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H. J. Th. THALEN 



The Artificial Cardiac Pacemaker 





Stellingen 

1. Bij de beoordel ing van de prikkelbaarheid van het hart door middel 
van een hartelectrode,  cl ient te worden u itgegaan van de pri kkel 
clrempel voor de stroom en niet van de prikkelclrempel voor de 
spanning of de energie. 

2.  Gezien de thans bereikte graad van betrouwbaarheid van de 
electrische gangmaker van het hart en de ontwikkelde controle
mogel ij kheden , behoeft cl i t  electro-therapeuticum thans geen 
contra-incl icatie meer te vormen voor het verkrijgen van een rij
bewijs . 

3 .  Inclien men bij stimulatie van weefsel een electrode gebrui kt, d ie 
zo k le in is dat de gradient van de stroomclichtheid in  het om
ringende weefsel sterk varieert over een afstancl , d ie kleiner is clan 
de karakteristieke lengte van het betreffencle weefsel , kan men ver
wachten, dat het verband tussen impulsduur, -r, en prikkelclrempel ,  
i, niet door de gebrui kel ij ke chronaxie-rheobase curve gegeven 
worclt .  

Lale, P .  G . - Med. Bioi .  Eng. 4 ,  3 I 9 ,  I 966. 

4· Door een clrukgenerator aan de ingang van hun stethoscopen te 
gebruiken , komen Ertel et al . tot geheel verkeerde waarderingen 
van verschi l l ende typen stethoscopen . Door de objectieve meetwijze 
vormt hun artikel toch een belangrijke bijdrage tot kennis van de ge
l uidsoverclracht van stethoscopen . 

Ertel, P. Y. et a l .  - C irculation, 34, 889, 

I 966. 



5. Bij toenemende stij fheid van de arteriewanden neemt aanvankel ij k  
d e  perifere polsdruk niet o f  nauwel ijks toe ,  maar wordt het hart i n  
toenemende mate ineffectief belast. 

O' Rourke, M. F. et a l .  - Circ. Res. 23, 

r;67, 1968. 

6. De ' thrombose par effort' wordt ten onrechte aan stu·menage van 
de musculatuur van de bovenarm geweten . 

Wouda, A. A. en Hal la, A. T. J. - Ned. 
T. Gen. 112-r;, 240, 1968. 

7. Het onderzoek van patienten met een vermeend myocard infarct i s  
onvoldoende, a l s  n iet ook een vectorcardiogram wordt gemaakt. 

Gunnar, R. M. et a l .  - Ci rculation, J'i, 
I r;8, 1967. 

8 .  Uitbreiding van de responsies op stroboscopische l ichtfli tsprikke l ing 
naar temporaal en centraal kan een aanw ijzing zijn voor een corticale 
i rritat ie .  

9 ·  Voor de operatieve reconstructie van een megacolon congenitum 
(Morbus H irschsprung) verdient de techniek volgens Rehbein de 
voorkeur. 

Koop, C. E. - J .  Ped. Surg. 1-6, 523, 

1966. 

Rehbein, F. et a l . - J .  Ped . Surg. 1-6, r;26, 

1966. 

I o. Daar men bij jongens met enuresis bedacht moet zijn op de aan
wezigheid van urethrakleppen , is observatie van de mictie zelf  
noodzakelij k .  

Burrows, E.  H.  - Urethral lesions i n  
infancy and chi ldhood, Charles C .  Thomas 
Springfield, 196 r;. 

I I. In discussies onder artsen over het u i tvoeren van de abortus arte 
provocatus wordt meer geworsteld met de gewetensnood van de 
arts , dan met de gewetensnood van de patiente . 



12. De veronderste l l ing van Yernadakis en Woodbury ,  dat de intra
cel lu la i re Cl-concentratie van gl iacel l en in het centrale zenuwstelsel 
te berekenen zou zijn met behu lp  van de bekencl veronderstelde 
extrace l lu la ire Cl -concentratie en de door anderen gevonden mem
braanpotentiaal van gl iace l len ,  is aan bedenkingen onderhevig. 

Vernadakis, A. and Woodbury, D.  M. -
Am.  J .  Physiol. 2o3-4, 7 48, 1962. 

1 3 .  De waarnemingen van Ducommun et al . betreffende de door 'stress ' 
bij ratten teweeggebrachte dal ing van het gehalte aan sch i ldk l ier
stimulerend horn10on in het bloed , zijn van groot belang voor de 
interpretatie van de bepal ingen van dit hormoon in het b loed . 

Ducommun, P. et a l .  - Proc. Soc. exp. 
Bioi . Med. 121, 9 2 1, 1966. 

14·· De aan Van Eyck toegeschreven u i tvind ing van het o l ieverfsch i lderen 
berust niet op het verwrijven van pigment met een drogende o l i e ,  
maar op het a ls bindmiddel gebruiken van een omgekeerde emulsie, 
waarin ol ie de ges loten phase is .  

Coremans, P. et  Thissen, J .  - Bul l .  lnst. 
Royal Patr. A rtist. 2, 4', '9>9· 

1 �- De dood van de aan aanva l len van Adams-Stokes l ijdende mevrouw 
Evel ine Jave- le  Gueree behoeft niet aan d igita l is toegeschreven te 
worden . De door Prof. Loi reau en Dr. Pardon verkeerd voorge
l i chte commissaris Maigret cl ient derhalve het onderzoek te her
openen . 

Simenon, G . : Maigret s 'amuse. Pre�ses de 
Ia Cite -Paris, '9 57 . 
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Introduction C H A P T E R  I 

Omni custodia serva cor tuum quia ex 
ipso vita procedit 

Proverbs IV-2 3 

Electrical stimulation of various organs of the human body was al ready 
practiced more than one and a half centuries ago . Appl ications however 
did not pass beyond the experimental stage. Only i n  recent decennia one 
aspect emerged from this stage, to develop into a new therapy, the 
electrical stimulation of the heart. 

Development of the artificial cardiac pacemaker was made poss ib le 
by advances in  the physical and medical fields. Groningen too contributed 
to this development. The fi rst pacemaker developed here was im
p lanted in a patient March 2 I ,  I 9 62 (VAN DEN BERG, HOMAN VAN DER 
H EIDE, N IEVEEN et a/. 1 9 6 3 ) .  In April 1 9 6 3  I became engaged in the 
further development of this pacemaker. 

The experimental part of the development took p lace under the 
leadership of PROF. DR .  JW . VAN DEN BERG, who designed the e lectronic 
c i rcuits , in the Laboratory of Medical Physics, where the physical and 
animal research was carried out. 

Cl inical research took place under leadership of PROF. DR. J .  NIEVEEN 
together w i th the staff of the Card iology Department of the Cl inic for 
Internal Med icine, whi le the surgical operations were carried out by 
PROF. DR .  J. N .  HOMAN VAN DER HEIDE and the staff of the Department 
of Thoracic  Surgery of the Cl in ic of Surgery, in col laboration w ith 
DR.  J .  c. DORLAS of the Anaesthesia Department. 

The manuscript was translated with the help of M R .  A. N .  R. WRIGHT, 
U niversity of Groningen ,  DR. E .  G. soWTON , Institute of Cardiology, 
London and DR .  R .  SUTTON,  St. George's Hospita l ,  London. 

The author owes a great deal of gratitude to many people of these 
groups, who al l  have contributed , sometimes quite unawares, by i nspi
ration and by practical help, to the teamwork, to which this thesis owes 
i ts existence. 



Although the resu lts of artificial stimulation of the heart appeared 
theoretica l ly  attractive compared wi th the usual pharmacological therapy, 
we  observed , as d id other authors, many compl ications i n  the first 
c l in ical app l ications . In i tia l  compl ications centred upon the electrodes, 
and so research was concentrated upon this point, but attempts were also 
made to perfect the stimulation unit i tself (fig. 1- I ) .  This led to the de
velopment of stimulation units based on completely new principles. 

Fig. l- 1 .  Latest \ ersion ( 1 967) of the Groningen asynchmnous pacemaker in combination 
with the intramural loop electrode. 

The original purpose of this thesis was exclusively to describe this 
research . Dur ing a study of the l iterature however, it became clear that 
there was a serious gap despite the abundance of publ ications on the 
subject of cardiac stimulation .  This omission was the absence of a 
systematic su rvey of l iterature, and so the lay-out of this thesis was 
al tered into i ts present form , such a systematic survey being i ncluded i n  
the first chapters . I n  subseguent chapters ou r  own  research is described 
and the results are used to provide a framework for the above-mentioned 
survey and a basis for a general discussion of a l l  aspects of the problem . 
The subject has been dealt w ith from a medical -physical viewpoi nt, and 
no research was carried out in the field of physio logy, e .g .  bloodpressure 

2 



and card iac output. Where these factors play a ro le ,  use is made of 
research done by others .  

In Chapter I I  the conduction system of  the heart is discussed from 
this viewpoint, together with the defects to which it is subject, thei r 
causes, and the therapeutic poss ib i l i ties . 

Chapter I l l  gives an  h istorical outl i ne of early and recent developments 
i n  the field of the st imulation of the heart. 

In Chapter IV the now well-known methods of electrical stimulation 
are dealt with, the principle of each method, an imal research and c l in ical 
app l ications being d iscussed . After the description of each method of 
stimulation a synopsis is given of the specific advantages and d is
advantages. 

Then , i n  Chapter V ,  the aims and achievements of the Groningen re
search are discussed . At the same time the various aux i l iary apparatus is 
dealt with . Subsequently the three parts of a stimulation unit are ana
lysed . 

Chapter VI is devoted to the various types of electrodes and includes a 
d iscussion of the reactions in  the surrounding card iac musc le .  Specia l 
attention is given to the fundamentals of e lectrical stimulation .  

Chapter VI I  reviews the transmission of the stimulation impulse from 
the stimulator to the electrode in  the heart. 

Final ly ,  Chapter VII I  is concerned with the stimulator itsel f. The 
basic unit is dealt with initial ly and the discussion then includes the 
d i fferent kinds of sti mulators which have been developed from it .  

After the latter th ree chapters, which together give an insight i nto the 
complete stimulation unit, Chapter IX is devoted to the monitoring of 
the pacemaker patient, with the emphasis being laid on a new method 
of analysing the implanted stimu lator. 

The survey of the present state of affai rs in artificial stimulation of the 
heart is concluded i n  Chapter X, with some observations on future possi 
b i l ities. 

I t  w i l l  be apparent that this thesis is not intended to be a report i n  
which large numbers o f  patients are analysed i n  detai l .  Rather, i ts purpose 
is to give an outl ine of the principles of heart stimulation and the possi
b i l i ties which exist in this field . 

3 



The conduction system 
of the heart 

C HA PT E R  II 

The heart is a compl icated network of musc le fibres, which contains fou r  
cavities. I n  order to bring about a good circulation these muscle fibres 
must contract in a definite sequence. The necessary co-ordination be
tween al l  portions of the heart muscle is achieved by special heartcells, 
which form the conduction system of the heart. 

When defects of this conduction system are present, therapeutic poss i 
b i l i ties are offered by electrical stimulation of the heart. 

Before dealing with this electrotherapy, it is necessary to give first an 
outl i ne of the norma l ly functioning conduction system of the heart, 
defects of the conduction system and possible causes of these defects . 

I. A N AT O M Y  A N D  PHY S I O L O G Y  O F  THE C O N D U CT I O N  S Y S T E M  

A. Anatomy (fig. Il- 1) 
I. Morphology and localization 

Morphological ly the conduction system of the heart consists of :  a. the 
s ino-auricular node - b. the atrio-ventricular node - c. the atrio
ventricular bundle w ith - d. the left and the right branches which finally 
d ivide i nto- e .  the Purkinj e  cel l s .  

The S-A node does not i n  fact conduct stimul i  but  forms the stimu l i . 
Nevertheless we are discussing this node with the conduction system of 
the heart s ince i t  i s  both functional ly and anatomica l ly closely related 
with this system. 

The A-V node and the A-V bundl e  with both branches together form 
the atrio-ventricular conduction system of the heart. This cou ld  be con
s idered to i nclude the Purkinj e  cel l s .  



a .  S ino-auric ular node. In I 907 Keith and Flack found cel ls in  the sulcus 
terminalis s ituated by the recess of the vena cava superior i n  the right 
atrial appendage, which showed resemblance to the cel ls of the atrio
ventricular conduction system. These cells form the s ino-auricular node 
(node of KEITH-FLACK) . 

The node has a prolonged shape and extends caudall y  to the right from 
the angle between the recess of the vena cava superior and the right atrial 
appendage to approximately the m iddle of the sulcus terminalis (KOCH 
I 922 , JAMES I 96 I ) . The cross-section is 2 x 3 mm, the length varies 
from 1 _s-- 3 0  mm, whi l e  the shape also varies ( i . e .  tuberous horseshoe) . 
The node contains much connective tissue and is d ifficult to d istinguish 
microscopical ly from the surrounding cardiac m uscle tissue .  It is capable 

Fig. II- I. 
The conduction 
sy�tem of the heart. 

SA Node 

AV Node--+.-�-=---� 
AV Bundle--f-����'!S'J>... 

of generating by i tself depolarisation waves which propagate throughout 
the card iac muscle and cause contractions . For this reason the S-A node 
is cal led the ' pacemaker' . 

These contraction waves d iverge over the atria ,  but whether the 
conduction occurs by special conduction tissue is not yet c lear. Some 
researchers bel ieve they have proved the existence of special conduction 
bundles to the left atrium (TANDLER 1 9 1  3, BACHMAN 1 9 1  6) and the 
A-Y node (THOREL 1 9 1 0) . The 'specific' tissue however is d ifficult to 
d istinguish from its surroundings. Other investigators therefore bel i eve 
that these bundles do not exist, but do not exclude the possibi l i ty of 
physio logical pathways (LEV 1 964) . 

The depolarisation wave d iverging over the atria cannot reach the 
ventric les d i rectly because of the annalus fibrosus between the atria and 
the ventricles. The transi tion to the ventricles occurs by means of the 
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atrio-ventricular conduction system. The ' musculous connection' be
tween the atria and the ventricles, which forms a part of this system was 
demonstrated in human beings in I 89 3  by HIS .  

b .  Atrio-ventricu lar node. This specific group of heart cells was found by 
ASCHOFF and TAWARA in I 905 .  The atrio-ventricular node (node of 
ASCHOFF-TAWARA) i s  si tuated in the septum on the boundary between 
the atrium and ventricle, j ust superiorly to the pars membranacea septi 
and inferiorly to the base of the septal l eaflet of the tricuspid valve. The 
proximal end of the node l ies a few m i l l imeters ( :r 6 mm) medioven
tral ly to the recess of the coronary sinus, the distal end perforates the 
trigonum fibrosum dexter, where the node passes into the crus com
mune of the atrio-ventricular bund le .  The node is si tuated against the 
tissue of the annulus fibrosis (VERDUYN LUN EL I 964).  

I n  adu l ts the flat, ovoid A-V node is approximately 3 mm wide, and 
6 mm long. It consists of a l oose network of fibres, imbedded in connec
tive tissue, and is clearly distinct from the other card iac muscle cel l s .  

c . Atrio-ventri cu lar bundle. The crus commune of the atrio-ventricular 
conduction bundle (bundle of HIS,  after the d iscoverer, '' ho in  I 89 3  
ca l led the bund le a musculous connection) passes from the A-V node and 
begins where the conduction system perforates the trigonum fibrosum 
dextrum.  From here the bundle passes along the dorsal and i nferior 
section of the pars membranacea septi ventriculorum.  The crus com
mune is s ituated subendocardial ly on the right side of the septum and 
extends to the left apical ly in the septum, whereupon it bifurcates into a 
right branch (c rus dexter) and a left branch (crus s inister) .  

From the A-V node to the ventral boundary of  the crus sinister the 
band-shaped crus commune is approximatively 8-I o mm long and 2-4 mm 
wide in  adult .  The bundle is constructed compactly from specific con
ducting cells and is surrounded by connective tissue. 

d. Right and lift branch . The right branch first extends on a l ine from the 
crus commune towards the apex. The bundle, which is round and sur
rounded by connective tissue, l ies deeper in  the muscle of the septum 
ventriculorum than the crus sin ister. Apical ly to the base of the muse . 
Lancis i i  the crus dexter approaches closer to the surface, after which 
i t  leads sub-endocard ia l ly to the trabecula septomarginal is where arbori
sation occurs. The final transm ission of the impulse to the cardiac 
muscle cel l s  takes place by means of smal l  branches .  
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The lif t branch bends to the left dorsal ly from the origin of the crus 
dexter. The bundle reaches the left part of the septum ventriculorum 
via the inferior section of the septum membraneceum under the attach
ment of the valvula semi lunaris posterior aortae . The flattened bund le ,  
surrounded by connective tissue, extends sub-endocard ially and d ivides 
in a fanl ike manner i n  the superior third part of the septum into anterior 
and posterio r fascicu l i  which pass apically into smal ler branches near 
the trabeculae at the anterior and posterior papi l lary m uscle .  

e .  Purkinje cells. These cel ls, which were d iscovered in I 845 by PU RKINJE ,  
are distinguished from the other heart cel ls by thei r larger size, by 
having one or more nuclei w ith clear cytoplasm, by showing a halo 
around the nucleus and by containing few myofibri ls , s ituated in the 
periphery of the cel l (LEV I 964) . Although Purkinj e  cells also occur in 
other parts of the conduction system, the crus dexter and sin ister are 
composed entirely of Purkinj e  cel ls . Via the smal l branches of these 
bundles and the subendocardial network, the Purkinje  cel ls fo rm the 
last transi tion between the conduction system and the myocardial cel ls 
and effect the depolarization and subsequent contraction of the heart. 

2. Vascularisation 

The conduction system shows a wide variation in the vascularisation of 
the d ifferent parts (fig. I I- 2 ) ,  especially w ith regard to the origin of the 
vessels supplying b lood . The S-A node receives i ts blood in most cases 
- 70% according to LEV ( I  964) - via the atrial branches of the right 
coronary artery which reach the node ventral ly and latera l ly .  In the 
other cases the S-A node is vascularized by branches originating from the 
left or even both coronary arteries . 

The A-V node is suppl ied with blood by an artery branch to the fibrous 
septum .  This branch originates in most cases from the right coronary 
artery, j ust before this forms the posterior descending branch .  In the 
remaining I o- 2 o% of the cases (JAMES and BURCH I 9 5 8 ,  LUMB and 
S INGLETARY I 9 6 2 ,  LEV I 964) the septa l branch originates from the 
ci rcumflex branch of the left coronary artery or from both coronary 
arteries. The septal branch forms anastomoses with the anterior descen
d ing branch of the l eft coronary artery . 

The crus commune and the first parts of the crus dexter and s inister 
are l i kewise suppl i ed with blood by the septal branch ,  whi le they also 
receive blood from the anterior descending branch of the left coronary 
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Fig. l l- 2 .  X-ray picturt: of coronary artt:1·y tn�t:. 
The vessels supplying the A-V node are arrowed. A bipolar catheter-electrode in the 
right ventricle is also shown. (By courtesy of DR. E. G. SOWTON.) 
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artery and the posterior descending branch of the right coronary artery, 
branches of which penetrate the ventricular septum .  

I n  i ts fu rther course the crus dexter receives blood especial ly from 
the vessels originating from the second perforating branch of the anterior 
descending branch . 

In i ts further course the crus s inister receives blood from the anterior 
descend ing branch for the fasciculus anterio r  and the posterior descend
ing branch for the fasculus posterior. 

Of importance to the supply of blood to the atrio-ventricular con
duction system are therefore the branches to the fibrous septum,  which 
originate mostly from the right coronary artery and the perforating 
branches of the anterior and posterior descending branch , the branches 
of the anterior descending branch of the left coronary artery being of 
particular importance (JAMES and BURCH I 9 58). 

B. Physiology 

I. Pacemaker mechanism 

The sequence in which the card iac muscle fibres contract depends upon 
the point where the depolarization begins. This point must be the 
location of the pacemaker. A l though many myocard ial areas are capable 
of spontaneous activ i ty, the pacemaker may be defined as that region of 
the heart possessi ng the highest rate of spontaneous rhythmic i ty 
(BULLARD I 96J) . 

Investigations showed that the S-A node has the h ighest idio-frequency 
and normal sinus rhythm in man is approximately 7o-8o beats per minute. 
Next to the S-A node the A-V node has the highest id io-frequency, so if 
the S-A node is e l iminated atrio-ventricular rhythm of 5o-6o beats per 
m inute originates . The slowest rhythm is id io -ventricular rhythm,  
w hich i s  approximately 2 5-45 beats per minute. Continuous heart acti
vity is guaranteed by the many automatic stimulus centres, si tuated 
espec ially in the normal conduction system of the heart ; the frequency of 
contraction is slower as the s ite of origin of the impulse moves further 
towards the terminal branches. 

The mechanism of the automatic depolarization is not yet completely 
know. An advance towards the explanation of this phenomenon was 
made when it became possible to deduce the potentials of a single cel l  
by means of glass capi l l ary micro-electrodes w ith a d iameter smal ler 
than I micron. Using this method it proved possible to demonstrate 
d ifferences between the pacemaker cel ls and the other card iac cells (fig. 
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I I - 3) .  The pacemaker cel ls and latent pacemaker cel ls were found to 
depolarize slowly by themselves during d iasto le .  This sel f-depolariza
tion, the prepotentia l ,  was not found in the muscle cells (HOFFMAN I 9 59) . 

There are various explanations for the origin of the prepotential . 
Probably a change in permeabi l i ty of the cel l membrane to potassium 
ions plays a role .  It is assumed that after the repolarization of an un
pecial ized depolarized cell a balance is reached with a constant perme

abi l i ty of the cell membrane for sodium and potass ium ions . In the pace
maker cel l s  on the contrary a decrease in the permeab i l i ty of the cel l 

Fig. II-3.  Record of membrane-potential; 
obtained from an atrial (A) - and a pace
maker (P) - cel l .  Note the progressive 
;elf-depolarization of the pacemaker cel l .  

+20 
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membrane to potassium ions is assumed during d iastole .  Therefore there 
is a relative i ncrease in the influx of sodium ions through the membrane 
of the pacemaker cel ls ,  resulting in a progressive development of the 
prepotential .  Final ly the potential is reduced so much that the threshold 
voltage is reached , whereupon the cel l depolarizes and a depolarization 
wave to the other cel ls results (BULLARD I 963 ,  BOUMAN I 965) .  

