemic yet
viable), is emphasized in these chapters, as is the ability of these agents to assess myocardial
viability and follow-up of left ventricular function after revascularization. Subsequent
chapters discuss PET perfusion imaging, hybrid imaging, and assessment of viability with
both SPECT and PET applications. More advanced topics such as cardiac neurotransmission
SPECT and PET imaging, radiolabelled fatty acid metabolism imaging, and molecular
imaging of: apoptosis, atheromatous plaques, and gene and stem cell therapies complete this



ii
section of the book. The final portion of this book discusses important related topics
including: artifacts and pitfalls in cardiac molecular imaging, radiation safety, and technical

advances such as the rapidly evolving role of PET/MRI and as yet only experimental
SPECT/MRI in heart failure management.

I would like to thank my colleague Efrosyni Sfakianaki MD, Assistant Professor in
Radiology/NM at UM for her cooperation in reviewing this great e-book.

In conclusion, I am very excited about this e-book, not only because of its superbly organized,
well- illustrated and presented content, but also because as an e-book it can be carried and
propagated throughout the community much more easily than a hard copy book. The editor
and chapter authors have succeeded admirably in the endeavor to produce what promises to
be an outstanding resource for the examination and therapy of the patients with Heart Failure
both now and in the future.

Dr. George N. Sfakianakis

Department of Radiology

University of Miami, Miller School of Medicine
Miami

FL

USA
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FOREWORD 2

Heart failure represents a global healthcare challenge. The severity of the problem is well
established in the industrialized countries, where heart failure incidence, prevalence,
morbidity and mortality have affected a large population with significant medical and
economic demands of the society. Ischemic cardiomyopathy constitutes the most common
cause of heart failure in western societies, whereas other causes, such as valvular
cardiomyopathy and Chagas disease, may play a more important role in the rest parts of the
world. However, as the developing nations also became more urbanized, an increase of heart
failure rate has been observed, particularly cases with ischemic aetiology.

We have witnessed major advances in our diagnostic and therapeutic options for heart failure
during the last decades. In particular, molecular imaging methods have broadened our
understanding of the failing heart at the molecular and cellular level. The continual upsurge in
research is promising but this increase in the available literature makes it difficult to stay
informed with selected topics in the field. Therefore, it is my pleasure to write a foreword for
this e-Book, entitled “Frontiers in Heart Failure — Molecular Imaging”, (Editor Professor P.
Georgoulias, Bentham Science Publishers). Experts providing crucial and updated
information concerning all aspects of heart failure management wrote the chapters in this
excellent book.

The e-Book is divided into two sections. The first section includes an update on the
pathophysiological and clinical characteristics of the heart failure syndrome, and the
therapeutic strategies that can be implemented for these patients. It would be useful not only
for cardiologists, but also for any health professionals interested in state-of-the-art heart
failure management. Additionally, novel therapies are presented, such as gene and cell
therapies. The role of molecular imaging for the evaluation and follow-up of heart failure
patients is approached in the second section. It allows the reader to understand better the wide
range of molecular imaging methods, including myocardial perfusion imaging, viability
assessment, cardiac remodelling evaluation, cardiac neurotransmission imaging, atheromatous
plaques imaging and free fatty acids studies. The most advanced imaging modalities in heart
failure are also presented, such as single photon emission tomography, positron emission
tomography, computed tomography, magnetic resonance imaging and hybrid imaging
systems. Finally, important relevant technical factors and advances are comprehensively
addressed in the last part of the e-Book.
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Based on its strong clinical orientation, I believe that most clinicians will find “Frontiers in

Heart Failure — Molecular Imaging” of immediate practical interest. I consider this e-Book an
excellent contribution for anyone involved in health failure patients’ care or research.

Dr. Javed Butler
Heart Institute

Stony Brook University
New York

USA



PREFACE

During the last decades, heart failure has become a main reason for health care utilization by
patients living in western countries. It represents one of the leading causes of morbidity and
mortality due to cardiovascular disorders, particularly in the elderly. Undoubtedly, heart
failure can be regarded as a contemporary epidemic since the prevalence of the syndrome has
steadily risen. Despite its clinical importance, various aspects of the pathophysiology of the
failing heart seem to be inadequately understood. A better understanding of this complex
syndrome, at the molecular and cellular level, is expected to have significant consequences
for the patients at the clinical setting. Therefore, more accurate investigation of the disorder
and effective management of heart failure patients remain primary objectives in the field of
cardiovascular research.

This e-Book aims to present cutting edge heart failure diagnostic methods and therapies
related to the major fields of interest of the authors, along with findings obtained through their
research work. After providing clinically oriented information in the first part, the second part
of the e-Book focuses on molecular imaging techniques. The first chapter by G. Giamouzis
et al. includes current definitions, epidemiology, cost and health care policies in the field of
heart failure management. In the second chapter, I. Aidonidis et al. present fundamental
cardiac cellular and subcellular physiology concepts that could permit a better assessment of
myocardial pathophysiology. The third chapter by F. Triposkiadis et al. is devoted to
molecular and cellular alteration in heart failure, while recent advances regarding the genetic
basis of the syndrome are reported by D. Koumbi ef al. in the next chapter. J. Skoularigis
et al. focus on clinical manifestations, patients’ investigation, co-existing diseases and
prognosis estimation. Laboratory variables and biomarkers represent useful tools for
clinicians when treating patients with heart failure clinical findings. This chapter by
C.A. Zivlas and D.V. Cokkinos reviews well established and novel laboratory tests that may
support clinical decision making. By assessing cardiac structure and function,
echocardiography offers diagnostic and prognostic information. E. Tsougos summarizes the
role of echocardiography based on current applications and future developments. Three
chapters are devoted to heart failure therapies. S. Katsanos and J.T. Parissis present up-to-date
medical therapy of the syndrome, while P. Antonitsis et al. review available interventional
and device therapies. The novel gene and cellular therapeutic strategies are discussed
by E. Papanikolaou and N.P. Anagnou in the last chapter of the first section of the e-Book.

The second section of the e-Book starts with computed tomography (CT) and magnetic
resonance imaging (MRI) in heart failure that are reviewed by [.A. Chryssogonidis et al. and
M.A. Mademli and N.L. Kelekis in the first two chapters, respectively. Radiopharmaceuticals
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and techniques used for myocardial perfusion single photon emission computed tomography
(SPECT) imaging are presented in the next chapter by P.A. Georgoulias er al
Electrocardiographically gated SPECT (G-SPECT) combines assessment of myocardial
perfusion and left ventricular function within a single study. Applications of G-SPECT for
functional evaluation and remodelling investigation in the failing heart are discussed by
S. Tsiouris et al. Positron emission tomography (PET) perfusion imaging is reviewed by
S. Chatziioannou et al. based on its advantages, such as high diagnostic accuracy, short study
time and lower radiation doses compared to SPECT. Hybrid imaging systems (SPECT/CT,
PET/CT, PET/MRI) are reported in the chapter by D.J. Apostolopoulos as the integration of
structural and functional or metabolic information, achieved by multimodality imaging, offer
valuable insights in heart failure syndrome. The presence of myocardial viability has been
considered a significant determinant of patients’ outcome. Two chapters are devoted to
myocardial viability assessment; E. Moralidis presents SPECT and PET techniques for these
purposes, whereas V.. Valotassiou and J.V. Malamitsi provide a comparison of radioisotopic
and non-radioisotopic methods for viability identification. Furthermore, cardiac
neurotransmission imaging in heart failure is reviewed by D. Agostini et al., based on SPECT
techniques, and S.I. Koukouraki according to PET imaging. Cardiac metabolism is essential
for myocardial contractility and maintenance of cardiomyocyte integrity. H.J. Verberne
presents various SPECT and PET tracers for the assessment of myocardial free fatty acids
imaging. Moreover, A. Doumas and I. Iakovou focus on current and future applications of
molecular imaging in heart failure regarding cell apoptosis and atheromatous plaques
formation. Molecular imaging of the novel gene and cell therapies is presented by A. Katsikis
and M. Koutelou. In the last three chapters of the e-Book, potential artifacts and pitfalls are
reported by 1. Tsougos and P.A. Georgoulias, radiation protection considerations are reviewed
by C. Kappas and K. Theodorou, and various technical advances in the field of cardiac
molecular imaging are provided by G.K. Loudos.

In conclusion, the purpose of this e-Book is to capture and explore improvements towards the
diagnosis and therapy of heart failure by established and novel strategies and procedures,
focusing on molecular imaging methods.
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to acknowledge the contribution of E. Kapitsaki (SPEG Consulting Co., Athens, Greece) for
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CHAPTER 1

Computed Tomography in Heart Failure

Ioannis A. Chryssogonidis’, Iokasti E. Gkogkou and Christos A.
Papadopoulos

Department of Radiology, “AHEPA” General University Hospital, Thessaloniki, Greece

Abstract: Multidetector computed tomography is an imaging modality which
constantly gains ground in the field of cardiovascular imaging. Accurate imaging of
coronary arteries, cardiac structure and function, pulmonary and cardiac venous
anatomy can be explored with this non-invasive, easily reproducible technique,
providing valuable information in the diagnosis and management of patients with heart
failure. Computed tomography can support invasive techniques used in patients with
heart failure, as in cardiac resynchronization and ablation for atrial fibrillation, with all
necessary anatomic data, increasing the safety and efficacy of the procedures. In
addition, patients after heart transplantation can be evaluated with multidetector
computed tomography, avoiding more invasive procedures.

Keywords: Cadiomyopathy, Calcium score, Cardiac ablation, Cardiac
dyssynchrony, Cardiac resynchronization, Coronary computed tomography
angiography, Ejection fraction, Heart failure, Heart transplantation, Multidetector
computed tomography, Myocardial perfusion.

INTRODUCTION

Heart failure is a worldwide life threatening disease with increasing prevalence. It
is characterized by frequent and recurrent hospitalizations, and the mortality and
morbidity of the disease are associated with the diagnosis. Thus, the necessity of a
fast, non-invasive test which provides useful information about the diagnosis and
could guide the therapy is mandatory. Ideally, the diagnostic tool would provide
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information about the structure and function of the heart with accuracy, at low
cost, without complications and independently of implanted devices from
previous interventions.

Technological developments have turned computed tomography (CT) into a good
candidate for this demand. State-of-the-art CT scanners have improved to provide
images of the whole heart in almost a single beat. Nowadays, temporal resolution
is higher providing images at 75 ms with dual source CT scanners, while 320-row
CT scanners can provide detector coverage of 160 mm.

This evolving technology has emerged into the field of cardiology, quickly
expanding into the imaging of the coronary vessels and the ventricles functional
imaging. CT technique is performed for guidance of intervention and surveillance
of heart failure patients. In the next pages we present the potentialities and uses of
multi-slice CT in the imaging of heart failure.

CORONARY ARTERIES

Coronary arteries imaging has been the major purpose of the heart CT scanning.
The aim of coronary computed tomography angiography (CCTA) is to provide
accurate information about arteries anatomy and stenoses. (Fig. 1a and b, Fig. 2).

Fig. 1a Fig. 1b

Fig. (1). 3D volume rendering depicting the origin (1a) and course (1b) of the coronary arteries.
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Nowadays, CCTA is playing a major role in the evaluation of coronary artery
disease (CAD) and management of heart disease. Technical advances of modern
CT scanners with increasingly detector rows and dual source scanners, provide
high quality images in shorter times with good temporal and spatial resolution in
any desired plane. Constant movement of the area of interest can produce various
artifacts, as well as heavy calcified vessels can lead to an overestimation of the
stenosis (Fig. 3).

