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ABSTRACT

Background: Most patients with coronary artery disease (CAD) die of sudden cardiac death

(SCD) or congestive heart failure. Left ventricular ejection fraction (LVEF) has its limitation as
risk stratifier for SCD. Implantable cardioverter-defibrillator (ICD) is an important therapeutic
modality for primary and secondary prevention of mortality in post-infarction patients with
severe left ventricular (LV) dysfunction. Better risk stratification tools are needed to identify the
best candidates for ICD implantation. Infarct characterization by cardiac magnetic resonance
(CMR) has become an evolving potential tool for risk stratification.

Objective: We sought to assess scar characteristics by late gadolinium enhancement CMR
(LGE-CMR) in patients with post-infarction LV dysfunction and history of spontaneous sustained
monomorphic ventricular tachycardia (SMVT) and compare them with control group subjected
to electrophysiological study (EPS).

Methods: Forty-eight patients with post-infarction LV dysfunction underwent CMR study.
Twenty-four patients had history of SMVT and the other 24 were control group and underwent
EPS to assess SMVT induciblity. Various scar characteristics were assessed in the spontaneous
SMVT group and were compared with the inducible and non-inducible VT groups.

Results: All patients had LGE in CMR indicating prior myocardial infarction (Ml). Out of the 24
patients in the control group, six had inducible SMVT. In univariate analysis, total scar, absolute
and as percent of LV, scar core, absolute, and as percent of LV, peri-infarct zone, absolute and
as percent of LV, mean infarct transmurality and number of segments with LGE were
statistically significant predictors of spontaneous SMVT experience and SMVT inducibilty by
PES. In multivariate analysis total infarct as percent of LV was the only significant independent
predictor of spontaneous SMVT experience (OR 1.33 per % change, 95% Cl 1.12-1.6, p = 0.001)
and SMVT inducibility (OR 1.3 per % change, 95% Cl 1.1-1.6, p = 0.004). Peri-infarct zone as
percent of LV became statistically non-significant predictor for spontaneous SMVT (OR 0.86 per
% change, 95% Cl 0.6-1.35, p = 0.5) and SMVT inducibility (OR 0.8 per % change, 95% Cl 0.4-1.4,
p=0.42).



Conclusion: Characterization of myocardial infarct by LGE-CMR specifically total infarct size is
better predictor of spontaneous SMVT experience and SMVT inducibility than LVEF. This
highlights the potential importance of myocardial scarring assessment in risk stratification of

patients with ischemic cardiomyopathy for selection of patients who will benefit from ICDs.