2. Course if the actil• ation w al'e  

In  a normal ly functioning heart the S-A node is the pacemaker, a s  i t  has 
the h ighest idio-rhythm.  The depolarization wave moves at a speed of 
o. I -o . 2  mfsec . through the S-A node and d iverges from there over both 
the atria, where the activation w ave has a speed of o . 8-I mfsec . After 
approximately 70 msec the A-V node is reached ,  by which time the 
atrium is not yet completely depolarized . Due to this factor, and also 
to the slow conduction in  the A-V node (o . o 5-o . I mfsec) atrial systo le 
can be completed , before the ventricular contraction begins . Finally 
the depolarization ·wave reaches the Purkinje fibres at a speed of o. 8 - I 
mfsec by way of the bundle of H i s .  The endocardium is quickly reached 
via the Purkinje fibres ( 2 - 5  mfsec) " hereupon the activation takes p lace 
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at a speed of 0 . 3  mfsec from the endocardium outwards through the 
heart muscle .  

On the outside of the heart the depolarizations of the ventricles first 
appear paraseptal ly in  the thin wal led right ventric le in the so-cal led area 
trabecularis, approx imately 2 0  msec after the beginning of the ventri
cular depolarization (Roos I 964) . The complete ventricular myocar
d ium is activated in approximately I oo msec . 

3. Influence C!f the autonomic nervous system 

The human heart is influenced by the sympathetic and the parasympa
thetic nervous system .  

a .  Sympathetic nervous system . The preganglionic sympathetic fibres of the 
five superior thoracic  ventral roots have the ir  synapses in the correspond
ing five thoracic gangl ia, the stel late gangl ion and , in some cases, the 
medial and superior cervical gangl ion. Postgangl ionic axones reach the 
heart as the superio r, medial and inferior card iac nerves via the super
ficial and deep card iac plexus where they rad iate to the S-A node,  the 
atrio-ventricular conduction system, the myocard ium of atrium and 
ventric le and the coronary vessels .  

This  nervous system is cal led ' cardiac accelerator' , as the depolarization 
frequency of the S-A node increases, probably as a result of an increase 
of the slope of the prepotentia l ,  whi le the conduction of the activation 
wave is accelerated by the sympathetic effect. The sympathetic system 
has a vasodi latory effect on the coronary vessels .  

b .  Parasympathetic nervous system . Preganglionic parasympathetic fibres 
reach the ganglia of the heart in the left and right vagus nerves via the 
superficial and deep card iac plexuses . Postganglionic axones go to the 
S-A node and the A-V node as well as the coronary arteries . There is as 
yet no unanimous o pinion about  the way the parasympathetic system 
i nfluences the A-V conduction system and the myocardium, although an 
i nfluence upon the atrio-ventricular bund le is assumed by some authors 
(TRUEX I 96o) . 

The parasympathetic nervous system has an inhibiting effect on heart 
activ ity and for that reason is cal l ed ' card iac inhibitor system' . The 
frequency of the S-A node depolarization is decreased by a reduction of 
the s lope of the prepotential ,  whi le conduction of the activation wave is 
delayed . The parasympathetic system has a vasoconstrictory effect upon 
the coronary vessel s .  
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The conduction system of the normal ly functioning heart has been 
discussed above. In the second part of this chapter the defects , which 
may occur in this system wi l l  be considered . 

I I . D E F E CTS I N  T H E  C O N D U CT I O N  S Y S T E M  

The defects of the conduction system can be classified according to the ir  
temporal character into permanent and temporary defects . 

Furthermore the lesions can be classified according to thei r localiza
tion i n  the conduction system,  a d istinction being made between com-

Fig. ll-4. Different degrees of A-V block. 

A. First degree or latent heartblock. 
B. Second degree or partial heartblock with Wenckebach phenomenon. 
C. Second degree or partial heartblock. ( 3 : 1 ) . 
D. Third degree or complete heartblock. 
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p lete or  incomplete s ino-atrial and atrio-ventricular block (Fig. Il-4), 
i n  addition to i ntra-atrial and i ntra-ventricular block. 

This d iscussion of defects of the conduction system i s  l im i ted to those 
defects , which are of i mportance with in  the framework of the present 
subject, viz .  complete atrio-ventricular block and to a lesser degree the 
more serious forms of i ncomplete atrio-ventricular block, where fai l u re 
of an id io-ventricular pacemaker or  severe bradycard ia results i n  poten
tial ly fatal cardiac arrest or i ntractable heart fai lu re .  

By complete A-V b lock is meant that form of  conduction d isturbance 
in which the conduction system is completely defective, so that no 
atrial i mpulse can reach the ventricles. Other types of high degree heart 
block i nclude those forms i n  which only a smal l number of atrial i mpulses 
reach the ventric les by way of the conduction system, so that severe 
bradycard ia results .  Incomplete A-V heart block with Wenckebachs 
periods or other incidental incomplete conduction d isturbances do not 
belong to this group. 

With in the framework of this investigation the most i mportant con
duction d isturbance is complete A-V block. This can be caused by 
lesions i n  the converging fibres of the A-V node, the A-V node i tself, 
the crus commune of the A-V bundle, both the bundle branches of the 
conducting bundle or a combination of these lesions. 

A. Occurence of complete A-V block 

Accurate detai ls on the occurence of complete A-V block do not exist, 
as many patients with a heart block experience no trouble at fi rst and 
therefore do not seek medical attention . Analysing 5o , ooo e lectrocar
diograms WRIGHT et al. ( I 9 2 2) found complete A-V block in o . 2% 
of the cases . An identical percentage was found by ROWE and WHITE 
( 1 9 58)  in 1 6o , ooo e lectrocardiograms. VAN ERVEN ( 1 9 65) saw A-V 
block in o . 6% i n  a total of 1 7 , ooo recordings , whi le KATZ and PICK 
( 1 9 56) were able to show complete A-V block in o . 5 %  of a total of 
5o,ooo patients with rhythm d istu rbances . 

These surveys are concerned with patients who for some reason came 
i nto contact with a medical centre . Conclusions about the occurrence 
of heart block in the whole population may not therefore be drawn un
reservedly  from these figures . 



B. Etiology of A-V block 

Fol lowing the classification of LANDEGREN and BIORCK (I 96 3) it i s  
possible to d ivide the causes of the defects of the conduction system into 
four  main groups : 
I Structural lesions of the heart 3 E lectro lyte disorders 
2 Abnormal parasympathetic i nfluence 4 Intoxication 

I .  Structural lesions qf the heart 

This group is the most important of the four  groups mentioned . It con
tains a large number of structural changes which may cause total heart 
block. 

a .  Ischaemia 

I .  Arteriosclerosis oblitterans. Arteriosclerosis obl i tterans has been quoted 
as the chief cause of total atrio-ventricular block. According to ZANCHI 
and LENEGRE ( I  9 s .s-> arteriosclerosis dominates the vascular pathology 
of the conduction system of the human being.  

In a survey tota l l ing 849 patients w ith complete heart block FRIEDBERG 
( I  964) found that 3 7% had coronary heart disease. At fi rst i t  was thought 
that there was a causal connection between the coronary sclerosis and 
the heart block. However, later histopathological investigations by 
LENEGRE ( I 9 6 2) and others have demonstrated that this connection 
between lesions of the conduction system and coronary arterial d isease 
is far from being universally present. Lesions of the conduction system 
as a resul t  of prolonged stress and a secondary fibrosis (GILCHRIST I 9 58)  
or a bacterial or a l lergic myocard itis resulting i n  fibrosis (LENEGRE I 96  2 ,  
zooB I 96 3) ,  are now thought to be possible causes of heart block i n  
many cases . 

II. Acute myocardial ir"!farction . This ischaemic myocardial l esion is ac
companied i n  3 -5°0 of the cases by a total A-V block, al though some 
i nvestigators have found h igher values (COURTER I 96 3 ,  9 . 6%) - These 
differences are explained by the heart block being reversible in approxi
mately 90% of the cases (COHEN I 9 sS) and having disappeared within one 
or  two weeks . The probabl e  cause of the heart block is temporary 
ischaemia with possible oedema formation and inflammation. Thi rteen 
percent of the patients with complete heart block in FRIEDBERG 's survey 
( I  964) had an etiology of acute myocard ial infarction .  A-V block occurs 
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particularly with a posterior wal l  infarction resulting from an occlusion of 
the right coronary artery , which suppl ies the A-V node and a part of the 
conducting bundle with its septal branches, (MAHAIM I 9 3 I, PENTON 
et al. I9 56) . In these cases septal i nfarction is mostly present as wel l .  

I I I .  D!lfuse lesions due to anaemia .  Diff'use les ions due  to anaemia o f  the 
entire heart are also known . The causes here are necrotic areas which 
aff'ect the A-V system (TROFINOV I 9 5 _s), and mav cause conduction 
disturbances . 

b .  Inflammations 

I nflammatory processes are not often accompanied by A-V block. In 
cases where th is  combination does occur the block mostly disappears 
after recovery from the primary d isease . The primary diseases wh ich 
may give rise to a total A-V block are : 

1 .  Acute articular rheumatism. In acute articu lar rheumatism complete 
A-V block does not occur frequently, al though in approximately 50°0 
of the cases an increased A-V conduction-time is observed . (LANDEG REN 
and BIORCK I 96 3 ) . Eight per cent of the group of patients with complete 
heart block observed by Friedberg had an etio logy of acute articu lar 
rheumatism . It is supposed that the atrio-ventricular conducting system 
is interrupted by Asschoff" s tuberc les or the expansion of the fibrous part 
of the card iac skeleton (GRoss and FRIED I 9 3 6) .  

I I .  Other collagen diseases. Complete atrio-ventricular heart block also 
occurs i n  other col l agen d iseases , although less frequently than i n  acute 
articular rheumatism .  Quite a large relationship was found to exist 
between ankylosing spondyl i tis (BERNSTE IN  and BROCH I 94-9) and uro
polyarth ritis ( = Reiter 's  d isease) (OLHAGEN I 96o) ,  while polyarteritis 
(DOERR 196 1 )  and lupus erythematosis have also been observed as causes 
of heart block. 

I I I .  Diphtheria . Diphtheria occurs more frequently in  the past med ical 
histo ry of patients with complete heart block than in an unselected 
group (BUTLER and LEV INE  I 9 29) .  The card iac lesions caused by a tox in  
appear mostly in  the  second week of the d isease, but heart block may 
even manifest i tself years later (HOEL 1 9  58) .  It is advisable to consider 
this possibi l i ty in  cases of heart block of unknown etiology . 



I V .  Lues. In lues the formation of gummata in  the course of the conduc
tion system may cause complete A-V block (MAJOR  I 9 2 3 ) .  This etio logy 
occupied an i mportant place especial ly i n  the first decade of the 2 oth 
Century . Even now, although less frequently, l ues with A-V block is 
sti l l  observed (PENTON et al. I 9 56 ,  WRIGHT et al. I 9 56) .  Investigations 
by DOERR ( I  9 55) demonstrated however that the gummata have become 
l ess frequent in lues, due to a ' Gestaltwandel der Krankheiten ' ,  but that 
complicating atrio-ventricular conduction defects are now often caused 
by c irculatory diseases originating at the coronary ostia as a resul t  of 
syph i lit ic arterit is . 

v .  Sarcoidosis .  Although primary card iac affections are rarely observed 
c l ini cal ly in th is disease, cardiac lesions are found i n  2o0!,. of the autopsies. 
A-V block w i l l  frequently be found in those patients who develop c l inical 
card iac lesions (PORTER I 960 ) . This disease should be included in  the 
d iagnosis as a possible cause particularly in cases of heart block appearing 
between the ages of 2 o  and 4-o years . 

V I .  Chaaas disease. This disease, caused by the Trypanosoma cruzi I s ,  
particularly i n  South-American countries, a very common etiology of 
complete A-V block . This is the result of secondary myocarditis associat
ed w ith this d isease (ROSENBAUM and ALVAREZ I 955 ,  KOBERLE I 9 57) .  

VII . Myocarditis cif unknown etioloav. Myocardi tis of unknown etiology as a 
cause of complete A-V block is described by CLARK ( I 9 H) and N IEVEEN 
( I  964-) , among others . 

vm. Other forms C?f irifections. Of the remammg infectious d iseases i n  
which complete A-V block is described , VAN  ERVEN ( I 965) mentioned 
further :  thyphus , rubeola ,  mononucleosis infectiosa, morbil l i ,  parotitis 
epidemica, pneumonia and scarlatina. 

Appearance of an atrio-ventricular conduction d isturbance in these 
d iseases is however extremely rare . 

c. Difect in the development cif the conduction system 

Congenital heart block may arise as a resul t  of a defect in the development 
of the conduction system . Intra-uterine myocarditis may also be a cause 
of congenital heart block. Heart block may occur by i tself, or in combi
nation with other cardiac defects. In the latter case the associated heart 
defect is the i mportant determining factor in the prognosis of the chi l d .  
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With an isolated heart block the prognosis is good ,  and the heart com
pensates under stress by an increase in frequency and cardiac output 
better than hearts with a conduction d isturbance of other etiology 
(HOLMGREN et aJ. 1 959 , I K KOS et aJ. 1 960) . 

d. Valvular diseases 

Acquired valvular d iseases occur i n  approximately 1 o00 of the cases of 
patients v. ith A-V block (PENTON et a/. 1 956 ,  ROWE et a/ . 1 9 58 ) .  This 
combination may be explained by : 

the valve disease and the myocardial d isease having the same cause, 
valve calcification extending into the heart skeleton and damaging the 
bundle of H is, 
the valvular d isease causing secondary changes in the myocard ium 
resu lting in conduction d isturbances . 

Only i n  the last of these three combinations is there any question of heart 
block result ing from the valvular d isease . In the first two combinations 
the valvular d isease and conduction d isturbance are both the results of 
other d iseases, and the valvular d isease cannot be included amongst the 
etio logies of heart block. 

e .  Tumors 

Primary tumors of the heart are rare . BENJAMIN ( 1 9 39), STRAUSS and 
M ERLISS ( 1 94-5) and SAPHI R  ( 1 96o) d iscovered only 1 4- primary tumors in 
a total of So , ooo autopsies . A search of the l iterature has failed to identi
fy any reports of primary tumors of the conduction system causing A-V 
block. The tumors causing conduction d isturbances are metastases of 
mal ignant melanomas, of bronchial , intestinal , l iver or  prostate carcino
mata, leukaemia and lymphogranulomata (MAHAIM 1 94-5) . 

J. Traumata 

An A-V b lock resulting from thoracic trauma does indeed occur (PA U LIN 
and RUBIN 1 9  56) , but in th is  group iatrogenic lesions of the conduction 
system during intracardiac interventions are of especial i mportance. 
Block may be caused d i rectly by instruments or sutures or  indirectly 
by the formation of oedema, haematomata or infarctions. This compli
cation occurs particularly during surgical treatment of the tetralogy of 
Fal lot, ostium primum, atrio-ventricular cana l ,  resections of the aortic 
valve, resections of subvalvular stenoses and repai r  of ventricular septal 
defects . 

Attempts have been made to plot the conduction system by means of 
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special technigues such as colouring (A LLEN et al. I 9 .)9 , IWA et al. I 9 6 I ) ,  
and i mpedance measurement (BERNHARD and GRASZ I 96 I ) . The im
proved anatomical know ledge gained in  investigations by TRUEX ( I  9 s B ) ,  
LEV ( I 960 ,  I 9 6  3 ) , VERDUYN LUNEL  ( I  964) and others are o f  greater im
portance. This improved know ledge and the improved surgical tech
nigues resulted in  a drop in the percentage of patients at the Mayo Cl inic 
encountering heart block as a compl ication during operations for ventri
cular septal defects . Block occurred in  I o0,0 of patients during I 960 
(LAU ER et  al .  I 96 3) ,  but only in 0 . 9°0  in later years (MCGOON I 9 64) 
w ithout special technigues being used to trace the conduction system . 

A permanent heart block caused by catheterisation (GAULT et al. I 966 ) ,  
should also be mentioned in  this section. 

g .  Deposits if foreign substances in the cardiac tissue 

1 .  Calcific deposits. Calcific deposits may occur in  the myocard ium as 
dystrophic calcification resulting from necrosis .  This was observed by 
MAHAIM ( I 9 3  I )  and LUMB and SHACKLET ( I 96o) . This calcification may 
occur both in the conduction system and around the nerve fibres , i n  
which case the conduction i s  interrupted by the pressure caused by the 
calcific deposit . 

Likewise, in metastatic calcification from such causes as osteitis de
formans (HARRI  ON and LENNOX I 948) an interruption in  the conduction 
system of the heart may be observed , particularly when the deposit 
appears in the annulus fibrosis or the cardiac val ves. The heart b lock 
resulting from calc ification in  the aortic valves observed by YATER and 
CORNELL ( I  9 H) was of this type. 

J I .  Ferrous deposits. Haemosiderin pigment is sometimes stored in the 
interstitium of the heart (DOERR I 9 H) and may cause heart b lock as in 
haemochromatosis (PETIT I 945) . 

I I I .  Amyloid deposits. Amyloid deposits in the myocardium may cause dis
orders in the form of an A-v block (ROWE and WHITE I 9 sS) . 
h .  Degenerative diseases 

1 .  Progressi l'e neuromuscular diseases. Diseases, such as muscular dystrophies, 
muscular atrophies and Friedreich 's ataxia may be accompanied b)' heart 
block. 

1 1 .  Degenerative, non-ischaemic disorders. Although extremely rare, gly-
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cogen storage disease (WARTMAN and H I L  I 96o) and endomyocard ial 
fibroelastosis, may cause card iac block. 

1.  Abnormal parao/mpathetic influence 

Besides a local interruption of the conduction system as described i n  the 
survey above, hyperactivity of the ' card iac inhibitor system '  i . e .  the 
parasympathetic system,  ""hich stimulates the heart via the vagus nerves 
may also cause heart block. Hyperactivity of the parasympathetic system 
is mostly a reaction to influence elsewhere in the body. 

In the ir  survey LANDEGREN and BIORCK distinguish hyperactivity of 
the vagus nerves i n  

a .  Stimulation c!fthe carotid sinus. Even in  healthy persons i t  i s  possible to 
inhibit the conduction of the atrio-ventricu lar system by pressure on the 
carotid s inus (LOWN and LEV INE I 96 I ) .  

b Reactions resulting from lesions c!}" the gastro-intestinal and respiratory tracts. 
As a result of les ions of the abdominal organs, such as cholecystitis 
( JOHANSSON I 960) or an esophageal d iverticulum (WEISS and FERRIS 
I 9 34-) ,  vagal reflexes are sometimes provoked , which depress the con
duction system of the heart and may cause an A-V conduction d isorder. 

c .  Carotid sinus o/ndrome. Pressure on the carotid s inus due to disorders 
such as tumors (WEISS and BAKER I 9 3 3 ) ,  may provoke a carotid sinus 
reflex causing conduction disorders, which may sometimes be accom
panied by syncope. Syncopes with th is  etiology are grouped together 
as the carotid s inus syndrome. 

d. Glossopharyngeal neuralgia. This syndrome rarely occurs .  It is charac
terised by an uni lateral pain  in the sensory area of the nerve and is some
times accompanied by hypersecret ion of the parotid gland and sometimes 
also by card iac arrest (KJ ELLIN et a/. I 9 59). 

Heart block due to abnormal parasympathetic i nfluences summarised 
above, is not of particular c l i nical importance, but cannot be omitted 
from a survey of the etiology . 

3 .  Electrolyte disorders 

a .  Hyper potassaemia.  The potassium ion is important to the conduction 
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and the excitab i l i ty of the heart, since an increase i n  the concentration 
of potass ium has an unfavourable effect on the depolarization of the cel l  
membranes . With h igh concentrations o f  potass ium ions block may 
arise, particu larly at the atrial rim of the A-V node (HOFFMAN 1 9 6o ) .  
These conduction disorders ma) occur a t  a concentration as l ow  as 7-8 
m Eg fL ,  twice the normal concentration (BELLET et  a/ . 1 9 59 , ANTONI  
1 96 3 ) · Hyperpotassaemia may arise in  kidney disorders and serious 
t issue damage (crush syndrome). 

b. H)'po- and e�treme h)'percalcaemia .  In hypocalcaemia suppression of 
the conduction and the excitab i l i ty of the heart is seen. A h igh degree 
of hypercalcaemia may cause bradycard ia to change into tachycardia ,  
ventricular fibri l lation or card iac arrest. 

c. Acidosis. Suppression of the conduction and excitab i l ity is also obser
ved i n  acidosis. 

For the sake of completeness , i t  should be remarked here that hyper
calcaemia, alkalosis and hypersodiaemia promote the conduction and 
excitab i l i ty of the heart (ROTHE 1 96 3 ,  BROOKS et a/ . 1 9 55 ) .  

4· Intoxication . 

a .  Di9italis. A n  i mportant cause of heart block is digita l is intoxication. 
In FRIEDBERG 's survey ( 1 9 64) the number of cases having this etiology i s  
exceeded on ly  by those w ith ischaemic heart d isease ; i t  occurred i n  86  
o f  the 849 patients . The effect o f  d igi tal is on the atrio-ventricular con
duction system is due to an ind i rect influence via the parasympathetic 
system , by the carotid sinus (H EYMANS) or an increase i n  the sens i
tivity to vagal impulses and also to a d i rect effect on the conducting 
tissue (FRIEDBERG 1 9 60) . 

D igital is results in  both an extension of the P-R time and a decrease 
i n  frequency . An incomplete heart b lock may become complete fol low
i ng adm inistration of digi tal i s .  

b .  OEinidine and procainamide. These medicaments suppress the excita
b i l i ty ,  the spontaneous i mpulse formation, the conduction velocity ,  and 
the contracting power of the myocardium . This may result in complete 
heart block. 
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I l l . C L I N I C A L  S Y M PT O M S  O F  A - V  B LO C K  

If the atrio-ventricular conduction is interrupted the ventricles are 
activated from a new centre somewhere in the ventricles. The ne�\ 
pacemaker centre originates i ndependently of the location of the lesion, 
and usua l ly has a lower frequency than the s inus node. This causes brady
cardia ,  resul ting in smal ler card iac output and a decreased oxygenation. 
In many cases however this is compensated primarily by an increased 
stroke vo lume and secondarily by a higher arterio-venous oxygen ratio . 
A h igher systol i c  and a lower diastol ic blood pressure is found in  these 
patients . The patients are able to lead a more or less normal l i fe w ithin 
l imits which are dependent on the degree of bradycard ia. 

If the heart does not adapt or i f  the card iac disorders reduce the effect 
of adaptation, the patient may complain of w eariness, drowsiness and 
dizziness. Symptoms of congestive heart fai lure such as oedema and 
dyspnoea on effort may also arise. In older people, such as those above 
70 years of age, low cardiac output often results in brain or kidney damage . 

Under stress these compla ints are often aggravated , as the heart is not 
able  to respond with a normal increase in frequency . In most cases there 
is no increase or only a s l ight increase, but in patients w ith congenital 
heart block a greater increase may be seen. 

