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Implantable Cardiac Devices Technology



Foreword

Development in the majority of medicine branches is today conditioned by technological
advancement. This is also the case with cardiology, where medical devices designed to correct
heart rhythm — pacemakers, cardioverters-defibrillators, and biventricular systems — are
implanted in order to help a sick heart.

The book Implantable Cardiac Devices Technology is targeted at biomedical and clinical
engineers, physicians and technicians in practice, students of biomedical disciplines, and all
medical staff who are required to understand the basics and details of pacing technology. The
book comprises 14 chapters, which are further subdivided according to specific topics. Since
readers’ level of knowledge concerning the medical part of the issue may differ, chapters deal-
ing with basic heart anatomy, physiology, and arrhythmology are included for the sake of
comprehensiveness.

Medical pacing devices are today only developed and produced globally by several produc-
ers who, however, make use of certain different technical solutions, algorithms, system param-
eters, etc. It was our intention to avoid the description of special functions. The book only
covers general procedures and parameters common for the systems of all producers.

The book is intended to serve as a monothematic textbook. In order to make the text com-
prehensible and well arranged for a reader, references to professional literature are only pro-
vided once in a respective chapter.



Abbreviations

ABAP
ABAS
AEI
AF
AGC
AIMD
AP
ARP
ATP
ATR
AV
AVD
AVI
BOL
BOS
BPM
CI
CRM
CRT
CRT-D
CRT-P
DFT
EAS
EF LV
EGM
El
ECG
ELT
EMI
EOL
EOS
EP
ERI
ERN
ERT
HRV
ICD
IM

Atrial Blanking post Atrial Pacing
Atrial Blanking post Atrial Sensing
Atrial Escape Interval

Atrial Fibrillation

Automatic Gain Control

Active Implantable Medical Device
Anteroposterior

Atrial Refractory Period
Antitachycardia Pacing

Atrial Tachy Response
Atrioventricular

Atrioventricular Delay
Atrioventricular Interval

Beginning of Life

Beginning of Service

Beats per Minute

Coupling Interval

Cardiac Rhythm Management
Cardiac Resynchronization Therapy
Cardiac Resynchronization Therapy Defibrillator
Cardiac Resynchronization Therapy Pacemaker
Defibrillation Threshold

Electronic Article Surveillance

Left Ventricle Ejection Fraction
Electrogram

Escape Interval

Electrocardiogram

Endless Loop Tachycardia
Electromagnetic Interference

End of Life

End of Service

Electrophysiological

Elective Replacement Indicator
Elective Replacement Near
Elective Replacement Time

Heart Rate Variability

Implantable Cardioverter-Defibrillator
Myocardial Infarction

vii



viii

Abbreviations

LAO
LRI
LRL
LVBA
LVEDD

RVC
RVRP
SCD
SDANN
SDI
SDNN
SQ
SVC
SVT
TARP
TENS
UPR, UR
USR
UTR
VBVP
VBVS
VRP

Left Anterior Oblique

Lower Rate Interval

Lower Rate Limit

Left Ventricle Blanking after Atrial Pace

Left Ventricular End Diastolic Diameter

Left Ventricular Protection Period

Left Ventricular Refractory Period

Maximum Pacing Rate

Mode Switch

Maximum Sensor Rate

Maximum Tracking Rate

Minute Ventilation

Normal Sinus Rhythm

Premature Atrial Contraction

Postatrial Ventricular Blanking

Programmed Electrical Stimulation

Pacemaker

Pacemaker Mediated Tachycardia

Percentage of adjacent RR intervals that varied by more than 50 ms
Pacing System Analyzer

Prolonged Service Period

Postventricular Atrial Blanking

Postventricular Atrial Refractory Period
Premature Ventricular Contraction

Right Anterior Oblique

Root Mean Square of the difference between the coupling intervals of
adjacent RR intervals

Recommended Replacement Time

Radio and Telecommunications Terminal Equipment
Right Ventricle

Right Ventricular Coil

Right Ventricular Refractory Period
Strength-Duration Curve

Standard Deviation of Averaged Normal R to R intervals
Sensor Driven Interval

Standard Deviation of all Normal R to R intervals
Subcutaneous

Supraventricular Coil

Supraventricular Tachycardia

Total Atrial Refractory Period

Transcutaneous Electrical Nerve Stimulation
Upper Pacing Rate

Upper Sensor Rate

Upper Tracking Rate

Ventricular Blanking post Ventricular Pacing
Ventricular Blanking post Ventricular Sensing
Ventricular Refractory Period