key word

SCD-SMVT-LGE,CMR- Cardiomyopathy



Contents

INTRODUGCTION ...ttt sttt ettt et e st e s at e st e bt et e bt e b e e sbe e sheeeateeabe et e e sbeesbeesatesmneeabeeneennes 17
Chapter 1: Ventricular tachycardia after myocardial infarction................cccccoooiii s 18
1. Definitions and classifications of ventricular tachycardia .............ccccccoeviiiiiiiiiiii e, 18
2. Mechanism of post-infarction ventricular tachycardia..............c..cccooeiiiiniiiiini e, 19
0 =Y o TTe [Ty 111 ] (o -4V PSP 22
4. Clinical PreS@ntation ...........c.cooiiiiiiiiiiieece ettt ettt st s be e eae e e s 24
5. Evaluation prior to catheter ablation..............cccooiiiiii 25
6. VT SUBSErate iMaBiNg........cccviiiiiiiieiie et e e e e e e st e e e st e e e e s abeeeeesbeeesenaseeas 26
(o0 YT g (ol U] Lo T =T ] | RSP 26
(30 I el Lo o= T o [ToT = =T ] 1 Y RSP 26
6.3. Delayed contrast enhanced cardiac magnetic resonance .............ccccccceeecieeeeccieeccccieee e 27
6.4. Positron emission tomMOBraphy.............ccocciiiiiiiiiii i 28
6.5. Cardiac contrast enhanced computed tomography ............cccocoveiiiiiiiiiiiiee e 28
7. RisK SEratification ..........coc.oiiiiiii et s 29
7.1. Left ventricular Jection fraction .................ooii i 30
7.2. Other echocardiographic parameters ..............ccooiiiiiiiiiiciiee e e 30
7.3. Invasive electrophysiological teSting.............ccccviiiiiiiiii i 31
7.4. Measures of cardiac repolarization ...............coooiiiiiiiii i 33
7.5. Measures of autonomic imbalance .............c..cooiiiiiiiiiiii e 34
7.6. GENELICTESTING ......oeiiiiiiii e e e e e e e e e e e bt e e e e e e e e s nrataeeeeeeeeeannranes 35
7.7. Cardiac magnetic resonance iMagiNg ..........cceevciiiiiiiiiieieiiee ettt e esae e e e sra e s s seraeessnreeeeas 35
7.8. NUCIEAr IMAGING......ccuiiiiiiiiiiie e e et e e e e e e bt e e e eataeeesasbaeeeessaeeesssaaeesnssseeeans 39
7.9. SigNAl-averaged ECG..............oooiiiiiiiiiiieeeieee et ee ettt e e et e e e et e e e eataeeesaataeeeeataeeeesataaeeeanreeeean 41
7.10. Measures of myocardial conduction disturbances................cccccoeeiiiieiiiii e 41
7.11. Risk stratification early post-infarction..................cccccoooiii i 42
8. MaNABEMENT ... ..ot e e e e e e et e e e e e e e et e e e e e e e e e e e e e e e aaees 43
8.1 DrUB therapy.......oooiiiiiiie et e e e e e e et e e et e e e e e ata e e e e atae e e e ntaaeeeaareaeann 43
8.2. Implantable cardioverter-defibrillator ...................ccoiiiiiii e 44
8.2.1. SecoNdary PreveNntioN ............coooi oo e e e e e e e e e e e rrr e e e e e e e eannrens 44
8.2.2. Primary PreVeNtioN ............uuiiiiiii e ettt e e e e e re e e e e s e e et r e e e e e e e e e nraaaeeeaeaeeeanrrnns 45



8.3. Catheter @BIatioN ...........oouuueiiiiiee e et e e e e et a b e e e e e ee b e e e aeeaaas 46

9. Localization of the site of origin of ventricular tachycardia ..............c.ccccooiiiiiiiiiiii e, 47
10. Electrophysiological TESTING.........cccviiiiiiiiii e e e e e aa e e e eatae e e e e aaneeean 49
10.1. Initiation of ventricular tachycardia..................ccooiiiiiii i 49
10.1.1. Protocol of programmed stimulation.................ccooiiiiiiniiiiii e 49
10.1.2. Number of extrastimuli.............occooiiiiiiiiiii e 50
10.1.3. Influence of drive cycle length.................corirriii e 50
10.1.4. SHMUIATION ST ....coueiiiieieie et s 51
10.1.4. Pacing cUrrent QUTPUL ...t e e e s e st re e e e e e s e sabaaeaaeeeas 52
10.1.5. Facilitation by isoproterenol infusion ................cccoociiiiniiii e 52
10.1.6. Reproducibility of initiation.............cc.oooiiiiiiiii 52
10.1.7. Relationship of coupling intervals and cycle length initiating tachycardia to onset of
ventricular tachycardia and initial ventricular tachycardia cycle length .........................cccco.l 53
10.1.8. Endpoints of programmed electrical stimulation .................cccooeiiiiiniii e, 53
11. Tachycardia FEAtUIES ..........coocuiiiiiiiiie et e e et e e st a e e e s satae e e ssnbaeeeennnneeeean 55
12. Diagnostic maneuvers during tachycardia ................c.ccciii i 57
12.1. Ventricular extrastimulation................cooooiiiiiiiiiieee e 57
12.2. Continuous resetting (€NtrainMeNt)...............coooviiiiiiiiiiecce e 58
13. Exclusion of other arrhythmia mechanisms..............cccccciiiiiiiii e 61
13.1. Exclusion of triggered activity ventricular tachycardia..............c.ccccoooiiiiiiiiiinici e, 61
13.1.1. Inducibility with programmed electrical stimulation ...................ccccooeiiiiiiciece, 61