Extreme bradycardia may often lead to syncope, a symptom «signale 
d 'abord par ADAMS des 1 8 2 7  en suite par STOKES, d 'ou le  nom de malad ie 
d' Adams ou de Stokes-Adams que je  propose de lui donner» (HuCHARD 
1 899) . *  These Adams-Stokes attacks arise due to cerebral anoxia, caused 
by a sudden decrease in the card iac output by changes in the ventri
cular frequency. The decrease in the card iac output may be due to 
extreme bradycard ia  or even card iac standsti l l  but also to ventricular 
tachycardia or ventricular fibri l lation. It has recently become evident 
that a low frequency during total block predisposes to rapid ectopic 
impulse-formation (SCHWA RTZ et  a/ .  1 949 , ROBERTSON 1 95 2) .  

The Adams-Stokes attack is characterized by i ts sudden appearance and 
the rapid loss of consciousness . The patient becomes pale, and exhibits 
convulsive muscular contractions. During the attack ,  which rarely lasts 
for more than one or two m inutes, no pulse is noticeab le .  At the end of 
the attack the patient rapid ly regains consciousness. The paleness, which 

* In 1 7 1 9  two cases of syncopes with total absence of the pulse a lready had been ob
served by MOilGAGNI in Venice. The attach are therefore al�o referred to as Morgagni
Adams-Stokes attacks. 
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may become cyanosis m longer attacks, changes into a flush when the 
attack is over, wh i l e  respi ration, w hich has continued normally during 
the attack ,  is i nterrupted . This apnoea is explained by the fact that the 
blood in the l ungs contains very l i ttle carbon d ioxide, due to hyper
venti lation as a result of the c irculatory arrest and normal ly continued 
respi ration. When c irculation is restored the respiratory centre is no 
longer stimulated by the hypocarbonized blood and apnoea results 
(FORMIJNE 1 9  3 8 ) . After ci rculation has been restored for some time 
the blood becomes recarbonized to such an extent that the respiratory 
centre is stimulated again and respiration is restored . These Adams
Stokes attacks occur sooner or later i n  most patients w ith A-V block. 
In patients \ \  i th a damaged conduction system the Adams-Stokes attacks 
may be evoked by such factors (BEL LET 1 964) as : 

increase in heart activity during emotion or exci tement ( in Groningen 
we ourselves frequently saw attacks occur during transport of the 
patients to the hospital) ,  
transition of  incomplete to  complete A-V block, 
sudden increase in card iac frequency such as ventricular tachycardia 
and flutter. 

The Adams-Stokes attacks entai l  the danger of cerebral damage whi le 
immediate death is also possib le .  Traumatic lesions may be caused by 
the patient fal l i ng during the attack. Because of these dangers atrio
ventricular block requ i res immediate therapy, especial ly when the block 
is accompanied by Adams-Stokes attacks . 

I V .  Therapy 

The therapy of A-V block should be d i rected at preventing card iac arrest 
and ventricular tachycardia and restor ing ventricular rhythm with an 
adequate c irculation. 

Therapy should be d irected in the first place towards treatment of the 
lesion causing heart block. S ince this is frequently not possib le ,  sympto
matic and preventive treatment, having d i rect effect on the atrio-ventri
cular conduction system and the myocardium, assumes great importance .  
The therapeutic methods can best be d ivided i nto : 
A .  Medicamental therapy - B. Surgical therapy - C.  Physical therapy . 

A. Medicamental therapy 

The fo l lowing d rugs are most frequently used . 
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I .  Sympathomimetics 

In patients with heart block sympathomimetic drugs result i n :  
improvement o f  atrio-ventricular conduction 
increase of i cl io-ventricular frequency 
increase of pacemaker activity, thus terminating possible cardiac arrest 
more rapidly 
increase of myocardial contracti l ity , resulting in  a greater stroke
volume. 

The fo l lowing sympathomimetic drugs are used : 

Epinephrine. The d isadvantage of Epinephrine is the risk of precipitating 
ventricular fibri l lation .  In ventricular arrhythmia adm inistration is 
therefore contra- indicated . 

Epinephrine may be administered by subcutaneous, i ntramuscular, 
intravenous or i ntracardiac i njection. The close depends upon the me
thod of administration. 

Norepinephrine. Norepinephrine has less effect upon the heart than Epine
phrine, but is used particularly in cases of heart block w ith hypotension, 
because of i ts peripheral vasoconstrictive effect. I t  may be adm inistered 
subcutaneously or i ntravenously . 

Ephedrine. Ephedrine acts l i ke Epinephrine, but may also be adm inistered 
oral ly .  

Isoproterenol. Isoproterenol is one of the most important medicaments in  
the treatment of A-V block. It increases the frequency and the force of  
myocardial contraction, resulting in an increase of the cardiac output. 
At the same time it reduces the peripheral vascular resistance, causing a 
lowering of the blood pressure . In contrast to epinephrine i t  is thought 
less l i kely to precipitate ventricular fibri l lation. It may be adm inistered 
sub l ingual ly, subcutaneously or intravenously. 

2. Parasympatholytics 

The effect of parasympatholytics on patients wi th complete A-V block 
depends on the influence and the d istribution of the vagal nerve-endings 
in  the heart. The parasympatholytics do not promote heart activity, but 
counteract the i nh ibiting effects of acetylchol ine on the conduction 
system and the myocard ium.  These medicaments are therefore effective 
in heart block resulting from exaggerated parasympathetic i nfluence. 
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Atropine. Atropine is a parasympatholytic which is sometimes adm inister
ed to patients whose heart block results from abnormal parasympathetic 
influence . 

Methantheline bromide. Instead of Atropine, Methantel ine bromide is also 
used (BEL LET r 964) . Both parasympatholytics may be administered sub
cutaneously. 

3. Molar sodium lactate 

Molar sodium l actate lowers the plasma potassium and causes alkalosis. 
In addition lactate is uti l ized for metabol ism by the myocard ium (BELLET 
I 96o) .  Molar sodium lactate seldom causes ventricular fibri l lation . The 
solution is adm inistered by transfusion and is particularly effective i n  
cases of ventricular activity being d isturbed by  acidosis o r  hyper
potassaemia. 

S ince Molar sod ium lactate acts by d ifferent routes from sympatho
mimetics or parasympatholytics, it may be used in combination with 
these medicaments . 

4· Chlorothiazide 

Chlorothiazide  is a d iuretic and has the effect of reducing the potass ium 
concentration in  plasma, al though the intracel lular potass ium remains 
unchanged . I ts action causes an increased resting potential of the cel l 
membrane. This increased potential enables more rapid development of 
the action-potential ,  which becomes larger and spreads faster .  

These mechanisms have a favourable effect upon the ventricular acti
v i ty in A-V block (TOBIAN 1 964) . 

As not a l l  patients respond to Chlorothiazide (BELLET I 9 64) , TOBIAN 
states that i n  those cases where Chlorothiazide has achieved no permanent 
result with in  8 weeks , the therapy may be abandoned . 

As the beneficial effects are due to lowering the potassium concen
tration in the plasma, Hydrochlorothiazide could theoretical ly  also be 
administered . Cl inical experience w ith this d rug has not yet been 
described . 

5 .  Corticosteroids 

Good results i n  the treatment of A -V block have been reported fol low
i ng the use of corticostero ids (FRIEDBERG I 960, ABER I 960, TORRESAN I  



1 96 2) .  These d rugs are of great importance in  cases of heart block 
caused by myocard ial i nfarction or infections . The exact mechanism 
of action is not known, al though a number of possibi l i ties have been 
suggested , such as : 

a anti- inflammatory effect, acting favourably on myocarditis or ischae
mic cardiac diseases which often show secondary inflammation, so 
that reactions around the conducting tissue d iminish (PRINZMETAL and 
KENNAMER 1 9 60) . 

b promotion of a lkalosis and hypopotassaemia (PERRY and JAECK 1 960) . 
c i ncrease in sensitivity of the heart to epinephrine and norepinephrine 

in the region of the sympathetic fibres (RAMY et a/ . 1 95 1  ) .  
d d i rect effect o n  the conducting system (LOWN et a/ . 1 955) .  

The corticostero ids used most frequently are Cortisone and Prednisone .  
These preparations may be  adm inistered by many routes, but are usua l ly 
given ora l ly .  

The effect of the corticoids may also be achieved by administering the 
adrenocorticotropic hormone (ACTH) . PRINZMETAL and KENNAMER 
( 1 9 53 )  succeeded in  correcting atrio-ventricular conduction disorders by 
this ind i rect way of increasing the cortico idsteroid concentration. 
ACTH is mostly given intramuscularly, but for more rapid effect may also 
be administered by transfusion . 

Prognosis f!fA- V block with medica mental therapy 

I t  is d ifficult to give an accurate prognosis for patients with A-V block 
treated medical ly .  Prognosis depends upon both the etiology and the 
compl ications of the primary d isease . The choice of therapy should be 
determined by the etiology of the block, but the implementation of the 
various possibi l i ties may vary greatly . 

These factors have led to various opinions concerning the prognosis 
for A-V block, but it i s  genera l ly agreed that the prognosis becomes less 
favorable if the conduction disturbances are accompanied by Adams
Stokes attacks. 

FRIEDBERG ( 1 9 64) reported on 1 oo patients with complete heart block 
and Adams-Stokes attacks, in whom the etiologies of myocardia l in
farction, d igita l is intox ication or  congenital heart d isease were not in
c luded . Of these I oo patients treated med ical ly ,  30 died w ithin the 
first 6 months after hospital ization and so patients were sti l l  a l ive after 
one year. Five years after thei r first hospital ization 56 patients had d ied , 



24- were sti l l  a l ive and information on the remaining 2 0  patients was 
not avai lable .  

Prognosis is also poor in the case of combined myocardial infarction 
and A-V block, particularly w hen the infarction is extens ive. PENTON 
et al .  ( I  9 56 )  found a mean surv ival time of 5 .  5 months in 4-9 patients 
w i th acute myocardial infarction combined w ith heart block and ROWE 
and WHITE ( I  9 58) found a survival time of 1 3 months in a s imi lar group . 
The same authors calculated an average survival t ime of 2 8 months i n  
patients w ith combined heart block and chronic coronary heart d isease 
(angina pectoris, o ld infarction) and this corresponds to the 2 9 .4- months 
w hich PENTON et al. ( I  9 56) found in 58 s imi lar patients. 

Congenital heart block has the most favourable  prognosis, provid ing 
the congenital heart disease does not also affect the heart in other ways , 
as in this case the associated lesion is frequently the determining factor 
for survival . Adams-Stokes attacks are seen less frequently in  congenital 
heart block w hi le the haemodynamic capacity of such patients often 
makes a normal and long l i fe possible, owing to the relatively rapid 
id ioventricular rhythm . CAMPBELL and THORNE ( I  9 56) studied 7 pa
tients w i th congenital heart block for 2 5 years and found none with 
card iac symptoms apart from one Adams-Stokes attack .  A l though the 
prognosis can be said to be favourable w ith a congenital etiology , this 
does not apply to patients w ith heart block of other origins, nor does 
drug therapy have whol ly favourable results .  Symptoms can often be 
temporari ly corrected , but the actual conduction d isturbance is not 
removed by the administration of, for instance , sympathomimetics, so 
that a patient w ith heart block and Adams-Stokes attacks treated in this 
way runs the risk that in course of t ime the therapy w i l l  fai l .  

B. Surgical therapy 

In order to obtain permanent i mprovement in conduction d isturbances 
attempts have been made to increase ventricular activity by surgical means . 

1 .  Vaaotomy 

Because medicamental treatment wi th parasympathol i tics d id not a lways 
produce the desi red effect in cases of heart block resulting from abnormal 
parasympathetic influence, attempts have been made to e l iminate the 
parasympathetic i nfluences in these cases by vagotomy, with l imited re
sults however (GREENWOOD I 96o). 

26 



2. Transplantation cif the sino-auricular node 

In A-V block caused by interruption in  the atrio-ventricular conduction 
system, transplantation of the S-A node would seem to be an ideal 
solution. This therapeutic poss ib i l ity has been investigated by carrying 
out homotransplantations and autotransplantat ions in a number of clogs . 

a .  Homotransplantation <!f the sino-auricular node . The poss ib i l i ty of 
restoring ventricular activity by means of homotransplantation of the 
S-A node in a heart w ith conduction disturbances was suggested as early 
as 1 9 2 7 by RYLANT. Al though he reports good resu lts, recent investiga
tions give another picture .  

COHN ( 1 9 6 2) transplanted 2 cm2 of atrial tissue in  vvhich part of  the 
S-A node was represented in  clogs, by inc lusion of the medial base of the 
superior vena cava in the transplant. This tissue, which was transplanted 
to the corresponding site in the recipient, proved ab le to stimulate the 
ventricle immed icately after the operation. The effect of the transplant 
however '" as never observed longer than the second post-operative day . 
From microscopic investigation of the tissue it appeared that the trans
p lant d is integrated and that round cel l infil trations were to be seen in the 
transplant from the fourth post-operative day .  Investigations by PU ECH 
et a/. ( 1 9 54) and H U DSON ( 1 96o) demonstrated that it is imposs ible to 
ach ieve lastingly effective ventricular stimulation in a heart '' i th con
duction disturbances by means of a homotransplant because of d isinte
gration and encapsulating fibrosis around the transplant. 

b. Autotransplantation cif the sino-auricular node. Autotransplantation of the 
S-A node has also been investigated in animals .  It proved possible to 
transplant the S-A node, '' hich in dogs is suppl ied w ith blood by the 
right ci rcumflex coronary artery , w ith a pedic le graft in which this 
nutrient artery is included , from the right atrium to the right ventric le 
(wiEBERDI N K et a/. 1 9 6 1 ,  ERNST et a/.  1 9 64) . In the dogs in which these 
transplantations \\ ere performed and where no A-V block was created , 
normal sinus rhythm remained . In some dogs sinus rhythm persisted 
even after a second operation in which A-V block was created 2-4 
months later. In these cases heart block occurred when the transplant 
was removed . 

Microscopic investigations showed however that in many cases the 
transplant had been encapsu lated by a layer of connective tissue preven
ting contact between the transplant and the intact ventricular myocar
cl ium.  It was not possible to demonstrate relation between the amount 
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of connective tissue and the effect of the transplant. It i s  probable ,  
however, that the formation of connective tissue w i l l  provide an im
pedi ment to l ong term effective st imulation . Appli cation of  this method 
in humans also encounters the difficulty that the blood supply to the 
human s inus node is not from one large branch , but by several smaller 
branches of the coronary arteries , making the blood supply to the pedic le 
graft l ess favourable. 

Human app l ications of s inus node transplantations have not yet been 
described . 

C. Physical therapy 

Although surgical therapy has so far been unable to restore good ventri
cular activity ,  it was heart surgery that stimulated the development of a 
new therapeutic method . The unfavourable prognosis for surgical heart 
block, even with medicamental treatment provided the stimulus to re
search for a new therapy , which w as final ly found in electrical stimu
lation of the heart .  Thanks to almost s imul taneous progress in the 
electronic field ,  electrotherapy has experienced rapid growth , parti 
cularly since 1 9 50 .  This development, and the extensive possibi l i ties 
fo r the appl ication of electrical stimulation of the heart with atrio
ventricular conduction disturbances, w i l l  be dealt with in the fo l lowing 
chapters . 
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Historical survey of C H A P T E R  I l l  

electrical stimulation of the heart 

I .  E A R L Y  H I ST O R Y  ( I 7 7 4 - I 9 3 2 ) 

«Avant mon depart d ' ltal ie ( I  8 o 2) j ' ai annonce gue j ' avais excite par 
moyen de Ia p i le  (DE VOLTA) le mouvement du coeur dans les animaux a 
sang fro id . »  Thus one of the first successfu l  experiments of electrical 
stimulation of the heart is mentioned in «Aid ini essai theorigue et experi
mental pour le  Galvanisme avec p lanches» publ ished in Paris in I 8 o4. 

A LDIN I ,  however, d id not completely succeed , for he added «mais , 
j 'ai avoue avec ingui ni te gue j e  n 'avais pas obtenu le  meme effet dans les 
animaux a sang chaud . »  After experiments at A l fort's veterinary col lege 
he concl udes from his twel fth experiment there : «De tous l es organes 
musculaires, le coeur est le seu l gu i  so it completement demeure im
passible aux violentes commotions galvanigues , lors meme gu '  i l l es rece
vai t  en l 'armant d ' un des arcs . »  

Attempts to achieve contractions o f  human hearts by use o f  galvanic 
current fa i led at fi rst as wel l .  As Ald in i  reported , ( «Sur des experiences 
galvanigues fai tes sur un suppl ic ie pendu a Lond res le I 7 janvier I So 3 >>) 
it was i mpossible to cause contractions of the heart muscle in executed 
criminals in Turin (hanged , gu i l lotinated) and in London. His  descrip
tion stated «Je fis ensuite ouvri r Ia  poitrine, pour appl iguer le  galvanisme 
au plus important de tous les muscles , au coeur. Le pericarde ayant ete 
detache, j 'appl iguai le conducteur sur le principal organe de Ia vie ; de 
plus, je l e  fis ouvrir pour voi r  s i ,  dans guelgues-unes de ses parties , i l  
existait guelgue fibre capable  d ' osci l lation ; mais to us recherches fu rent 
vaines . »  (fig. I l l- I ) . 

Many other research workers apart from A ldini were occupied with 
galvanism and the i r  investigations are described by h im .  In Paris, 
BICHAT investigated the influence of the brain and when that fai l ed 
that of the nerves - upon the heart by means of electrical stimulation. 
His experiments , unl ike those of H U MBOLDT, fai led ,  but he was able  to 



1-ig. lll- 1 .  I l lustration in «Aidini e�sai theorique et experimental pour le Galvanism avec 
planches>> ( 1 8o4), showing the authors experiments with decapitated criminals. 

cause heart contractions in both cold and warm blooded animals such as 
dogs by making a d i rect contact bet\\ een the connecting w i res and the 
heart muscle. 

Effects to ach ieve the same results w ith gui l lotinated persons fai l ed in 
his case also , as happened in A ldini ' s  experiments, al though other muscle 
groups did show contractions when stimulated in  this way . 

However, A ld ini and Bichat could have forecasted thei r results .  In I 79 I 
LU IG I  GALVAN I  had publ ished h is famous observations on the el ectrical 
stimulation of frog legs . In one of his experiments he placed the heart 
together w i th some other muscle groups of a frog on the back of an 
electric eel (gymnotus electricus) ; as long as the electric eel remained 
guiet he saw no contractions in the frog muscles, but when the electric 
eel moved and discharged 'a l l  the muscle groups including the heart 
contracted vio lently ' -. In this experiment Galvani noticed that the 
heart was the fi rst to become insens itive to electrical stimulation . 

In the recordings of his experiments A ld ini h imself also comments : 
«II est certain gue cet organe (the heart) perd en tres-peu de temps, et 
bien plustot gue les autres muscles , Ia faculte d ' etre agite par l e  Galva
nisme . » 

JO 



Since Bichat began his experiments on criminals 3 0-4-o minutes after 
the execution and s ince the bodies of the executed remained on New
gate Square for one hour before A ld ini could start his experiments ,  i t  
wi l l  be c lear why these efforts undertaken \\ i th human hearts were 
fru itless, whereas the gastrocnemius and biceps muscles did react ,  al 
though weakly ,  to galvanic stimulation . 

The fi rst successful stimulation of a human heart post-mortem was 
carried out at the end of the 1 8th Century in Turin by VASSAL I ,  G I U LIO 
and ROSSI , but i t  is not known how so01' after the execution the) carried 
out this research . In a report to the Ital ian Society of Sciences on re
search with decapitated criminals ci ted by A ld ini they described one of 
the ir  methods : «En armant Ia moe l i e  epiniere par le moyen d 'un cyl ind re 
de plomb enfonce dans l e  canal des vertebres cervicales, et en portant 
ensu ite l ' une des deux extn�mites d ' un arc d 'argent sur Ia su rface du 
coeur, et ! ' autre a ! ' armature de Ia moelle epiniere .  Le coeur, qu i ,  dans 
l ' ind ividu soumis au galvanisme, jou issai t  encore d ' une grande vita l i te ,  
presenta aussitot des contractions tn':s visibles et assez fortes . »  

This result does not stand alone, since from even earl ier times a case 
was known of therapeutic appl ication of electric current. Ald ini 
mentioned the successfu l  rean imation of a three year old chi ld ,  who had 
fal len downsta irs ,  described in the records for 1 7 74- of the Royal Human 
Society : ' E lectric pu lses appl ied to d ifferent places on the body had no 
success . When pulses were given through the thorax, a small pu lsation 
was to be noticed . '  The chi ld recovered completely , accord ing to the 
report. This single success was overshadowed however by many fai l u res 
of attempts at galvanic reanimation of the heart. Electrotherapy had , as 
yet, found no acceptance as a method of combatting card iac arrest. 

After experiments in 1 8 58 WALSHE  suggested in 1 8 6 2  the possible 
i mportance of faradic  stimulation of the nervi sympatici of the heart in 
treatment of card iac arrest. 

Unfortunately Walshe did not give spec ific detai ls of this suggestion, 
but DUCHENNE DE BOULOGNE in 1 8 7 2  pronounced that - « ! 'excitation 
e lectrique rythmee de Ia region precordiale qui ci rconscrit Ia  pointe du 
coeur est I 'un des mei l leurs moyens de combattre les syncopes par arret 
card iaque. » 

Duchenne de Boulogne elaborated this in  his so-cal led ' main electri
que» in which one e lectrode is placed somewhere on the skin of the pa
tient, the other electrode being held in  the physician 's right hand ; by 
then placing the back of the left hand rhythmica l ly on the precordial area 
of the patient' s  thorax the physician should be able to produce contrac-
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t ions of the heart-muscle .  Duchenne de Boulogne claims to have success
ful ly stimulated in this way the heart of a d iphteria patient w ith brady
card ia .  

Further experiments were carried out  throughout the 1 9th Century .  
According to HYMAN by 1 9  3 2 s ixty-five publ ications on the electrical 
stimulation of the heart had appeared since Walshe '  s publ ication in 1 86 2 .  
Subsequently, many people have proceeded from a knowledge of the 
neuromuscular mechanisme of the heart to try to achieve reanimation 
by stimulation of the sympathetic nerves, although not al l have fol lowed 
Walshe ' s  ideas . 

JOHN A .  MC .  WI LLIAM ( 1 8 89) appl ied the current d i rectly to the heart. 
He saw that the stimulation of the heart w i th faradic or galvanic current 
used by h im often brought the ventricles to ' fibri l lar contractions or 
heart del i rium . '  Me. Wi l l iam conjectured on enhanced sensitivity to 
fibril lation of the arrested and therefore hypoxygenated heart. On the 
other hand hearts inhibited by stimulation of the vagus nerve responded 
to - 'a period ic series of single induction shocks, sent through the heart 
at approximately the normal rate of card iac action (6o-7o/m in) . ' The 
heart fol lowed the pulses , w hich in animal experiments were appl ied 
eli rectly on to the apex of the ventric les during thoracotomy , and the 
blood pressure rose. Mc .Wi l l iam recommended the above-mentioned 
method for reanimating hearts inhibited i n  such a way . He noted that 
to produce proper contractions of the '' ho le heart large electrodes 
should be used (e .g .  large sponge electrodes) one being appl ied on the 
anterior thoracic wall and the other on the back near the 4th thoracic 
vertebra . 