Contents

1 History and Development of Pacing..............cccccviiiinviiviiiiniiiiiniiciesssennens 1
111" The'Beginhings of Pacmg Technology ...ttt v el 1
122 ST EHSTOTY o cce cusist assvencusvsssden iovvnsbsbue svas 67 s ous st oninss dussmes vegon s e ssedrasatums 2
AL FL T e Tl o UF] (o) /AN e SRPCSSERS Soen WOy WSS o = -+
1.4" History of Pacing MediCal Care, & i uu s tisesssissoissssassisncsssaisssossissmcsesesoasss 5

2 Basic Principles of Cardiac Pacemaker Technology...............cccocoiiiiiniiiiiieneenecns 7
2.1 Cardiac Pacemaker Classifications ...........coceeirivencncinninnnicnecnieienceesisnnsenns 7
221" ElecticCardiac PADing e f et L ol ool e, e I ol B i
2.3 Energy Sources and Longevity of Implantable Devices..........ccccocceenrencriccinnnes 8
24 XeRaylldentlier . i Sl it s stsaiioai o e s BN vt s e de R S a ity e 9
25 ProptammelTUSAREI o . oo wisis i msmminte foegrir B - L, 10
e (1 R T TS Bl g SOOI N | 551 Pk d b R L 10
2.7 Implantable Systems Compatible with Magnetic Resonance Imaging............... 11
2.8 Device Constriction and IVIATETIALS 5. s s ibrsivaboismussssssdsdediesssssimissoporessssiaiote 11

3 Heart Anatomy and PhySiology ............c.ccoooiiiiiiiiiiiiciccncce s 13
3.1 - HEArt ANBIONIY s isoesiorsssiisssasansssssiviostinss s avaiscraoraseisnanas s nsssttansiramysinsiossa isassas 13
3.2 Structure ofthe Heatt Wall .. ... oo it esiochassonnssssassasonssonsase 14
3.3 The ConduCHOMSYSIBI . < cxxdetossmsoasrrsinseiavestamesntoidarsssssnssssthiserseisasssnisassasssanion 14
34 . Heatl VESSRIE ......... ccriseticcoasns treassansaathn cos atoanencn susosnsussusssssitioniaindsssnedhine 205 15
3.5 v XeRay Projections of e IEICATE R ... oo s ratiusissecisassassia sosvmnsetbaraiyadstevnatoasse i ses 15
3.6: Cell Elecirophysiologyin i /ol rlil. il oo osdssssmiaissilassdesas s brastvirsiaane 15
AR T L B 6 1R e come ciso e i B O SESTERE SRR T O S e e o
3.8 Origin of an Electrocardiogram ..........c..ccceveeirierecnueeenenenieseseseessereesesscssessenns 17

4 Pharmacological Treatment of Cardiac Rhythm Disorders ..............ccccccvvcinnncns 19
AV A A IR R RIS OPAE PR R . o L Ll e Tt e B S St e 19

A1 SINUS ADYINIRAS - oo viisimessmmmsssvsmsarvimsassiminsiesnssaianto Fss s ReTS o AIATSS 20
412" FSupraventricular ACythEnias. . . . St en At e o 21
430 VentriCUl AT ATTRY IR /- s icruinsyme srsssnvsabossssiarisasontsrasetkonssmnensiosnnsanrass 22
4.1.4 Disorders of Impulse ConduCtion.........cccoeerueeiienririeeresieesesaeseesaeeeene 23
4.2 Pharmacological Treatment of Arrhythmias.........ccccviiniiiiniiicininicnininn 25
4.2.1 Classification of Antiarthythmic Drugs ........cccccecieiiininiiineninieeeine 25
422 ' Pharmacological Treatment ... s sisesousseisiooncsressussisisssansssessostons 25

SEPACINE IVIOMES. ...coc.coiimemionsiosdasen isnsiansisons sus soutsadedssassoRbiaaaneaniu i oo ams SUSUAR et e e aramsas 55 27
S5 AODNIOAE..... .. o0ccneesosronmsarsgrsporsarenmnisotsishasima e L e et L. 5 00 s 27
2 LAAIR) MOBE . . oo somsmromsssusssennoisiern ST o e e A0 0y o o oooes saa i e 2
S VAN 20T 1 Oy S L e ey 24
94 VOO(R) MOTE ....c.ornivitwssiiiemssissssssasismsiissntiusioss rids ateas as sanaras sassusiassasassiissisashsns 27
SIRENNVICRY IVIOHAE. ... .. commrcsoster s e e R hees 5 mencannusnneisi ssosssnsmarenss 29
LR A Y (e o s e e B e e R R 29