Fig. (2). Normal appearance of the coronary arteries.

Multi-detector coronary CTA (CCTA) can depict the anatomy of the coronary
arteries, including small branches, with high negative predictive value for CAD.
Analysis of the obtained images should be made in order to select the optimal
sequence of cardiac cycle phase in which fewer artifacts interfere with the
coronary arteries, and contrast agent fills the vessels lumen. Artery lesions should
be classified and reported as for the: a. artery involved; Left Anterior Descending
(LAD), Left Circumflex (LCx), Right Coronary Artery (RCA) (Fig. 4), b. location
of the lesions along the artery segments (ostial, proximal, mid, distal), c. location
according to the vessel lumen (concentric, eccentric), and d. degree of stenosis in
percentage. Further analysis may include plaque characterization according to its
components (adipose, calcified, or mixed).
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CHAPTER 2

Magnetic Resonance Imaging in Heart Failure

Maria A. Mademli and Nikolaos L. Kelekis”

2" Department of Radiology, “Attikon” General University Hospital, National & Kapodistrian
University of Athens, Athens, Greece

Abstract: Heart failure (HF) may be the endpoint of various cardiac diseases. This
emphasizes the need for a diagnostic method that can accurately establish the diagnosis
of HF and define the underlying mechanisms of the condition. This is necessary for the
selection of the appropriate therapeutic method (medication, revascularization or
resynchronization therapy) in order to achieve the optimal response. Cardiac magnetic
resonance imaging (MRI) is an emerging imaging method that can be used for
quantification of ventricular function, as a baseline and also for follow-up of HF
patients after treatment. It has great contribution in differentiation of the cardiac
diseases (e.g. ischemic and non-ischemic cardiomyopathies, cardiomyopathies with
myocardial hypertrophy, efc.) by providing tissue characterization. This chapter
describes the technique of cardiac MRI examination and focuses on typical imaging
characteristics that aid in the differentiation among cardiac conditions that may result in
HF, according to their frequency and their importance in treatment selection. The
parameters measured by cardiac MRI that play a role in the prognosis of the disease
and therapeutic decision, are also discussed. Finally we present the role of cardiac MRI
in cardiac resynchronization therapy and its predictive role in the therapeutic outcome.

Keywords: Cardiac magnetic resonance imaging, Cardiac resynchronization
therapy, Cardiomyopathy, Congenital heart disease, Etiology, Heart failure,
Ischemic heart disease, Late gadolinium enhancement, Pericardial disease,
Prognosis, Valvular heart disease.
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INTRODUCTION

Heart failure (HF) is a common debilitating and potentially lethal cardiac
condition with increasing prevalence. The diagnosis of HF is based on patient’s
history, clinical examination, electrocardiography (ECG), blood tests and imaging
examinations. HF may be the result of various cardiomyopathies (CMPs),
ischemic and non-ischemic. The identification of the underlying causative cardiac
condition plays a crucial role in the management of HF patients by modifying the
treatment options, which include medical therapy, revascularization or device
implantation for resynchronization with biventricular pacemakers, implantable
cardioverter defibrillators (ICDs) and ventricular assist devices. These
considerations designate the need for a non-invasive and reproducible imaging
method for accurate assessment of cardiac function and measurement of other
indices, establishing the diagnosis and following the patients' response to therapy.
Echocardiography is the first line modality for patients suspected of having HF
and when the syndrome is diagnosed, further evaluation is needed to explore the
etiology [1].

Cardiac Magnetic Resonance Imaging (MRI) plays an important role in this field
by facilitating the assessment of left and right ventricular systolic and diastolic
function, cardiac structure in detail, myocardial pathology by tissue
characterization, perfusion imaging and viability information, aiding to the
diagnosis of HF etiology. It is also a modality that provides the determination of
several parameters useful for the prognosis and prediction of response to therapy

[2].
CARDIAC MAGNETIC RESONANCE IMAGING (MRI) EXAMINATION

The use of MRI in examinations of the heart is quite demanding due to the
complex movement of the organ in three dimensions, which is addressed by the
use of fast and ultra-fast sequences with ECG-triggering or gating. Various
techniques are used to provide different information regarding cardiac structure,
function, flow information, perfusion and viability of the myocardium, as well as
more complex methods and analyses used to image intraventricular dyssynchrony

[1].
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Cine Imaging

For the generation of cine images, the preferred technique is ECG-gated steady-
state free precession (SSFP). The whole heart is covered in the short axis (SA)
view, in 12-16 slices of 6-8mm thickness, acquiring data during the whole cardiac
cycle, during multiple 7-15sec breath holds [3]. The resulting images illustrate the
blood pool with high signal intensity and the myocardium with intermediate
signal intensity, providing high contrast between them (high spatial, temporal
resolution). The resulting ability to accurately delineate the endocardial and
epicardial contour facilitates the use of these images for measuring the volume of
the ventricles, throughout the cardiac cycle, the myocardial mass and finally the
estimation of ventricular functional biomarkers, such as ejection fraction (EF),
cardiac output, myocardial wall thickness/thickening and motion. The functional
results obtained are highly accurate and reproducible, so the method can be
considered as the reference standard for quantification of left ventricular (LV) and
right ventricular (RV) volume and function, regardless of the field strength of the
scanner used (usually 1,5T) [4 - 7]. This is a very important feature considering
LV dilatation and remodeling that may be encountered in HF patients and their
possible change during the course of the syndrome or after treatment. SSFP
sequences can be acquired in different imaging planes [SA, 4 chambers (4CH) or
horizontal long axis, vertical long axis (VLA), efc.] and the resulting images can
be reproduced as a video illustrating the cardiac movement. The visual assessment
of cine images gives additional information of the cardiac anatomy, morphology,
global and regional contractility. Cine images could be performed under mild
stress low-dose of dobutamine (LDD-MRI) which is helpful in demonstrating the
contractile reserve [1, 8].

Myocardial Tissue Characterization

Fast spin-echo T1-weighted sequences with adjustment to null the signal from the
blood (‘black blood’ images) provide excellent depiction of the morphology and
detailed anatomy of the heart and great vessels, as well as tissue information of
the myocardium and pericardium [9].

T2-weighted sequences are very useful in cardiac MRI because of their property
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CHAPTER 3

Myocardial Perfusion (SPECT) Imaging: Radio-
tracers and Techniques
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Abstract: Heart failure remains a highly prevalent disease with significant morbidity
and mortality. Millions of patients are affected worldwide and their treatment is
associated with a significant cost for the healthcare systems, especially in developed
countries. In approximately two-third of the cases, ischemic heart disease is the cause
of the syndrome. Therefore, myocardial perfusion single photon emission computed
tomography (SPECT) imaging is a key element in the diagnostic investigation,
prognostication, and management of patients with heart failure. Perfusion images are
obtained according to various well-established protocols, after the administration of
either thallium-201 or technetium-99m labelled radiotracers in combination with
several stress techniques. In the future, technological innovations and improvements of
reconstruction methods are expected to strengthen the role of myocardial perfusion
SPECT imaging as a useful tool for the investigation of heart failure and patient’s
management.

Keywords: Adenosine, Dipyridamole, Dobutamine, Exercise testing, Heart
failure, Myocardial ischemia, Myocardial perfusion, Technetium-99m sestamibi,
Technetium-99m tetrofosmin, Thallium-201, Regadenoson.
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INTRODUCTION

Heart failure (HF) is a common syndrome that results from cardiac structural
abnormalities and functional disturbances. In the United States, the prevalence of
HF had been increased dramatically from the 1970s to 1990s [1]. Its prevalence
continued upward trend during the last years, varying between 1-2% in the adult
population [2, 3]. According to a study published in 2010, the number of HF
patients in the United States was over 5.8 million, while more than 550,000 new
cases were diagnosed every year [4]. The syndrome mainly affects the elderly.
The life-time risk of developing HF is 20% for people aged over 40 years [5, 6].
Both the prevalence and the incidence of the syndrome increase with advancing
age and the average age at first diagnosis is 76 years [7]. This is even more
important because of the population aging, particularly in the western world. For
example, in the United Kingdom, the population aged 75 years and over is
projected to significantly increase in the next 10 years, possibly altering health
care needs for HF [8].

HF is linked to significant morbidity and mortality despite recent advances in
patients’ management [9]. It is the primary or secondary diagnosis in more than
2.4 million patients hospitalized in the United States, while it has become the
most common reason for hospital admission in Germany since 2006 [4, 10, 11]. In
many cases, the syndrome co-exists with other diseases, such as hypertension,
diabetes mellitus, chronic kidney disease, smoking-related lung disorders,
depression or cognitive impairment [12 - 24]. Annually, approximately 300,000
deaths in the United States are directly attributed to the syndrome [4]. In general,
similar epidemiological results have been reported for many developed nations,
with few exceptions. Interestingly, prevalence of HF remained essentially
constant from 2006 to 2010 in Sweden, while incidence and mortality decreased

[25].

Clinical and laboratory investigation provide diagnostic information for the
assessment of the failing heart. The diagnosis of the syndrome is based on clinical
characteristics and objective evidence of cardiac structural and functional
abnormalities [26]. In particular, structural abnormalities are efficiently
demonstrated through echocardiography. Radionuclide techniques provide
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accurate and non-invasive means of evaluating cardiac function. Cardiac
molecular imaging studies are usually indicated for patients with suspected
coronary artery disease (CAD); nuclear cardiology techniques are often employed
for myocardial perfusion evaluation in these patients. This chapter will review the
role of myocardial perfusion single photon emission computed tomography
(SPECT) in the diagnosis and management of HF, focusing on the
radiopharmaceuticals administered and techniques that are implemented for the
performance of the studies.

PATHOPHYSIOLOGY OF HEART FAILURE (HF): MOLECULAR
IMAGING

HF could be considered as a pathophysiologic condition rather than a certain
disease. CAD represents the leading cause of HF in developed countries and
ischemic cardiomyopathy (ICM) is the most significant predisposing factor [27,
28]. Other etiologies include hypertension, valvular disease, and viral, alcoholic,
or idiopathic cardiomyopathies. Further, HF may be developed due to extrinsic
causes despite normal ventricular function (secondary HF), such as inadequate
oxygen delivery (e.g. anemia), severe capillary vasodilatation (e.g. toxic shock)
and inadequate venous return (e.g. tricuspid stenosis).