Forty years later, in 1 9 2 9 ,  at a med ical congress in Sydney, GOU LD 
demonstrated an electrical apparatus for heart stimulation. This con
sisted of an indi fferent plate and a positive needle-electrode, which was 
put in the heart and Gould reported the case of a baby reanimated by 
such stimulation. 

The definitive foundation for electrical stimulation of the heart as i t  
i s  appl ied today depended upon the development by Hyman of apparatus 
and methods which led to a sound experimental basis . In 1 9  30 trans
thoracic i ntracard iac injections were the most important therapy for 
cardiac arrest, but mechanical stimulation of the heart by means of pres
sure on the precordium and d iaphragm was also customary .  In his 
analysis of these methods of therapy Hyman recorded 2 �o patients as 
having been treated in this " ay w ith posit ive results of the injection i n  
2 s-% o f  cases. Epinephrine was usually the choice for intracardiac i n-
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jection, but eter (BOLTON 1 9 2 6) ,  caffein (BlANCHETT! 1 9 2 6 ,  W IECKOWSKI 
1 9  2 8) ,  dextrose (! MERMAN 1 9  2 7) ,  sod iumthiosulfate (ziMMAN 1 9  2 8) ,  
campher, d igita l is ,  strophanth ine and many other preparations were a lso 
used . According to an i nvestigation by VOGT they a l l  proved more or 
less successful and Hyman concluded that ' the variety of the heart i s  
probably not specific to any pharmacodynamic action, but that other 
factors are responsib le for the resuscitation of the heart. ' 

Not only Hyman came to this conclusion. In 1 9  2 8 KORBLER published 
his surmise, that 'e in geschadigtes Herz durch das einfache Anstechen 
zur Wiederaufnahme der Tatigkeit angeregt werden kann. ' Correspon
d ingly Hyman found that the wound in the heart resu lting from h is 4-· 5 
inch long steel needle  was ' a  focus of increased sensitivity from which 
extrasysto les originated that changed into a normal sinus rhythm ,  i f  
action was taken promptly after card iac arrest . ' This method was not 
optimal since damage was caused to the myocardium as a result of the 
repeated punctures and lesions of the coronary vessels were also a risk . 

In 1 9  3 2 HYMAN concluded : ' Since the ent ire phenomenon of stimu lus 
production as the resu lt  of the mechanical irritation of the need leprick 
is dependant on the development of d ifferences in electric potentia l ,  it 
would seem that a contro l of the latter factor might favourably aft'ect 
the chances of myocard ial contractions. The need le prick i nitiates only 
a s ingle card iac contraction' , and ' if the electric difference of potential 
could be rhythmica l ly  developed during this period of card iac standsti l l ,  
i t  would appear a priori that regular contractions of the heart would 
fo l low, and under such artificial stimulus production an automatic acti
vity of the entire heart might be maintained . '  

I n  1 9 2 7 Hyman had al ready developed an apparatus that rhythmical ly 
stimulated a heart-lung preparation. The apparatus consisted of a Fiertz
Kaufman induction-coi l stimulator with a rotating polyphasic interruptor, 
which permitted farad ic current to be appl ied d i rectly to the heart 
muscle, al though thi s  apparatus cou ld not be used to resuscitate a stopped 
heart. To ful fi l  that function an apparatus was needed which provided 
an i mitation of the impulse from the S-Anode and which passed this 
impulse to the heart in such a way as to produce a normal heart con
traction. The latter condition was met by choosing a special needle
electrode having the positive and negative poles c lose together on the 
same need le .  

In co-operation with the E lectrophysical Department of New York 
University Hyman succeeded in  1 9  3 2 in constructing an apparatus for 
stimulation (fig. I I I- 2 )  which generated satisfactory impulses. S ince 
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Hg. l l l- 2 .  First 7 , 2  KG 'artificial pacemaker' afte1· Hyman ( 1 9 3 2) .  See text. 

batteries were not very reliable at that time and had a useful l i fe of only 
s i x  months, a special magneto-generator was chosen for the po·wer 
supply .  A spring wound motor w ith a bal l istic governor was used to spin 
the generator for a period of s ix m inutes and a rotary two-phase inter
ruptor d isc control led the duration and speed of the electric current 
del ivered to the output terminals . In this way ,  Hyman was able to re
suscitate the heart after a period of up to 1 4  minutes of ventricular 
standsti l l .  He  introduced the electrode into the right atrium to reduce 
the risk of ventricular fibri l lation as much as possible .  

Three years later the designer says of his apparatus : 'S ince it was con
ceived as a substitute for a non-functioning normal sinus nodal pace
maker, it has been cal led the 'artificia l pacemaker' .  This was the first 
occasion on w hich an 'artificial pacemaker' was bui l t ,  and the first use 
of the term. 

A disadvantage of this first 7. 2 kilo 'artificial pacemaker' was that the 
spring had to be wound up every 6 minutes , to keep the generator 
spinning, but this was of minor  i mportance as the apparatus was not 
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meant for long-term appl ication. The most significant point was that 
this apparatus laid the foundation for a w ho le new field of electro
therapy, so Hyman was completely j ustified in his remark that 'The use of 
the artificial pacemaker gave "vay to a fu l l  acceptance of i ts use, and al
though the number of patients successfu l ly treated by this method is sti l l  
very smal l ,  a more or less widespread adoption  o f  the method would 
unquestionably show the val id i ty of the procedure . ' 

Widespread use and further development of artificial pacemakers 
begin about 1 9  50 ,  and this development is the subject of the second part 
of th is chapter .  

I I . D E V E L O P M E N T  A FT E R  1 9 3 2 

Most researchers focussed their investigations on the problem of re
animation i n  cases of  card iac arrest. Nowhere a c lear description was 
given of the forms of c i rculatory arrest in which e lectrical stimulation 
of the heart would be an appl i cable therapy, al though Hyman did give 
an ind ication  in 1 9 3 5 when he wrote : 'The normal healthy heart which 
stops from extracardiac causes is the type which is most susceptible to 
resusci tation by intracard ial injection or by the use of the artificial pace
maker. '  

By ' extracardiac causes ' Hyman meant : 
neurogenic syndromes, 
hyperthyroid ism, hyperadrenal ism , hyperinsu l inism , 
d isturbances i n  the major neuro logic control of S-A node area . 
Other causes of card iac arrest such as - ' cardiac standst i l l  because of 

progressive conduction changes ' are mentioned by Hyman, but here 
he saw no therapeutic poss ib i l i t ies for the pacemaker. 

After Hyman, other researchers also d irected the i r  attention to cardiac 
standsti l l  result ing from extracard iac causes and one recent example i s  in  
the increasing development of heart surgery ; especial ly heart surgery 
under hypothermia ( 1 9 50 BOEREMA in Amsterdam and BIGELOW i n  
Toronto) expands . I n  the early days o f  such operations cardiac arrest 
was rather frequent because of lack of experience of the many d ifferent 
causes . 

Nevertheless, i n  this period just after 1 9 50 when cardiac surgery 
developed , another poss ib i l i ty for the use of an artificial pacemaker was 
d iscovered , which later proved to be the most important appl ication . 
At this t ime ZOLL was searching for means to deal with temporary ventri
cular standsti l l ,  starting from the considerations that ' in  patients wi th 
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complete heartblock, the card iac standst i l l  may be transient, causing the 
Stokes-Adams syndrome' and noting that ' intravenous or intracardiac 
injections of epinephrine ,  myocard iac stimulation w i th a needle and 
d i rect card iac massage after emergency thoracotomy have been employed 
successfu l ly in some cases, but they are intrinsica l ly hazardous and 
difficult ' . Jn 1 9  .P ZOLL publ ished the successfu l  use in 2 patients of ' a  
quick, s imple ,  effective and safe method of arousing the heart from 
ventricular standsti l l  by an artificial externa l ,  electric pacemaker. ' He 
succeeded i n  counteracting Adams-Stokes attacks w ith intermi ttent 
pacemaker stimulation and in reanimating both patients to an idio
ventricular rhythm '' ith sufficient c ircu lation. 

This " as pmbably not the fi rst app l icat ion of a pacemaker on patients 
with complete heartblock and Adams-Stokes attacks. The successfu l  
appl ication by DUCHENNE DE BOULOGNE i n  1 8 7 2  of the ' main electri
que' on a patient " ith a slow pulse and d iphteria was almost certainly 
the very fi rst case. Zol l  ' s  success hm' ever gave rise to the great develop
ment of pacemakers w h ich is sti l l  continuing. 

This development is partly the result of experience gained , but also 
depends to an important extent on the widespread and rapid develop
ments in the field of electronics, stimulated amongst other things by 
space-fl ight exploration. 

Jn the two patients mentioned in  his publ ication of 1 9  . P ,  ZOLL used a 
completely etternal system with skin electrodes upon the thoracic wal l .  This 
stimulation technique has many disadvantages, among w hich are the 
need for h igh voltages and the unpleasant muscular contractions expe
rienced by the patient. These and other d isadvantages, to be d iscussed 
later, persisted in spite of i mprovements made by ZOLL et a/. ( 1 9 54) . 
Other workers also used Zol l ' s technique (DOUGLAS and WAGNER 1 9 55 ,  
LEATHAM,  cooK and DAVIES 1 9  56)  but  '' ere unable to  i ntroduce i m
provements sufficient to make long-term c l inica l  appl ication of this 
stimulation technique acceptable .  For short-term stimulation this me
thod is sti l l  used , among others ,  in the form of the pacemakermonitor  
(BOUVRAIN and ZACOUTO 1 9 59 ,  NICHOLSEN et a/. 1 9 59). 

J n  1 9  57 SHAFIROFF and LINDER attempted stimulation of the heart by 
electrodes in the oesophagus. This technique had too many practical dis
advantages however, and was not elaborated . 

Throughout this period evolution of card iac surgery continued . In 
1 9 54 L I LLEHE I  and VARCO closed the fi rst ventricular septal defect and a 
year later the first cirrestor was constructed by DE WALL and LILLEHE I . 
Jnitial ly lesions of the atrio-ventricular conduction system and card iac 



arrest were frequent and in 1 957 WEIRICH , GOTT and LILLEHEI  for the 
first time placed electrodes d i rectly on the ventricular wal l for treatment 
of iatrogenic heartblock. In this way they were able to increase the 
heart rate and to restore sufficient c i rculation. The same transthoracic 
method was used by OLMSTEDT, KOLFF and ESSLER and by BROCKMAN ,  
WEBB and BAHNSON i n  1 9 5 8 ,  fo l lowed by many others .  They placed one 
electrode in the heart, the so cal led monopolar stimulation , wh ilst in 1 959 
H U NTHER et a/ . implanted both the positive and the negative el ectrode in 
the heart, producing so-cal led bipolar stimulation . 

Simultaneously \V i th this transthoracic method , another d i rect stimu
lation technique for the heart was developed , the transvenous method. 
After experiments of BIGELOW, CALLAGHAN and HOPPS ( 1 9 50 ,  1 954) in 
1 9 59 FU RMAN and SCHWEDEL succeeded i n  stimulating the hearts of 
patients via the right ventricular endocardium '' i th a catheter electrode 
inserted through the j ugular vein into the right ventric le .  

Al l  the above-mentioned electrodes had to be regularly suppl ied w ith 
energy from outside, and so were connected to large external pulse
forming apparatus . Success was later achieved in providing power
packs with a longer l i fe-time, and in reducing the size of the apparatus 
so that it was easier to carry about, making the patient more mobi le .  
One disadvantage of a l l  these methods however, was the percutaneous 
lead connection from the external pulse-forming apparatus to the 
internal heart e lectrodes. At the perforation of the skin many break
ages of the leads occurred whi lst the leads themselves formed a point of 
entry for infections. 

VERZEANO,  WEBB and KELLY in 1 9 5 8  avoided this d isadvantage with 
the magnetic impulse transmission. In this technique a secondary co i l ,  
s i tuated under the skin, was connected w ith myocard ial e lectrode leads. 
The pulse-forming section of the apparatus w as s ituated extra-corporal ly 
and stimulation pulses were induced in the subcutaneous coil from a 
primary coi l  placed in al ignment with the subcutaneous coi l .  Skin 
perforation by the leads was thus avo ided . ABRAMS, H U DSON and LIGHT
WOOD ( 1 960) and SUMA ,  FUJ IMOR I ,  M ITSU I  et a/ . ( 1 9 65) Used the same 
techniques. 

GLENN ( 1 9 59) and CAMMILL I ,  POZZ I ,  DRAGO et a/ . ( 1 9 6 1 ) attempted to 
apply the same principle by means of electro-maanetic waves (modu lated 
rad io-waves) emitted by a transmitting coi l  and detected by a receiving 
co i l .  In 1 96 2  CAMM I LLI , POZZI and DRAGO no longer had to make use of 
internal thoracic wi res, as they placed a receiving coi l d i rectly on the 
myocard ium, the electrodes being an integral part of this receiver. 

3 7 



The magnetical l y  or electro-magnetica l ly coupled pacemaker means a 
great burden for the patient who wi l l  have to l ive with a transmitter 
constantly attached to his chest. In view of this, most investigators 
bel i eve in  the idea : ' out of sight, out of m ind ' .  

Technical advances enable  ELMQVIST and SENN ING to develop a fully 
implantable pacemaker i n  1 9 59 . However the pacemaker batteries had to 
be recharged inductively from time to time, due to the smal l  capacity 
of the powerpack .  In 1 96o they developed a pacemaker with a power 
supply providing sufficient energy for several years . In that year also 
ZOLL et a/ . , KANTROWITZ and CHARDACK ,  GAGE and G REATBATCH al l  
achieved the same object. 

The i mplantable  pacemakers produced impulses with a fixed freguen
cy, output and pulse-duration. Subseguently however, VAN DEN BERG , 
HOMAN VAN DER HE IDE ,  N I EVEEN et a/. ( 1 96 2 ) ; DAVIES ( 1 96 2 ) ; RAILLARD 
( 1 96 2 ) ; KANTROWITZ et af . ( 1 96 2) ; CHARDACK ( 1 9 6 2) and G LASS , SHAW 
and SMITH ( 1 96 3)  constructed implantable pacemakers w i th l im i ted 
adjustable variations in the electronic circuit .  

Catheter electrodes were also connected w ith fu l ly implanted pace
makers by LAGERGRE N and JOHANSSON ( 1 9 6 3 ) ,  SIDDONS and DAVIES ( 1 9 6 3 )  
and others . 

An attempt by FOLKMAN and EDMUNDS ( 1 9 6 2 )  to construct a drug 
pacemaker, possibly i n  combination w i th an implantable  pulse-forming 
apparatus, fai l ed in longterm appl ication. 

The electronic possibi l it ies expended rapidly s ince the early c l inical 
appl ication by ZOLL in 1 9  5 2 .  These poss ib i l i ties assisted FOLKMAN and 
WATKINS ( 1 957) and STEPHENSON et a/. ( 1 9 59) i n  constructing a P-wave 
triggered pacemaker . Here the function of the atrio-ventricular node and 
the bundle of His  was partly taken over by an electronic c i rcuit .  An 
epicard ial atrial e lectrode detected the P-waves of the atrium,  and passed 
these signals on to the pulse-forming apparatus, which after a delay ,  
corresponding to  the delay t ime of  the conducting system, emitted an 
i mpulse to stimulate the ventricles . In 1 9 6 3  NATHAN ,  CENTER et a/ . and 
also BONNABEA U ,  B I LGUTAY,  STERNS, W INGROVE and LILLEHE I  SUCceeded 
in making implantable pacemakers of this type . 

Two years later, in 1 9 65, RODEWALD et a/ . succeeded in  detecting 
the P-wave of the atrial endocardium w i th a catheter electrode which 
was connected to an implanted pulse-forming apparatus, which in i ts 
turn passed i mpulses to a second catheter electrode, thus stimulating the 
right ventricle. 

The same i dea is appl ied in the development of the 'on demand pace-



maker' . The 'on demand ' pacemaker is contro l led by the R-waves of the 
QRS-complex, detected (in)d irectly from the ventricle and induces only 
ventricular contractions when the heart-frequency decreases below the 
fixed pacemaker frequency. The R-wave control led pacemaker i s  known 
i n  two types. The one type, the R-wave triggered pacemaker, is a modi
fication of the P-wave triggered pacemaker and functions continuously 
(DONATO and DENOTH 1 966) .  In the other type, the R-wave blocked 
pacemaker, the pacemaker impulses are blocked by the ventricular con
tractions i f  the heartfrequency is h igher than the fixed pacemaker fre
quency (LEMBERG et a/. 1 96 _5", VAN DEN BERG and THALEN 1 96_5" ,  MEYER 
et a!. 1 966) .  The first c l inical appl ications of i mplantable versions of 
both types were reported i n  1 966 .  

A survey is given above of the development of the ' artificial pacemaker' , 
which is now employed especial ly i n  the treatment of atrio-ventricular 
block with Adams-Stokes attacks. In this overal l  picture it was not 
poss ible to specify the various stimulation methods especial ly with 
respect to their advantages and d isadvantages . Such a specification is the 
subject of the next chapter. 
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Methods of stimulation C H A P T E R  I V  

The various designs of the st imulation apparatus, the i mpulse trans
mission and the electrodes are d iscussed in separate chapters . There is 
a great variety in  the designs of these three components , so that several 
combinations are possib le .  A combination of stimulation apparatus, 
impulse transm ission, and two or more electrodes consti tutes an 
artificial pacemaker, which represents a method of stimulation . 

In the accompanying d iagram (fig. IV- 1 )  an outline is given of a l l  
combinations which have been or are sti l l  being used for electrical 
stimulation of the heart. The various methods of stimulation are 
dealt with in chronological o rder of their development. 

Whenever a change is made in  either the stimulation apparatus, in the 
i mpulse transm ission or in the electrode of a pacemaker, giving rise to 
a fundamental ly d ifferent method of heart stimulation, then this is con
sidered to provide a new method of stimulation . Applying this norm, 
ten methods of stimulation can be d istinguished : 

1 .  completely external system ; ind irect, d iffuse i mpulse transm ission, 
2 .  external stimulation apparatus ; semi-d i rect i mpulse transmission via 

oesophagal electrode, 
3 .  external stimulation apparatus ; d i rect i mpulse transmission by 

transthoracic leads and intramural or epicardial electrodes, 
4· external stimulation apparatus ; d i rect impulse transm ission via 

transvenous leads and endocardial electrodes, 
5. external stimulation apparatus ; magnetic i mpulse transmission, 
6. external stimulation apparatus ; electro-magnetic i mpulse transmis-

sion, 
7. i nternal asynchronous system, 
8 .  drug pacemaker i n  combination with electrical pacemaker, 
9 .  i nternal P-wave triggered synchronous system, 

1 o .  i nternal R-wave contro l led on demand system . 



After reviewing the principle and the development of each method , the 
advantages and d isadvantages are examined insofar as they are related to 
the fundamental a lterations, d ist inguish ing the next method from those 
preceding. In d iscussion of any technique therefore reference is made to 
advantages or otherwise of preceding methods .  

I .  C O M P L ET E L Y  E XT E R N A L  S T I M U LAT I O N  S Y ST E M  

Stimulation by the completely external stimulation system invol ves in
d i rect and d i ffuse stimulation of the heart, either by d isc electrodes on 
the thoracic wal l ,  or  by needle electrodes in the subcutaneous tissue of 
the chest, which are connected by l eads to an external stimulation unit 
(fig. IV-2 ) .  

Animal research 

The principle of the artificial pacemaker had al ready been appl ied by 
Hyman in patients w ith card iac arrest resulting from extra-card iac 
causes , as described i n  the preceding chapter. 

ZOLL ( 1 9 5" 2 )  also appl ied this method in patients w ith complete heart 
block and Stokes-Adams attacks . In order to determine the optimal 
pacemaker frequency and impulse shape he stimulated dogs, in w hom 
cardiac depression had been induced by administering Quinidine. The 
apparatus used was a thyratron physiologic stimulator w hich gave period ic ,  
monophasic, rectangular D.C.  impulses . These had a voltage adjust
able up to 1 3 0 V and a duration adjustable between 2 - 2 o  msec . and 
proved to be effective for canine hearts . 

Clinical application 

ZOLL ( 1 9 5 2) was the first to apply the method on 2 patients , using need le 
electrodes. Later, these were replaced by round metal d iscs with a 
d iameter of 3 em on the thoracic wal l  and fixed by means of an elasti c  
strip around the thorax. 

The electrodes may be placed anywhere on the thorax provided there 
is sufficient conduction of current through the heart. The negative 
electrode is usual ly attached near the apex (V 5-V s) and the positive 
electrode on the right half of the thorax near V 3R V 4R. The optimal 
l ocation and polarity of the electrodes can be chosen according to the 
lowest stimulation threshold . To ensure good contact w ith the skin, 
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electrode paste should be used and rene\\ ed frequently. In order to 
prevent a short-circu it  occurring along the surface of the skin, the d istance 
between the electrodes should be minimal ly 7-8 em, and the skin 
between the electrodes should be d ry .  

Fig. IV- 2 .  Scheme of completely external stimulation 
system, diffu�e impulse tran;mission. 

Need le  e lectrodes in the subcutaneous tissue pose less problems. 
They need no paste, and are s imple to attach . For this reason they are 
preferable  to d isc electrodes, especial ly for contro l  of the heart rate 
under anaesthesia (NICHOLSON, EVERSOLE et a/. I 9 !)9) · 

After this c l i nical appl ication in I 9 !) 2 ,  several researchers used this 
method . The stimulation values , as used for the first investigations are 
contained in Table IV- I . 

TABLE IV- 1 .  Types <if' impul<e.< used in ear!r report< '![ external md1rect stimulation 

shape of impulse duration voltage current 

ZOLL 1 9 5 2  rectangular 2- 20 msec 1 3 0 v not mentioned 
ZOLL 1 9 54 rounded 2 - 3  msec 0- 1 5  v 7 5- 1 5omA 
D O U G LAS 1 9 5 5  rectangular 2 msec 70 v not mentioned 
LEATH A�! 1 9 56a rectangular 20  m�ec 40 v 2 5  mA 
LEATHA M  1 9 56b rectangular 1 -4 msec 40- 2 00 v not mentioned 

The stimulation frequency used , varied from _s-o-90 impulses per minute . 
An i mpulse duration of 2 - 3 msec was chosen by Zol l  in later models , on 
the grounds that i mpulses of less than 2 msec requ i red Far more voltage 
and current, whi le the voltage and current requ ired for i mpulses of 
longer duration did not diminish appreciably. A lso , long i mpulses in
volved the risk of mult iple responses to one stimulus .  LEATHAM ( t 9 !)6) , 
in h is second stimulation unit, developed by DAVIES, also reduced the 



i mpulse duration s ince serious skin i rritations had resulted when an 
impulse of 2o msec . was used . 

