Contents

Preface XV
List of Contributors xix
Foreword xxiii

Part I History

1.1 History of Cardiac Pacing 3
Earl Bakken: One Version of the First Pacemaker Story.........ccocoveevccnnecicnneccnnnnen 3
The Long List of Inventions and Observations that Led to the Pacemaker..................... 4

Pulse Theory and Observations that Bradycardia Leads to Syncope........c.cccceueuenee. 4
Early Cardiac Pacing.......coveiiiriiieiinreie ettt ettt 5
Internal PacemakersS.......coeviririiiiiiieieieeeeeee ettt 6

Pacing for NONSUIZEOMS ...c.uvveuiuiiririeieiiririeteit ettt ettt ettt neaes 7

Power INNOVATIONS c..coueviiiieiee e 8

Programming ...ttt 8

Dual-Chamber PACINZ......ccoviueiririieieieee ettt 9

Activity Rate RESPONAETrS.....ccccioieuiirieieieieieieeeie ettt 10

Implantable Cardiac Defibrillators ........ccoieeireiieireeseeeee s 10

MICHE] MITOWSKI..vevieviitiitiiiiitiitestetetet ettt teete st et et et e sae e eseeseeseeseesassassessassessessassansessessesas 10
COMCIUSION -ttt ettt ettt b ettt b et b et b e eebesaenes 12
RETETEICES ...ttt ettt 12

1.2 History of Defibrillation 15
Introduction: Defibrillation and Its Creators......co v eernieirnireieeneeee e 15
Mysteries of Early Research: Abdilgaard’s Chickens and Kite’s Successes........c.o........ 17
Elucidating the Mechanism, Imagining the Cure........cccoveeccrnneciennecinnnceccnenenes 22
Defibrillation: From Russia and the Soviet BlOcK ......cooooiiiiiiiiiiieceee 26
Defibrillation: AC to DC, in America and Beyond.........ccccceoeerrreiioennnecceceeee 30
CONCIUSION -ttt ettt ettt b et eb et eb e ebeseenes 35
RETEIOICES ...ttt 38



vi Contents

1.3 Ventricular Fibrillation: A Historical Perspective

INETOAUCEION ..ottt ettt
Concepts, Instruments, and Institutions: Nineteenth-Century Legacy......cccccoeeerrueuenee.
The Clinic and the Laboratory ...t
Ventricular Fibrillation: Experimental Evidence and Basic Concepts,

TBBOS L9200 c.vvtntreteteueieetetete ettt ettt e st e e s e et e e s e s es e e et esebesea e et st e s et e et e s e sttt s ete s et e aenens
From Wiggers to Moe: The Multiple Wavelet Hypothesis.......c.cccoeiniinvcnencinnnne.
Modern Concepts of Ventricular Fibrillation...........coeeeiiiiiinnicinneccreeeene
Concluding REIMATKS ......cevieiiieiiieieieeieieeeee ettt sttt et s e es et sesessenessenesseneneas
References and NOGES......cciiiiiiiiiciect ettt ettt ettt ettt ss et sa s eseeseeseeseeseesesbesbassessanes

Part II Theory of Electric Stimulation
and Defibrillation

2.1 The Bidomain Theory of Pacing
TETOAUCEION 1.ttt
Unipolar StmMUIAION. ....c.c.coiriiiiiicc ettt
Make and Break EXCItation . .....c.ccoevivireriiiiiieieieseseeseee ettt
Strength-INtErval CUTVES ..ottt st
No-Response Phenomenon..........cociuiiiiirieiieeeeeee et
Effect of Potassium on PACINg......coccoiiiiiiiiiicceee e
Time Dependence of the Anodal and Cathodal Refractory Periods........cccccovvvueicinenne
COMCIUSION ..ttt b ettt ettt b bbbt ne b b
ACKNOWIEAGIMENES ....c.ciiiiiiiieicicit ettt ettt sttt
REFEIEIICES ...ttt b et eene e nesnene