Contents

S NDDIMOAE . cosvisicsivimmansitisssnmvensiosiome i iussus sy s so Eavsshav i sia S samasvan ¥ 29
SR WL e PR A T . . e Y I DA S 29
STLR I 0T s o e e o 29
B0 <IIPITRNIHIS Sl RN, . o ccsasnir Tty ns e sal<Degeds s sy asespesiing 31
STINERIDIB YN (57 2o s e SR T I e R e e 31
6 Indications for Implantable System Treatment................ccccooiiiiiiiiiiiiiiiiiieini, 33
6.1 Pacemaker Implantation IndiCations..........ccocevveeiririireereenereeecicseeeeeeee e 33
021 ) D A (I AETOMS - e ooe oo ot os it anipsuapeatihssias sk Aot e SohEel fea ok oo S8 dmmin 35

6.2 Implantable Cardioverter-Defibrillator Implantation Indications.............c........ 36
6. 2.1 Signifieant Clinical Studies of HEIDS v v iorvisssvsaneamsassnsssirssssesamensssss 36

6.3 Indications for Cardiac Resynchronization Therapy .........c.cccccoeceviiiiiciicinnenne. 39
6:3.1 " ‘Sipnificant Clinical Studies Of CRT ...oon i i moitiavos s etams s bbb vasie 40

! 1T e R R N O SRS PR LTI . R 43
T ConSHUCTION Of IUBAS i ssuvsarivsssicssstumssesssrbnessrsvanvariossassussonsnsassbssstssansvasssesesnmimsiss 43
TN Fixation MECHANISINS .. .. & - ucvunsvsssosracsssnrivensisesyassasaoanstossog st grsngsaspanc 44

7.1.2 Construction of Pacing and Defibrillation Shock Electrodes ................. 45

7.1.3. - Construction of the Lead Conduetor.. ...l atu il it dien, 45

7.1.4 " 'Constmiction Of Toead € oM IOrS . <o itaciioeriibe sl sittbs sdoatetodshasih sont sussss 46

ot JEEas MBREIAIY oo e e s erv et s S S e S ks aih et s 47
7.2.1 Materials for Pacing and Defibrillation Shock Electrodes ..................... 47

T:2:2 Sheead COntMCIOTIMAIEIIAIS & svvevevnseceronnimorstemtoneseasarssssisodtoe s boashis sl atins 48

T2 3TN nsnlAtOHIVIBEETIHISES. ..o s omerasvems saubassssndsdat I e LN SR P e 48

7.24 Lead Connector Materials...........cccecvevercnnerrarressecsessersesssesssessesesssesesnens 48

737 CardiaciRacEn oIt e ads e N G R e s e i 48
74 Defibrilatonl eadsiss e ccmnit i Al b e e i 49
7.5 Left Ventricular Leads for Cardiac Resynchronization Therapy ...........c..cc...... 49
6 E DIy oc A I AR o e e e i e e, S s e B o ST e e s on 50
P SDeUtANCOUSHATIAYTUEHOSS, ... .volrsionbuseies vsesorm s osmisaesosvustisnespsstines basashas sansbis = |
6" ONNeCHOrS AN AP OS2 iatis: st thne: -onimoasssssnesssmpsnsstormssherassenmustenseme dasaantasisn 51
o AR T (R R I R R A A e e o o e Sl S (e D 55
8.1 Pacing CONHEULAION..  -... /v srornoensmionsorsosseo i ioinke s tirse Bl Rt o el S adies 55
A T e 8 T R R 55
8.3 BasicPaCing PATAMICICTS ... ..e.-t0 oscsnsseasssssscsinsavstvasassiansias sel ol bbbt ot e b 56
R B ] T T T o el R RSB SR s D e S e Sl e B 57

8. 32 S SenSitivTivatTL L b2 T it s v e T K i e e e b T 57

e R e T Y o e e e e T e i o 57

84 -Adaptive-RatePacing:.. Lo o 0 e L n T s s coiepecprnsiacsictoniasasn 58
L e [T 1 o) e e 59

8.4.2 Minute Ventilation ..........ccccoeeueieerieiiiienieiiseeeieecee e et saeneranne 60

I 1 e 60

8.4.4 - Sensor CombBINALION. ..t ilevriersyegisrusyarinresiimassinsnspsnsosssossrsosnssesspsagsassississs 60

el i TR I R B e e o TP s g 61
8.6 Diagnostic Features of PACEMAKETS ........cccccvvrrerierereneiieesiensciaecieeseessesssssessensens 61
B.6-1 L ArThythmial RECOTAS...c.cisveusiiersicisinmssrssmonmmassasssnssersarssonsssansanssassssanassnnass 61