The i mpulse shape is usual ly rectangular, al though in  Zol l 's second 
stimulator ( 1 9 54-) a d ifferent shape (monophasic rounded) was used 
because a variety of other waveforms (monophasic and biphasic spike, 
monophasic and biphasic recti l inear and s inusoidal) were found to be less 
effective. Later ZOLL and L INENTHAL ( 1 96o) used a rectangular pulse 
aga in for implanted pacemakers . I t  appears that the threshold values for 
stimu lation via electrodes on the skin of the chest vary from patient to 
patient and from measurement to measurement. The mean values vary 
from 4-5- 1 oo volts ,  a t  a current of 7 5- 1 50 mA (ZOLL et a/. 1 9 5 5) . 

The decision to discontinue stimulation is based upon satisfactory 
changes in  the periphera l  pulse, the ECG or  blood pressure .  Thereupon, 
the voltage of the pacemaker is slowly reduced until the heart is no longer 
being stimulated . Stimulation can be definitely discontinued when s inus 
rhythm or a sufficiently rapid id io-ventricular rhythm has returned , but 
this rhythm should then be monitored closely for 2 to 4- days . In  order 
to promote the return of a sufficient idio-ventricular rhythm, pacemaker 
stimulation can be combined with the administration of d rugs ; Epine
phrine ,  Norephinephrine, Ephedrine, Ephedrine Lactate (zou) and So
cl ium Lactate (LEATHAM) have all been used successfu l ly .  

The period o f  stimulation may be  short in cases of brief fainting attacks 
or in a series of brief attacks. Sometimes, however, the spontaneous 
idio-ventricular rhythm may be i ntermittent or too slow, or sometimes 
i t  may not appear at al l .  In these cases it is necessary to continue stimu
lat ion often for an extended period to maintain satisfactory c irculation . 
Thus Zol l  appl ied longterm stimulation to 2 o  of 2 7 patients reported in  
1 9  55 ,  with a maximum uninterupted stimulation time of 1 09 hours, 
whi le others needed stimulation t imes of 7 days (DOUGLAS and WAGN ER 
1 9 55), 1 6  days (PEARCE and NORDYKE 1 9 57) and even 58 days (LEVOWITZ 
et a/. 1 96o). 

These experiences have shown that i t  is possible to keep a patient 
al ive in this way during ventricular asysto le lasting for hours to days . 
However, ventricular contractions cannot be aroused by this method of 
stimulation if c i rculatory arrest occurs due to tachycard ia or ventricular 
fibri l lation. 

Advantages and disadvantages 

The new electro-therapy made i t  possible to abol ish ventricular stand-



sti l l  rapidly, s imply, efficiently and safely, rendering intracard iac in
j ections or d i rect heart massage after emergency thoracotomy no longer 
necessary. As is the case with each new therapy , the d isadvantages were 
only brought to l ight clearly during general appl ication on a wide scale 
in spite of all prior investigations. 

Advantages 

A .  External stimulation apparatus 

1 .  Adjustable stimulation . Because the stimulation unit is s ituated extra
corporal ly, the stimulation can be adjusted for frequency , pulse-shape 
and pulse-ampl i tude. In order to maintain optimal stimulation the values 
may be adjusted during the long term stimulation . 

2 .  D�fects simple to trace and repair .  Since the stimulation unit is s ituated 
extracorporal ly, defects in the apparatus can be rapidly traced and re
paired . 

3 .  Unlimited eneray supp[y .  External stimu lation requires h igh vol tages . 
The requ i red energy may be obtained by connecting the apparatus to 
the mains so that stimulation can take place without the energy supply 
l imi ting the duration of use of the method . 

Due to developments in the field of electronics and more efficient 
d i rect cardiac stimulation it became possible to stimulate the heart for 
long periods by small battery powered units ,  and in these cases i t  is 
easy to renew the powerpack by s imply exchanging or recharging the 
batteries. WEIRICH et a/. used such smal l  stimulators as early as 1 9 .) 8 ,  
while THEVENET et a/ . treated 2 6  of  the ir  H patients by battery powered 
pacemakers in the same year. 

4· Simple termination cif stimulation . In case of a return to sinus rhythm ,  
artificial stimulation can be simply terminated thus avoiding interference 
between the natural and artificial rhythms . 

B .  Diffuse impulse transmission 

1 .  Location cif the electrode l'ariable. Since the method of d iffuse stimu
lation transmission is concerned here, no particular e lectrode location 
is ind icated , and the electrodes may be fixed i n  various places on the 
thorax.  



C.  Electrodes 

1. Electrodes rapidly fixed. It is an advantage that the electrodes can be 
attached rapid ly ,  particularly in  emergencies .  When d isc-electrodes 
are used the skin however should first be well rubbed with electrode
paste . This is unnecessary when using needle-electrodes . 

2 .  Drifects rapidly traced and repaired. Regular inspection of the electrodes 
is essential . Defects can be detected rapidly and are s imple to correct 
by replacing the electrode. 

Disadvantages 

A .  External stimulation apparatus 

I. Restricted mobility . To obtain the high voltages needed for this method 
of stimulation the apparatus is general ly connected to the mains, which 
restricts the mobi l i ty of the patient. The small battery powered units 
which were developed later, cou ld be carried by the patient in a special 
belt or bag and so d id not suffer from this disadvantage . However, the 
batteries needed frequent recharging or renewing. More efficient stimu
lators (transistors) and more efficient methods of stimulation (direct) l ed 
to further extension of battery l i fetimes .  

2. Mental stress. The external stimulator puts a psychological stress on  
the patients, because i t  reminds h im of h i s  dependence on the vulnerable 
pacemaker (FAIVRE, G I LGENKRANTZ and RENAUD, 1 964) . 

3 .  Difficulties and risks accompany ina the use cif the electrocardioaraph .  
Monitoring these patients by electrocardiograph is d ifficult .  In  cardio
graphs w ith A . C. input (with condensors in the i nput c i rcuit), monitoring 
is d ifficul t  because the deviations caused by the relatively large stimu
lation impulses are too great. E lectrocard iographs with D .C .  input do 
not have this disadvantage. 

Care should be taken in earthing the patient and the apparatus, be
cause of the risk of e lectrocution, and both should be earthed by only one 
lead . This cond i tion can be met by earthing the electrocard iograph and 
other apparatus via the pacemaker and by earthing one of the stimu
l ation electrodes . The customary method of earthing the patient by 
the right l eg may therefore not be employed here (see also Chapter IX) .  
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B .  D!ffuse impulse transmission 

I .  Contractions �f the thoracic muscles. The h igh currents th rough the 
thoracic electrodes not only stimulate the heart, but also cause con
tractions of the thoracic  muscles ,  especial l y  the pectoral musc les . These 
contractions may be reduced by administering muscle relaxent drugs . 

2 .  Sensations C!f pain . The muscular contractions are accompanied by 
pain, which is not adeguately rel ieved by local infiltration of Procaine 
hydrochloride .  Somewhat better results are obtained by adm inistering 
Meperid ine hydrochloride or Paraldehyde and the pain also l essens 
as stimulation progresses . Both the muscular contractions and the 
painfu l sensations are particular d isadvantages when applying this me
thod to chi ldren. 

J .  Stimulation ?f. the diaphragm . Occasional ly the d iaphragm muscles 
are stimulated . REIFF et a/. ( 1 9 )7), LEVOWITZ et a/. ( 1 96o) and DE vos 
( 1 96 2)  recorded a reaction by the d isphragm muscles to the pacing 
stimulus and this was sometimes accompanied by contractions of the 
abdominal muscles. These contractions d isappeared when the electrodes 
were moved . ZOLL ( 1 9 5"4.) once observed a case of apnoea, when the 
d iaphragm muscles were stimulated via the electrodes (7- 8 th i . c . s . )  and 
interference w ith the respi ratory rhythm occurred . This symptom d is
appeared when the electrodes were moved to the 4-sth i . c . s .  

4. Rise ?f .  the stimulation threshold. Some authors found that the  longer 
the stimulation lasted , the h igher the threshold current became. ROSEN
FELD and SEGALL ( 1 9 55) were forced after some time to apply the maxi
mum voltage of the ir  stimu lation unit ( 1 50 Y) in  two of thei r three 
patients . After 6 3 hours and 70 hours of continuous stimulation respec
tively ,  even 1 so Y was ineffective in these cases, the heart could no 
longer be stimulated , and the patients d ied . 

LEVOWITZ ( 1 9 59) too ,  reported having to increase the voltage in  the 
first 3 days from 52 to 70 V for effective stimulation in one of his patients . 
In  the fo l lowing fou r  weeks , the voltage had to be increased again .  
He thereupon decided to implant an i ntramural heart-electrode which 
had been developed in the meantime. DE vos made a s imi lar observation 
in 1 96 2 .  

s .  Pericardia/ andjor myocardial chanses. The guestion as to whether peri 
card ia! andjor  myocardial changes appear as result of the electrical stimu-



lation has sti l l  not been settled . ROSE and WARTONICK ( 1 9  H) argued 
they could demonstrate such a connection ;  they stimulated a patient 
intermittently for 46 days, the longest period of continuous stimulation 
being 2 6  hours ,  until fina l ly the heart no longer responded to stimulation. 
At the autopsy they found a hyperaemic pericard ium with apparently 
inflammatory changes, which they ascribed as due to the e lectrical stimu
lation. RE IFF et a/ .  ( 1 9  n) also observed pericard ia! lesions at an autopsy 
after 40 hours '  stimu lation. S ixteen hours before the patient d ied he 
developed a pericardia! rub. On the other hand, others (LEATHAM, 
ROSENFELD and ZOLL) never found s imi lar lesions. (see a lso E lectrodes : 
skin irritations). 

C. Electrodes 

I .  Skin irritations. The skin electrodes can cause i rritation and skin 
lesions which resemble burns and may change into ulcerations after as 
l i ttle as one day ' s  st imulation . By moving the electrodes several times 
a day and by cleaning and moistening the underlying skin these lesions 
may be minimised . 

These skin irritations are not caused by pressure of the electrodes, but 
by electrical stimulation, as is shown in fig. IV- 3 ,  in which the stimula-

Fig. IV- 3 .  Diagram to eluci
date the occurrence of 
l esions near skinelectrodes. 
R 8 :  resistance of the skin ; 
rt : resistance of the ( inter
nal) tissues. See text. 

tion c ircuit is shown schematical ly. The res istance in the c i rcuit  is 
composed of two parts, R8 , representing the skin below the correspond
ing electrodes , and rt , representing the body tissues between these 
areas, w i th R8 »rt .  

The current i n  the c i rcuit requ i red for stimulation is determined by 
the required current through the heart. The latter current is only a 
smal l fraction of the total current and this means that the total current 
needs to be rather large . As heat is generated in proportion to the 
product of the square of the current, the resistance and the time 
( W -= ai2 Rt cal . ) ,  this means that most of the heat is generated in smal l 
volumes of skin below both electrodes . As the current assumes h igh 
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values during external stimulation skin lesions are caused after sometime 
in the form of burns . Heat generation may be counteracted by moistening 
the skin or using electrode-paste at the contact \\ ith the electrode, thus 
lowering the resistance ( R8) .  The use of electrodes with large surfaces 
is also helpfu l  s ince this reduces current density . 

When needle  electrodes are used lesions occur less rapid ly ,  because 
these electrodes p ierce the skin, resulting in a contact point w i th a 
smal ler resistance. Moreover, should heat be generated i t  is absorbed 
more easi ly by the subcutaneous tissue so that the risk of burns is sl ight. 

It seems i mprobable that the explanation for pericardia! and myocar
dial lesions is analogous to that for the skin i rritations . As the current 
through the heart is smal l ,  I ittle heat is produced . Because any heat 
generated can also be absorbed easily , it is not plausible that pericard ia! 
or myocardial lesions can be produced in this way . 

2. Vulnerable .fiwtion f!f electrodes to skin .  As the electrodes are fixed to 
the skin, there is a danger that they w i l l  be moved or loosened by exter
nal causes, thus interrupting stimulation . 

Conclusion 

It may be concluded that completely external stimulation gives good 
resu lts i n  cases of ventricular arrest and extreme bradycardia, and i n  the 
prevention of ventricular tachycard ia and fibri l lation. 

The d isadvantages of this method of stimulation, especial ly the h igh 
voltage and the concomitant muscular contractions and skin lesions, 
made it impracticable for long-term appl ication. The solutions found for 
these problems are discussed w ith the fo l low ing methods of stimulation. 

Nevertheless , in spite of i ts d isadvantages, completely external stimu
l ation i s  sti l l  employed in  cases of acute card iac arrest, when emergency 
treatment is necessary . 

A special device, the pacemaker monitor, is incorporated in  the pre
sent day monitoring unit, and is discussed together w ith the R-wave pace
maker. 

I I . E XT E R N A L  S T I M U L A T I O N  U N I T, S E M I - D I R E C T  I M P U L S E  
T R A N S M I S S I O N  U S I N G  O ES O P H A G A L  E L E CT R O D E S 

In  this method , the heart is stimulated semi-d i rectly ,  through one or 
more electrodes i n  the oesophagus, sometimes i n  combination w ith a 
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skin electrode, connected by leads to an external stimulation unit 
(fig. IV-4) .  

Fig. IY-4. Scheme of extemal �timulation apparatus 
with semi-direct impulse transmi•sion via oe•ophagal 
electrode,. 

Animal research 

ZOLL ( 1 9 5 2) reduced the heart rhythm in a number of clogs by adm inister
ing Quinidine. The hearts were then stimulated by an insulated electrode 
with a metal t ip, introduced i nto the oesophagus near the superior part 
of the ventricles. A skin electrode over the apex of the heart '' as used 
as a second electrode. 

A l though the heart could be stimulated via these e lectrodes by low 
current i mpulses, the disadvantages of this method w hich w i l l  be d is
cussed below ,  proved to be greater than those of completely external 
stimulation. Therefore no extensive animal research was carried out. 

Clinical application 

In 1 9 n SHAFIROFF and L INDER appl ied this method in patients to evaluate 
in greater detai l  the effect of electrical stimulation of the human heart 
both uncler near normal cond i tions and during periods of operative stress. 
The electrodes they used consisted of a med ium-sized stomach tube, 
around which 5 ring-electrodes were attached at 0 . 5  em intervals . These 
rings were each 1 m wide and were connected inside the tube by con
verging leads connected to the stimulator. A switch a l lowed stimu la
tion by two or more rings . Using this combination of electrodes no 
external indifferent electrode was needed . 

Stimulation was successfu l ly attempted in two groups of patients with 
normal s inus rhythm .  The first group ( 1 6  patients) received no sedation, 
and the heart fo l lowed the impulses during stimulation at a freguency 
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sl ightly above the sinus rhythm,  by a monophasic  rectangular 3 0-50 vol t 
pulse with a duration of 2 o  msec . The stimulation threshold varied , but 
no heart could be stimulated by impulses belo" 1 o volts ,  independent 
of the i mpulse duration .  

The second group ( 1 9  patients) was stimulated under anaesthesia 
during appendectomy or herniorraphy. Stimulation was applied with a 
frequency of 1 00- 1 2 o  i mp.fmin, with a pulse duration of 3 0  msec and a 
potential of 4 vol ts .  A l l  the hearts fo l lowed the stimul i  wel l .  Further 
appl ications of this method have not been mentioned by these or other 
i nvestigators . 

Advantages and disadvantages 

When discuss ing the advantages and d isadvantages of this stimulation 
method in relation to stimulation by completely external means it must 
be borne in m ind that the stimulat ion carried out bv SHAFIROFF and J 
LINDER was only appl ied for a few hours, and that the method has never 
been employed for long term stimulation . 

Advantages 

A .  Semi-direct stimulation 

1 .  Lower stimulation threshold . Semi-d i rect stimulation requires a lower 
voltage and a lower current than completely external stimulation so that 
side-effects i n  the form of muscular contractions and pain are less. It 
should be noted however, that stimulation was applied for short 
periods only. 

Disadvantages 

A .  Semi-direct stimulation 

1 .  Disadvantageous side-1Jects. Stimulation by oesophagal electrodes is 
possible at low stimulation thresholds, but even here the voltage needed 
is 3 o- 50 volts ,  and this was sufficient to produce pain in the fi rst group 
of patients. I f  the stimulation was carried out wi th an impulse voltage 
of more than 70 volts this pain became i nto lerable .  I n  addition to the 
pain ,  diaphragmatic contractions occurred in 3 3% of the patients in the 
fi rst group, al though these were probably  influenced by the l ocation of 
the electrodes . 
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In view of the fact  that the second group of patients was stimulated 
under general anaesthesia with artificial respi ration, no observations 
could be made with regard to sensations of pain, and observations with 
regard to the d iaphragm muscles were not conclusive. 

B. Oesophasal electrodes 

1 .  Lons-term continuous stimulation impossible . Location of an electrode 
in the oesophagus prevents long term stimulation because of d ifficulties 
with nutrition. 

2.  Risk if dama9e to oesophasal tissue. No detai ls are avai lable concerning 
damage to oesophagal tissue resulting from the stimulation , because of 
the short duration and the absence of autopsies. The risk of tissue re
actions s imi lar to those which occur during external stimulation seems 
very real . 

Conclusion 

It may be concluded that it is possible to stimulate the heart in this way 
with impu lses of su itable duration and ampl i tude, but that long term 
st imulation of the heart by this method is not possib le .  The method 
might be practicable for stimu lation of the heart under anaesthesia ,  al
though d ifficulties during induction and termination of anaesthesia due 
to the location of electrodes and leads are l i kely to be considerab le .  

This  stimulation method has never passed the experimental stage 
because of the great disadvantages, and due also to the s imultaneous 
development of d i rect heart stimulation, which offered far wider per
spectives. 

I l l .  S T I M U L A T I O N  W I T H  A N  E XT E R N A L  S T I M U L A T I O N  U N I T  
A N D  D I R E C T  T R A N ST H O R A C I C  I M P U LS E  T R A N S M I S S I O N  U S I N G  
I N T RA M U R A L  O R  E P I C A R D I A L  E L E CT R O D ES 

With d i rect transthoracic impulse transmission, the heart is d i rectly 
st imulated via intramural or epicardial electrodes in or on the heart 
muscle ; these electrodes perforate the thoracic wall and are connected 
to an extracorporal st imul ation unit (fig. IV-s) . 
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I ntroduction 

The techniques of completely external stimulation had shown that appl i 
cation of an artificial pacemaker was an useful therapy in d istu rbances of 
the conduction system of the heart, but i t ' s  use suffered from the dis
advantages d iscussed above. The advances in heart surger) formed the 
d i rect stimulus to the further development of electrical methods of 
stimulation . 

During open correction of many intracard iac defects such as ASD, 
VSD or deformities of the aortic valves the bundle of His w as damaged 
during i ntracard iac manipulations. ALLEN and u LLEH EI ( 1 9 57) reported 
a post-operative heart block in 1 9 out of 1 6 5 patients in whom a ventri
cular septal defect had been corrected by use of the pump-oxygenator. 

Fig. IV-.1".  Scheme of external 'timulation apparatu' 
w ith d irect i mpulse tran•mission ' ia a transthoracic 
electrode ( monopolar). 

This complication occurred frequently , especial ly during the early 
period of development of open heart surgery and gave rise to rapid 
advances in the treatment of iatrogenic heart block. The technique of 
stimulating the heart by means of electrodes attached d i rectly on or in 
the heart during the operation was developed in the hope that this would 
be only a temporary measure. The electrode leads were extended out 
through the skin when the thorax " as c losed , in order to remain con
nected with the stimulator and it was found that the heart could be 
efficiently stimulated at low vo ltages in this way ,  even for long periods . 

A lthough this method w as in fact intended to bridge the post-operative 
heart block period , the method was fina l ly also appl ied in patients w ith 
heart block due to other causes. In these cases a thoracotomy was per
formed wi th the aim of fixing the electrodes to the epicard ial or intra
mural aspects of the heart, and this method thus developed to include 
patients with chronic heart block. 



Animal research 

Direct stimulation by transthoracic electrodes '' as developed by WEI
RICH ,  GOTT, PANETH and LI LLEHEI  who began to study the treatment of 
iatrogenic heart block in 1 9  57 .  Starting From the standard procedure 
For electrical stimulation of an animal heart for investigational o r  
teaching purposes they initial ly created block in  5 clogs by l igating the 
bund le  of His .  They then passed a s i lverplatecl copper w i re welded to a 
surgical need le  through part of the anterior wal l of the right ventric le 
and subsequently cut off the need le .  The lead i tself  w as insulated by 
teflon or polyethyl ene and passed through the thoracic wal l ,  so that i t  
cou ld be eas i ly extracted later. An ind ifferent electrode '' as attached to 
the skin or in the subcutaneous connective tissue. An attempt to stimu
late the heart by electrodes in the left andfor right atrium was abandoned 
because of the h igh voltage required . 

With ventricular wal l  electrodes it was found that the heart could be 
efficiently stimulated w ith a 2 msec . square wave impulse, w ith thres
hold values varying from o . 8-9 V (average 2 , 2 5 Y) at currents of 5-45 mA 
(average 1 8 m  A ) .  

The good results o f  WEIR ICH et a/ . l ed to an extensive study o f  d i rect 
electrical stimulation of the heart. In subsequent chapters concerning 
investigations i nto the problem of electrodes, impulse transmission and 
stimulation apparatus , various factors such as stimulation threshold ,  
monopolar and bipolar stimulation and electrode s ite w i l l  be  discussed in 
more detai l . 

A method of introducing the card iac electrode w i thout resorting to 
thoracotomy was investigated by THEVEN ET,  HODGES and LILLEHE I  ( 1 958) .  
Using the pump-oxygenator they created heart block in  1 5 clogs and then 
c losed the thorax . They then inserted a trocar containing the electrode 
through the thoracic wal l  into the heart muscle ; the trocar w as then 
retracted leaving the electrode in pos ition in the heart. In al l cases the 
heart fol lowed the st imulating impulses ·w el l  w ith th resholds vary ing 
from 2 .  5 to 4,o V. Stimulation was carried out in one case for 1 o clays 
and i n  the other cases for 6 hours .  Postmortem investigation sho" eel no 
mechanical damage of the heart by the w i re, nor was damage found 
which could be attributed to the electric current. 

This method of introducing the card iac electrode was not investigated 
in animal research by others. 



Cli nical application 

A .  Post-operative iatrogenic heart block 

This method was appl ied cl inical ly for the first t ime on 3oth of Januay 
I 9 1)7 by WEIR ICH ,  GOTT and L ILLEHEI and a year later Weirich described 
his experiences w ith I 8 patients . 