2.2 Bidomain Model of Defibrillation

] 58T o Te R0 Tt o) 4 PR PT SRR

Advancements Leading to the Development of the Bidomain Model of

DEfIDTIIIAION .ttt

Bidomain Equations and Numerical Approaches for Large-Scale Simulations

in Shock-Induced Arrhythmogenesis and Defibrillation...........c.cccccvvvveccnnnccccnnnienene.
Governing EQUatIONS. ......covveueueiiriiieiiirietccretct sttt ettt sttt
Computational Considerations........coceireireireiieeeieseese e seenes
Numerical SCHEIMIES. ......ciiiiiieiee ettt
LNEAT SOIVETS ...viniiiiieict ettt ettt st

Models of the Heart in Vulnerability and Defibrillation Studies..........cocoeoveecinnnecncnne
Description of Myocardial Geometry and Fiber Architecture........c.ccccocevverieeerrnenens
Representation of Ionic Currents and Membrane Electroporation..........cc.ccceoveueueee.
Shock Electrodes and WavefOrms . .......cccoiriririririeiieereeeceeesee e

Arrhythmia Induction with an Electric Shock and Defibrillation........c.ccocovnnniicucnnee



Contents vii

Postshock Activity in the VentriCles. ...t 97
VEP Induced by the Shock in the 3D Volume of the Ventricles........cccccvevnccee. 97
Postshock Activations in the 3D Volume of the Ventricles.......c.cocccecevvneiecinniennee 99
ULV AN LLV oottt ettt s st ene s 100
Shock-Induced Phase Singularities and Filaments..........ccccccovveicnnnccccnnneccene. 102
Induction of Arrhythmia with Biphasic ShOCKS......c.coveiiiiiiiiiieececcereene, 102

COMCIUSION -ttt ettt b et bbbt b et e et beeenes 104

ACKNOWIEAGIMENES. ...ttt ettt 105

REFETEIICES ...ttt sttt 105

2.3 The Generalized Activating Function 111

TtTOAUCEION ¢ttt ettt 111

The Activating FUNCEION c.oucveviieiiieiiiecee ettt esenas 112

The Generalized Activating FUNCEION .....oovevirieirieeiceeeesee e 114

FEXAINPIES ..ttt e e n ettt ettt eenen 116

DISCUSSION -ttt ettt ettt ettt et be bt nen 124
LIMIBATIONS ettt ettt s 125
ValIdATION ...ttt 126

CONCIISION 1.ttt bbbkttt ettt 126

DL 03 01 AT - TSRS 126

RETETOIICES ..ttt 130

2.4 Theory of Electroporation 133

Concept Of EleCtTOPOTATION. ... cirveviietirieeieieeieieteete et sa e seae s sseseeseseenes 133

Physical Background of Electroporation ... 134
POTE ENETZY ..o 134
POTe Creation ...c.ooveiiieiiieiiec ettt 136
POre EvOIULION ..ottt 137
Postshock Pore Shrinkage and Coarsening..........c.coveveeerernirenrereninnniceeenneeiereenenennes 138
POre RESEAIINEG. c..vcviieiiiciiceecc e 139

Mathematical Modeling of Electroporation.........coccceerreeinnnieeinnnieecereneeeeenennes 140
Advection-Diffusion Equation........ooeeiiireiinieeee e 140
Asymptotic Model of EleCtrOpOration ......cccecviveieverieieeinieinieieieesieeeeeereeeseeeseseesesens 141
Current—Voltage Relationship of a Pore.......ccooeeivniiiinniccnccceece 142

Example of the Electroporation ProCess. ... vireireiiiecrieieeeeee e 144
Governing Equation for the Transmembrane Potential.........coccccccevnicinnnecicncnnns 144
Membrane Charging Phase ...t 145
Pore Creation PRASE. ... 145
Pore Evolution PRASE. ..ottt 146
Postshock Pore Shrinkage PRase. ... 148
Pore Resealing Phase.......ccociiiiiiiicceeecteceee et 149
Effects of Shock Strength ... 149

L5300 11 7 1 (0 8 Y ST 151



viii Contents

COMCIUSION 1.tttk b et b et bt b et e bt b et tenesneneas 153
ACKNOWIEAGIMENT ...ttt 153
Appendix 1: Parameters of the Electroporation Model..........cccccovvirieionnnnccinnnnee. 154
Appendix 2: Numerical Implementation. ... 155
REFEIEIICES ...ttt et a et ne s 156