B N (S O I C 8 . JEh 7o s vwv s sy Samsa iy v e A b B SR T 5 SR s 62

05 O I SO ITATNIR : Jex vsysasyssto duni ez buspans dvenbay besie o5 SRS m o S sera 0% ST 2L e 62

8.7 Electrophysiologic Testing Using a Pacemaker............cocceueurerereeercinsnensensenenss 62
D I PACeIIARCIENIIIIING - ... L i ionnasans s saiiastabomevasiossydossuiassiosass Sinbesyonsapessnsss 65
0.1 " Hmim g in Sinple-Chamber MOAES:. ....cissrisrcmsrsonsssmansonisersssss saisssns susasssissssvars 65
9.1.1  Asynchronous MOEs.........cc.ceireeeieinueriieeeesiereansereiesseseessessssessesensenss 66

O 2 D e A N IDAE R == . o oo oo samedvss onisnsve codsatis chesesne i sas b s beiricnston 66

9:1.5  WEDReTCARMVIBEHBEN. . ... L. oo cipiams ptivaaiimsagsssas s s SRS SR Ao 66



Contents Xi
9.2 Timing in Dual-Chamber Modes............cccocciiiiiiiiniiiiiiiiicncieeciee e 67
9.2:1 " DOQ and 0D IVOAES .. oo s ents s it arersarsisisessmsyassssssssmssssssasasisrssans 67

o 05007 A U 1 4 7 (3 (e e Mt e e s T e Ol MO 67

S/ T D B B0, 66 (IO RS e do bl R o e e e 67

0204 N DIDINIOAE .. .. L coverermnssiuoiostaosuei s e 0 I st sesnn b asos ez 68

)RR DD 5 ) L (e A e s eer 5 e 68

oo 0l £ Ve S U e e e e e L 4 7 e TR e PR 68
0.4  RefTACtOry PEIIOUS ... ...occocirmrerceseorvesussnsseesacsaisssmsastsssssessasssssassasssessonsassosssrassasas 69
9.5 _DDD Timing INErVals. ... o cvpseismmsmmmisisaionsaraskiomsnea e ReA b a0 70
9.6 Tracking Atrial Rhythm to Ventricles........cc.cocooiriniiiniiinnenncnencseceneee 71
9.6.1 DynamiC AViBPEIaY cc.c...initaine bussiiniiil et s e s snaestson facmsasesusass 71

9.6.2_ - UpperRateBERaVIOE=-: :.: . iz i bedsoitnms iyt osiens B e et e L 71

9.7 Automatically SWICRINE MOMES....o..iuic:fruioriassacs siodiinssdssontasmsaababansmagasaonsrs 72
9.7.1 Regulation of Ventricular Rhythm.........cccooinininininiiiiinincieceniene 73

9.8, Pacemaker-Mediated Tachycardia .aisaiiimisismmisioisismisnimasasmsssemiinssasnonss 73
9.9 Reducing Excessive Right Ventricular Pacing............ccccoveeivinincneninsicsaraens 74
D10 TypesiOf TS ooecsvosivsisivssvnsbos o torssrabsre s aeswad svad sve s edes vs e no v s cas e 74
10 Implantable Cardioverter-Defibrillators .................c.cooooviiiiiininiiiicceeene i
10.1 The Design of Implantable Cardioverter-Defibrillator Systems ............cccceue... 77
10:2. Tachychradia TIEIeORON =0l o b . i B g e eaeibs s A e e e e 78
14 Ro) (el Fri LTt 1 DI (2T 1) ¢ ey S feen e e R SR e o I e VB e e 78

W22 IREdEIEC oD L e o G UL i e 79

10.2.3 Detection-Enhancing FUNCHONS.........cccccoueeursiesiisrenianiaranesesseesansasens 80

10.3  TaehycarQiRTDEEADIEE \ cxononssrianriss b tetesssiinsias s s ans s 15 hons ume S Al oy o anssn sobebvas 81
151 P ATGachycardia PaCINE aeodi o mdiesio i et ot shiatissrarsastbersons 81

LR LA ST N e el 00 o e N N S P e S e 82

104 S IED I AEROSHC PORICS it rrirmiris v dieryvs syesscsus wnmutnsiasss o onsskessbnasss texs or 83
10.5 Electrophysiblogic Testing USing anICD .........oooacssionssnssessnsssssssnsasusmosssasaiis 84
10.5.1 Determining the Defibrillation Threshold...........cccccoceeireievenieiine. 85

10.6 Concurrent Activity of an ICD and a Pacemaker...........c.ccceceevieieicinnnnieneenne. 86
11 Cardiac Resynchronization Therapy ............ccc.ccoiviiiiiiiniiiinieeeeceeseesre e 87
L1k . Secutinplleft Ventiaenlar PACING ...i v isu vl iy sesteseies St iR hssiesdass iaisins 87
11.2 CRT Pacing Configuration .............cceecerseeeeenrieseessensansseossasssessesssessassrsessesssssses 88
113 SO AT s v, covoisosichins onsenshimniysbngsians bl edihon Wi didn bomoiiisssiapmiabasiss 88
11.4 Diagnostic Features of CRT SyStems........cccorueiuereererrerenieneeenseseeieseseeeeeenas 89
12 Implantation, Explantation, and Replacement of Devices and Leads .................. 91
12.1 TImplanting Endocardial Leads ...........cccoereririiinieiireeiee e 91
12.1.1 Positioning the Lead in the Right Atrium......c.ccccccovivrrnrerererienennes 92