The method was especial ly i ntended for stimulation during iatrogenic 
temporary heart block unti l sinus rhythm or an id ioventricular rhythm 
of sufficient frequency returned . When adequate card iac activity re
turned the pacemaker was switched off for a trial period, but remained 
connected to the heart . If a l l  was wel l ,  the electrode was later extracted . 

This method was used by other surgeons such as CLARK, ROss , TAYLOR 
and GEORGE ( I 91)9) · 

B .  Trocar method 

After thei r experiments on animals, THEVENET et al . investigated the 
correct manner of introducing the trocar in the bodies of seven dead 
patients. From these investigations they concluded that the trocar 
should be introduced near the t;th left intercostal space, 6-7 em from the 
mid l ine (4-1) em in chi ldren) . The needle  was then d i rected media l ly ,  
dorsally and cephal ica l ly towards the 2nd right costo-chondral junction 
at an angle of 30° w i th the body-surface so that the right and anterior 
descending coronary arteries were avoided . 

This operation can be performed under local anaesthesia, with the 
patient connected to an electrocard iograph . When the heart has been 
reached some extra systoles appear on the ECG and the needle  is inserted 
a further t; m m  i nto the myocard ium ; the electrode is then pushed 
through the need le which is retracted , leaving the electrode in the 
myocard ium.  The electrode position can be checked by X-ray and should 
be s ituated approximately 2-3 em superior to the inferior edge of the 
right ventricle. A second card iac electrode or stainless steel subcutane
ous electrode near the apex of the heart completes the c ircu i t .  The 
heart electrodes should be connected to the negative pole  of the pace
maker. 

THEVENET, HODGES and L ILLEHEI stimulated I) I) patients by this method, 
the longest period of stimulation being 1)7 days . Others also appl ied this 
method cl inica l ly, particu larly ROSS and HARKINS ( I  9 1)9) and BEL LET et al. 
( I 96o) .  



C.  Thoracotomy 

The trocar method was employed only in  emergency cases and Thevenet 
et a/ . used another solution for patients requiring long term stimulation. 
They state ' should a thoracotomy incision provide a better means of 
establishing a permanent connection of these med ical patients with a 
permanent block, we bel ieve that the therapeutic gains would make such 
an operation entirely feasible, because of the morta l i ty and morbid ity 
of the Adams-Stokes syndrome i n  those more seriously affl icted . '  

The i ntroduction of a thoracotomy for transthoracic d i rect stimula
tion of the heart al lowed a considerable increase in the appl ication of 
electrotherapy for heart block. Later this method was also used in 
combination with implantable pacemakers. 

Advantages 

A .  Direct impulse transmission 

I .  Low voltage and current .  Direct stimulation of the heart is effective 
with weak electrical impulses, so that low voltages are sufficient, the 
stimulation threshold being minimal . 

2 .  No pain or adverse muscular contractions. Due to the low voltage and 
current impulses, the electrodes can be positioned so that no painfu l 
sensations or  adverse muscular contractions are caused . Thus stimu la
tion of the d iaphragm or abdominal musc les and respi ratory effects need 
not occur. In the case of monopolar stimulation, temporary muscular 
reactions may occasiona l ly occur around the indifferent electrode im
mediately after the implantation especial ly if the indiA-'erent electrode 
is located in the neighbourhood of nerve fibres . 

] .  No skin irritations. Due to the location of the electrodes (and the low 
current and voltage) natural ly no skin burns or  ulcerations can occur. 

B. Electrodes 

I .  Rapid insertion £?!electrodes by means £?! trocar. In emergencies ,  the trocar 
method oA-'ers the poss ibi l i ty of rapidly achieving d i rect stimulation. 
The local isat ion and fixation of the electrodes is not optimal in  this case .  

2 .  Optima/ localisation and.fiwtion £?! the electrodes by means f![ thoracotomy.  
When fixing the electrodes by thoracotomy, the surgeon has a part of 
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the heart under d i rect vis ion. He i s  then able to fix the electrode to the 
most favourable place and attach it as wel l as possible. The problems 
arising w ith this method have led to development of a large variety of 
leads and electrodes . This method of fixing heart electrodes is not su it
abl e for emergencies. 

Disadvantages 

A .  Direct impulse transmission 

I .  lrifection enterin9 throuah skin-peiforation cif leads. Because the lead has 
to connect the external stimu lator \\ ith the heart electrodes the skin 
must be perforated . This perforation provides an entry route for in
fections, which may proceed along the lead to the heart (inter al . 
LEVOWITZ et al .  1 960) . 

2 .  Lead.Jracture. A freguent compl ication is fracture of the leads . These 
occur particu larly at the places \\ here the leads perforate the skin, but 
intracorporal fractures also happen (BLU ESTONE et a/ .  1 9 6  5 ) .  This 
compl ication may necessitate rethoracotom) . 

] .  R1se in stimulation threshold. As is the case w i th the completely external 
indi rect stimulation, the stimulation threshold occasional ly rises during 
d i rect stimulation also . If the increase is so great that stimulation cannot 
be continued a fu rther thoracotom\ for attachment of new electrodes 
may be necessary . 

The increase of the stimulation th reshold may be caused , among 
other things, by an infection proceeding along the lead and myocardia l  
tissue reaction. 

4 ·  Pheumo-thora x .  The possib i l i ty ex ists of a ir passing d irectly along or 
through the lead to the thoracic cavity ,  resulting in a pneumo-thorax 
(L INDE and MU LDER 1 965 ) .  

B .  Electrodes 

1 .  Operation . The d isadvantages associated w ith the electrodes in d irect 
transthoracic stimulation are the conseguences of the particular method 
employed , and both trocar and thoracotomy methods have their parti
cular problems. 



Trocar method 

Even if the location  and the angle of introduction of the trocar have been 
selected carefu l l y ,  the method sti l l  entai l s  a certain risk, as the fo l lo,, ing 
disadvantages sho'' . 

a .  !Hyocardial lesions. Due to the insertion and retraction of the trocar 
and the electrode myocard ial lesions may occur, accompanied by haemor
rhages. 

b .  Lesion cij" coronary vessels. The possibi l i ty of damage to coronary vesse ls 
cannot be excl uded in  this 'b l ind ' insertion method . 

c. Pe�forations c1· the ventricular wall. Such perforations have occu rred 
both during animal research (TH EVENET et ol . 1 9 58) and during c l in ical 
appl ications (BELLET et a/ .  1 960) .  

d .  Poor fixation rif the electrodes. The poor fixation of the electrodes in 
the heart is a great d isadvantage of the trocar method . This may be ob
viated to some extent by leaving part of the lead in  the thoracic cavity , 
which wi l l  absorb a great deal of external traction, but respi ratory and 
other movements a re nevertheless capable of shifting or even d is lodging 
the electrode .  

Thoracotomy method 

A lthough even electrodes fixed in this '' ay may become dislodged , the 
great d isadvantage of this method is the thoracotomy i tsel f, w i th its 
i nherent potential compl ications. 

a. Operational risk. Although the operational risk is rather s l ight, it 
should be borne in  m ind that a heart operation is concerned . Since the 
patients have an i rregular heart rhythm, pre-operative control of this is 
des i rable in order to bring the patient into optimum cond ition, wh i l e  
during the operation i tself, control i s  l i kewise des irable i n  o rder that 
the heart may be immediately stimulated in case of compl ications . When 
the heart is exposed , card iac arrest may also be treated by massage and 
el i rect electrical stimulation. 

b.  Pleuro-pulmonary complications. Post-operative p leuro-pulmonary com
pl ications l i ke atelectasis and pneumonia may occur. Diaphragm paresis 
or uni lateral hemiparesis may also arise due to damage of the phrenic 
nerve. 

59 



c. Post-pericardiotomy (Post-commissurotomy) �ndrome. This syndrome was 
original ly reported in relation to other heart operations (N IEVEEN 1 96 2 
inter al .) and was noted to fol low introduction of pacemakers by DREss
LER in 1 96 2 .  The syndrome may occur from 2 - 3  \\ eeks to 6 months 
post-operative! y, and is characterised by intermittent fever and pre
cordial or retrosternal pain, together w i th accumulation of fluid within 
the pericardia !  cavity . 

d. Post-operative thrombosis and embolism . The appearance of thrombosis 
( l ike thrombophlebitis) andfor embo l ism may form a serious compli 
cation. 

2 .  Complications occurrin9 at electrode removal .  At the termination of 
temporary stimulation, com pi ications such as myocardial lesions may 
occur, when the electrodes are being removed by traction. 

Conclusion 

This method of stimulation is now hard ly used for its original purpose 
i . e .  d i rect stimulation in post-operative heart block. Improved ope
rational techniques and more detai led anatomical knowledge, together 
w i th improvements in extracorporal c i rculation have resulted in a con
siderable reduction of the number of patients with iatrogenic heart 
block. Even if block is produced , stimulation is frequently appl ied via 
a catheter electrode - a method to be discussed in the fo l lowing chapter. 
Di rect transthorac ic stimulation , however, was an important improve
ment in spite of i ts many disadvantages and this method of fixing the 
electrodes is sti l l  used frequently in combination w ith an implanted 
stimulato r. 

The d i rect transthoracic trocar method, however, is now very rarely 
used as i ts most important advantage, the rapid  insertion of an electrode, 
is also possible by use of a catheter electrode. This latter method is 
d iscussed in the fol lowing paragraph . 

I V . S T I M U L A T I O N  W I T H  A N  E X T E R N A L  S T I M U L A T I O N  U N I T  
A N D  D I R E C T  T R A N S V E N O U S  I M P U L S E  T R A N S M I S S I O N  

With transvenous impulse transmission, the heart is d i rectly stimu
lated via a catheter electrode, of which one end l ies in the right ventricle, 
whi le the other end is connected to an external stimulator (fig. IV -6 ) . 
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I'U RMAN and ROBINSON ( 1 9 58)  sought a method of stimulating the 
heart d i rectly without resorting to surgery. They concluded that ' the 
only portion of the heart avai lable without resort to thoracotomy is the 
endocard ial surface, which can be approached with a card iac catheter. ' 
Tak ing advantage of  this possib i l i ty they succeeded in  stimulat ing the 
heart d i rectly by means of a conduction catheter. 

Fig. IV-6 .  Scheme of external stimulation apparatu' 
with d irect impulse transmbsion via an intravasal 
catheter electrode (monopolar). 

Animal research 

This method originated from i nvestigations carried out by BIGELOW, 
CALLAGHAN and H OPPS ( 1 9  50) . During experimental heart surgery 
under hypothermia, they often saw normal card iac function cease as a 
result  of ventricular fibri l lation or  card iac arrest. In 1 9  54 they described 
how, after defibri l lation, they control led the heart action mechanica l ly ,  
o r  by means of a pacemaker. HOPPS and B IGELOW ( 1 954) stimulated the 
S-A node of open chest clogs external ly and with the thorax closed they 
also approached the area of the S-A node with ring electrodes at the end 
of a card iac catheter, which was passed from a peripheral vein .  
!'U RMAN and ROBINSON ( 1 9  58) extended these animal and surgical resu lts 
i n  the development of thei r stimulation method . It appeared from the ir  
i nvestigations that stimulation of the canine heart can be undertaken as 
easi ly from the endocardial surface as from the myocard ium d i rectly. 
After creating heart block in  dogs FU RMAN and ROBINSON ( 1 959) i n
troduced a stimulation catheter i nto the right j ugular vein and completed 
the electric c i rcuit with an indifferent electrode in the subcutaneous 
tissue .  

The lowest threshold val ue was obtained with the catheter electrode 
connected to the cathode, but even then the heart did not always respond 
to the stimu l i .  From X-ray inspection it appeared that contact between 
the electrode tip and endocardium was requ i red for efficient stimulation .  

At autopsies after stimulation for periods of 4-5 hours, no damage in 



relat ion to the catheter was found either in  the heart or  vascu lar svstem . 
A d isadvantage of this method \\ as the fixation of the electrode tip at 

the endocard ium.  ZUCKER, PARSON NET, G I LBERT and NEWARK ( I  96 3 )  
attempted to overcome this d isadvantage by using a bipolar catheter. 
After creating heart block by l igation of the bund le of His in I 2 dogs 
they i nvestigated the poss ib i l it ies of stimulation by means of a catheter 
w ith 5 r ing electrodes I em apart . The d istance betw een the electrodes 
d id not p rove very important ; w hat was i mportant, however, was the 
location of the electrodes in the heart. The in estigations by ZUCKER 
et a/ . gave the fo l low ing results : 
a .  i mpulses through 2 electrodes in the pulmonary artery could not pace 

the heart even at I 5 V .  
b .  stimulation b y  I electrode i n  the pulmonary artery and I electrode 

in the outflow tract of the right ventricle, regui red 6 V in al l combi
nations to pace the heart. 

c .  stimulation by 2 electrodes in the right ventricle w as possible i n  al l 
combinations at o. 2 5 V .  

d. stimulation by I electrode i n  the right ventricle and I electrode in  the 
right atrium required 6 V in a l l  combinations . 

e. impulses through 2 electrodes in  the right atrium did not activate 
the heart i n  any combination, even at I 5 V .  
Moving an  electrode either to  the atrium or  to  the pulmonary artery , 

therefore, often resulted i n  i nterruption of the stimulation, gu ite apart 
from the loss of contact between endocard ium and electrode. These 
investigations proved that contact between the catheter tip and the 
ventricular endocardium is essential for optimal stimulation .  

These results and especial ly the fi rst i nvestigations by FU RMAN and 
SCHWEDEL ( 1 9 58) resu lted in general c l in ical appl ication of the catheter 
electrode and s ince it proved possible to introduce the catheter electrode 
i n  human beings without any serious d isadvantages, experiments on 
animals remained I im ited . 

Clinical application 

In 1 9  59 FURMAN and sc H WEDEL described their experiences w ith the fi rst 
2 patients .  They used a catheter containing a copper w i re which pro
truded at the end . The catheter was introduced into the bas i l ic vein 
and was passed to the right ventricle under X-ray monitoring. The i n
d iH'erent electrode was a stainless steel w i re ,  inserted into the sub
cutaneous tissue of the anterior wall of the right part of the thorax . 
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When the electrode tip and the endocard ium were in d i rect contact 
threshold values were equal to those for a myocard ial electrode. Furman 
and Schwede! argued that w ith d i rect contact the impulse was more 
elfective than if it was transmitted through the blood , because the current 
density in the endocardium is lower in the latter case . 

Others also appl ied the transvenous stimulation method . DAVIES, 
LEATHAM and ROBINSON ( I  9 59) confirmed c l in ically that stimulation of 
the right atrium needed far h igher vol tages than stimulation of the right 
ventricle and WEALE, DEUCHAR and N IG HTINGALE ( I 96o) described in
vestigations w i th several catheter electrodes in one patient. BOUVRAIN 
and ZACOUTO ( I  9 6  I )  used a hol low catheter enabl ing s imultaneous 
perfusion and reported stimulation periods up to 3 months. 

BOUVRAIN and ZACOUTO considered transvenous stimulation to have a 
p lace midway bet\\ een temporary completely external stimulation by 
skin electrodes and long-term transthoracic stimulation by myocard ial 
electrodes . The development of improved catheter electrodes 
(LAGERGREN and JOHANSSON I 96 3) and improved technique of intro
duction, how ever, faci l i tated long term stimulation by this method . As 
early as I 96 1 FURMAN et al. described cl in ical stimulation of a patient for 
1 6  months . 

Interruption of stimulation caused by shifting of the catheter into the 
pulmonary artery or the right atrium was frequently a problem when 
the catheter was introduced into the bas i l ic  vein (FU RMAN and SCHWE
DEL  1 9 59 ,  PARSONNET et al. 1 96 2) .  By introducing the catheter into 
the right external jugular vein above the c lavicle and attaching it to 
subcutaneous tissue there, when the correct position in the ventricle has 
been obta ined , these d ifficult ies were largely overcome, but in spite of 
this improved technique d islocations continued to occur especial ly in 
cases of d i lated and large hearts (FA IVRE et al. I 964, BLU ESTONE et a/ .  
1 96 _s) . However the jugular vein route has proved very useful and is 
usual ly easi ly access ib le even in ch i l d ren. 

The catheter may also be introduced into the femoral vein .  This does 
not provide a more stable position, but it is a qu ick and simple method . 
With this technique, which is also used in angiography (sELD INGER 1 9  5 3 ,  
BROCKENBROUGH 1 9 6o), i t  i s  possible to introduce the catheter by 
means of a th in  wal led need le in  approximately 1 o minutes (soLOMON 
1 96 3) .  This appl ication, however, is only suitable in  cases where short 
term stimulation has to be provided rapidly and w here external ind i rect 
stimulation is contra- ind icated . 

Attempts were also made to prevent dis location by changes in the 



construction of the catheters. ABELSON et a/ .  ( I 96 I )  and DE vos ( I 964-) 
developed a catheter in  which the electrode was positioned I � em and 
I o- I 2 em respectively from the end of the catheter. By placing the 
catheter tip i n  the pulmonary artery o r  a branch , a stable position was 
obtained . This method is sti l l  used for short term stimulation but very 
rarely for long term stimulation, although EDMU NDOWJCZ et a/ .  ( I 96�) 
have once more turned to a bipolar catheter of this type after experien
cing three ventricular perforation by a normal bipolar catheter in 2 o  
patients . 

The shifting of the catheter is not only caused by external traction, 
but also by other factors such as breathing (GOETZ I 96  3)  and by the 
action of the heart i tself. For this reason PARSONNET et a/ .  ( I  96 3)  warned 
against a large loop of catheter in the ventricle, since this faci l itates 
shifting to the pulmonary artery and others advocate placing the catheter 
tip between the trabecular muscles, because this provides stab le fixation. 
Some others (ZLICKER et a/ . I 96 3, GOETZ I 96 3)  argue that more stable 
stimulation is obtained w ith the bipolar catheter. Even w ith a bipolar 
catheter the most favourable  stimulation is achieved when the negative 
electrode makes contact with the ventricular endocardium and activation 
of the heart via conduction of the impulse by the blood seems only pos
sible at h igh voltages. 

Advantages 

A .  Slight operational risk during introduction �f the electrode 

The introduction of the stimulation catheter is a mino r  operation, which 
can be carried out under local anaesthesia. 

Disadvantages 

A .  Dislocation l!fthe catheter 

Dislocation of  the catheter is a recurring problem in transvenous stimu
lation, especia l ly in the early post-operative period , when the catheter 
has not yet become fixed . 

In spite of catheter improvement and improved fixation of the elec
trode the risk of this complication remains, especial ly with large and 
d i lated hearts . Regular X- ray inspection is therefore advisable in these 
patients especially during the fi rst post-operative years . 



B .  Increase if the stimulation threshold 

I n  d i rect endocardial stimulation h igh threshold values are sometimes 
found especially in case of large catheter electrodes . The stimulation 
threshold may in some cases exceed the operational value of the pace
maker with a resu lting fai lure of stimulation .  Small movements of the 
catheter tip may also be i nvol ved in causing threshold changes . 

C.  Breakage if the lead clj. the catheter 

Breakage of the catheter lead is another d isadvantage . FU RMAN et a/ .  
( 1 96  1 )  reported this 3 times in  the ir  1 8 patients . BLU EST ONE et a/ .  ( 1 96  5) 
observed So  breakages in  49 patients w ith implanted units and ' numer
ous' breakages of the lead near the skin perforation when the pacemakers 
were external . Due to improvements in the catheter (LAGERGREN and 
JOHANSSON 1 9 6 3 )  th is complication is now infrequent. 

D.  E xtra�stoles 

A fourth, less serious, d isadvantage are extrasysto les ,  which frequently 
occur during i ntroduction of the catheter. They are caused by me
chanical stimulation from the tip of the catheter touching the tricuspid 
valves, the ventricular septum or  the ventricular wal l .  The extra systo les 
mostly d isappear as soon as the catheter is in place. In one case 
ZUCKER et a/. ( 1 96 3) saw these extrasystoles develop into ventricular 
fibri l lation . 

E. I rifections 

A d isadvantage of transvenous stimulation i n  combination with an ex
ternal stimulation unit is infection (sCHWEDEL and ESCHER 1 964 ; BLU E
STONE et al . 1 9 65) .  The skin perforation, as mentioned above, provides 
an entry s ite for infections which tend to proceed along the catheter .  
I n  o rder not  to  have the sk in  perforation and the entrance i nto the vein 
too close to each other, the catheter is sometimes passed subcutaneously 
for a d istance of about 1 o- 1 5 em.  

The i nfection usua l ly remains l imited to  a loca l ,  u nimportant process , 
but occassionally compl ications such as an abscess, thrombophlebitis, 
bacteriaemia or  sepsis may arise . BLUESTONE  et a/ .  ( 1 9 6 5) noted endo
carditis i n  one patient with rheumatic heart d isease and for this reason 



they deem the catheter method unsu itable for patients with rheumatic 
or congenital heart diseases . 

It is recommended that antibiotics are administered if manipulation 
of the catheter is necessary, for instance in order to improve stimulation 
(sCHWEDEL and ESCHER I 964) . I f  i nfection has occurred and cannot be 
O\'ercome w ith antibiotics, the catheter should be replaced . 

F. Thrombus formation 

During transvenous stimulation, the risk of thrombosis is present . 
Opinion is d ivided on the question of whether this risk should be mini
mized by adm inistering anticoagulants . Al l  but one of the fi rst I 8 
patients of Fu rman et al . received anticoagulants, and at the autopsy of 
this one patient, after 4 months of stimulation , a thrombus was found to 
have developed around the electrode t ip .  This thrombus had prevented 
further effective st imulation via the catheter as it was accompanied by a 
rise in  stimulation threshold . 

Both DE vos ( I 964) and I-A IVRE et a/ .  ( I  964) reported thrombus for
mation i n  spite of anticoagulants and therefore questioned the ir  use. 

Due to i mproved implantation technique and improved catheters, 
thrombus formation  now occurs less frequently , and the present trend 
in many c l in ics is not to admin ister anticoagulants . A statistical i n
vestigation of this subject however is not yet avai lab le .  

I nvestigations on thrombus formation have also been carried out dur ing 
bipolar stimu lation .  SCHWEDEL and ESCHER ( I 964) , who did not ad
m in ister anticoagulants , reported three cases of deposition of fibrin at 
the positive pole occurring in 36 patients ,  and other investigators also 
reported thrombus fo rmation around the positive pole (ZUCKER et a/. 
I 96 3 ) . These findings, among others , decided LAGERGREN and JO
HANSSON ( I  96  3) to apply monopolar transvenous stimulation with the 
negative pole in the heart. (See also Chapter VI) 

G .  Pulmonary embolism 

The occurrence of pulmonary embo l ism has been described by several 
authors , includ ing DE vos ( I 96 2 ) ,  PORTAL et a/. ( I 96 3 )  and FA IVRE et a/ .  
( I  964) . 