Part III Electrode Mapping of Defibrillation
3.1 Critical Points and the Upper Limit of Vulnerability for Defibrillation 165

INETOAUCTION c.tteiiietietiee ettt ettt et e e e seebaeseeseeseebessessessesessassanseneas 165
Mechanisms by which Shocks Induce VF ... 167
The Field-Recovery Critical Point ... 169
Inconsistencies with the Field-Recovery Critical Hypothesis for Defibrillation........... 180
The Virtual Electrode Critical POint... ..o 182
Other Possible Mechanisms for Defibrillation ........ccoooeereireeneeeeeeeeeeeee e 185
ACKNOWIEAGIMIENI ...ttt bbbt 185
RETETEIICES ...ttt e 185
3.2 The Role of Shock-Induced Nonregenerative Depolarizations 189
Brief Historical Perspectives......cco ettt 189
The Era of Computerized Cardiac Mapping: New Insights.....c..cccoceovevneiiinninnencne. 194
Initiation of VF by Electrical Stimuli.......coccocoeiniiiniiiniiniiccc e 195
Different Proposed Hypotheses of Defibrillation.........ccoveeeonrieiieinnnecinnnccccen 196
The Graded Response Hypothesis of Fibrillation and Defibrillation...................... 199
Graded Response CharaCteriStiCs ......cooieiierirereierieeeieeieieceeeeie e 199
Conclusions and Future DireCtions ..o 211
ACKNOWIEAGIMENT ...ttt 212
RELEIEIICES ...ttt 212

Part IV Optical Mapping of Stimulation
and Defibrillation

4.1 Mechanisms of Isolated Cell Stimulation 221
TIETOAUCTION 1ottt ettt e sa e s be e b e e ta e b e esbebeesbesseenbesseenseesaensans 221
Transmembrane Potential (V' m) Responses of an Isolated Cell.......cccocceviuveiiniennennn. 222

Theoretical Framework of Field Stimulation........c.ccccoeoereincinninnieeececee 222
Experimental Responses During Field Stimulation..........cococcovecnciniininninnenene. 225
Single Cells Versus Tissue Responses: Similarities and Differences........c.c.cceueune. 236
Field-Induced Responses of an Isolated Cell-Pair: Sawtooth Effect.......c.cccooevveeennnnen. 237
Theoretical Treatment of Sawtooth Effect.......cocomiiiiiiiiieeeeeee 238
Experimental Measurement of Sawtooth Effect ... 239

Sawtooth Effect’s Role in Tissue: “Fact or Fantasy” ......cccccoeovivneiniineineinecns 241



Contents ix

Effect of Electric Fields on Intracellular Calcium ........ccoeeveiniiniineincinccceneeee, 243
Measurement of Intracellular Ca®T Transients Using
FIUOTESCENT PTODES .ottt 244
Effect of Field Stimulation on Intracellular Ca2T Transients at Rest................ 244
Effect of Field Stimulation on Intracellular Ca21 Transients
DUTING PLATEANL ...ttt 248
Tmplications of Field-Tnduced Ca2T Gradients.........ooooerrreesssoseeeeresssse 248

COTICIUSION ..ttt ettt ettt ese e st e st eseeseeseesess e sensessessensensessessessessesaesassensansansans 249

RETETEIICES ettt ettt sttt et neeneesaeneeneenan 249

4.2 The Role of Microscopic Tissue Structure in Defibrillation 255

TIETOAUCEION 1ottt ettt e s te et e s taesbe e st esbeesbesseesbenseesseessensenseens 255

Possible Mechanisms of Intramural Shock-Induced Vi Changes.....c.cccecevneevceccnnnne 256

The Role of Microscopic Tissue Structure in the Shock Effects:

Experiments in Cell Cultures........oooieviiiiniiineeeeceeeet et 258
The Role of Cell Boundaries in Shock EffectS......cccovvviriniriieciiiiieiecieeieeine 259
The Role of Intercellular Clefts in the Shock Effects......ccccooeoineiineciiecneiiieieee 261
Shock-Induced AV iy in Cell Strands.......cccoeeveeeeieieieieecieceieeeeeeeeeee e 263