CAD accounts for 60-70% of HF cases in the United States, while ischemia was
reported as the primary cause of hospitalization in 15% of HF patients [27, 29].
Given the fact that the prevalence of CAD is growing, myocardial infarction (MI)
has an important role in the pathophysiology of HF [30]. Notably, MI increases
the life-time risk of the syndrome in both males and females; it is estimated that
HF is observed in more than one-third of patients 7 to 8 years post-MI [5, 31]. In
addition, acute MI is a major cause of acute HF. In developing countries, as these
societies go through epidemiological transition and undergo socio-economic
development, HF pathophysiology becomes increasingly similar to that of the
developed countries [30]. Previously, HF was mainly linked to valvular
cardiomyopathy, Chagas’ disease, or endomyocardial fibrosis [32 - 34].
Nowadays, ICM seems to represent a major factor for HF development in most
parts of the world.
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CHAPTER 4

Radionuclide Assessment of Cardiac Function and
Modeling: The Clinical Application of Gated-
SPECT

Spyridon Tsiouris, Athanasios Papadopoulos and Andreas Fotopoulos®

Department of Nuclear Medicine, University Hospital of loannina, loannina, Greece

Abstract: Nuclear myocardial perfusion imaging (MPI) by single-photon emission
computed tomography (SPECT) is a non-invasive method of evaluating left ventricular
(LV) perfusion and viability that is widely used in clinical practice.
Electrocardiographically (ECG)-gated SPECT (G-SPECT) is a state-of-the-art
technique combining the evaluation of myocardial perfusion and LV function within a
single study. It is among the most commonly performed cardiologic diagnostic
procedures in nuclear medicine departments. Advances in y-camera instrumentation
and the software used for data acquisition, image processing and quantification have
rendered this technique user-friendly, practical and highly reproducible in everyday
practice. In patients with coronary artery disease, the introduction of ECG-gating
enhances the diagnostic and prognostic capability of MPI, provides incremental
functional information over the perfusion data alone and also bears potential for
assessing myocardial viability and following-up LV function after revascularization.
This chapter discusses the general principles of G-SPECT image acquisition, analysis
and quantification, followed by a discussion on the additive diagnostic and prognostic
value that is associated with the functional parameters obtained by G-SPECT.

Keywords: Cardiomyopathy, Coronary artery disease, Electrocardiographic
gating, Gated-SPECT, Image quantification, Left ventricular function, Myocardial
infarction, Myocardial perfusion imaging, Radiotracers, Single-photon emission
computed tomography.
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INTRODUCTION

The impact of myocardial perfusion imaging (MPI) by single-photon emission
computed tomography (SPECT) in the clinical setting of coronary artery disease
(CAD) has been indisputably established for decades. Since the late 1980s the
modality has been enhanced by the introduction of electrocardiographically
(ECG)-gated acquisition. ECG gating of a standard myocardial perfusion SPECT
allowed the qualitative and quantitative simultaneous assessment of the left
ventricular (LV) perfusion and function in a single-injection, single-acquisition
study [1]. The functional status of a hypoperfused or even a normally perfused LV
wall has significant clinical relevance. The addition of functional information
obtained through gated acquisition has been demonstrated to be of high clinical
value in several studies, since LV function and volumes are principal predictors of
long-term outcome in critical CAD or after acute myocardial infarction (AMI) and
their assessment plays a key role for patient prognostication [2].

Various protocols have been developed for imaging modalities studying LV
function. Echocardiography is the most commonly used technique, since it is
widely available, cost-effective and imparts no ionizing radiation. It has moderate
spatial resolution and is easily performed, but it comes with inherent subjectivity
issues in image analysis that make it highly operator-dependent, while there are
also acoustic window limitations rendering the technique unsuitable for certain
patients. Function of the LV —a three-dimensional (3D) structure— is measured by
extrapolating calculations using two-dimensional (2D) techniques, which leads to
suboptimal accuracy and reproducibility for quantitative measurements. Cardiac
computed tomography (CT) utilizing contrast media measures LV function in a
high quality 3D imaging approach, displaying high spatial resolution and short
acquisition time (below 10 sec), but it delivers a considerable amount of radiation
dose to the patient. Contrast-enhanced cardiac magnetic resonance imaging
(MRI), on the other hand, provides sufficient spatial resolution with the advantage
of no radiation burden, but still is not a first-choice examination due to its high
cost, subprime availability and unsuitability for patients with pacemakers or
implantable cardioverter defibrillators.

First-pass radionuclide angiography (FPRNA) and equilibrium gated radionuclide
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ventriculography (EGRNV) —also known as multigated acquisition (MUGA)
scan— with the use of single-photon emitting radiotracers opened the field of
myocardial function imaging to nuclear medicine. FPRNA is preferred for
assessing peak-exercise ventricular function and measuring right ventricular (RV)
ejection fraction (EF), whilst EGRNV/MUGA is an equilibrium ECG-gated
technique considered as the most accurate for estimating LV systolic function and
EF. The incorporation of ECG-gating technology into MPI SPECT gave the
opportunity of a reliable simultaneous assessment of LV perfusion and function
within the same study.

Several factors contributed to the growing popularity that gated SPECT (G-
SPECT) has gained since its introduction. This has been principally based on the
development of new radiopharmaceuticals, as well as on improvements in
imaging hardware, computer processing and software technology. The
introduction of sestamibi and tetrofosmin, two technetium-99m (*"Tc)-labeled
perfusion radiotracers with favorable biokinetics and dosimetric characteristics,
allowing higher administered activities and enhanced count rate statistics, has
been a mainstay for G-SPECT. These tracers permitted the reliable evaluation of
myocardial wall motion and thickening, LV volumetry and LVEF calculation by
flexible ECG-gated acquisition protocols. Instrumentation advances in the form of
multidetector y-cameras, matched with the enhanced computational power of
modern imaging systems, shortened substantially the acquisition and processing
time. All these improvements have been accompanied by software developments
incorporating automated image processing and quantification algorithms, to
reproducibly calculate functional LV parameters with minimal operator
interaction [3]. This accounted for a simple, practical and user-friendly imaging
technique in everyday practice, thus facilitating its widespread use [4 - 8]. All
these innovations established the role of G-SPECT as a leading method of choice
for the non-invasive evaluation of myocardial blood flow and cardiac function in a
variety of clinical settings related to CAD and its measurements have been
extensively validated against LV function assessments, by many other standard
cardiac imaging modalities [9 - 15].
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Abstract: Positron emission tomography has become an increasingly alternative
method for clinical application in patients with coronary artery disease. Although,
various myocardial perfusion PET tracers are available, the most commonly used in
clinical setting are Rubidium-82 (*Rb) and nitrogen-13-ammonia ("*N-ammonia). ¥*Rb
is a cation and an analog of potassium with kinetic properties similar to those of
Thallium-201. It combines the advantages of a short 75 seconds physical half-life and
its independency of an onsite cyclotron through the availability of a relative small
onsite Strontium-82 / *¥Rb generator. Although it is not the ideal tracer for absolute
quantification (first—pass extraction of 65%), it has been used extensively for this
purpose showing valuable data in the clinical setting. *N-ammonia is a cyclotron
product with physical half-life of 9.96 minutes. Due to the combination of the high
first-pass myocardial extraction fraction (80%) and the relatively long physical half-life
of the radiotracer, high-contrast resolution myocardial perfusion images can be
obtained. Oxygen -15-water (*O-water) is used in research studies, mainly for precise
measuring of myocardial blood flow. "*F-Fluripiridaz is a new promising tracer with
excellent biological and imaging characteristics, including longer half-life, availability
in unit doses from regional cyclotrons, low positron range, and high myocardial
extraction. It is now in advanced clinical evaluation with encouraging results. Due to
the short half-life of the radiotracers a PET rest-stress study is obtained in a shorter
time than a single photon emission computed tomography study, while PET myocardial
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perfusion imaging provides higher diagnostic accuracy, using lower radiation doses
compared to single photon emission tomography.

Keywords: "“N-ammonia, "“O-water, "“F-FBnTP, '"F-Fluripiridaz, '"F-
Fluorodihydrorotenone, "F-FTPP, Coronary artery disease, Myocardial blood
flow, Myocardial perfusion imaging, Positron emission tomography, Rubidium-
82.

INTRODUCTION

Coronary artery disease (CAD) is a major cause of death and disability.
Myocardial perfusion imaging (MPI) is a valuable tool for identification and
stratification of patients who need medical management or interventional therapy
with coronary angiography and possible revascularization. The most commonly
used imaging method for this purpose is single photon emission computed
tomography (SPECT) [1].

Despite the success of cardiac SPECT imaging, positron emission tomography
(PET) has become an increasingly alternative method for clinical application in
these patients. This is primarily attributed to two reasons: firstly due to its ability
to evaluate myocardial perfusion and blood flow (MBF) and secondly for the
evaluation of myocardial metabolism and viability in patients with ischemic left
ventricular (LV) dysfunction [2]. Additionally, PET has better spatial and contrast
resolution with more accurate attenuation and scatter correction. All new PET
systems enable a simultaneous computed tomography (CT), making both
structural imaging and CT-based attenuation correction possible.

Although various myocardial perfusion PET tracers are available, the most
commonly used in clinical setting are rubidium-82 (**Rb) and nitrogen-1-
-ammonia ("“N-ammonia). Also, oxygen-15-water ('’ O-water) is used in research
studies, mainly for precise measuring of MBF. Finally, the last few years, new
"F-labelled myocardial perfusion tracers have been developed with great promise.
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RADIOTRACERS

Rubidium-82 (*’Rb)

2Rb is a cation and an analog of potassium with kinetic properties similar to those
of thallium-201 (**'T1). The tracer is taken up by the myocardium through active
transport by the Na'-K* adenosine triphosphatase pump. **Rb uptake is mainly
depended on MBF, although its extraction can be affected by severe acidosis,
hypoxia and ischemia. Thus, **Rb myocardial uptake is a function of both MBF
and of myocardial viability [2 - 4]. It has received U.S Food and Drug
Administration (FDA) approval and in recent years it is the most widely used
radionuclide for evaluation of myocardial perfusion with PET in the USA.

#Rb combines the advantages of a short 78 seconds physical half-life (Table 1)
and its independency of an onsite cyclotron through the availability of a relative
small onsite strontium-82 (*Sr) / *Rb generator [5]. Recently, a new *Rb
generator delivery system has been developed. It consists of a **Sr/**Rb generator
and an elution system, that may offer improvement in safety (Jubilant
Draximage). It is available in Canada and under review by the US FDA [6]. **Sr
has a physical half-life of 26 days. Consequently, the **Sr/ ¥Rb generator needs to
be replaced every 4-6 weeks. The generator is fully replenished every 10 minutes.
More than 90% of maximal available activity can be obtained within 5 minutes
after the last elution, allowing fast sequential perfusion imaging and high patient
throughput. Despite the very high cost per patient at a low volume of studies, the
cost over six studies per day is competitive to SPECT tracers [7].

“Rb after intravenous administration rapidly crosses the capillary membrane. The
maximum kinetic energy of positrons emitted during *Rb decay is significantly
higher than that of "F or "N. Image resolution and quality are slightly
compromised because of this high energy of positrons and the lower count rates
due to the short half-life [8]. It has a first—pass extraction of 65%, which is similar
to *'T1 and slightly less than *N-ammonia and decreases in a non-linear manner,
with increasing blood flow [3, 9]. Although due to low extraction fraction it is not
the ideal tracer for absolute quantification, it has been used extensively for this
purpose showing valuable results in the clinical setting [10, 11].
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CHAPTER 6

Hybrid Imaging (SPECT/ CT, PET/CT, PET/MR)

Dimitrios J. Apostolopoulos’

Department of Nuclear Medicine, University Hospital of Patras, University of Patras, Medical
School, Patras, Greece

Abstract: Multi-modality imaging achieves the integration of structural and functional
or metabolical information in a single examination. Apart from patient convenience and
improved workflow, this “one-stop shop” approach is featured by enhanced diagnostic
accuracy compared to either modality alone or side-by-side image interpretation. These
advantages also apply on cardiovascular and molecular-targeted imaging where hybrid
systems facilitate the detection of molecular signals and their accurate localization by
fusion with anatomical structures. The role of SPECT/CT, PET/CT and PET/MR in
studying patients with heart failure is reviewed in this chapter. Before mentioning the
potential clinical utility, various issues concerning the principles of hybrid imaging,
commercially available devices, image interpretation, possible technical errors and
diagnostic pitfalls are addressed. Due to its wider availability, lower cost and the
author’s experience, the value of cardiac hybrid SPECT/CT is emphasized.