H. Perforation of the ventricular wall 

The catheter electrode does not usually cause significant lesions of the 
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heart tissue and SCHWEDEL and ESCHER ( I  964-) reported only a small 
patch of thickened endocardium at the place of contact betw een electrode 
and endocard ium. 

A rigid catheter however may penetrate into the myocard ium and 
perforate the ventricular wal l .  FU RMAN et a/. ( I  96 I )  found a haemo
pericard ium as a resul t  of a perforation in one of the ir  fi rst I 8 patients, 
whi le BLUESTONE et a/. ( I 9 65) N IEVEEN and HOMAN VAN DER H EIDE 
( I 966 ,  fig. Vll- 2) and SYKOSCH ( I 966) also d iagnosed perforations . Th is 
compl ication occurs less frequently when the catheters are very flexible, 
but the introduction of such catheters is sometimes very d i fficu lt .  The 
temporary use of a central stiff mand rin or an external stiff catheter has 
been helpful in manipulating very flexible electrodes. The mandrin o r  
outer catheter i s  removed when the stimulating electrode i s  i n  place . 

I. Various other complications 

Other compl ications which may occur w i th this stimulation method are : 
location of the catheter in the coronary sinus (zucKER et a/ .  I 96  3 ) ,  re
sulting in  a h igh stimulation th reshold and the risk of perforation of the 
s inus ; air embo l ism w ith the introduction of the catheter (DE vos I 964-) ; 
artificial tricuspid valve insufficiency (LANDEGREN and BIORCK 1 96 3) ;  
contractions of the d iaphragm (N I EVEEN and HOMAN VAN DER H EIDE 
1 966) . 

Conclusion 

It might be concluded that the advantages of the d i rect transvenous 
stimulation method are accompanied by a agreat number of serious d is
advantages. How ever, the advantages are such that the intravenous 
catheter nowadays is used w idely. For short term stimulation it can be 
used with an external pacemaker carried by the patient in a way such as 
a leather-tape around the arm , or the catheter electrode may be used 
in combination with a pacemaker monitor .  For long term stimulation 
the catheter electrode is usual ly combined with a fu l ly implanted pace
maker, although long term stimulation by an external unit has been re
ported (BLUESTONE,  HARRIS and DAVIES I 9 65) .  

V .  S T I M U L A T I O N  W I T H  M A G N E T I C  I M P U LS E  T R A N S M I S S I O N  

In stimulation with magnetic impulse transmission the heart is d i rectly 
stimulated by electrodes connected '<\' ith a subcutaneous secondary 



coi l  in which i mpulses are induced by a primary external coi l ,  connected 
\\ i th an external pulse forming apparatus (fig. IV- 7 ) .  

fig. I V  - 7 .  Scheme of external stimulation apparatus 
" ith magnetic impulse transmbsion (bipolar). 

Introduction 

It is apparent from the previous d iscussion that d i rect stimulation of the 
heart has advantages over ind i rect stimulation. A d isadvantage, however, 
is the need for the conduction lead to perforate the skin and transmit 
the impulse from the stimulation apparatus to the heart. In order to 
avoid this perforation and yet stimulate the heart d i rectly a method w as 
developed in which transmission through the skin was achieved by in
duction. In this case the impulses pass from a pulse forming apparatus 
outside the body to a primary co il placed on the skin. Subcutaneously 
and paral le l  to the primary coi l  a secondary coil is s ituated to which the 
heart electrodes are connected . Impulses are induced in the secondar) 
coil from the primary coi l ,  whereupon they stimulate the heart d i rectly 
via the electrodes .  

Animal research 

A century after FARADAY's discovery of magnetic i nduction, a number of 
publ ications by LOUCKS ( 1 9 3 3 ) , L IGHT and CHAFFEE ( 1 9 34) and FEN DER 
( 1 9 36) appeared almost s imultaneously .  In these they described the 
appl ication of i nduction in  the transmission of energy for bio logical 
experiments. LI GHT and CHAFFEE ( 1 9  34) used induction to stimulate 
nerves in a number of animals. The voltages i nduced i n  the secondary 
coil were conducted by electrodes to the nerves or areas of the brain 
to be stimulated and the investigators were able i n  this way to induce 
peristaltic contractions and attacks of Jacksonian epilepsy . The stimu
lation systems developed by LOUCKS ( 1 9 3 3 )  and FENDER ( 1 9 3 6) v. ere 
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s imi lar, and i n  I 948 HARRIS used this method to stimulate the hypo
physis in rabbits .  

Further animal research i nto this method of stimulating the heart '' as 
reported by HOLSWADE and LINARoos in I 96 2 ,  who stimulated 3 0  canine 
hearts in which heart block had been created . Initia l ly ,  continuous 
stimulation was carried out, but 6- 8 weeks post-operatively this was 
changed to intermi ttent stimu lation ; this change was accompanied by a 
h igh mortal i ty rate from congestive card iac fai l u re .  In I o dogs, in wh ich 
stimulation could be maintained for 7- I 6 w eeks, i t  appeared that after 
an average of 8 weeks all secondary implanted coils had incurred defects, 
particularly wi re fracture and leakage through the si lastic coating . Ac
cord ingly, Holswade and Linardos reported that this method was 'not 
ready for human use unt i l  further refinement and testing has been done ' . 
Nevertheless, ABRAMS, H UDSON ,  SH EFF and LIGHTWOOD ( I 960) Were able 
to achieve satisfactory c l inical results with a d ifferent design of induction 
stimulater. 

Clinical application 

In February I 960 ABRAMS et a/. appl ied the ir  fi rst inductive-coupled 
pacemaker i n  a patient. This fi rst pacemaker consisted of an external 
primary co i l  '' ith a d iameter of 5 em, connected by flexible leads w i th a 
pu lse generator .  The pacing impulses had a duration of I msec. and 
were biphasic ,  thus l imiting the effects of electro lysis at the electrodes. 
The ampl i tude and frequency were adjustable .  The 3 em. d iameter 
internal , secondary coi l  consisted of  I , o o o  tu rns of copper w i re encased 
i n  teflon, and with stainless-steel suture electrodes connected to both 
ends. Later versions incorporated some improvements to the coi ls 
(fig. IV -8  ) , but the stimulation principle remained the same (ABRAMS 
and NORMAN I 964) . 

The pacemaker was appl ied to a patient in two stages, the heart being 
stimulated during the interval by d i rect transthoracic or transvenous 
electrodes. In the first stage the heart was approached through a left 
hemi-thoracotomy in the fourth i .c . s . , the transthorac ic stimulation 
electrodes being attached first and connected to an externa l pacemaker. 
If transvenous electrodes were employed , they were introduced prior 
to the operation. When the heart action was control led in this way, the 
two stainless steel suture electrodes of the secondary coi l  were fixed 
on the heart and the coi l  was securely attached near the left 3 rcl i .c . s .  
For effective induction i n  stout patients the co i l  was p laced before the 



Fig. !V - 8 .  X-ray pictures of a patient stimulated " ith magnetic impube transmb,ion, 
showing external transmitter coi l ,  internal recei\ er coil and monopolar catheter elec
trode. (By courte'y of DR. L.  D. A liRA \IS ) .  

sternum .  In the second operation, after I -2  weeks, when the wound 
was healed , the external primary co i l  was fixed over the secondary coil 
w i th adhesive plaster. The primary co i l  then took over the stimu
lation from the temporary external pacemaker, whereupon the latter 
and i ts electrodes were removed . 

In I 964 ABRAMS had al ready treated 45 patients in this manner, of 
whom I 2 had been paced for more than 2 years . 

SUMA et a/. ( I 965) also developed an i nductively coupled pacemaker, 
but the impulse transmission d iffered from the Abrams type in  that a 
ferrous core was placed in the primary and secondary co i l ,  result ing in 
improved efficienc) . Between March I 964 and April I 967  7 long term 
and 3 temporary patients were stimulated w ith this unit (TOGAWA et a/. 
I 967) .  

Advantages and disadvantages 

The advantages and d isadvantages of stimulation by magnetic i mpulse 
transmission include those of d i rect electrodes on the heart w ith some of 
the features of an external stimulation unit .  
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Advantages 

A .  No skin pe:foration by leads 

Since no leads perfo rate the skin i n  this method , there is no easy route 
fo r infections , so that sepsis and lead fractu res clue to perforation of the 
sk in are no problem. 

B. Simplicity clj·implanted section 

The apparatus i mplanted in  the body is extremely s imple in this stimu
lat ion method . The implanted coi l  and electrodes consist of no more in 
fact than a length of w i re w ith i ts two ends in the heart. 

Disadvantages 

A .  Accurate fixation clj. the coi Is in relation to each other 

Accurate fixation of the primary coi l  relative to the secondary coi l  is 
essential to mainta in stimulation. 

B .  Skin irritations 

Due to the continuous fixation of the primary co i l  skin i rritations may 
appear. The skin beneath the coi l  should therefore be cleaned regularly. 

C.  Lead fracture 

Lead fracture may also occur in this method . A l though this fracture is 
more l i kely to affect the vulnerable external lead connecting the pulse 
fo rming c i rcuit with the primary coi l ,  the conseguences of a fractu re 
of the internal unit are far more serious. 

D. Influence if extern a I electromagnetic fields 

Strong external electromagnetic fields may affect the stimulation. The 
strength and the natu re of the external magnetic field determi ne the 
i nduction in the secondary coi l . 

E .  Efficiency 

Much energy is lost i n  i mpulse transmission by means of induction. The 
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mod ification using a coil w i th ferrous core of SUMA et a/ . ( 1 9 6.5") is more 
efficient, but the yield of both types of transmission is smal l ,  thus neces
sitating frequent recharging of the batteries of the external stimulator. 

Conclusion 

In conclusion it may be stated that stimulation wi th magnetic impulse 
transm ission does not have the d isadvantage of skin perforations, but this 
advantage does not out\\ eigh the disadvantages. For this reason this 
stimulation method has not found general appl ication .  

V I .  S T I M U L A T I O N  W I T H  E L E CT R O - M A G N E T I C  I M P U L  E 
T R A N S M I S S I O N  

Principle 

In stimulation using electro-magnetic impulse transmission, the heart is 
d i rectly stimulated by electrodes connected to an i mplanted receiver, 
i n \\ hich impulses are induced by an external transmitter (fig. IV-9) . 

Fig. IV-9 . Scheme of external 'timulation apparatu; 
with electro-magnetic impube transmbsion ( bipolar) . 

Introduction 

Stimulation by this method depends upon the fact that low frequency 
stimulation i mpulses can be transmitted over long distances by h igh 
frequency modulated radio waves . The transmitter broadcasts i ts signal 
by way of a pretuned external primary coi l ,  which i nduces the h igh 
frequency signal in a secondary coi l  s ituated subcutaneously or on the 
heart and tuned to that frequency . 

The modulated h igh frequency secondary signal is not i tself capable of 
stimulating the heart because the duration of the cycle of the h igh fre
quency A . C . voltage is extremely short in relation to the chronaxie 
of the tissue, so that the current threshold is relatively large in  relation 
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to the rheobase . After rectification by means of a diode and a buffer
condenser, D . C .  impulses are produced having the rhythm and duration 
of the low frequency impulses modulating the carrier wave ; these im
pulses are capable of stimulating the heart. In this method the heart is 
stimulated without perfo ration of the skin by leads. 

Animal research 

N EWMAN , FENDER and SAU NDERS ( 1 9 3 7) appl ied the method for the fi rst 
time in long term stimulation of the nerves of laboratory animals. They 
used a radio wave with a frequency of 4.5"0 K H z, and were able to obtain 
a current of 4- mA in a resistance of 2ooo ohms si tuated in the middle 
of a cage. To generate this 3 2  mWatt in the secondary c i rcuit, 4-.5"0 Watt 
was needed in the transmittor, so that the efficiency was less than o .o 1 °  o .  

With this apparatus the splanchnic nerve in  one animal '' as stimulated 
fo r .5" • .5". months. 

Other investigators also employed this method for nerve stimulation 
in animals (GREIG and RITCH IE  1 94-4- ;  LAI-FERTY and FARRELL 1 94-9) . 
VERZEANO,  WEBB and KELLY ( 1 9 _s-8) appl ied the method for the fi rst t ime 
to stimulate the hearts of animals (dogs) . They employed a 2oo 
Watt radio transmitter to broadcast the impulses through a primary 
coi l in  the bottom of a cage. Heart block was created in several dogs , 
who then had receivers fixed near the 3 rd and _s-th rib beneath the latis
s imus dorsi muscle. An electrode c i rcuit consisting of a stainless steel 
suture electrode in the heart and an indifferent electrode in the muscle 
was connected to the receiver. With this unit, the impulses reaching 
the heart had a minimum voltage of 2 .  7 V ,  determined by the maximum 
d istance between both coi l s  ( ±  3 0  em),  and a maximum vol tage of 
3 .  7 V, determined by the rectifier (Zenerdiode) i n  the receiver. 

In 1 960 TOOLE ,  LONGO, MAURO and GLENN applied this method in 
36 dogs .  CAMMILLI  et a/ .  ( 1 9 6 2 )  developed a receiver which is placed 
d irectly on the heart to supersede the i mplanted leads .  The receiver 
had a d iameter of 3 em, a weight of 1 . .5" grams and consisted of a coi l 
of 2o turns , a diode as rectifier, and a condenser. 

The efficiency of stimulation by i mpulse transmission using rad io 
waves is very smal l .  STOECKLE and SCH UDER ( 1 96 3 )  calcu lated an effi
ciency of 1 ° 0 in canine experiments . i . e . one per cent of the energy 
input in  the pr imary coi l  reaches the electrode c i rcuit attached to the 
heart via the secondary coi l .  ANAGNOSTOPOU LOS, HOLCOMB and G LENN 
( 1 96 .5") reported a somewhat h igher efficiency . 

73 



Although experiments are sti l l  being carried out with this method , a 
number of c l in ical appl ications have al ready been reported . 

Clinical application 

GLEN N ,  MAURO,  LONGO, LAVI ETES and MACKAY ( 1 9 )9) appl ied this 
stimulation method for the first t ime cl in ical ly on 2 7th January ,  I 9 ) 8 .  
The transmittor used "as a vacuum tube, l ine-powered rad io wave 
transmittor, which was heavy and large, and l imited the mobi l i ty of the 
patient. To counteract the latter disadvantage, the primary coi l  was 
connected to the transmittor by means of a long lead , about 6 m in 
length . later LEVITSKY,  GLEN N ,  MAURO and EISENBERG ( 1 96 2) reported 
the ir  experiences w ith 8 patients using a portable unit of 3 I o grams 
and d imensions of i o . )  x 7 · )  x 2 . _) cm. 

Prio r to introduction of the receiver and electrodes , the heart rhythm 
is control led bv means of a stimulation catheter. The receiver is then 
introduced in a subcutaneous pocket, 5- 7 . )  em beneath an incision near 
the midaxil lary l ine. The receiver must not be placed lo\\ er than the 
eighth rib, because some space above the costal margin should remain for 
the aerial to be properly attached to the skin .  I n  women w ith large 
mammae the receiver is usual ly implanted near the sternum .  The elec
trodes are then attached to the heart , '' hich is approached through a 
left hemithoracotomy . When the \\ otmd is sufficiently healed (after 
approximately 2 weeks) the aerial is attached to the thoracic  wal l ,  
whereupon stimulation is continued by the rad io frequency method, 
and the catheter electrode may be removed . In the fi rst appl i cations, 
transthoracic stimulation was appl ied i nstead of transvenous stimulation 
for the transi tion period . 

Jn I 96 )  E ISENBERG, MAURO,  GLENN and HAGEMAN stimulated 2 6  
patients i n  this manner, '' ith a maximum stimulation period o f  3 6  
months. I n  I 9 6  I ,  CAMMI LLI et a/. appl ied the i r  version the first time 
c l inical ly ,  but initia l ly had l i ttle success (cAMMI LLI et a/ .  I 964) . 

Advantages and disadvantages 

The method is in  fact a variation of the method using magnetic i mpulse 
transmission, affecting only the means of transmission i tself. Compared 
with the s imple induction method , impulse transm ission using a modula
ted electromagnetic carrier wave shows four improvements and one 
disadvantage, which w i l l  now be discussed . 



Advantages 

A .  The impulse itse!fis transmitted 

With magnetic impulse transmission only the variations of the original 
impulse are transmitted . With the method d iscussed in this paragraph , 
the impulse as a whole is induced i n  the secondary coi l in  the form of 
the rectified shape of the envelop of the h igh freguency rad io w aves . 

B .  !-fisher e.fftciency 

By employing impulse transmission using rad io waves , a higher efficiency 
is obtained than by using magnetic impulse transmiss ion.  

C.  lntracorporal leads not necessary 

With this method of  impulse transmission, due to the improved effi
ciency it is possible to attach the receiver d i rectly on the heart. This 
renders intracorporal leads between the subcutaneous receiving coil 
and the heart superfluous. Defects in  stimulation caused by fracture of 
the l eads are then avoided . 

D .  T unin9 reduces inte:ference 

The preceding i nductive method '' as affected by any po\\ erful external 
electromagnetic fiel d .  In impulse transmission by rad iowaves, the im
planted receiving c i rcuit is tuned only to the carrier wave freguency 
band . Interference from external fields is only possible if they conta in 
freguencies \\ i th in the band of the receiving coi l .  This  reduces con
siderably the chance of interference. 

Disadvantages 

A .  Implanted unit more complicated 

Compared with magnetic impulse transmissiOn, transmission by rad io 
waves has the d isadvantage that the unit implanted in the body must 
i nclude a diode and a condenser for rectification of the transmitted 
i mpulse i n  add it ion to the secondary receiving coi l .  These two compo
nents increase the risk of defects in the implanted unit to a certain extent. 



Conclusion 

It may be concluded that electro-magnetic impulse transmission had 
advantages, accompanied by one sl ight d isadvantage, over magnetic impul
se transmiss ion. These advantages hO\\ ever do not el im inate the 
disadvantages of indi rect i mpulse transmission as d iscussed in the pre
ced ing chapter. For this reason, this stimu lation method , in common 
w i th s imple induction has not yet found general c l in ical appl ication .  

V I I .  S T I M U L AT I O N  W I T H  A N  I M P L A N T E D  P A C E M A K E R  

In this method the heart i s  d i rectly stimulated by electrodes on or  i n  the 
heart muscle ,  or by catheter electrodes w hich are connected by con
duction leads to a subcutaneous implanted pacemaker (fig. IV- I o) .  

Fig. I V  - 1 o .  Scheme o f  complete!) internal ( implanted) 
a;ynchronous ;timulation "Y'tem (b ipolar). 

Introduction 

I n  early vers ions of pacemakers vacuum-tubes were used ; these tubes 
regui red a rather h igh vo ltage and moreover enta i led the d isadvantage of 
having a low efficiency due to the ir  relatively large heater currents . 
For this reason they depended on the mains for their power supply w ith 
the danger of electrocution, \\ hereas the resul ting large d imensions of 
the pacemaker were l ikewise disadvantageous. 

The development of transistors made these tubes obsolete . Transistors 
have far smal ler d imensions than vacuum tubes and work at low voltages , 
avai lable from batteries. They regu ire no heater-current, making 
them h igh ly efficient. Thus the d imensions and the weight of the com
plete electronic c i rcuit includ ing i ts PO\' er supply could be reduced to 
such an extent that i t  was possible to construct portab le pacemakers. 
By replacing the germanium transistors by later types of s i l ic ium tran
s isto rs ·which had far l ess current leakage and therefore greatly improved 
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efficiency, it became possible to prolong the l i fe time of the pacemaker 
batteries considerably. 

This development made i t  possible to design pacemakers \\  ith d i 
mensions suitable for implantation in the body . The various aspects of 
these pacemakers wi l l  be d iscussed in deta i l  in Chapter VI I I .  

Animal research 

Although the development of an external pacemaker w i th an external 
power supply into a tota l ly implanted pacemaker "' ith a po'' er supply 
of its own meant a considerable practical change in the method of stimu
lation, the results gained w ith the earl ier methods on the excitabi l i ty 
and stimulation threshold of the heart could serve as starting point. 

The animal experiments carried out w ith implantable pacemakers 
were mainly intended for the development of new electrodes, stimulation 
units, and monitoring of implanted pacemakers . For this reason they 
w i l l  be discussed in the fol low ing chapters. 

Clinical application 

New possibi l i ties in the field of electronics enabled ELMQVIST and SEN
N ING to construct in  1 9 t;9 'a compact pacemaker, which is intended 
to be implanted subcutaneously in the epigastrium . '  Thei r pacemaker 
contained 2 series of nickel -cad ium cel ls , each wi th a capacity of 6o 
mAh. The cells could be recharged inductively from outside the body by 
means of a secondary co i l  and a s i l ic ium d iode in the pacemaker, but 
the frequency ( Sofm in) and the impulses (2 V ; l . t; msec) were fixed 
and could not be altered after implantation .  They reported one c l inical 
appl ication of this pacemaker. 

By replac ing the nickel-cadmium cel ls with mercury cells a long term 
power supply was obtained w ithout the necessity of frequent recharging. 
The first c l inical implantation of such a pacemaker was performed in 
April 1 960  by CHARDACK ,  fol lowed amongst others by ZOLL  in J une 1 960 ,  
E LMQVIST and SEN N I N G  i n  ju ly 1 960 ,  KANTROWITZ in May 1 9 6 1  and 
VAN DEN BERG, HOMAN VAN DER HE IDE and N I EVEEN in March 1 96 2 .  
The combination o f  an i mplanted pacemaker w ith a catheter electrode 
was fi rst Used in I 96  2 by LAGERG REN and JOHANSSON ( I  96  3 ) .  

Operation with transthoracic electrodes 

Since it is known that the stimulation thresholds of the electrodes rise 

7 7 



after implantation,  and because it is not possible to adjust the impulse 
to the requirement simply once the pacemaker is implanted , CHARDACK 
carried out the implantation of the stimu lation unit in two stages in his 
first 9 patients. F irst the heart electrode - a bipolar pin electrode - was 
implanted and connected to an external pacemaker. The stimulation 
th reshold of the electrodes \\ as monitored . When the th reshold no 
longer rose (general ly 30-40 days after implantation) the external pace
maker was replaced by an implantab le one. Because of the h igh risk of 
infection \\ ith this method of implantation ( 3 times in this first 9 patients) 
the pacemaker and the electrodes \\ ere implanted at one operation in 
the subsequent patients. Other investigators introduced the pacemaker 
with intramu ral or epicard ial electrodes in one operation from the be
ginning. 

The operation for implantation of a pacemaker system w ith trans
thoracic electrodes (epicardial or intramural ) is performed under general 
anaesthesia . In emergencies external electrodes may be used for main
taining card iac contractions, but the heart action is usual ly contro l led 
preoperatively with a catheter electrode connected to an external pace
maker ;  this prevents card iac arrest during the introductory narcosis .  
Apart from preventing Adams-Stokes attacks, this stimulation can be 
used to correct a poor c irculation pre-operatively , thus improving the 
cond ition of the patient. The external pacemaker remains function ing 
during the prel iminary anaesthesia and during the first phase of the ope
ration, unti l  the actual electrodes are fixed . 