Measurements of Intramural Shock-Induced A Vi in

Wedge Preparations ...ttt 270

Comparison between Microscopic and Macroscopic

A Vi MEASUTEINEIES . ...vouvieveieeieeieeieieeteeteeteete ettt et e et teeteeseetessessessessessessessesseseeseesesresseasas 275

COTMICIUSION ..ttt ettt ettt ettt ettt e aeeteeteeteeteebeesessebebessessessensessessassessessessssassansassans 277

RETETEIICES .ottt ettt st et e b e b e b e b e s e saeseetaeseeseeean 277

4.3 Virtual Electrode Theory of Pacing 283

TNETOAUCTION .ttt ettt ettt e b et et e et e e e e eseeseeseesens 283

Virtual Electrodes during Unipolar Stimulation of Cardiac Tissue......cceveevcrererueneee 284

Anode and Cathode Make and Break EXcitation........c.cccoeoiveiineienninineneeeeeeeeas 290

Strength—INterval CUTIVES ...ttt seeae 293

QUALTEOI] REEIETY ...ttt 296

DEfIDIIIIATION .ttt ettt ettt ettt ettt e e eneeseeneeseenas 301

The No-Response Phenomenon and the Upper Limit of Vulnerability........ccccovuneeee. 306

Influence of Physical Electrodes During a Shock......c.oeeeocnnrccinnniicinnncccnee 306

The Effect of Fiber Curvature on Stimulation of Cardiac TiSSue.......ccccoeveirrireeenennene 307

Heterogeneities ... ..coouiiiiii s 310

Averaging over Depth During Optical Mapping...........cceennnnnnnnnnncncncneenene 311

Boundary Conditions and the Bidomain Model........cccocoieiinniiiinnnecinnnecceee 312

The Magnetic Field Produced by Cardiac TiSSUE....cccoveveveinrnieiiinininieiccneecieiceneene 313

COTICIUSION ..ttt ettt ettt ettt e st e sttt eteeseeteeseesessassessessassessensessessessassesaesessassansassans 315

ACKNOWIEAGIMENTES. ...ttt bbbttt 316

RETETEIICES .ottt ettt ettt b e e saesaeseeseenan 317



be Contents

4.4 The Virtual Electrode Hypothesis of Defibrillation
INETOAUCEION «..cviiiiicic ettt
Historical Overview of Defibrillation Therapy......c.ccoceceorvrieininnncieinneeecnenenes
Bidomain MOdeEl.........couiiiiiiieiiiieieeieieetee ettt a et aeees

Fluorescent Optical MappPing......coccieeireirieirieieeeieece et seenes

Virtual Electrodes and the Activating FUnction..........cccccoeveeeiivnnnnnnnccncnccnns
Mechanisms of Defibrillation........cccocireiriiniiiniiicc e
Theories of Defibrillation ... ...
Virtual Electrode Hypothesis of Defibrillation: The Role of
Deexcitation and ReeXCItation . ...
Virtual Electrode-Induced Phase Singularity Mechanism........c.cocveeicennierecccnnnnen
Chirality of Shock-Induced Reentry Predicted by VEP Not the Repolarization
GTAAIEIIE ..ttt ettt sttt
Shock-Induced VEP as a Mechanism for Defibrillation Failure..........cccccocevnenneee.
The Role of EleCtTOPOTation ....c.covivieveeiiriririciciirrieieictree ettt es
Clinical Implications of the Virtual Electrode Hypothesis of Defibrillation.................
The Role of Virtual Electrodes and Shock Polarity .........cccoeveecnnnneicnnnccecnnns
Waveform Optimization. ...
Toward Low-Energy Defibrillation.......cccocieieerireiirieinieieieieieesieeeeeeesesee e
COMCIUSION ..t vetieti ittt ettt ettt et ettt ettt e b et e st e st eseeseeteeseeseesasabassessassessessessessesessessessanes
RTETEIICES ... ittt ettt ettt te et et et eab e e e sseseeseebeeseeteebesbasbebessensenseneaneas