13.1.2. Relationship of coupling intervals and cycle length initiating tachycardia to onset of

ventricular tachycardia and initial ventricular tachycardia cycle length .................cccccoeeiieiil 62
13.1.3. Response to antiarrhythmic drugs ..............ccoooviiiiiiiii e 62
13.1.4. Diastolic electrical aCtIVItY ............coccuiiiiiiiiii e et 62
13.2. Exclusion of bundle branch reentrant ventricular tachycardia .................cccccoeeiiiinncnnnen. 63
13.3. Exclusion of supraventricular tachycardia ...............ccccco i, 63
13.3.1 Supraventricular tachycardia with aberrancy..............cccocoiiiiiiiiii i, 63
13.3.2. Preexcited supraventricular tachycardia...............ccccccoeei i, 64
BV - To T« 1 - U EERROt 64
14.1. Activation MapPPING ........oooiiii it e e e e e e et e e e e e e e s e b e teeeeeeeee s nrrraeeeeaeaans 65
14.2. ENtrainment MapPing ......coooiiiiiiiiiiieiee ettt e e e s e s s e e e e e s s s sabareeeeeessssaabtneaeeeessnnns 65
e o Tol =l 4 1 T=1 o] o114V OO PSPPI 67



14.3.1. QRS morphology during pacing versus ventricular tachycardia..............ccccccoevvevirnnennnn. 67

14.3.2. Stimulus to QRS interval during pace Mapping .........ccccecvieieiiiiiiee i 68
14.4. Substrate mapping during baseline rhythm.....................ccoo i, 68
14.5. Electroanatomical MAPPING ...........coooiiiiiiiiiiie e et e e e stee e e be e e e areeas 69

14.5.1. Electroanatomical activation Mapping...........cccceviviiiiiiniiiiicce e 69

14.5.2 VOIaBE MAPPING ...ooouviiiiiiiiiie et ettee sttt e et e et e e st e e e s abae e e ssntaeeeesnsaeeessnsteeesnnnseeesns 69
14.6. Substrate image INtEZratioN ..............ccoii i e e 71
14.7. NON-CONTACT MAPPING.....coeiiiiiiiiiiiiiiee et e e eerre e e e s e s s arreeeeeeesssssbtaeeeeeesessssnseseneeeesennns 72

150 ABIATION ... st ettt et e b e b e st s b e e b e e b nnes 72

15.1. Hemodynamically stable ventricular tachycardia..............ccccccoeiiiiiiiiiiiii e, 72

15.2. Multiple inducible ventricular tachycardias...............cccccoeviiiiiiiiiii e 73

15.3. Unmappable ventricular tachycardia ..............cccouoriiiiiiii e 74

F6. OUBCOME ...ttt sttt e s e e e s s b et e s s b et e e snba e e e snraeeesanneeenas 76
16.1. SUCCESS ANA FECUITENCE .......eouviiiiiiiieteete et e stte st e st eb et e e bt e sbeesaeesabeeabeebeesbeesaeesaeesabesbeenbeenes 76
16.2. COMPIICALIONS .......ooiiiiiiiii e e e e st e e e et ee e e s sabe e e s esabeeesenabeeeeennreeas 77

Chapter 2: Cardiac magnetic resonance imaging in ischemic heart disease..............ccccccevvviiiiiniiinnnnnns 79

1. CardiaC IMRI SEQUENCES ..........cc.uvieeeeiiiieeeciieeeeecteeeeectteeeeeetteeeeetbeeeeesssaeeeeassaseesassaeeesnssseeesanssneesassneenan 79
1.1, SPIN €CHO SEOQUENCES ........ooeeeiieeeee ettt e e e e e e e et e e e et e e e e e eabe e e s eanbaeeeesnbeeeeenarenas 79

1.1.1. Fast or tUrbo SPiN @CRO ............eeiiieiiec e e e e et aaee s 79

1.1.2. SPecCific SPIN @ChO SEQUENCES ..........ccooeeeiiiieeee e e e e e e e aararaee s 80
1.2 Spoiled gradient @Cho SEQUENCES .............cooiiiiiiiiiie e e e e 81

1.2.1 Specific gradient @Cho SEQUENCES.............cccuviiiiiiiiiiicceee et e e et e e e areeeeas 82
1.3. Balanced steady-state free Precession..............coccuviiieeiiei e 84

1.3.1. SPECIfiC B-SSFP SEOUENCES...........vvreiiiieeiiiirreeeee e eeecrrree e e e eeeeebrreeeeeeeessstsbbreeeeeeeessssraaaeeeas 86