12.1.2 Positioning the Lead in the Right Ventricle..........ccocevvreceniinieinnnns 93

12.1.3 " Eixating'the AChive Pixation 1lead .. .- v v oresminmersstansassrssssnnssammsnsres 93

12.1.4 Fixating the'PassiverBaxation/Lead. . ..c....ctoilie i v icinoenses 94

12.1:5 " Implanting the Defibrillation’Eead . .. c.ciwimisesssrmsssspossmsismssensontins 94

12.1.6 Implanting the Left Ventricular Lead..............cccccccovniciinnininnnnnnnnnnn. 94

12.1.7 Securing the Lead at the Venous Entry Site. .......cccosnsiamsensisissavsiss 95

12.2 Evaluating Electrical Performance of Pacing Leads.........c.cccoeevvieeeciciecneenenne 95
12.2.1  Amplitude of Intracardial Signal Sensing........ccccccccevnveiiveiirniniennenn 95

12:2:2 " Pacing CitcasPHNDEAUNCE. ... - v mvyqendesszemsrsncssss svaserpessetaens sessasarsanis 96

12.2.3 Pacing Threshold (Voltage/Current) ............coccoeeireenceruerecrueivessensenna 96

{2 e ] (97T 4 0 f B P SN S o v e L SO DY, SRR WP I 96

122235 T Retrograde! Contuetion! TIME .« i srveduseirsiass srsoisssmsemsstsser sosradisassn 96

1226 T AP ItV PRC I = = | . 2y s anmssailssssinsissssvrisnsssssvacaseaRratess 96

12.2.7 Interrogation and Testing of Implanted Device ..........cccoceeerrreerecene. 97



Xii

Contents

12,35 teonneenplieadSHORE IDEVIOR . cnrusssvsimaioii ey et T senesiossisgapneaseiassnse 97

12:4 DCVICCIREPIACEINEINES . i.-csisesssnssmonsiontsussassssnssssnsassamssispessasinsssvasersaaspsnsssnesinisasss 98

12:4.1 TLoosening StUCK SCISCTEWS ...:viuci.sinsessasssivisearassisiassssssssssssssciasasspsess 99

12.4.2 Lubrication of Lead—Device Interface..........cccocvvvieiiiccuecenienninnennen. 99

12.4.3 Exposing the Lead Connector by Cutting Off the Header.................. 99

BE EXDIATHALION . .. 2oz egs 575 an e wirm B oanbmamansansio s aeo s 7o g A H RO TR R o 2 e i 100

L2 T EXpIaN NG NICATS: wcvcazyssases onianosnssn s eoNeaimRsEEusovssedplios theeshvessaniui sapics s 100

12,572 BXplanting IDEVICES ........crceevomeoscennionisnsnarasnasesamsasannsensast ssettsannsnbonassssas 100

135 Patient FOMOW-UD i vivinmmmdnidivhvnmtmmsvsriisms oo oo ssasiasinskossossarivatasas 101

13.1 Measuting Lead Pacing Thresholds:..f il b aiiaiia Ll ik, 102

13.1.1 Measuring the Threshold in the Right Atrium..........ccceceoviviicncnnennne. 103

13.1.2 Measuring the Threshold in the Right Ventricle...........c.cccoeoinnen. 103

13.1.3 Measuring the Threshold in the Left Ventricle ..............c.cccocoiininn 103

13,2 Remate RateniMODIEEIE. /oo i i et bt oot Tash tes Sond theuansaes s ssisenpass 105

13.2.1 Home Monitoring™ (Biotronik, GErmany)...........ccceeeervereereeasuerenens 105

13.2.2 Latitude Patient Management System™ (Boston Scientific, USA).... 105

13.2.3 CareLink Network™ (Medtronic, USA) ......cccveereriivesrssessnsssnsssseses 106

13.2.4 Merlin.net™ (St. Jude Medical, USA).......ccccecverrerueeareruesssncsesnensonsons 106

14 Electromagnetic Compatibility and Technical Requirements ....................ccc....... 107

14.1 The Electromagnetic Field Effects on Pacing Technology ...........cccccoevuiieneneee 107

14.2  Technical Standardization and Pacing Technology Tests........ccccccecevirrereeeennne 108
14.2.1 Packaging, Leakage Currents, Dissipating Heat,

and Power Source ReqUIirements..........cceceeveeienienreneeneeieneneenenrensens 108