4.5 Simultaneous Optical and Electrical Recordings

Introduction to Electrooptical Measurements........coccoceeeveririrenienieieieieiseseseseseee e
TTO PrOPEITIES .cuciiiiciirictcttririetcit sttt sttt sttt
Ratiometric Optical MapDilg.....ocoeoeerieerieienieierrie ettt seenes
Role of the Second Spatial Derivative of the Extracellular Potential

in Field Stmulation. ...t
Stimulatory Effects of a Spatial Variation of Extracellular Conductance

in an ElectTic FIld ..ottt
Effect of Unipolar Stimulation in the Tissue under the Electrode......ccccooevevieienvennnen.
Electrooptical Mapping of Cardiac EXCitation. ..o
Method of Electrooptical Mapping......ccccooeiveireineinieirieireereeeeei e
Electrooptical Mapping of Epicardially Paced Beats and Sinus Beats........ccooeueuencne.
Electrooptical Mapping of Fibrillation.........cccoeeireeireinieieieicieieieeeeeeeeies e
COMNCIUSION ..ttt ettt ettt ettt ettt et e et e s et et esseseeseeseeseeseeseesasassassassassassensessessesessasassanes
RTETEIICES ...ttt ettt ettt e e be e b e b e be b e s et essessenseneeseesaeseeseanas

4.6 Optical Mapping of Multisite Ventricular Fibrillation Synchronization
Pacing to Terminate Ventricular Fibrillation ..o
New Opportunities in Improving Ventricular Defibrillation .........ccooeeeireivineiieecienene
Optical Mapping of Multisite Synchronization of Ventricular Fibrillation...................
Optical Recording-Guided Pacing to Create Functional Block during VF...................



Contents

xi

Improvement of Defibrillation Efficacy with Synchronized Multisite Pacing...............

CONCIUSION ..t

ReferenCes. ..o

Part V. Methodology

5.1 The Bidomain Model of Cardiac Tissue:
to Macroscale

INtrodUcCtion ..cocvviiieiii i

Microscopic Modeling Cardiac Tissue...............

Macroscopic Modeling Cardiac Tissue...............

Homogenization........cocecceveeviiiencnieenieeeenee
Bidomain Model of Cardiac Tissue....................

Bidomain Properties at the Heart Level...........

CONCIUSION ..t

From Microscale

Bidomain Properties at the Tissue Level..........

RGTOTEIICES ..ottt et e et e te e eteesae s e teeerteeeseeeaeeenaean

5.2 Multielectrode Mapping of the Heart

Introduction ..o eeeeeeccceeeeeeeeeee e
MethodS ...ooeeeeieeeeeeeeeeee e
Determining Activation Time......ccoccoeovvrrennnene.
Generating COntoUTS.......coeeeeirerriereererirereeneeens
CoONCIUSION ...t
References. ..o

5.3 The Role of Electroporation

Role of Electroporation in Defibrillation...........

Contribution of Electroporation to Optically Recorded Cellular Responses................
Electroporation Assessment by Membrane Impermeable Dye Diffusion.........c.ccco.......

Role of Electroporation in Pacing........c.coe.......

Irreversible Electroporation in CardiaC SUTZETY .....ccceveirrineinieinieereeeeneieeeieseeieeenes

CONCIUSION ...eoevceieieeeeceeeeeeeee et
ReerenCeS . .ovveeveeeeeeeeeeeeeeeeeeeeeeee e

Part VI Implications for Implantable Devices

6.1 Lessons for the Clinical Implant

Electrical Parameters of Defibrillation Waveforms ........ccoovevvieeeeeeeeeeeeeeeeeeeeeee e

Parameters that Influence Defibrillation....

Parameters that Influence ICD DeSign......ccoeeuecinnieiciinnieiccirnccicrreccreeeveeaeae