Keywords: Attenuation correction, Computed tomography, Coronary artery
disease, Heart failure, Hybrid imaging, Magnetic resonance, Multi-modality
imaging, Myocardial viability, Positron emission tomography, Single photon
emission computed tomography.

INTRODUCTION

Multi-modality or hybrid imaging has emerged during the previous decade as a
powerful method for combining structural with functional information in a single
examination. Its use has gained widespread clinical acceptance for various appli-

* Corresponding author Dimitrios J. Apostolopoulos: Department of Nuclear Medicine, University Hospital of
Patras, University of Patras, Medical School, Patras, Greece; Tel: +30 6972 12 2372; Fax: +30 2610 99 4470; E-mail:
dimap@med.upatras.gr.

Panagiotis A. Georgoulias (Ed.)
All rights reserved-© 2016 Bentham Science Publishers


mailto:dimap@med.upatras.gr

Hybrid Imaging (SPECT/ CT, PET/CT, PET/MR) Frontiers in Heart Failure, Vol. 2 173

cations, including cardiac imaging [1 - 8]. Particularly in molecular-targeted
imaging, novel hybrid systems facilitate the detection of molecular signals and
their accurate localization by fusion with anatomical structures [9 - 11].

The outburst of positron emission tomography (PET) in oncology experienced in
the past years has actually kept pace with the advent of hybrid PET/multi-detector
computed tomography (MDCT) devices which have largely replaced the older
stand-alone PET systems. Significant progress in the hardware and software of
PET and MDCT has taken place, which resulted in the increase of system speed,
efficiency, spatial resolution and patient throughput, while radiation exposure of
patients and laboratory personnel has been reduced [12]. These innovations have
also impacted on the expansion of PET/CT cardiac applications. Depending on the
MDCT capabilities, hybrid PET/CT can be used today for acquisition of
attenuation-free myocardial perfusion images, accurate estimation of myocardial
blood flow and myocardial flow reserve, calculation of the coronary artery
calcium score (CACS) and CT coronary angiography (CTCA) [7]. However, PET
technology and radiotracers for cardiac applications remain expensive and,
consequently, the clinical penetration of cardiac PET/CT remains limited at
present.

The first dual-modality systems combining single photon emission computed
tomography (SPECT) with CT appeared in the clinical arena almost
simultaneously with PET/CT scanners. Although the spread of SPECT/CT
lingered behind PET/CT, probably because of less oncological applications of
SPECT compared with PET, SPECT/CT is much cheaper and the interest in its
use is rapidly increasing. As regards to cardiac imaging, the first hybrid devices
were coupled to low-resolution CT scanners mounted on the same gantry with the
gamma-camera heads and aimed only at attenuation correction (AC) of SPECT
images. Later on, MDCT machines capable of accomplishing CACS calculation
and performing CTCA have joined scintillation cameras, being arranged in a
separate gantry. The advent of high-efficiency cardiac gamma-cameras, either by
the use of semiconductor detectors or by novel collimator designs, has broadened
the horizons of SPECT myocardial perfusion imaging (MPI). Some of these novel
cameras are integrated with CT devices [12 - 14].
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Recently, dual-modality PET/magnetic resonance (MR) has become a clinical
reality. Currently, available PET/MR systems perform PET and MR imaging
either simultaneously or sequentially [15]. Although their number is limited in
few medical centers to date, their use will probably increase in the future owing to
the great potential of this hybrid technique. The clinical value of PET/MR is still
being investigated, but cardiac imaging seems to be one of the most attractive
applications [16]. With technological advances running fast, other multi-modality
devices such as SPECT/MR, PET/CT/MR, MR/CT, Nuclear/Optical and
MR/optical are anticipated in the future [9, 17]. Adequate training in both
radiology and nuclear medicine is a prerequisite for high-quality hybrid image
interpretation. Small hybrid designs for imaging animals have contributed a lot to
medical research, particularly in the field of molecular imaging [10, 11].

Nuclear techniques (SPECT and PET) provide valuable information regarding left
and right ventricular function, myocardial perfusion, metabolism and sympathetic
innervation in patients with heart failure [5 - 7, 9]. The role of imaging modalities
in the evaluation of heart failure is discussed in other chapters of this e-book. This
chapter focuses on the potentially added value of dual-modality imaging over
stand-alone systems. Before mentioning potential clinical utility, various issues
concerning the principles of hybrid imaging, commercially available devices,
image interpretation, possible technical errors and diagnostic pitfalls are
addressed. Due to its wider availability, lower cost and the author’s experience,
the value of cardiac hybrid SPECT/CT is emphasized in this chapter.

CARDIAC IMAGING WITH SINGLE PHOTON EMISSION COMPUTED
TOMOGRAPHY (SPECT)/COMPUTED TOMOGRAPHY (CT)

The clinical utility of SPECT MPI for the evaluation of coronary artery disease
(CAD) has been supported by a large body of evidence and the method is
considered well-established [18]. MPI is more accurate than exercise treadmill
test in demonstrating myocardial ischaemia and it is the most powerful technique
for predicting adverse coronary events. Recent studies indicate this also applies to
heart failure. In a large prospective study involving patients with renal
dysfunction, Nakata et al. reported that stress induced perfusion abnormalities and
elevated end-systolic volume index independently predicted refractory heart
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CHAPTER 7

Assessment of Myocardial Viability Using SPECT
and PET Techniques
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Abstract: Heart failure is a significant health problem and coronary artery disease is by
far the leading cause. Despite advances in medical and device therapy the prognosis of
patients with ischemic cardiomyopathy remains unfavorable, but revascularization may
further improve the outcome in terms of contractile function, symptomatic relief,
exercise capacity and mortality. Over the years, the presence of myocardial viability
has been considered a significant determinant of the benefit from revascularization and
a variety of noninvasive techniques have been developed to assess viable and nonviable
myocardium in patients with ischemic systolic dysfunction. Viability imaging with 2*'T1
and *"Tc-agents SPECT can evaluate perfusion, cell membrane and mitochondria
structural and functional integrity, whereas "*F-FDG PET is used for the assessment of
glucose metabolism in myocytes. Dobutamine stress echocardiography provides
information on the contractile reserve and cardiac magnetic resonance imaging can
delineate the transmural extent of scar. In general nuclear imaging techniques have a
higher sensitivity for the detection of myocardial viability, whereas techniques
evaluating contractile reserve display a lower sensitivity but a higher specificity. This
review focuses primarily on the radionuclide modalities for the assessment of
myocardial viability and discusses the clinical value of viability imaging, including
earlier retrospective work and the more recent prospective data.

Keywords: Coronary artery disease, Heart failure, Left ventricular remodeling,
Myocardial metabolism, Myocardial perfusion, Myocardial viability,
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INTRODUCTION

Approximately 1-2% of the adult population in the industrialized countries has
heart failure, with the prevalence amounting to >10% among persons >70 years
old [1, 2]. Population longevity, advances in the treatment of acute coronary
syndromes and improved survival of heart failure patients all fuel the heart failure
epidemic. This disorder is the single most frequent cause of hospitalization among
persons >65 years old with excessive costs and thereby constituting a significant
public health problem [3, 4]. Most patients with heart failure symptoms have a
low left ventricular ejection fraction (LVEF). Coronary artery disease (CAD) is
the cause of the systolic dysfunction in almost two-thirds of cases and despite
therapeutic improvements the 5-year mortality rate remains high, approaching
50% [2, 5 - 8].

More than 35 years ago, clinicians and cardiac surgeons realized improvements in
both regional and global LV function in patients with chronic ischemic heart
disease having undergone coronary artery bypass grafting (CABG) surgery [9 -
12]. Approximately 40% of patients with preoperative LV dysfunction manifested
appreciable improvement in LV function after CABG, with normalization of
LVEF in approximately one fourth of cases [10, 13]. Since 1982, when
Rahimtoola described the recovery of LV contractile dysfunction after
revascularization in patients with CAD, the concept of hibernating myocardium
has been popularized and the interest in myocardial viability has progressed from
determining its pathophysiology to developing techniques for its assessment and
finally its application in the clinical setting [9, 14, 15].

Progress in pharmacologic therapy, including angiotensin-converting enzyme
inhibitors, angiotensin II receptor blockers, B-blockers and aldosterone
antagonists, has contributed considerably to the improved outcome of patients
with systolic heart failure [16 - 20]. Device therapy with biventricular pacing and
implantable cardioverter defibrillators (ICDs) may further prolong survival in
selected patients and heart transplantation is the last resort due to limited
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availability of donor hearts [8, 21]. Coronary revascularization is an alternative
effective therapy, but decisions to proceed with this type of therapy in patients
with moderate to severe LV dysfunction often are difficult, because of
comorbidities and the procedure-associated risk. The perioperative mortality rate
of surgical revascularization in patients with severe LV dysfunction may be as
high as 10% [10]. Therefore, it is useful to identify patients most likely to obtain
benefit from invasive procedures.

A variety of techniques have been developed and tested for the prediction of
reversibility of contractile impairment [9]. This review principally addresses
nuclear techniques for the assessment of myocardial viability. For reasons of
completeness, however, other non-invasive modalities are presented briefly and to
the extent that comprehensive comparisons can be made.

DEFINITION OF MYOCARDIAL VIABILITY

In the context of myocardial viability several terms have been used in literature
inconsistently to describe various states of the myocardium, such as stunning,
hibernation, infarction (partial or full-thickness) and scar. The term “viable”
describes myocardium containing alive myocardial cells and may be normal,
stunned or hibernating, while transmural scar with no remaining myocytes
represents typical nonviable myocardium [22, 23]. It is also conceivable that
myocardium subtended by diseased coronary arteries may exhibit a continuum of
states which may coexist in the same patient or even in the same myocardial
territory [22].