14.2.2 . Requirements for Implantable Leads......ouaieiitninictinniacmsismiibimes 109

14.2.3 EMI Susceptibility Requirements............ccccovuivrerineenrenninerecnceeeenees 110

143 : lonizing-Radiation BHectl . i i eies ftisnssiass s dosvesesssassmsasibiesionsissss 110

1300 (16 e e See e SMCS Sct B e e S Lt e 113



History and Development of Pacing

The development of pacing technology has always been
closely related to discoveries in the field of electricity and,
later, electronic components and materials. The first written
records of attempts to pace cardiac nerves or muscles in ani-
mals using electric current date back to the end of the eigh-
teenth century [1]. In the nineteenth century, successful
resuscitations of patients in cardiac arrest using electric cur-
rent were documented [2]. In addition, the interest in acu-
puncture increased; in 1825 electric current was applied for
the first time through thin-needle electrodes, derived from
acupuncture needles. Thus, electroacupuncture was devel-
oped with the purpose of applying electric current to pace
muscles, nerves, and organs.

The first attempt to pace the heart using electric impulses
was recorded in 1828. Later, experiments on animals were
conducted, where cardiac arrest was induced by a chloro-
form overdose, and the contractions of the heart muscle were
restored by means of an electric current. It emerged that the
rate of pacing must exceed the intrinsic heart rate to induce
the pacing effect. The possibility of inducing ventricular
fibrillation using electric current and repetitive cardiover-
sions by strong current pulses was tested [3, 4]. The first por-
table ambulatory resuscitation apparatus was designed. At
the turn of the nineteenth century, discoveries were made in
the field of cardiac physiology and in the cardiac conduction
system [5]. The cardiac automaticity gradient was discov-
ered, and scientific articles dealing with pathophysiology of
tachycardia and bradycardia were published.

It is interesting that the experimental and clinical findings
did not result in systematic clinical research in pacing and
defibrillation. Research on animals started in Europe only in
the 1920s. Since the 1930s, a great number of crucial scientific
studies in the field of cardiac electrophysiology was pub-
lished — in particular in the USA — and today the studies may
be retrieved from digitized scientific databases [6, 7].

1.1 The Beginnings of Pacing Technology
The first external pacemakers were produced in the USA in
the early 1930s. These devices were operated by a hand crank
with a spring motor, which turned a magnet to induce an
electric current. The motor was capable of pacing for 6 min.
The pulses were supposed to be applied through a transtho-
racic needle. These pacemakers were named Hyman I and II
after their designer. The devices were too bulky and weighed
more than 7 kg. However, type II could be carried in a case
with a handle. Later analyses showed that these devices
would probably not have been capable of providing effective
pacing pulses in real situations, yet they were the oldest
known devices designed specifically for the purpose of
resuscitation from cardiac arrest. In the 1940s, the first work-
ing devices for external defibrillation were described. They
made use of alternating current, and their application was
successful only in connection with administration of drugs
and heart massage [3, 8]. )
The first implantable pacemaker was implanted in a man
in 1958 in Sweden. The pacemaker worked for several hours.
The system comprised a steel lead, which was implanted
epimyocardially. The pacemaker proper was equipped with a
nickel-cadmium battery and sealed in epoxy resin [9, 10].
Because of the insufficient reliability of implantable pace-
makers, external pacemakers with a connection to a tempo-
rary transvenous lead in the cephalic vein were used for
pacing in the late 1950s. In 1959, for instance, a pacemaker
intended for a long-term application was used in a 67-year-
old patient with second- and third-degree atrioventricular
(AV) block. After the implantation of a transvenous lead and
subsequent hospitalization, the patient was discharged to
home care until November 1962. He was paced by means of
a battery-powered device that could also sense the intrinsic
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Fig. 1.1 Asynchronous pacemaker circuit (Used with permission of
V. Bicik Research Institute for Medical Electronics and Modelling,
Prague, Czechoslovakia)
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Fig. 1.2 Epoxy resin pacemaker

cardiac activity (but without the possibility of pacing inhibi-
tion) and allow modification of the pacing pulse amplitude,
measurement of the impedance, etc. The connection of the
external device and the implanted lead, however, proved to
be problematic because the percutaneous insertion of the
lead connected to the external device possessed a risk of
infection [10].