Principles of Capacitive Discharge Waveforms

389
393
393

401
401
403
404
406
410
411
416
417
418

423
423
424
425
432
437
438

441
441
446
448
451
451
451
452



xii Contents

TTUICATION ..ttt ettt sb s b s
Stored Versus Delivered ENergy ..o
Optimizing Waveforms with the RC Network Model.......c.cccovviiiiinnnecnnnnccinnene,
Minimizing Shock Energy Without Electronic Constraints..........cccocvveccinrnerecnnennens
The Predicted Optimal Monophasic ShoCK........cceoireirrineiineireeeeeeseeeeene
The Predicted Optimal Biphasic ShoCK ........cccoioiiiiiiniiieceeeceeeece
Optimizing Capacitive Discharge Waveforms...........cccoevvirvcneoncrnenneneneneenene
Optimizing Duration: Monophasic Shock and First Phase of Biphasic
Shock with a Fixed CapacitanCe........cccereirieirieinieirieieieesieesieeseie e
Optimizing CapaCItATICE. .....coveuireeeieeeiieteier ettt eesaeneseesessenenes
Optimizing Phase Two of the Biphasic Waveform .........c.ccccoooviiiinniniicnniee,
Truncation by Duration Versus Truncation by Tilt.....c.cccoceoveineininninnincnne
Waveform POIATTEY ...c.c.voiiiiieiiiiec et
Waveforms in Commercially Available ICDS......cooiiirnrieiiiniciireecceeee
Other Considerations in Optimizing Waveforms........c.cooecccvnnecinnnnccinnneeccnennes
The Misunderstood Superior Vena Cava Coil.......ocooiiririiriiineeeseeeeeeeee
COMCIUSION 1.ttt ettt ettt st b e b ettt b bt st sesneneas
RELEIEIICES ...ttt e

6.2 Resonance and Feedback Strategies for Low-Voltage Defibrillation
TIETOAUCTION 1ottt ettt e a e s be e b e e te et e essesbeesbesbeensesseenbeesaensans
Localized Stimulation: Induced Drift of Spiral Waves.......c.cccoeereiriiniineeneeeeeees
Delocalized Stimulation: Resonant Drift of Spiral Waves.........ccoeevernernenneinenes
Feedback-Controlled Resonant Drift .........ccoeoiriiiininicccccneeeeeeas
Three-Dimensional ASPECES.....cviriiirieiieiiieeieteteet ettt se s esessenas
Pinning and Unpinming ......cc.eceeereneineieieceeeee et sseve e esseneenes
“Black-BoxX” APPIOachies. ... ..ccooeiiieiieieeee ettt
CONCIUSION 1.ttt ettt ettt ettt e et e s e s et ess e st eseeseeseesaesaesaesassassesassansansessensasensesansanes
ACKNOWIEAGIMEIIES ...ttt
RELEIEIICES ...ttt

6.3 Pacing Control of Local Cardiac Dynamics
TIETOAUCTION 1ottt ettt et be et e e te e b e e st esbeesbenbeensesseenseesaensans
CRAOS COMEIOL..cuiiuieiieiieiietietieteie ettt ettt ettt et e ete et e ebesbesbessesbessessessassessessessessesassansansas
ATLErNANS CONETOL ...ttt es et s e
APD ABEITIANS c.ovovieietiicieeieectee sttt ettt ettt sa et ss et b s b eseebeseebeseesesaeseseesesea
Conduction Velocity AILEITANS .......cccoviieriinriiieieeireieie ettt
RETEIEIICES ...ttt ettt s ettt ettt s et s st se s enenes

6.4 Advanced Methods for Assessing the Stability and Control of Alternans
TIETOAUCEION ¢ttt ettt a e enas
What Is an Eigenmode? ...ttt