For the purposes of this review, myocardial viability describes jeopardized
dysfunctional myocardium with no or limited subendocardial scarring and with
the potential of temporal improvement in contractile function, irrespectively of the
underlying etiology or the specific therapeutic intervention employed [24 - 26]. In
a broader sense this term may also imply a potentially favorable clinical outcome
attained from timely interventions in dysfunctional myocardium which may or
may not be related to contractile recovery at rest.
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CHAPTER 8

Radioisotopic vs Non-Radioisotopic Methods for
Myocardial Viability Identification
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Abstract: Left ventricular (LV) systolic dysfunction associated with coronary artery
disease (CAD) comprises a major diagnostic and therapeutic dilemma.
Hibernating myocardium refers to a chronic dysfunctional condition, as a result of
repeated episodes of ischemia, of a still viable myocardium. In viable dysfunctional
myocardium, the integrity of myocyte membrane and contractile fibers are preserved.
Revascularization may promote L'V function in cases of residual myocardial viability in
dysfunctional segments of the heart. The identification of viability
is pivotal for patients’ management, and viability testing is a valuable tool to
guide therapeutic options in these patients. Various non-invasive viability assessment
procedure can be used in the clinical practice and novel applications are emerging
which are likely to provide higher diagnostic accuracy in the future. Nuclear
myocardial perfusion imaging with single photon emission computed tomography
(SPECT) has been used for several decades and is a well-established method for
viability evaluation, while positron emission tomography (PET) has been considered
the “gold standard” for this scope. Other non-radioisotopic cardiac imaging modalities
have been also developed, such as cardiac magnetic resonance (CMR) and
echocardiography with high image quality and no radiation exposure, and lastly cardiac
computed tomography (CCT). In the last years, great advances have been made in
image processing software, as well as in hybrid imaging for the simultaneous analysis
of functional and anatomical datasets based on different modalities.
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INTRODUCTION

In coronary artery disease (CAD), left ventricular (LV) systolic dysfunction may
be attributed either to myocardial infarction (MI) resulting in irreversible
myocardial damage and replacement fibrosis, or to chronic impairment of
myocardial function despite the fact that the myocardium is viable, as indicated by
the preservation of myocyte membrane and contractile fibers integrity [1]. The
latter is known as hibernating myocardium and was first described by Rahimtoola
in the ‘80s [2]. Myocardial hibernation is considered as the consequence of
repeated ischemic events and represents an adaptive status of muscle contraction
down-regulation linked to chronic coronary blood flow impairment [2, 3]. This
condition is potentially reversible following revascularization or other treatment
strategies, leading to improvement in patient outcomes [4, 5]. Histopathologic
studies have revealed that hibernating myocardium is characterized by gradual
loss of myocyte bundles, expanding collagen deposition and disordered muscle
fascicular architecture, fibrosis, elevated glycogen storage, mitochondrial
abnormalities, decline in connexin 43, vacuolization and a reversion to fetal
myoglobin [3]. Stunning myocardium refers to transient contractile dysfunction
following episodes of ischemia [6]. Repetitive, or chronic, stunning results in the
development of hibernating myocardium. The term myocardial viability is
referred to viable but ischemically compromised dysfunctional myocardium with
potentially reversible LV dyssynergy using appropriate treatment, in patients with
chronic CAD [1]. The detection of myocardial hibernation associated with CAD
and chronic LV impairment using various myocardium viability methods can help
in patient selection regarding the performance of coronary revascularization
procedures.

Myocardial viability assessment has been explored mainly using either nuclear
cardiac imaging techniques, such as single photon emission computed
tomography (SPECT) and positron emission tomography (PET), or
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echocardiography and cardiac magnetic resonance (CMR). Currently, cardiac
computed tomography (CCT) has emerged in this context.

RADIOISOTOPIC METHODS
Single Photon Emission Computed Tomography (SPECT) Imaging

Thallium-201 (*"'TI)

The retention of thallium-201 (**'TI) in myocardium is an active process and
depends mainly on the function of the Na'/K" pump located on the myocyte
membrane, thus reflecting cell viability, cell membrane activity and blood flow
[7]. Several **'Tl imaging procedures have been widely used for the viability
assessment of dysfunctional myocardium, e.g. stress-redistribution imaging, late
thallium-redistribution imaging, re-injection technique and rest-redistribution
imaging.

Initial experience with *'Tl showed that tracer redistribution in a dysfunctional
region with a defect on stress imaging predicts improvement after
revascularization [8]. However, additional studies found that stress — 4-hour
redistribution imaging cannot always differentiate hibernating myocardium from
infarction as the cause of LV dysfunction, since a proportion of irreversible
defects showed improvement after revascularization, corresponding obviously to
hibernating myocardium [9, 10]. After enrollment of 52 patients with single-
vessel left anterior descending (LAD) CAD, Liu et al. found that 75% of
myocardial regions with persistent defects prior to coronary angioplasty were
normal post-angioplasty [9]. These defects may correspond to hypoperfused
regions of viable myocardium, and the depiction of such blood supply
abnormalities should not considered as a reason for not performing a
revascularization procedure [9]. Therefore, the standard stress-redistribution
protocol may underestimate viability in an irreversible defect.

Modification of the standard protocol with the acquisition of late (18 to 72 hours)
redistribution images has been found to be useful in viable myocardium
identification in cases of irreversible defects at 3 to 4 hours. Kiat et a/. studied 21
patients before and after revascularization interventions and demonstrated a post-
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CHAPTER 9

Clinical Value of Cardiac Neurotransmission
SPECT Imaging in Heart Failure Patients
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Abstract: In patients with ischemic or non-ischemic cardiomyopathy and left
ventricular ejection fraction <35%, '*I-metaiodobenzylguanidine (MIBG) imaging can
contribute to risk stratification, identifying those patients who are at high risk of sudden
cardiac death. This chapter reviews in the first part: recent publications concerning the
interest of '?I-MIBG scintigraphy to stratify patients suffering from heart failure and /
or ventricular tachyarrhythmia. Then, in a second part, we selected among different
therapeutic devices (implantable cardioverter-defibrillator — cardiac resynchronization
therapy) some publications about the effects of left ventricular assistance device on the
neuronal function of the heart in patients with severe cardiac impairment. Finally, the
interpretation of different parameters, such as Heart-Mediastinum Ratio (HMR) or
myocardial SPECT scores as regional LV dysinnervation using '*I-MIBG scintigraphy,
need some recommendations from the European and Japanese Cardio-Vascular
committees.

Keywords: Cardiac autonomous nervous system, Dilated cardiomyopathy, Heart
failure, Heart — mediastinum rate, Ischemic cardiomyopathy, Left ventricular
assistance device, MIBG, Scintigraphy, Ventricular tachyarrhythmia, Washout
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INTRODUCTION

Heart failure (HF) has become a worldwide health challenge, leading to
substantial disability and mortality rates, and a rise in healthcare expenditures.
'ZI-metaiodobenzylguanidine (MIBG) scintigraphy is considered as the only
imaging study approved by several regulatory agencies that can evaluate the
adrenergic function of the heart. '*I-MIBG scintigraphy is an important imaging
modality for investigating sympathetic disorders in different cardiomyopathies.
'ZI-MIBG planar imaging and single photon emission computed tomography
(SPECT) can provide valuable evidence for the management of HF patients.
Cardiac '”I-MIBG uptake can vary in appearance on '“I-MIBG scintigraphy
because of different technical, physiological and pathological conditions that
should be properly identified.

RISK STRATIFICATION OF PATIENTS WITH HEART FAILURE (HF)

To date, there is no considerable improvement in long-term prognosis of HF
patients, with a 5-year mortality rate of 59% for males and 45% for females.
Moreover, reliable determination of prognosis is possible only in HF patient
populations and not for individual patients. Notably, significant improvements in
survival cannot be achieved without proper risk stratification of the patients. The
most important parameters that influence survival in HF patients are:

. Decreasing left ventricular ejection fraction (LVEF).

. Deterioration in New York Heart Association (NYHA) functional class.
. Severity of hyponatremia.

. Decreasing peak exercise oxygen uptake (VO0,).

. Low haematocrit levels.

. Resting tachycardia

. Renal impairment.

. Patient intolerance to conventional therapy.

. Refractory volume overload.

O 00 1 N D =~ W N~

Disordered adrenergic innervation in the heart, as evaluated by '“I-MIBG
imaging, is significantly linked to mortality in HF patients, independently of the
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underlying cause. Merlet ef al. enrolled ninety patients with either ischemic (n =
24) or idiopathic (n = 66) cardiomyopathy in order to investigate the prognostic
value of '"”I-MIBG scintigraphy in comparison to that of other non-invasive
cardiac imaging parameters [1]. Twenty-two patients died during a follow-up
period of 1-27 months, whereas heart transplantation was performed in 10
patients. The researchers collected data regarding the following clinical and
imaging variables: cardiac '“I-MIBG uptake, radionuclide LVEF, X-ray
cardiothoracic ratio and echographic end-diastolic diameter; among them, the late
heart — mediastinum ratio (HMR) was reported to be the best predictor of event-
free survival. Afterwards, 112 HF patients with dilated cardiomyopathy (DCM)
were assessed (NYHA classes II-IV, LVEF <40%, LV end-diastolic diameter 70
+ 8 mm, and pulmonary capillary wedge pressure 19 + 8 mm Hg) [2]. Seven types
of data were collected [cardiac '*I-MIBG uptake, circulating nor-epinephrine
(NE) levels, LVEF, peak V0,, X-ray cardiothoracic ratio, M-mode echographic
end-diastolic diameter and right-sided heart catheterization parameters]. However,
only the late HMR and LVEF were associated independently with mortality
(mean follow-up 27 + 20 months). Moreover, '“I-MIBG uptake and circulating
NE concentrations were the only variables that independently predicted life
duration. A late HMR value of 1.2 was used in both studies for the identification
of reduced '’I-MIBG uptake. The use of a low HMR value (1.2) was due to the
absence or the non-recommendation of certain HF therapeutic options, such as
beta-blockers, angiotensin receptor blockers or aldosterone antagonists, during the
period of the studies (1988-1990).

After enrolling 93 HF patients with LV dysfunction, Cohen-Solal et al. found that
late HMR was decreased and linked to other prognostic factors, like LVEF,
cardiac index, pulmonary wedge pressure and peak V02 [3]. Furthermore, over a
follow-up period of 10+8 months, late HMR values (lower than or equal to 1.2)
and peak V02 were predictive of mortality or cardiac transplantation. On the other
hand, early HMR and wash-out rate (WR) were not. Nakata et al. investigated 414
patients (42% suffering from symptomatic HF) with the performance of '*I-
MIBG scintigraphy [4]. Thirty-seven cardiac deaths were reported over a mean
follow-up period of 22+7 months. Late HMR was found to be the most significant
predictor of cardiac mortality among the parameters under investigation. Late
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CHAPTER 10

Applications of PET Cardiac Neurotransmission
Imaging in Heart Failure
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Abstract: Congestive heart failure is a very serious disease that affects many people.
Increased sympathetic tone, noradrenaline release, decreased neuronal noradrenaline
transporter function and noradrenaline concentration are present in the failing heart. An
impairment of sympathetic and parasympathetic function increases the risk of mortality
in patients with heart disease. Non invasive imaging modalities are used to evaluate
heart failure patients like echocardiography, magnetic resonance imaging and
radioisotopique techniques. Single photon emission computed tomography (SPECT)
and positron emission tomography (PET) are now used for the assessment of the
cardiac sympathetic and parasympathetic function. SPECT imaging with 1231
metaiodobenzylguanidine is a very useful modality for patients with abnormal cardiac
sympathetic function but its role in the quantitative assessment of myocardial
autonomic nervous system is limited due to the relative low spatial resolution. PET, the
new functional imaging modality, offers more detailed information about the biology of
the heart failure helping to the accurate detection, and monitoring of dedicated
therapeutic procedures. Another advantage of PET is that multiple tracers may be used
providing deeper insights into nerve biology, such as tracers of sympathetic neuronal
integrity [''C-hydroxyephedrine (''C-HED), ''C-epinephrine (''C-EPI), ''C-phenyl-
-phrine ("'C-PHE) etc.], tracers of adrenergic receptors ("'C-CGP12177, "C-CGP
12388, ""C-GB 67), and tracers of parasympathetic integrity (vesamicol derivatives
etc.). PET can assess the sympathetic innervation and activation of the heart. Therefore,
clinical applications in heart failure patients include risk stratification, assessment of
ventricular arrhythmias and of risk of sudden cardiac death, identification of patients
who should undergo implantation of defibrillators and therapy assessment.
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INTRODUCTION

Congestive heart failure (CHF) is increasing worldwide, with a prevalence of 1-
2% of general population [1]. The clinical syndrome of heart failure (HF) is a
serious condition with high rates of morbidity and mortality, resulting from an
impaired cardiac pump capacity and of a reduced ability to meet the peripheral
tissues metabolic demands [1].