First-generation implantable pacemakers only provided
asynchronous pacing, that is, they disregarded the intrinsic
cardiac activity (Fig. 1.1). The output energy of pacing pulses
was higher than required. At that time, pacing at 70-80 pulses
per minute, voltage of around 5 V, and pulse width of 1.5 ms
was considered appropriate. Epoxy resin was chosen as a bio-
compatible material with which to plug the seal (Fig. 1.2).
The first leads were epimyocardial, when the implantation
required a left-sided thoracotomy. The material of the leads
was Elgiloy alloy, which the Elgin Watch Company made use
of in balance wheels for mechanical watches. In addition, sili-
con transistors became widespread and enhanced the reliabil-
ity of circuits. Energy was supplied by electrochemical cells

on a zinc—mercury basis. Nickel-cadmium rechargeable
batteries also were used [4]. On average, the batteries required
replacing after the lapse of a year and a half because of exhaus-
tion. Syncope during second- and third-degree AV block was
the main indication that a pacemaker should be implanted.

1.2  Design History

The implantation of the “on-demand” pacing mode was a
great step forward, preventing possible competitive pacing
that potentially could result in ventricular fibrillation. The
first devices were launched in the mid-1960s (Fig. 1.3). The
principle was devised by B. V. Berkowitz. In the late 1960s,
the first dual-chamber pacing system with the possibility of
R wave inhibition was developed. In cases of sinus bradycar-
dia and AV conduction defects, the device paced in the atrium
and, after a time lag, in the ventricle. Upon detection of
intrinsic ventricle activity, it only paced in the atrium.
However, the AV-sequential, dual-chamber pacing mode was
not applied until the 1970s.

As a consequence of the introduction of a lithium cell, the
dimensions of the device could be reduced. Its electrochemi-
cal properties made it easier to estimate the time until battery
exhaustion and to schedule device replacement. The most
important property of lithium/halogen cells was, however, that
they did not produce any gases while being used and could be
sealed hermetically. In the mid-1970s, certain manufacturers
started using titanium cans instead of the original epoxy resin
seal plug. As a consequence of signal processing development,
filtration at the input to the sensing circuits was improved, and
the impact of electromagnetic interference was minimized [4].
The first noninvasively programmable pacemakers were
launched. These devices could be programmed only to a lim-
ited extent, providing several options for the adjustment of
pacing rate (frequency), pulse amplitude, and, in certain types,
sensitivity. Another achievement was the introduction of two-
way programmer—implant communication. Nevertheless, fully
communicating devices capable of measuring the parameters
of a pacing circuit were not produced until the 1980s. The pos-
sibility of programming pacing pulse parameters and individ-
ual settings of a device in accordance with an individual
patient’s needs prolonged the longevity of the devices and
enabled the treatment of various arrhythmias. In 1974, the first
three-position code for designating pacing mode was devel-
oped by the Intersociety Commission on Heart Disease
Resources. The code corresponds to the first three positions of
the code used today. At that time, most pacemakers worked in
the VVI mode (Fig. 1.4). Since the beginning of the 1980s,
dual-chamber pacing has been applied more often because of
technical innovations. The devices were capable of pacing and
sensing in both the atrium and the ventricle; naturally, they
allowed two-way programmer—device communication and
were multiprogrammable.
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Fig. 1.3 On-demand pacemaker circuit (Used with permission of V. Bicik Research Institute for Medical Electronics and Modelling, Prague,
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Fig. 1.4 Pacemaker Tesla LSK 201

The design of a preformed J-shaped atrial lead was an
important milestone because it facilitated the insertion and
fixation of the atrial lead, which had been rather difficult
before. In addition to the existing fixation options using
tines or a funnel, retractable screw-in active fixation also
was tested. Attention was given to the design of pacing
electrodes, the use of a rough fractal surface, and the decrease
of polarization voltages. Silicone rubber in the lead insula-
tion was replaced with polyurethane; as a consequence, the
insertion of two leads into one vein became easier.

Theelutionof asteroid by the firstlead to reduce inflammatory
response at the point of contact of the lead and the tissue was

put into practice in 1983. In the mid-1980s, pacemakers capable
of adjusting pacing based on the patient’s activity, sensed by a
piezoelectric crystal, were produced. In 1988, the possibility of
measuring intrathoracic impedance was introduced, allowing
controlled pacing according to a patient’s physiological need
derived from the respiratory activity. In connection with the
development of new therapeutic and diagnostic methods, a new
revised five-position code was developed by the Intersociety
Commission on Heart Disease Resources. The original code
was augmented by the fourth (programmable functions) and
fifth (antitachycardia functions) position. The five-position
code used today, defined by the North American Society of
Pacing and Electrophysiology and the British Pacing and
Electrophysiology Group, was approved in 1984, modified in
1987, and further revised in 2002. Important improvements in
pacemaker technology are listed in Table 1.1.