525

528



Contents xiii
Characterization and Control of Alterans in Isolated Cardiac Myocytes........cocovennee. 531
Application of the Eigenmode Method..........ccovueieiininiiniiicceceeeeeae 531
The Ion Channel Mechanism Underlying Alternans.........coveeennrecocnnnceccnennns 534
Development and Testing of a Control Algorithm.......c.cccoveeinnncccinnniccenen 537
Characterization and Control of Spiral Wave Instabilities.......ccocooveenrenneneeieeee, 540
Nature of Spiral Wave Instabilities .......cococireirireoiieiiireee e 540
Elimination of Alternans in a Rotating Spiral Wave ........cccovveeinnieeinnicccene 542
Summary and Implications for Treatment of Cardiac Arrhythmias.......ccoceceoeerninnenee. 543
Appendix: Mathematical DetailS........cceciieeireiirieieieieieieee e 544
RETETOIICES -ttt n et eees 547
6.5 The Future of the Implantable Defibrillator 551
Sensing and DEtECTION ...c.viveviiriririeicerct ettt 551
Reduction of Ventricular OVersensing........c.c.coveeerrniereerininiereertniniereenenereseeneseenenes 551
Active SVT-VT DiSCTImMINAtiON ..ccoveveueeeieieieieieisisieteieee ettt 552
Hemodynamic Sensors for ICDS......oviiiiiecirncec et 552
TMPLANE TESTIIIZ . c.eveviieiiieiree ettt 553
Vulnerability TeSTINE .....cccoeireiniiniiiinetee ettt ettt 555
SEALE OF THE AT eiieieeeieeee ettt s e nene 557
After the TMPLANT ...ooeoiieeeece et 559
Novel Waveform Strategies. ..ottt es 559
Defibrillation Threshold Reduction. .......ococoeiriiriiiniineieieeeeeeeeeeee e 559
Cardioversion Pain RedUCTION .....c.occioiriiiiiiiiniieicccccecc e 561
Medium Voltage TheTapy ..coceeeererierieieieieieeieeteetesteste ettt st 562
Novel Packaging StrateZies.....ccccv ittt ettt seses 562
SUbCULANEOUS TODIS.c.uiieiiieieei ettt eeeas 562
Percutaneous, Fully Transvenous ICD.......c..cccoioiinicneicreeee e 563
CONCIISION 1.ttt sttt bbb bttt eb et e e eaee 563
RETETOICES 1.ttt sttt ettt 563
6.6 Lessons Learned from Implantable Cardioverter-Defibrillators
Recordings 571
TETOAUCEION ¢ttt ettt 971
TCD EIECETOGIAINS ...ttt ettt ettt sttt st 572
Interpretation of ICD ReCOTdINgS......ccccuevirrirueucerininieieiirinieieienseiecteeseevece s 573
Lessons Learned from ICD Treatment of Ventricular Tachyarrhythmias................... 575
Incidence of Ventricular Tachyarrhythmias......c..ccoecvevniiniiniiniinicee 575
Therapy Efficacy and Failure Modes........cccovvieeieinnnieiciniecceeieeseseeeeseeenes 578
Therapy Efficacy: Defibrillation .......c.cocoveeirrniiieinininieccinrneccrerce e 579
Therapy Efficacy: CardioverSion ........cccoveuecirininiereinninieiecrneeeeiccreneseereeeesesseneeenees 581
Therapy Efficacy: Antitachycardia Pacing.........cocovvvririiiciiiiiieeeeeeeeeenn, 583
Investigating the Causes of Tachyarrhythmia........ccocooveveiinneiiinnneicreccne, 586



xiv Contents

Lessons Learned from Inappropriately Treated ICD Episodes........cccccveevecncinccnnee. 591
Inappropriate Detection Due t0 OVersensing.........cocccveeerecerierenicineenecneccnencneenns 591
Inappropriate Detection and Therapy Due to Nonsustained VT /VF................... 593
Inappropriate Detection Due to Supraventricular Tachycardia........cccoveeccecnenes 593
Inappropriate ICD Therapies and Changing Patient Population.........ccccceeeeenneee 597

Lessons Learned from Appropriately Treated AT/AF Episodes......ccccoovernireeerncennnn. 597
Atrial Tachyarrhythmia Detection and Termination Accuracy ..........cccoeveeenenne 597
Efficacy of Device-Based Therapies for AT/AF ... 600
AT/AF Therapy Efficacy: Impact of Early Recurrence of Atrial Fibrillation......600
Atrial ATP Therapy EfiCAcY .....cccoovreeinrnieiiiririecccnnectrtneec et 600
Atrial Defibrillation Shock EffICACY .....cccceeiiiieiiiiiiiiiiirrrrrrrrr e 603

COMCIUSION 1.ttt ettt b et b et b ettt b bt te st sneneas 604

RETETOIICES .ttt bbbttt 604

Index 615



2 Springer
http://www.springer.com/978-0-387-79402-0

Cardiac Bioelectric Therapy
Mechanisms and Fractical Implications
(Eds.)LE. Efimowv, MW, Krall F.]. Tchou

2009 Approx. 725 p. 227 illus., 62 in color., Hardcowver
ISBM: 978-0-387-79402-0