Neurohormonal system and myocardial blood flow play an important role in HF
patients. Neurohormonal mechanisms are activated in order to keep the heart rate,
the blood pressure and the tissue perfusion in normal rates. Increased sympathetic
tone, noradrenaline release, and decreased neuronal noradrenaline (NA)
transporter (NAT) function and NA concentration are observed in the failing heart
[2, 3]. The sympathetic nervous system is activated in HF patients and cardiac
innervation regulates the cardiac output in both conditions at rest and at increased
metabolic demand. A pathologically impaired sympathetic and parasympathetic
function increases the risk of mortality in patients with heart disease [4].

The function of the sympathetic nervous system (SNS) is based on the synthesis,
the uptake, and the release of norepinephrine (neurotransmitter) from the
presynaptic cleft. Two important mechanisms control the amount of NE within the
presynaptic cleft: a) the uptake-1 mechanism (neuronal, by the norepinephrine
transporter) and b) the uptake-2 mechanism (non-neuronal by the sodium
dependent non- neuronal transport mechanism) [5 - 7].

Various non invasive imaging modalities are used including echocardiography
(ECHO), magnetic resonance imaging (MRI), and radioisotopique modalities that
are considered the methods of choice for the evaluation of cardiac autonomic
function. They represent the only available diagnostic techniques with acceptable
sensitivity in the evaluation of the myocardial blood flow and the sympathetic
innervation. SPECT imaging with the use of '*I-metaiodobenzylguanidine
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(MIBG) was first reported in the 1980s [8, 9].

NEURONAL IMAGING WITH POSITRON EMISSION TOMOGRAPHY
(PET) IN HEART FAILURE (HF)

Neuronal imaging is increasingly used in clinical cardiology. Clinically useful
imaging methods should provide accurate measurements with as low as
reasonable cost. Among currently available non-invasive imaging modalities for
the evaluation of the HF severity, molecular imaging has an important role
offering information about the biology in cellular and subcellular level. These
techniques are based on the evaluation of pre and postsynaptic targets by the
uptake of the radiolabeled neurotransmitters. Several clinical trials investigate the
radioisotopique imaging of the sympathetic nerve activity, whereas investigation
of the parasympathetic nervous system has been performed only in animals.
Currently, the only two imaging modalities that are available for in vivo
evaluation of cardiac sympathetic innervations utilizing dedicated imaging
protocols are SPECT and PET [10]. Both methods allow non-invasive evaluation
of regional and global disorders in cardiac sympathetic innervation and activation.
SPECT techniques with '*I-MIBG SPECT imaging give information about the
uptake, reuptake, storage and release of norepinephrine at presynaptic nerve
terminals. However, technical problems reduce the role of myocardial '**I-MIBG
imaging due to the limited spatial resolution [9 - 14].

PET imaging provides further information about the biological processes of the
failing heart, as well as for monitoring the available therapeutic procedures. PET
imaging is superior to SPECT imaging with '*I-MIBG in quality and in the ability
to detect regional abnormalities. PET is a highly dedicated scintigraphic imaging
modality for the evaluation of the cardiac sympathetic nervous system, with
higher spatial (4 - 7 mm) and temporal resolution vs. SPECT imaging. It allows
the development of dynamic images (tracer kinetics assessment), provides
quantitative information for presynaptic neuronal function, and quantifies the
absolute amount of the radiotracer within the myocardium [9]. Another advantage
of PET is that multiple tracers can be used providing deeper insights into nerve
biology. There are several imaging protocols according the radiotracer used and
the available equipment. According to standardized axes, volumetric datasets are
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CHAPTER 11

Imaging of Radiolabelled Fatty Acid Metabolism

Hein J. Verberne’

Department of Nuclear Medicine, Academic Medical Center, University of Amsterdam, The
Netherlands

Abstract: Myocardial metabolism is essential for cardiac contraction and maintenance
of cell integrity. Under aerobic, fasting conditions, the primary myocardial substrates
are fatty acids. Imaging of myocardial metabolic processes in vivo yields valuable
insights into myocardial pathophysiological mechanisms. Thereby, it offers a better
understanding of various cardiac diseases and may contribute to the evaluation of
therapeutic effectiveness of various interventions. Consequently, there is a great
interest regarding the development of reliable non-invasive techniques for the imaging
of myocardial substrate metabolism. This chapter focuses on several single photon
emission computed tomography (SPECT) and positron emission tomography (PET)
tracers for the assessment of myocardial fatty acid metabolism. In addition, the impact
of different clinical conditions on fatty acid metabolism is discussed, and how these
changes in metabolism can be assessed with the radiolabelled tracers.

Keywords: Acetate, Beta-oxidation, Fatty acids, Metabolism, Myocardial
ischemia, Myocardium, Palmitate, Positron emission tomography, Radiolabelled
tracers, Single photon emission computed tomography.

INTRODUCTION

This chapter focusses on the physiology of the myocardial fatty acid (FA)
metabolism and the impact of different clinical conditions on the myocardial FA
metabolism. The role of radiolabelled fatty acids and scintigraphic techniques for
the imaging of myocardial FA metabolism are also discussed. This chapter is lar-
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gely based on the excellent reviews by Peterson and Gropler, Stanley ef al., van
der Vusse ef al. and Giedd and Bergmann [1 - 4].

MYOCARDIAL METABOLISM

Myocardial metabolism is essential for cardiac contraction and maintenance of
cell integrity. Myocardial metabolism is primarily aerobic and has a high
metabolic rate for which the heart uses a variety of substrates. Under aerobic (i.e.
non-ischemic), fasting conditions, the primary myocardial substrates are FA,
whereas in non-fasting conditions, glucose is the other major substrate. Under
these non-ischemic conditions lactate, ketone bodies, and amino acids are less
significant energy sources. Nearly all (over 95%) of the myocardial adenosine
triphosphate (ATP) derives from oxidative phosphorylation of FA, under non-
ischemic conditions. Glycolysis and guanosine triphosphate contribute to the
production of the remaining ATP [5]. However, the metabolic substrate in the
myocardium can change from FA to other sources. This phenomenon is also
referred to as “plasticity in substrate use” [6]. A change in metabolism can be an
early marker, and often the first, in cardiac disease, even before changes in
function occur or electrocardiograph changes appear. For example, during
ischemia, oxidation of FA is reduced or even completely stopped and ATP is
derived from anaerobic glycolysis.

Generally, the arterial available substrate (i.e. plasma FA levels), albumin-to-FA
ratio, FA chain length, hormone concentrations and inotropic state regulate
myocardial metabolism in combination with other well-established factors, such
as coronary blood flow, oxygen availability and the nutritional status [7, 8].
Notably, the regulatory mechanisms of glucose and FA metabolism do not take
place independently in the myocardium. Randle ef al. and, subsequently, other
research teams have described the “cross-talk” between the use of glucose and FA
in myocardial metabolism [9, 10].

Free Fatty Acid (FFA) Metabolism

Myocardial FA metabolism is quite complex (Fig. 1). In myocardial cells, FAs
uptake occurs through passive diffusion or protein-mediated transport across the
plasma membrane. These transport mechanisms involve a FA translocase or
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plasma membrane FA-binding protein [3, 4]. Once FAs have been entered into
myocytes, they are first activated by acyl-CoA synthetase to fatty acyl coenzyme
A (acyl-CoA). This esterification process is ATP consuming. Under normoxic
conditions, about 70-90% of the activated FAs are shortly oxidized in
mitochondria. The remaining activated FAs (10-30%) may be either accumulated
as intra-cardiac triglycerides or be transformed in the heart to structural lipids.
The acyl CoA molecules are transferred from the cytosol into the mitochondrial
matrix by the carnitine-dependent transport system. First, in the compartment
between the inner and outer mitochondrial membranes, the long-chain
acylcarnitine production is catalysed by carnitine palmitoyl transferase I (CPT-I).
Then, this long-chain acylcarnitine is transported across the inner mitochondrial
membrane by carnitine acyltranslocase. Finally, long-chain acyl CoA is
regenerated in the mitochondrial matrix by CPT-II. The rate of FA mitochondrial
uptake is controlled by CPT-I, which represents the key enzyme in the regulation
of FA mitochondrial transport. After FAs uptake in the mitochondria, a reduced
form of nicotinamide adenine dinucleotide (NADH) and a reduced form of flavin
adenine dinucleotide [FADH,] are generated through FAs beta-oxidation. Four
reactions are involved in the beta-oxidation process (with certain enzymes for
each step), finally resulting in the synthesis of acetyl CoA which enters the citric
acid cycle.

Under conditions of normal myocardial perfusion, the acetyl-CoA is generated
through beta-oxidation of FAs (60 - 90%), and to a lesser extent via the oxidation
of pyruvate (10 - 40%). Pyruvate comes from glycolysis and lactate oxidation, in
approximately equal amounts [11 - 15].

FAs in the bloodstream are derived from lipolysis and the breakdown of
triglycerides. Lipolysis is activated by catecholamines and suppressed by insulin
[16, 17]. Plasma FAs levels increase under fasting conditions, when insulin
concentration is low and catecholamine concentration is increased, promoting FA
myocardial uptake. When insulin concentration is elevated, for example post-
prandial, adipocyte FAs release is decreased, in combination with higher
myocardial glucose utilization [18]. In arterial blood, the most abundant FFA is
the 16-carbon FA palmitate, which corresponds to 25-30% of plasma FAs.
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CHAPTER 12

Molecular Imaging of Apoptosis and Atheromatous
Plaques: Current and Future Applications in Heart
Failure

Argyrios Doumas"’ and Ioannis Iakovou®

12" Department of Nuclear Medicine, "AHEPA" University Hospital, Aristotle University of
Thessaloniki, Thessaloniki, Greece
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Abstract: Nowadays, chronic heart failure patients are assessed by various modalities
in order to investigate the extent of jeopardized myocardium. This is extremely
important for cardiac remodeling prevention. Radionuclide studies have been
extensively used for more than 30 years in the evaluation of these patients. In chronic
heart failure, the extent, severity and localization of myocardial damage, as well as the
underlying pathology, affect clinical decision-making, including the selection of the
optimal therapeutic intervention. A significant portion of heart failure cases is
associated with atherosclerotic cardiovascular disease. Plaque rupture represents the
main pathophysiological mechanism in these patients, leading to myocardial necrosis
and apoptosis. Even though myocardial necrosis and apoptosis almost always co-exist,
necrosis is considered as a non-reversible state, whereas apoptosis can be reversed and
the affected myocardium may be salvaged. Notably, nuclear medicine techniques can
detect and quantitate the amount of myocardial mass that has entered the apoptotic
process. On the other hand, while classic imaging modalities have failed to identify the
prone to rupture plaques, breakthroughs in molecular imaging may achieve early
identification of vulnerable plaques and, therefore, recognition of patients at risk. This
chapter focuses on the pathophysiology of apoptosis and plaque rupture, as well as on
the available imaging techniques for these phenomena.
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INTRODUCTION

The term “apoptosis” comes from a Greek word that means falling down because
of a predetermined death, like the leaves from trees. The term was first introduced
by Kerr et al. to describe a cell stage beyond necrosis [1]. Necrosis is a well-
recognized phenomenon, characterized by irreversible loss of cell membrane
integrity, consequent cell swelling and rupture, release of intracellular content,
and finally inflammation of the surrounding tissues. On the other hand, apoptosis
is characterized by maintenance of the cellular membrane integrity, absence of
inflammation, cytoplasm and chromatin condensation and finally cellular
fragmentation and phagocytosis of the apoptotic cell. All the apoptotic procedures
are energy depended.