The development of implantable defibrillation technol-
ogy was triggered by the approval of a theoretical concept
in 1966. Three years later, an experimental laboratory
device was constructed, and the possibility of transvenous
defibrillation was tested. In 1975, the first experiment
was conducted on a dog. The first defibrillator was implanted
in a man in 1980. At first, the devices were implanted in a
subcutaneous pocket on the abdomen, and the epimyocar-
dial defibrillation lead was attached above the left ventricle
during open thoracotomy. The first implantable cardioverter-
defibrillators were equipped only with the function of a
shock sent upon the detection of ventricular fibrillation;
they lacked any diagnostic functions. The important
improvements in implantable cardioverter-defibrillator
technology are listed in Table 1.2.
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Table 1.1 Pacemaker design milestones [11]

1957 First wearable cardiac pacemaker

1958 First human implant

1960 Fully transistorized pacemaker

1963 Atrial triggered pacemaker (VAT)

1965 On-demand pacemaker patent (concept 1963)

1972 Noninvasive rate and output programmable pulse generator

1973 Lithium-powered, hermetically sealed pulse generator

1976 Long-lasting, lithium-powered pacemaker J

1977 Multiprogrammable pulse generators; thin lithium-powered
pulse generators

1978 DDD pacemaker (concept 1975)

1980 Pacemaker intervention for supraventricular tachycardia

1981 Rate-responsive pacing; multiprogrammablé dual-chamber
pacemaker

1998 Automatic capture detection

Table 1.2 Implantable cardioverter-defibrillator (ICD) design mile-
stones [11]

1966 Concept ] s

1969 ° First experimental model

1969 First transvenous defibrillation

1975 First animal implant

1980 First human implant

1982 Cardioversion available

1985 Food and Drug Administration approval of ICD
1985 Antitachycardia pacing :
1986 Transvenous lead

1988 Programmable device

1988 Endocardial implant

1989 Tiered therapy device

1992 Biphasic device

1993 Stored electrograms

1993 Pectoral implants

1994 Active can device

1995 Device-based testing

1996 Dual-chamber device

1997 Dual-chamber, rate-adaptive device

1999 Cardiac resynchronization therapy defibrillator

The first biventricular pacemaker designed for the
treatment of cardiac failure was launched in 1995. Devices
with a common output channel for the left and right ventri-
cles prevailed in the first decade of clinical application.

1.3  Manufacturing History

During the history of pacemakers, about 40 companies
manufactured pacemakers worldwide. During the past two
decades, a lot of mergers occurred, so most of the original
companies are now part of large multinational corpora-
tions such as Boston Scientific (Guidant, Intermedics),
ELA (Angeion, Sorin), Medtronic (Vitatron), and St. Jude
Medical (Cordis, Pacesetter, Siemens-Elema, Telectronics,
Ventritex). Unfortunately, some companies also faded
(Omikron Scientific, Tesla). The overview of former and
recent pacemaker technology companies is shown in
Table 1.3. Because not all historical data are available, the
list is maybe not complete. Despite of different technical
quality of the implantable systems around the world, their
inventors and manufacturers helped a lot of patients suf-
fering especially from advanced or complete heart blocks.

Table 1.3 Overview of pacemakers manufacturers worldwide [12-14]

Country C;)mp}nn);

Brazil ~ mCor

Canada National Research Council

China Quinming

Czechoslovakia  Tesla

England Geoffrey Davies of Devices

Germany Biotronik, Cardiotron (formerly GDR)
Italy Digikon, Medico, ELA-Sorin

India MediVed, Shree Pacetronix Ltd.

Israel Omikron Scientific

Netherlands Vitatron

Russia Baikal

Sweden Siemens-Elema

Uruguay CCC

USA American Optical, American Pacemaker, American

Technology, ARCO Medical Products, Boston
Scientific, Cardiac Control Systems, Cardiac
Pacemakers, Cook Pacemakers, Coratomic, Cordis,
Daig Medcor, Edwards Pacemaker Systems,
General Electric, Guidant, Intermedics, Medcor,
Medtronic, Pacesetter, Stimulation Technology,

St. Jude Medical, Synthemed, Telectronics
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1.4  History of Pacing Medical Care

Since the beginning of the 1960s, pacing medical care has
developed into one of the biggest and still growing medical
device business. The first implant in a given country (see
Table 1.4) usually started the pacemaker “rush.”

Surveys of pacing practice suggested that new indications
accounted for one-quarter to one-half of new implants during
the 1970s. Adding new indications for pacemaker implantation
meant that the universe of potential patients expanded [15].

Table 1.4 Year of the first pacemaker implant

Year of the first
pacemaker implant
1958

1960

1961
1962
1963

Country
Sweden

USA, Uruguay, former USSR (Lithuania),
Australia

Germany, Israel, UK
Czechoslovakia, Netherlands
Japan, Poland
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