2. Contraindications 10 IMIRI ...........oouiiiiiiiiic e e et 88
3. Comprehensive assessment of ischemic heart disease by CMR...............cccoceeieiiiiicciiee e, 88
% I LU ot Lo T = T 1= - - SR SRPROE 88
3.2. Stress functional IMAaBING ............oooii ittt e e et e e e et ae e e e nreeaean 90
3.3. Contrast-enhanced IVIRI ............c.cooiiiiiiiiiiieeeee ettt s 91

3.3.1. IMaging sequences fOr LGE ...............coooiiiiiiiiiie ettt e et e s e e e e araeas 93

3.3.2. Comparison of LGE t0 SPECT iMaging...........cccceeeoiiiiiiiiiiiie ettt et 94
3.4. Infarct size and transmural @XEENT............ocoiiiiiiiiiiii et 95
3.5. Infarct tissue heterogeNneity...........c..cuviiiiiiii i erarae e 96



3.6. Microvascular obstruction (NO reflow) ............ccoooviiiiiieiie e 97

3.7. Characterization of the jeopardized myocardium ...............cccocciiiiiiiiiiiiii e 99
3.8. First-pass contrast enhanced CIMIR ...............ooooiiiiiiiiiiiic et e e e 100
3.9. Infarct-related ComPlications ................ooooiiiiiiiiii e e e e 102
3.10. Evidence of myocardial necrosis without significant underlying CAD .................ccccvvvrnnnenn. 102
3.11. Patterns of enhancement ............coociiiiiiiii e 103
3.12. Assessment of myocardial viability before revascularization ................cccccoeeeiiniee e, 104
3.13. Unrecognized or silent myocardial infarction................cccccooeoiiiiiiiii e, 105
IVIETHODS ...ttt ettt e b e b e st st et e bt e bt e sb et sat e s ae e et e e eb e e sbeesatesabeeabeeabe e meesmeesmseenrean 107
1. Study design and patient selection................oocviiiiriiii i 107
2. Clinical @ValU@tioN. ..........cooiiiii ettt ettt esbe e e saree s 107
3. Transthoracic echocardiography. ... e e 107
4. Electrophysiological StUCY. .............ooiiiiiiii et e et e e rae e e e eara e e e eanes 108
LT Y LI e T o) o Yol o PP ST 109
6. IVIRI @NAlYSiS........uviiiiiiiie ettt e e et e e e et e e e s eabee e e s abeee e s abeeeeenbeeeeennbeeeeeanbeeeeennreeas 109
7. StAtistical @NAlYSIS. ......ooeiiiiiie e e s e e e e e e e nbae e e e araeas 110
RESULTS ...ttt sttt et e b e b e s bt e s a e e a bt et e et e e bt e sbe e sat e e at e et e e sbeesheesaeesabeembe e b e e abeesmeesaseenrean 112
1. StUAY POPUIALION. ......ooii e e e e et e e e e e b e e e e e nte e e e e nte e e e entaeeeenraeas 112
2. Electrophysiological study reSults. ...............ccoooiiiiiiiiiii e 112
3. IMRIVAIADIES. ..o et 116
4. Spontaneous and inducible VT as one group versus non-inducible group ...............ccccccovveiiennns 121
5. Predictors of inducible or spontan@ous VT. .............ccuiiiiiiii ettt e 123
6. Ventricular tachycardia cycle length and infarct characteristics..............cccccooocveiiicie e, 127
7. Scar characteristics and functional parameters by CMR ..............cccoiiviiiiiiiiiiiiiieeec e 127
8. Functional parameters by TTE and comparison with CMR................ccccciviieiiiiiiiiiiiieeec e, 129
DISCUSSION ...ttt ettt sttt ettt e bt e s h e e s ae e e bt e bt e bt e s bt e sbeesaeeeateeabeeebeesaeesateeabeeabeeabeenbeesmeeenteensean 132
1. Prior CIMR-LGE SEUCI@S. .......coiiiieiiieiiee ettt et e s e e sare e sre e e meeesareeeaes 133
2. Scar assessMENt MELROUS. ..o e e 134
3. Infarct tissue heterogeNEItY............coccviiiiiii e e e e s e erae e e e eraeas 135
4. Spontaneous versus inducible VT Sroups............ccoi it etee e e ssatae e e 137
5. Ventricular tachycardia cycle length and infarct characteristics..............c..ccoocoviiiiiiiiiccciee e, 137
6. LVEF by TTE VErsUS CIMIR.........oooiiiii ittt e ettt e e e e e e e etee e e e e e e s e s nabe e e e e e e s e e nnbtteeeeeeeeesannstaeneeaaesanas 138
2 48T A T T 1o Lo 4 TSP 138