Apoptosis is taken place as a physiologic process during the embryonic
development for the formation of the digits, and during the entire life for the
eradication of aged or diseased cells. On the other hand, both hyper-or hypo-
activity of apoptosis can lead to various pathologies, such as carcinogenesis (as a
result of hypo-function), or heart failure (HF) and scaring because of a hyper-
reacting apoptotic process and extensive myocardial loss.

MECHANISMS OF APOPTOSIS

Apoptosis is driven by two mechanisms: a) the extrinsic pathway that utilizes cell
surface receptors, and b) the intrinsic pathway, which involves mitochondria and
other intra-cellular components (Fig. 1).

The extrinsic mechanism is triggered by the binding of cytokines (FAS-ligand,
TNF-alpha factor, efc.) to specific cellular surface receptors. This binding initiates
the activation of specific polypeptides which are called caspases (mainly caspase-
8). The initial activation is followed by several steps, during which additional
caspases are triggered. Among them, caspase-3 represents the main enzyme of the
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apoptotic procedure. Caspases (cysteine-aspartic proteases, or cysteine-dependent
aspartate-directed proteases) were discovered in the mid-1990s as a family of
cysteine proteases that play essential roles in programmed cell death (apoptosis),
necrosis, and inflammation [2]. They have been termed “executioner” proteins for
their roles in the cell. As of November 2009, twelve caspases had been identified
in humans [3].
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Fig. (1). The two different mechanisms of apoptosis: extrinsic pathway (1) and intrinsic pathway (2), both
leading to caspase-3 activation.

PS: phosphadyl-serin.

The intrinsic mechanism (mitochondrial pathway) is triggered by a wide range of
extra- and intra-cellular stimuli, such as impaired blood supply and ischemia,
reperfusion injury, oxidative stress, chemotherapeutic factors, or other less
understood stimuli (e.g. mechanisms involved in the graft rejection process).
These factors affect the mitochondria, causing the intracellular release of several
peptides, including cytochrome-c and caspase-9.

From this point onward, extrinsic and intrinsic pathways have a common route,

leading to caspase-3 activation and phosphadyl-serin (PS) externalization on the
cell surface membrane.
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CHAPTER 13

Molecular Imaging Techniques of Gene and Cell
Heart Failure Therapies: State of the Art and
Future Perspectives

Athanasios Katsikis and Maria Koutelou”
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Abstract: Cardiovascular molecular imaging demonstrates an enormous potential to
promote the understanding of pathophysiology, risk stratification, therapy monitoring
and treatment of heart failure. Applications of molecular imaging in the field of stem
cell and gene therapy constitute the only way to investigate their mechanisms of action
and adequately evaluate the equivocal clinical results, obtained from human trials at the
initial steps of transforming these experimental strategies into therapeutic options, with
clear benefits for the patients. In this chapter, the principles and methods of molecular
imaging will be presented, focusing on its current status regarding clinical applications
in the field of heart failure research, and stem cell and gene therapies, in particular.
Finally, we will attempt to present the potential of these promising imaging techniques,
which advance in parallel with the transition of stem cell and gene therapy from the
research laboratory to the clinical setting of heart failure management.

Keywords: Cell therapy, Gene therapy, Heart failure, Imaging, Molecular,
Optical imaging, Positron emission tomography, Single photon emission
computed tomography, Tracking, Ultrasound imaging.

INTRODUCTION

Molecular imaging can be defined as the non-invasive, real-time imaging of
biochemical processes at both cellular and subcellular level in living cells, tissues
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and/or intact subjects [1 - 3]. In detail, it involves the use of conventional or
specialized imaging modalities to visualize appropriately labelled imaging targets
specific for various tissue characteristics and biochemical events, in a receiver-
receptor form of coupling.

In contrast to traditional imaging methods for investigating diseases, which depict
anatomical and physiological changes, molecular imaging aims toward
visualization of specific molecular targets and pathways that precede or underlie
changes in morphology, physiology, and function [1, 3]. A characteristic
paradigm of this crucial difference is atherosclerotic cardiovascular disease in
which patients with absent or non-significant plaque formation in a coronary
artery, as detected by angiography or functional testing, experience a
thromboembolic event related to the lesion located at this "diagnosed as non-
significantly stenosed" vessel.

Molecular imaging of living subjects has emerged from nuclear medicine
methodology, more specifically techniques implemented in the research of
malignant diseases during the last decades. The development of highly sensitive
radionuclide imaging modalities, like single photon emission computed
tomography (SPECT) and positron emission tomography (PET), combined with
the synthesis of novel molecular imaging probes specific for various different
biochemical targets, led to a new era of diagnostic imaging [1 - 4]. Although
nuclear medicine remains at the forefront of molecular imaging, new technologies
have also emerged during the last few decades based on the general framework of
injecting molecular compounds into living subjects to target specific biochemical
processes. Techniques using optical and magnetic resonance signalling,
ultrasound (US), Raman spectroscopy (RS), photo-acoustics and computed
tomography (CT) are considered as the most important among methods that are
not included in nuclear medicine applications. Hence, nowadays a wide array of
imaging modalities for molecular imaging exist, some of which however are used
only in the animal research field and also in clinical trials [1 - 4].

MOLECULAR IMAGING IN HEART FAILURE (HF)

Cardiovascular molecular imaging, although currently in its clinical infancy, is a
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rapidly emerging discipline which holds the promise to provide insights on the
mechanisms of various cardiovascular diseases at the molecular level, enable
earlier detection and more accurate monitoring of these conditions, improve
therapy monitoring, promote drug discovery and development and assess the
efficacy of treatments such as stem cell transplantation and gene therapy. Many
contemporary reviews on the current status of cardiovascular imaging in general,
have been published [1 - 7].

Regarding myocardial dysfunction, although the classic assessment of HF patients
is performed by echocardiography, molecular imaging has provided tools to
visualize many molecular processes involved in HF, including cellular injury,
neurohormonal receptor function and metabolism [8 - 10]. Imaging of
cardiomyocyte apoptosis at a preclinical level using annexin-labelled fluorescent
iron oxide (IO) - nanoparticles and magnetic resonance imaging (MRI), and the
use of '“’I-metaiodobenzylguanidine (MIBG) for the risk stratification of HF
patients, represent characteristic examples in this field [11 - 14].

The most promising applications of molecular imaging in HF however are linked
to stem cell and gene therapies. HF is a major public health issue with a
prevalence of over 23 millions worldwide, substantial morbidity and a 5-year
mortality that rivals those of many cancers [15]. Moreover, the cost for the health
care system has been estimated at 39 billion dollars annually only in the USA
[15]. Regardless of the specific aetiology, the failing myocardium is composed of
malfunctioning, permanently lost and normal cardiomyocytes in combination with
varying degrees of fibrous tissue replacement. Since the heart lacks any
significant regenerative capacity, the survival of patients who develop advanced
HF not amenable to satisfactory management with the currently available medical
or interventional therapies hinges on heart transplantation.

The goal of cardiac cell-based therapy is to repopulate areas of damaged
myocardium with cells capable of engraftment and trilineage differentiation into
cardiomyocytes, vascular smooth muscle cells and endothelial cells [16]. Stem
and progenitor cells have the ability of self-regeneration and the potential for
multi-lineage differentiation. Locally targeted implantation of skeletal myoblasts,
bone marrow-derived stem cells, mesenchymal stem cells, circulating progenitor
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CHAPTER 14

Artifacts and Pitfalls in Cardiac Molecular
Imaging
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Abstract: Single Photon Emission Computed Tomography (SPECT) has the unique
ability to evaluate myocardial perfusion, at the cellular level, under peak stress
conditions. In that sense, by evaluating viability, SPECT myocardial perfusion imaging
(MPI) can establish prognosis and assess the effectiveness of therapy, thus becoming a
valuable modality in diagnosing and managing cardiac patients. Nevertheless, SPECT
MPI can be exposed to various pitfalls and artifacts that may affect negatively the
reliability of the technique, arising from a number of sources at any stage of this
complex imaging process that includes patient-related, software- and equipment-related
and user-related factors. By understanding and recognizing the sources of these pitfalls
and artifacts, the reader should be able to make all the necessary steps to limit the
sources of error, and more importantly to interpret the results of a study by taking into
account their relative influence.

Keywords: Artifacts, Attenuation artifacts, Breast attenuation, Cardiac imaging,
Diaphragmatic attenuation, Myocardial perfusion imaging, Pitfalls, Single photon
emission computed tomography.

INTRODUCTION

Single Photon Emission Computed Tomography (SPECT) has been proven to be a
very important tool in the management of patients suffering from cardiovascular
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disorders. SPECT myocardial perfusion imaging (MPI) has the unique ability to
provide evidence, at the cellular level, regarding myocardial perfusion under peak
stress conditions, hence providing information regarding myocardial viability [1].

However, MPI is a multifactorial imaging procedure; hence it may suffer from a
number of pitfalls and artifacts related to both patient and technical factors. In
fact, potential artifacts and pitfalls may be related to any stage of imaging
procedure, as depicted in Fig. (1). It is evident that various usual imaging artifacts
may be linked to the acquisition process and/or the reconstruction method, but
more importantly there is considerable overlap. By recognizing the sources of
such artifacts, both the radiation technologists and the nuclear medicine
physicians can minimize their effect on the study, thus improving the specificity
of the method and contributing to the optimization of patient treatment.
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Fig. (1). Basic causes of artifacts and pitfalls in MPI SPECT, and their overlap.
MPI: myocardial perfusion imaging; SPECT: single photon computed tomography
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A high degree of technical expertise, which improves image quality and
minimizes the incidence of false positive and false negative results, is a crucial
parameter for the successful clinical utilization of myocardial perfusion SPECT.

This chapter aims to review these artifacts, either related to the patient or several
technical factors that may influence MPI findings and their interpretation.

QUALITY CONTROL (QC) PROCEDURES

In order to ensure the excellent performance of the camera, which is strongly
required for the optimal diagnostic utility of MPI SPECT, a number of QC
procedures, beyond that required for routine planar imaging, are necessary.
Particularly, the proper performance of a camera for planar imaging does not
exclude the presence of artifacts in the SPECT imaging, which may significantly
compromise both diagnostic and therapeutic decisions [2].

Hence, additional QC tests and image correction are needed for MPI SPECT, in
comparison to the routinely performed testing. Center of rotation, multi-head
registration and tomographic uniformity represent SPECT corrections that may
lead to the most important negative consequences on reconstructed data [2].
Moreover, QC tests for SPECT imaging should include pixel size calibration, tilt
angle check and SPECT phantom reconstruction [3].

The QC testing should be performed at the recommended frequency according to
the camera manufacturer guidelines and in accordance with the National Electrical
Manufacturers Association (NEMA) recommendations for implementing SPECT
instrumentation QC [3].

The most fundamental corrections and evaluations, that are absolutely necessary
to be performed, are the uniformity and center of rotation (COR) corrections and
the performance evaluations, with the use of special manufactured phantoms.

Uniformity Correction

The concentric ring or “bull’s eye” artifacts are associated with regional
sensitivity variations in the projection images, and represent very common and
severe reconstruction artifacts [3]. Collimator septum disparities, variations in
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CHAPTER 15

Basics of Radiation Protection in Cardiac Imaging
Studies

Constantin Kappas® and Kiki Theodorou
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Abstract: Cardiology is responsible for a large part of the radiation exposures that
every person receives per year from all medical sources. Fluoroscopically guided and
other cardiology procedures are increasing in number and complexity. Catheterization
PCI, interventional electrophysiology procedures and repeated procedures can result in
patient skin doses high enough to cause deterministic skin injuries. Cancer risk from a
single NST is small, but projected on a population level, NSTs may result in thousands
of radiation-attributable cancers annually. Several epidemiological studies involving
various levels of radiation exposure all show increased cancer risk, and allow risk
projection. The occupational radiation exposure of cardiologists and nuclear cardiology
staff must be considered; exposure of interventional cardiologists and cardiac
electrophysiologists can be two to three times higher than that of diagnostic
radiologists. In recent years, intensive efforts have been initiated to reduce the radiation
dose associated with cardiology. Staff radiation protection is related to patient
protection, as radiation received is mainly the scattered radiation from patients. The
correlation between occupational and patient doses is very dependent on equipment, the
specialist, and protocols followed throughout the procedure. Radiation data collection
and documentation procedures, QA programmes, application of Diagnostic Reference
Levels (DRLs), research, training and education are among the very basic tools also to
enhance radiation protection and exploit all the advantages of radiation imaging and
therapy in Cardiology.

Keywords: Cancer risk, Deterministic effects, Dosimetry, Medical imaging,
Occupational risk, Radiation biology, Radiation dose, Radiation exposure,
Radiation protection, Stochastic effects.
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INTRODUCTION

Cardiac Nuclear Medicine, Cardiac CT, Fluoroscopy (including Cine-
Angiography), Percutaneous Coronary Interventions and Electrophysiology
procedures are increasing in number and account for an important share of patient
and occupational radiation exposure in medicine [1 - 5]. These modalities differ in
the frequency with which they are performed, in patient absorbed doses, and in
radiation dose to operators and staff.

POPULATION - COLLECTIVE EXPOSURE

40% of the entire Cumulative Equivalent Dose (except for Therapy purposes) that
every person receives per year from all medical sources is due to Cardiology [6].
This is resulted from a variety of acts, unequally contributing to the total radiation
burden:

- Among adult cardiology patients (study in Pisa, Italy), fluoroscopically guided
diagnosis and intervention account for 12% of all radiological examinations
performed, and 48% of their total collective dose [7].

- Among the nuclear medicine studies (USA, whole country), cardiac imaging
accounted for 57% of the all procedures but contributes to 85% to the collective
dose [8, 9].

- Among paediatric cardiology (worldwide study) patients with congenital heart
disease, fluoroscopically guided diagnosis and interventions account for 3.5% of
all radiological examinations performed and 84% of their total collective dose
[10].

PATIENTS’ EXPOSURE

The powerful data provided by cardiac diagnostic and therapeutic procedures are
essential in clinical cardiology and have contributed to the decrease in morbidity
and mortality from coronary heart disease. Procedures that utilize ionizing
radiation should be performed in accordance with the As Low As Reasonably
Achievable (ALARA) principle.
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Patient radiation dose increases as procedure complexity increases [11 - 14].
These procedures can result in patient skin doses high enough to cause radiation
injury and, in children, an increased probability of late effects [15].

Fluoroscopically Guided- Procedures

Despite the continuing development of non-invasive cardiac imaging techniques,
Cardiologists perform a variety of fluoroscopically guided invasive cardiac
diagnostic and therapeutic procedures. In Europe, North America, China and in
developing countries, there was a substantial increase of coronary angiographies
(CA) and percutaneous coronary interventions (PCI) between 1992 and 2001,
primarily due to the introduction of coronary stents [9, 16 - 18]. Some procedures
may involve long fluoroscopy times [19]. There is little literature concerning the
safety issues of these new devices to be used in infants and children [20].

Patients undergoing interventional procedures in cardiology face radiation
exposure in the order of a thousand or more times than that involved in
conventional radiography [21]. In contemporary imaging practice, doses > 50—-100
mSv are sometimes reached after cumulative exposures in a single hospital
admission and sometimes by a patient in multiple examinations and diagnostic or
interventional procedures for a single imaging technique or even in a single
examination [7, 22 - 28].

Cardiac Computed Tomography (CT)

With the introduction of multi-slice CT scanners, cardiac CT angiography
(CCTA) has emerged as a useful diagnostic imaging tool for many cardiac
conditions [29 - 34]. Even if use of computed tomography (CT) for cardiac
diagnostic evaluation has increased significantly after 2000, many clinicians and
researchers working with patients with cardiovascular diseases may yet be
unfamiliar with the radiation doses that are received during cardiac CT imaging
[35]. The fact that radiation dose estimates for CT examinations of the heart can
be expressed in many different ways [as volume CT dose index (CTDI, ), dose
length product (DLP), or effective dose] makes it difficult to compare doses that
have been reported for specific CT applications in the published literature [29, 32,
36 -41].
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CHAPTER 16
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Abstract: Hybrid molecular imaging has changed diagnostic medical imaging over the
past fifteen years. The ability to combine anatomic and functional modalities in a single
exam has opened new perspectives in personalized diagnosis and therapy. Although the
first applications were focused in oncological and brain domains, hybrid cardiac
imaging gains continuous interest due to the advantages that multimodal techniques
offer, in terms of improved technical performance and diagnostic value. This chapter
reviews the role of the well-established SPECT/CT and PET/CT in heart failure, as
well as the potential of the rapidly evolving PET/MRI and the promising, yet only
experimental, SPECT/MRI. To better understand the value of these hybrid technologies
compared to the standard nuclear medicine (SPECT and PET), emphasis is given on the
opportunities that the combination of anatomical and functional information can offer,
in terms of image corrections and quantification, so that the reader can understand not
only the added value of the current applications, but also envisage new, future
possibilities.

Keywords: Attenuation correction, Bimodal agents, Computed tomography,
Coronary artery disease, Functional imaging, Heart failure, Hybrid imaging,
Magnetic resonance imaging, Motion correction, Multimodal imaging, Single
photon emission tomography.

INTRODUCTION

While the value of nuclear and anatomic imaging in heart failure (HF) is undoubt-

* Corresponding author George K. Loudos: Department of Biomedical Engineering, Technological Educational
Institute of Athens, Athens, Greece; Tel: +30 210 538 5376; Fax: +30 210 538 5302; E-mail: gloudos@teiath.gr.

Panagiotis A. Georgoulias (Ed.)
All rights reserved-© 2016 Bentham Science Publishers


mailto:gloudos@teiath.gr

Technical Advances in Hybrid Cardiac Imaging Frontiers in Heart Failure, Vol. 2 571

ful, the rapidly evolving hybrid imaging techniques can only have a positive influence.
Hybrid imaging relies mainly on merging a functional (single photon emission computed
tomography - SPECT or positron emission tomography - PET) with an anatomical
(computerized tomography - CT or magnetic resonance imaging - MRI) technique.
However, as it is often stated in hybrid imaging domain “one plus one equals more than
two” and the actual benefits of hybrid imaging are far beyond the fusion of a functional
image on an anatomical map. In oncology, the exact localization of a tumor can strongly
influence the diagnostic procedure, thus treatment strategy. On the contrary, in cardiology
the location of the organ of interest is known and the value of functional imaging lies on
the quantification of radiotracers’ biodistribution, which is indicative of the disease stage.
Thus, the added value of hybrid imaging is clearly in quantification improvement, which
is mainly achieved through accurate attenuation and motion correction. The recent advent
of bimodal agents, including radiolabelled nanoparticles, is likely to have a strong impact
in the role of hybrid cardiac imaging, especially in the case of PET/MRI and
SPECT/MRI.

SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY (SPECT) /
COMPUTED TOMOGRAPHY (CT)

Basics of Single Photon Emission Computed Tomography (SPECT) /
Computed Tomography (CT) Technology

SPECT imaging has still the largest share in cardiac imaging, due to the relatively
low cost of the gamma camera, the availability of different tracers that do not
require a cyclotron and the wide variety of radiotracers, which are based on
different isotopes, have different energy and can cover different cardiac
applications. SPECT is based on the rotation of a gamma camera around the
patient body. The technical description of a gamma camera can be found in many
references and very briefly it consists of 1) a parallel hole lead collimator, which is
used to filter the orbit of the photons which are emitted by the injected
radionuclide, i1) a Nal(Tl) scintillator, which converts gamma photons to optical
photons of lower energy, iii) a matrix of photomultiplier tubes (PMTs), which
detect the light emitted from the scintillator, iv) electronics for amplifying,
digitizing and transferring the detected signals to the computer and finally v) one
or more computers for data visualization, correction and reconstruction in the case
of camera rotation [1].
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Although this is the basic gamma camera design, which is also used for various
SPECT applications, the fact that heart is an organ associated with different
diseases causing significant social impact, justifies the continuous research in
SPECT instrumentation, which has resulted to dedicated cardiac SPECT system:s.
They can offer improved performance in terms of spatial and energy resolution
due to the selection of improved detector modules and components, as well as due
to the optimized geometry, which in many cases fits patient body and provides
maximum information. These concepts are beyond the purpose of this chapter, but
the reader is encouraged to read a nice review by Hutton et al. [2]. These new
concepts, if combined with the decrease in systems cost, will change the tools that
the physicist and physician will have in hand.

From a technical point of view, the main challenge for SPECT cardiac imaging is
the quantification of tracer’s biodistribution, which is strongly affected by the
attenuation of photons in torso. Due to the non-symmetry of human body, the
posterior projections suffer from strong attenuation and if no corrections are
applied, the resulting SPECT images will have strong quantification artifacts,
possibly leading to misdiagnosis. As an initial solution, the acquisition of only
anterior positions was used in cardiac SPECT. The success of PET/CT and the
benefits of CT-based attenuation correction (AC) inspired the introduction of
SPECT/CT in clinical practice. Although the first SPECT/CT prototype was
presented by Hasegawa in the early 90s, the first commercial systems were
available in the late 90s, with a much slower acceptance compared to PET/CT [3].
Partially, this could be justified by the low cost of SPECT cameras, which
significantly raises when adding a CT, compared to the relatively low cost that CT
adds to the overall price of a PET system. In addition, there has been conscious
for the additional radiation dose that a patient receives in a typical diagnostic
cardiac SPECT, which needs to be better justified compared to the exams that
target cancer patients in whom the diagnostic benefit superimpose dose
considerations.

From an instrumentation point of view, a SPECT/CT consists of a standard
SPECT camera, which is combined with a standard CT system [4]. The two
studies are separately performed, with all limitations and concerns that one must
have in mind for image fusion, correction and interpretation. The evolution of
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