7



CONCLUSION AND CLINICAL IMPLICATION ........ooiiiiiiiiiiie it

REFERENCES



List of figures

Figure 1. Representation of a ventricular tachycardia circuit, showing a common diastolic pathway
(critical isthmus), entrance and exit sites, inner and outer loops, and bystanders in three locations.

Figure 2. Electroanatomical (CARTO) bipolar voltage map of the left ventricle in a patient with
ventricular tachycardia after anterior myocardial infarction is shown in left anterior oblique (LAO) (A)
and right anterior oblique (B) projections. Voltage scale is shown at right of each panel. Red circles

Lo LY aTo) LI o] F= Yl o T (Y-SR PSPROt 71

Figure 3. LGE-CMR images for the same patient described in Figure 2. in four chamber (A) and short axis
(at papillary muscle level) (B) planes showing scar involving anterior septum and anterior wall. In (B)
green and red contours correspond to epicardial and endocardial borders respectively, yellow contour

L= g Lo ol [T 1 o T or- Y PSSR 96

Figure 4. LGE-CMR short axis images of two of the study population, one (A) with large anterior M| with
overlying thrombus (arrow) and the other (B) with inferolateral Ml. In both (A) and (B) green and red
contours correspond to epicardial and endocardial borders respectively, yellow contour encircles the

Figure 5. (A) VT with RBBB pattern, right inferior axis, QRS duration of 155 ms and CL of 255 ms (B) VT
with LBBB pattern, left superior axis, late precordial transition, QRS duration of 218 ms and CL of 290
ms. Both patients had LGE in CMR indicating large anterior infarctions. Pacing spikes in panel (B) are
unsuccessful trials of overdrive Pacing (AITOW). .......ciccuiiiiiee ettt erre et sre e s re e eaaeesree s 113

Figure 6. (A) Electroanatomical (CARTO) bipolar voltage map of the left ventricle in a patient with
VT after large anterior myocardial infarction is shown in right anterior oblique projection. Red circles
denote ablation sites. (B) LGE-CMR image of the same patient in four chamber plane showing the VT
0] o1 =1 P 114

Figure 7. Boxplots showing total infarct size absolute (A) and as percent of LV (B), scar core absolute (C)
and as percent of LV (D), peri-infarct zone absolute (E) and as percent of LV (F), mean infarct
transmurality (G) and number of segments with LGE (H) among the three study groups..........ccccccve..... 120

Figure 8. Receiver-operating characteristic curves for total scar (as percent of LV) for prediction of
spontaneous VT (A) and VT indUCIDIlITY (B)...cccveieeeeiiie ettt e e e et e e e eaaeeaeas 126



Figure 9. Scatter plots showing correlation of TCL with the total infarct size absolute (A) and as percent
of LV (B), scar core absolute (C) and as percent of LV (D) and peri-infarct zone absolute (E) and as
oY= gol= ol ey il N A TSR 128

Figure 10. Scatter plot showing correlation between LVEF as assessed by TTE and as measured by CMR

10



List of tables

Table 1. Studies on the prognostic role of LGE-CIMIR.............cccccccueiiiiiiiiiiniiiee et 35
Table 2. Entrainment mapping of reentrant ventricular tachycardia ...............c..cccoooiiiiiin e, 66
Table 3. Clinical baseline characteristics .............cccovviiiiiiiiiiiiii s s se e 115
Table 4. MRI variables among the three study Sroups.............ccccco it 117
Table 5. MRI variables between spontaneous and inducible VT groups .............cccccocviiiieeeecciee e, 118
Table 6. MRI variables between spontaneous and non-inducible VT groups............ccccoccceviniienecnnnen. 118
Table 7. MRl variables between inducible and non-inducible VT groups...........cccccccccviiviiiiniiienecnnen. 119
Table 8. Clinical baseline characteristics in spontaneous/inducible VT versus non-inducible VT ........ 122
Table 9. MRI variables in spontaneous/inducible VT versus non-inducible VT .............c..cccooeeiiennn. 123
Table 10. Univariate and mutivariate analyses for spontaneous VT group with non-inducible VT group
L =1 {1 =1 o Lol PSP 125
Table 11. Univariate and mutivariate analyses for inducible VT group with non-inducible VT group as
= Y =T Vol TSROt 125
Table 12. Various cut-off values of total scar as percent of LV for prediction of spontaneous VT....... 126
Table 13. Various cut-off values of total scar as percent of LV for prediction of VT inducibility .......... 126
Table 14. Univariate correlations between scar characteristics and functional parameters................ 129
Table 15. Functional parameters by TTE among the three study groups............cccccoceviiviieiiiicien e, 130
Table 16. Functional parameters by TTE in spontaneous/inducible VT versus non-inducible VT ........ 130

11



Abbreviations

3D = three-dimensional

ACC/AHA/ESC = American College of Cardiology/American Heart Association/European Society

of Cardiology

ACLS = advanced cardiac life support

ADMIRE-HF = AdreView Myocardial Imaging for Risk Evaluation in Heart Failure
AES = atrial extrastimulus

AF = atrial fibrillation

AFL = atrial flutter

AVN = Atrioventricular nodal

BBR = bundle branch reentrant

BEST-ICD = BEta-blocker STrategy plus Implantable Cardioverter Defibrillator
b-SSFP = balanced steady state free precession

CABG = coronary artery bypass graft

CAD = coronary artery disease

CARISMA = Cardiac Arrhythmias and Rlsk Stratification after acute Myocardial infarction
ce-MRA = contrast enhanced MR angiography

CHF = congestive heart failure

CL = cycle length

CMP = cardiomyopathy

CMR = cardiac magnetic resonance

CT = computed tomography

CV = cardiovascular

CV hosp. = cardiovascular hospitalization

DAD = delayed after-depolarization

12



DCM = non-ischemic dilated cardiomyopathy

DETERMINE = DEfibrillators To REduce Risk by Magnetlc ResoNance Imaging Evaluation
DICOM = Digital Imaging and Communications in Medicine
DIR = double inversion recovery

DPTA = Gd-diethylenetriamine pentaacetic acid

ECG = electrocardiogram

EDV = end-diastolic volume

EDWT = end-diastolic wall thickness

EP = electrophysiological

EPS = electrophysiological study

ERP = effective refractory period

ESV = end-systolic volume

ETL = echo train length

FDG = fludeoxyglucose

FSE/TSE = fast/turbo spin echo

Gd = gadolinium

GRE = gradient echo

GUSTO = Global Utilization of Streptokinase and Tissue plasminogen activator for Occluded
coronary Arteries

HASTE = half acquisition single shot turbo spin echo
HB = His bundle

HPS = His-Purkinje system

ICD = implantable cardioverter-defibrillator

ICE = intracardiac echocardiography

ICM = ischemic cardiomyopathy

IQR = interquartile range

LA = left atrium

13



LB = left bundle

LBBB = left bundle branch block

LGE-CMR = late gadolinium enhancement cardiac magnetic resonance
LV = left ventricular

LVEF = left ventricular ejection fraction

MADIT = Multicenter Automatic Defibrillator Implantation Trial
MASTER = Microvolt T-Wave Alternans Testing for Risk Stratifications of Post Ml Patients
MBG = myocardial blush grade

MEA = multielectrode array

MI = myocardial infarction

MPR = myocardial perfusion reserve

MRCA = MR coronary angiography

MTWA = microvolt T-wave alternans

MUSTT = Multicenter Unsustained Tachycardia Trial

MVO = microvascular obstruction

NMV = net magnetic vector

NSR = normal sinus rhythm

NSVT = non-sustained ventricular tachycardia

NYHA = New York Heart Association

PCI = percutaneous coronary intervention

PC-MRI = phase contrast MRI

PES = programmed electrical stimulation

PET = positron emission tomography

PPI = post-pacing interval

PSIR = phase sensitive inversion recovery

Pt = patient

RBBB = right bundle branch block