In order to fix the transthoracic electrodes, the heart is approached 
through the fourth or fifth left intercostal space, or according to the 
method of Sauerbruch by a pericard iotomia inferior longi tud inal is 
(H IRSCH 1 964, fig. IY- 1 1) Other approaches are also possible. The heart 
electrodes are then attached in the same wav as for stimulation with an 
external pacemaker. 

Location of the pacemaker 

The pacemaker is most frequent! y placed subcutaneously or under a 
muscle group i n  the left half of the abdomen, but the location varies 
and may be subcutaneous near the navel (KANTROWITZ) , under the 
external obl ique muscle against the inguinal l igament (uLLEHEI ) ,  or 
subcutaneous and med ial ly j ust uncler the rib arch,  in order to d iminish 
the effect of body movements on the system (cHARDACK) ; implantation 
in the sheath of the rectus muscle in the abdomen i s  also performed 



Fig. IV- 1 1 .  X-ray picture of a sti
mulation unit with the pacemaker 
in the abdominal area and an intra
mural pin-electrode implanted in 
the 'contact area of Benninghoff ' .  
( By courte'>y of D l \ .  H .  H .  H IRSCH ) . 

(TRICOT, RICORDEAU) . The pacemaker is implanted through a separate 
incision and the leads are draw n through the subcutaneous tissue towards 
the pacemaker by use of a c l ip  or through a tube, which is then removed . 

In  order to l im i t  to a minimum the effects of body movements on the 
pacemaker and electrodes , other surgeons (HOMAN VAN DER H EIDE ,  
PARSON N ET et a / . ,  MARION and GONNET) attached the pacemaker near 
the upper ribs sometimes subcutaneously, but preferably beneath 
the pectoral muscles (fig. IV- 1 2 ). The same incision is used for the 
implantation of the electrodes as for implantation of the pacemaker. 

Operation with transvenous electrodes 

In order to introduce a pacemaker system w ith a transvenous electrode, a 
smal ler operation is necessary, local anaesthesia usually being sufficient . 
The catheter electrode is introduced through the right or  left external 
j ugular vein from above the clavic le .  After introduction, the free end 
of the catheter electrode is taken across or beneath the clavic le or media l 
ly across the manubrium to be attached to the pacemaker which is 
general ly implanted c lose to the place of entry of the catheter in the 
vein ,  or in the abdominal wal l .  Within a few days the catheter 
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Fig. IV- 1 2 .  X-ra) picture of a stimulation unit with the pacemaker in the subpectoral 
area and an int1·amural loop-electrode implanted in the left ventricle. 

becomes fixed in the heart, so that the operation is sometimes carried 
out in two stages in order to correct dislocations etc . of the catheter 
w i thout reso rting to a new extens ive operation (sCHEPPOKAT, SOWTON) .  
In this case, hov.·ever, the risk of infection along the electrode i s  
greater than when the implantation i s  performed as a s ingle procedure .  

The pacemakers used vary. Table IV-2  gives a synopsis of the charac
teristics of the fi rst implanted pacemakers. 
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TABLE IV- 2 .  SynopsiS <if the characteristics <if the first implanted pacemakers after VAN DEN BERG et a/. ( 1 9 6 2).  

CH ARDACK/G R EATIIATCH ZOLL E LMQVIST/ KANTRO WITZ V . D .  BERG 

unti l  
apr. ' 6 2  

afterwards 
SEN N I NG 

Voltage (V) 8- 1 5  4-6 7 . 5 6 3 , 2  5
-

7 . 5 

Current (mA) 1 0  3 . 5 6 1 5  5 1 0  
Frequency (imp. jm in) so 6 o  7 0  70 6 5  6 sjs s 
Impulse duration (msec) 1 , )-2 2 , )  2 ,  2 5  

Number o f  batteries 1 0  6 6 5 5 5 

Weight (gr.) 2 2 5 1 7 0 1 7 0 1 7 0 1 40 1 )0 

Dimension� 06 6 , s x 6 07 6 X 4  9 , 2  X 4,4 
Thicknes� (em) I > l  I , 7  2 , 2  I 0 2 )  

Advantages 

A .  No skin peiforations by leads 

Because the pacemaker is completely implanted , there is no perforation 
of the skin by l eads . Lead fractures at the exit from the body are thus 
avoided ,  whi lst i nfection through the skin perforation and passing along 
the leads is excluded . 

B .  The patient is ambulatory 

Due to the i mplanted system the patient is completely independent of 
any external source of energy, so that he can be completely ambulatory 
and s imple acts l ike taking a shower, a bath , and even swimming, are 
within his scope. 

C.  The patient s'-!_lfers less mental stress 

Special stud ies on the mental stress endured by the pacemaker patient 
have not yet appeared . Experience however shows that «a I '  inverse de 
ce qui se produit avec des techniques uti l isant un generateur  externe, 
l ' entralnement electrosystol ique a l 'aide d ' un  apparei l lage entierement 
incorpore ne cree generalement pas de sentiment de dependance chez le 
sujet qu i  en est porteun> (FAIVRE et a/. 1 9 64) . Papers publ ished in  
Engl ish regard the matter as  ' out of sight, out of m ind ' . Th i s  feel ing 
of comparative i ndependence is augmented by the h igh degree of mobi l i ty .  
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Disadvantages 

The d isadvantages of this method of stimulation may be divided i nto 5 
groups : 

A .  The pacemaker is implanted and therefore i ts action cannot be adjus
ted in a s imple way. 

B.  The I:CG of the patient is d ifficult to analyse . 
C .  The l imited l ife of the batteries necessitates the eventual replacement 

of the pacemaker. 
D. The chance of re-operation is greater because defects may occur i n  

the pacemaker itself. 
E .  Infection o r  skin necrosis may occur w ith the i mplanted pacemaker. 

Some of these groups ,  discussed belo\\ , wil l  be dealt w ith in detai l m 

Chapter VIII , w i thin the frame\\ ork of our own i nvestigations. 

A. The pacemaker JS implanted and therifore cannot be adjusted 

1 .  Impulse duration . The impulse duration of implantable pacemakers 
usual ly l ies between 1 - 2 , 5  msec . A long i mpulse duration is favourable ,  
because of the Ia\\ stimulation threshold ,  but also means a large char
ge and thus a shorter l ife time of the pacemaker. A compromise was 
found in 1 - 2 . 5  msec . The impulse duration is not adjustable in  any of 
the implantable pacemakers . 

2 .  Impulse strength . Likewise, the strength of the impulse is fixed at a 
level above the stimulation threshold . This threshold rises during the 
fi rst 4-6 weeks after implantation, after which i t  stab i l i zes (CHARDACK 
1 9 64) . S ince the impulse strength is determined at i mplantation, i t  is 
necessary to take this threshold rise into account. A safety margin of 
3 to 4 t imes i . e .  an operational value 3 to 4 times as large as the threshold 
value at the operation is general ly thought sufficient. An impulse more 
po\\ erful than necessary produces a wasteful loss of current which results 
in rapid exhaustion of the batteries. Another d isadvantage of an un
necessari ly great impulse is the increased risk of ventricular fibri l lation , 
particularly i f  sinus rhythm returns . 

In some pacemakers the impulse ampl i tude can be changed by way 
of a percutaneous intervention " ith a need le (CHARDACK) or by way of 
an external magnet (vAN DEN BERG) , whereas a recently developed pace
maker enables extracorporal threshold analysis by inductively decreasing 
of the i mpulse (vAN DEN BERG and THALEN 1 967 ; Chapter IX) . 
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3 .  Frequency if the impulses. The frequency of the pacemaker impulse is 
also fixed . The general opinion is that the frequency should be fast 
enough to prevent attacks of syncope and to enable the patient to main
tain  a good physical cond it ion. The optimal frequency for this varies 
accord ing to the ind iv idual . The frequency of most implantabl e  pace
makers is fixed at 6o- 7o  imp.fmin .  

A d isadvantage of a fixed frequency is that on the return of the proper 
cardiac rhythm, interference arises betYveen both rhythms as soon as 
the frequency of the spontaneous rhythm approaches and exceeds the 
pacemaker rhythm .  The chance of ventricular fibri l lation is then present, 
because the pacemaker impulse may fa ll in the vulnerable phase . Several 
types of pacemakers have therefore an adjustable frequency. The ad
j ustment is possible i n  various ways e .g .  by percutaneous i ntervention 
with a need le (cHARDACK 1 9 64), by induction (GLASS et a/ .  1 96 3 ; 
KANTROWITZ et a/ .  1 96 3 )  or by an external magnet and a polarized relay 
i ncorporated in  the pacemaker .  (vAN DEN BERG et a/ .  1 96 2 ,  CARLETON 
1 9 64) · 

B .  Difficulty cif" monitoring the ECG cif. the patient 

Another d isadvantage during pacemaker stimulation of the heart is that 
i nterpretation of the ECG is d ifficult and monitoring of the spontaneous 
rhythm is impossible .  WEINMAN ( 1 964) therefo re constructed a pace
maker which may be swi tched off by means of a magnetic relay. In the 
latest version of our pacemaker, ECG monitoring is possible dur ing 
inductive suppress ion of the impulse (see Chapter IX) . 

C.  Limited battery l!fetime 

The most serious d isadvantage of the completely implanted pacemaker 
is the fact that after certain time, which in most cases cannot be accurate
ly predicted , the power supply is exhausted . 

Accord ing to early publ ications, pacemakers with batteries having a 
capacity of 1 ooo mAh should function for a possible l i fe t ime of 3 - 5  
years, depend ing on the frequency and the load . I n  practice, however, 
the l ife time proves to be cons iderably shorter and at present pacemakers 
have to be replaced after about 2 or 3 years due to exhausted batteries 
(see Chapter VII I) .  An attempt was made to obtain some ind ications 
of the exhaustion by making the frequency dependent upon the battery 
voltage, but the changes in frequency were too sl ight or  were not noticed 



by the patients (cHARDACK I 9 65) .  With a new method of pacemaker 
analysis (vAN DEN BERG et a/. I 967) ,  to be dealt w ith i n  Chapter IX, we 
now have an improved i nsight i nto the time course of battery exhaustion. 

To prevent reoperation due to battery exhaustion, rechargeabl e  bat
teries were considered . These however have the d isadvantage of a low 
capacity, necessitating periodic  recharching and a short useful l ife t ime 
(ELMQVIST and SENN ING  I 960, SIDDONS et af. I 96 I ) . 

Attempts have also been made to obtain electrical energy d i rectly 
from the body ; various aspects of po\\ er suppl ies are considered in  
detai l  i n  the  chapter on stimulators (Chapter VJIJ) . 

D .  Pacemaker difects 

The fourth group of d isadvantages of the implantable pacemaker i s  as
sociated with defects in  the electronic c i rcuit, necessitating re-operation. 

As the enti re unit is implanted subcutaneously, each defect requires 
reoperation . Fau lts may occur at the connection of the electrodes to the 
pacemaker (to be d iscussed later) or in the pacemaker i tself, e ither i n  
the mass o f  the pacemaker or i n  the electronic c i rcuit .  

I .  Difects in the mass cf the pacemaker. The mass of the pacemaker must 
consist of material which i nsulates and protects the electronic c i rcuit 
and is at the same time accepted by the body. At present most pace
maker c ircuits are embedded in epoxy res in ,  w i th another coating of 
s i l icon rubber in some models .  Even using this i nsulation,  moisture 
occasional ly penetrates, entering through defects i n  the i nsulation 
(DEKKER I 966 ,  LAGERGREN I 966 ,  ME IJ N E  et a/. I 967) .  

The consequences of  penetration depend on the point where the 
moisture enters the ci rcuit and are particularly i mportant i f  Cl ' ions are 
present. They vary from rapidly exhausted batteries (ANDERSEN I 9 6 2 ,  
APPLEBAUM I 9 6 2 ,  ZOLL I 963)  to an increase (DEKKER I 965 )  Or  decrease 
i n  the pacemaker frequency. These fau lts have now been partly over
come by the use of i mproved epoxy resins and electronic units w ith glass 
i nsulation. 

2 .  Difects in the electronic circuit. Defects i n  the electronic c ircui t  occur 
even without leakage, the frequency depending upon the rel iab i l i ty of 
the components used and the care exercised in checking the c ircuits 
constructed . 

GLASS ( I 964-) stated the total chance of fai lure of the average pace-



maker due to electronic defects is approximately o .  I 0{, J I ooo hours .  This 
means that on average out of every I oo pacemakers implanted for a year, 
1 will fai l  due to electronic defects .  Fai lure rates of l ess than I '}., each 
year wi l l  only be ach ieved when electronic components have reached a 
higher reli ab i l i ty .  

E.  Irifections 

A fifth group of d isadvantages associated with a total ly implanted pace
maker is formed by i nflammation around the pacemaker. 

To reduce the chance of infections to a m inimum the pacemaker 
should be properly steri l ized , but because of the electronic components 
and the batteries, steri l ization at a temperature h igher than 5o°C is in
advisable .  The methods of steri l ization used are gas-steril ization (Ethy
lene oxide) or flu id steri l ization (Acetone/Ether or Propiol Acetone which 
i s  afterwards removed by hydrolysis) . 

In spite of steri l ization, i nfections sti l l  occur, especial ly when the 
i mplantation is carried out in  two stages. The chance of infection around 
the pacemaker is i nherent to the operation and i ts occurrence is related 
to the efficiency of steri l ization and the technique of implantation. 

The infection (e .g .  staphylococcus) may appear after one week or  be 
delayed for a year. It is usual ly manifest by a pyrexia and a fluctuent 
swel l ing fu l l  of inflammatory fluid around the pacemaker. The infection 
may resul t  in extrusion of the pacemaker. This also occurs as a tissue 
reaction to a foreign body. This last reaction is becoming l ess frequent 
as more compatib le materials are used to cover pacemakers. 

Occasionall y  a prolapse of the pacemaker occurs w ithout inflammation 
and in this case pressure necrosis may develop. To reduce the chance of 
pressure necrosis it is essential to use a pacemaker which is as smal l and 
l ight as possible, whi le the pacemaker should not have any sharp angles 
or edges. P ressure necrosis occurs l ess frequently in obese patients w ith 
a thick subcutaneous fat layer than in s l im ones . The surgeon should 
take this poss ib i l i ty i nto account in selecting the location of implantation 
and the type of pacemaker. 

Conclusion 

The deta i led consideration of the d isadvantages m ight give the i mpress ion 
that they exceed the advantages of the i mplanted pacemaker. The ad
vantages, however, were so evident that i mplanted pacemakers came 



i nto general use, the d isadvantages gradual ly  being overcome during 
fu rther development. 

V I  I I .  S T I  M U L A T I  0 N W I T H  A D R U G- P A C E M A K E R  I N  C O M  B I -
N A T I O N  W I T H  A N  E L E CT R I C A L  P A C E M A K E R  

I n  stimulat ion �' ith a drug-pacemaker the ventricular rhythm is local ly 
increased by a guantity of a suitable  drug introduced into the ventricular 
wal l .  The d iffusion of the d rug in  the heart muscle may or  may not be 
i nfluenced by means of electrodes, connected to an electrical pacemaker 
(fig. IV- I 3 ) ·  

fig. IV- 1 3 ·  Scheme o f  drug-pacemaker in combi
nation w ith completely internal ( implanted) ap
paratus for intermittent !>timulation andfor drug 
release. 

Introduction 

Although this method occupies a place between pharmacological and 
electrotherapeutic treatment of heart block, it is discussed here because 
there is a c lose relation with electrotherapy, particularly in recent 
research .  The method was applied first by FOLKMAN et a/ . ( I 9 59) and 
was developed further by FOLKMAN and EDMUNDS ( I 96 2 ) . 

To obtain a physiological and permanent pacemaker they placed auto
transplants of endocrine glands in the ventricular wall of a clog with 
complete heart block. The original concept w as that the smal l area of 
myocardium surroundi ng the endocrine transplant would be stimulated 
by relatively h igh local concentrations of the respective hormones . Thus 
the electrical activity of this area of myocardium m ight be increased to 
such a degree that it \\ oulcl become the dominant pacemaker for the 
ventricle and resu lt  in a faster heart rate. 

Animal research 

FO LKMAN et a/ . induced heart block in clogs and waited 2 -6  months 
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before transplanting the endocrine tissue. One hour fo l lowing trans
plantation of the adrenal medul la into a tunnel in the ventricular wal l ,  
an  increase in  rate from the average o f  5 0  beats/min .  to I o o  or 2 o o  
beats/min .  was observed . This tachycard ia usual ly lasted about 4- days 
after which the previous slow rhythm returned . At autopsy , histological 
i nvestigation revealed no intact medul lar tissue .  A few dogs d ied early i n  
the experiments with very rapid ventricular rates . 

Thyro id gland transplantations in  the tunnel in the ventricular wal l  
produced a less marked frequency rise of about 2 o-4-o beats/min .  be
coming apparent 8- I 2 hours after the operation and lasting For some 
days . At autopsy performed several months after the transplantation, 
about half of the transplant was Found to be intact. 

When the arterial supply of the thyroid lobe was preserved intact and 
venous blood was a l lowed to flow around the transplanted lobe in the 
myocard ial tunnel the frequency rose from an average of 5 2  beats to 
I 2o- I 30 beats per m inute over 2 - 3  days, the thyro id tissue remain ing 
i ntact . Tablets oF tri-iodothy ronine ,  inserted operatively into the 
ventricular wal l  produced a s imi lar i ncrease of frequency . S ince I iver, 
ovary, and musc le transplant had no effect, further research was pursued 
in relation to the thyroid hormones , and i t  was establ ished that the rise 
of frequency was due to a local increase of tri- iodothy ronine which 
produced a new focus of stimulation. Implantation of the hormone in 
the ventricular wal l had no effect on other organs, while large oral doses 
produced no rise on frequency. FOLKMAN and EDM UNDS ( I  96 3) ascribed 
the effect to the combined action of tri- iodothyronine and catachola
mines. 

To create a long term endocrine pacemaker, FOLKMAN and LONG 
( I  964-) attempted to store a large quantity of tri-iodothyronine i n  the 
ventricular wal l using si lastic capsu les ,  through which the drug was 
gradually released . To maintain stimulation for 30 hours ,  I o- 2 5  mg. 
tri-iodothyronine were requ ired . The capsules, w ith a max imum 
content of 3o . ooo mg. released 2 o-5o mg. per day ,  but even with these 
capsules it proved impossible to increase the heart rate for more than 
4--5 days . 

The short duration of stimulation was caused by the formation of a 
th in layer of connective tissue around the capsule which prevented the 
hormone from reaching the i ntact heart muscle in suffic ient concen
trat ion.  This was shown by the fact that transplantation of a capsule 
which no longer produced pacemaker activity to a fresh place in  the 
ventricular wal l  led once more to an increase in  frequency lasting 4--5 



days, whereas implantation of a new capsu le i n  an old wound did not 
affect the heart frequency . 

To c ircumvent the d isadvantage of the tissue layer by using myocardial 
iontophoresis ,  FOLKMAN and LONG ( 1 964) introduced the negative 
(wire) electrode of a pacemaker into the shaft of a si lastic tube im
pregnated wi th tri-iodothyronine. By boring smal l holes in the wal l  
of the tube they sho" ed i t  was possible to stimulate the heart electrical ly . 
A second pacemaker electrode was attached to the myocardial surface 
near the i mp lanted capsul e  to ensure proper stimulation . When the 
heart no longer reacted to the thyroid  hormone FOLKMAN and LONG 
hoped that e lectrical stimulation for 2 -4 hours '' ould carry sufficient 
quantit ies of tri-iodothyronine through the tissue layer by iontophoresis ,  
thus enabl ing the heart to be stimulated by the hormone alone once 
more .  In this way the l i fe time of the pacemaker might be considerably 
extended . 

No c l inical data were given of this latest version, w hich is a combina
tion between an electrical pacemaker and an endocrine pacemaker, but 
tissue formation w i l l  probably have been an obstac le, not only for the 
hormone but also for stimulation by electrical current. The i ntact 
myocardium was separated from the negative electrode, not only by 
the capsular wal l  in w hich smal l  holes had been bored , but also by the 
tissue layer .  The d istance bet\\ een the electrode and the i ntact myo
card ium thus increased , so that after some time excessive voltages p ro
bably became necessary . With bipolar stimulation i t  would be possible 
to reverse the d i rection of the stimulus, using the other electrode as 
negative electrode, but that " ould mean that the effect of the ionto 
phoresis would be lost. 

Advantages and disadvantages 

The advantages of this method,  the 'natura l '  endocri ne stimulation of 
the heart, are extremely hypothetical , in  view of the great d isadvantage 
that long term stimulation with the drug pacemaker proved to be im
poss ible .  This method moreover, would requi re a fresh operation when 
the capsule became exhausted . 

Conclusion 

The disadvantages of this method proved to be so great and insuperable  
even during animal experiments , that the method has no practical value.  
It remains of great theoretical interest. 
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I X . S T I M U L A T I O N  W I T H  A P - W A V E  T R I G G E R E D  S Y N C H R O N O U S  
P A C E M A K E R  

I n  stimulation of the heart with a P-wave triggered pacemaker the 
atrial depolarization is detected by an electrode attached to the atrium ; 
this signal , after a delay corresponding to the duration of the atrio
ventricular conduction t ime, triggers an electrical impulse, which stimu
lates the heart v ia a ventricular e lectrode (fig. IV- I 4) . 

Fig. IV- 1 4. Scheme of completely internal (implant
ed) �ynchronous stimulation ;y�tem,  P-wave triggered 
pacemaker (bipolar) .  

Introduction 

In stimulation of the heart with a fixed frequency pacemaker, the ven
tricles are stimulated i n  a definite, fixed rhythm .  During this stimu
lation , the heart frequency is not under control  of the physio logical 
regulating mechanism ,  and atrio-ventricular co-ordination is not main
tai ned , result ing in the loss of the greater part of the contribution of the 
atrium to the card iac output. 

The importance of this atrio-ventricular co-ordination is clearly 
demonstrated when a patient with atrial fibri l lation returns to sinus 
rhythm ,  so that the normal sequence of atrial and ventricular depolariza
t ion is restored .  BRAUNWALD ( I 964) found in one such case an im
provement of the cardiac output of 2 o- 3 0�0 • A corresponding change i s  
observed in  a heart with an intermittent heart block, if a sudden inter
ruption of A-V conduction necessitates changeover to electrical stimu
lation. If such a heart is asynchronously stimulated w ith a fixed fre
quency correspond i ng approximately to the frequency of the intact sinus 
rhythm ,  an immediate 2 5° 0 drop of card iac output (sowTON I 964) i s  
found . The heart recovers after a few minutes, so that the card iac out
put i ncreases aga in  to 96% of i ts original value. 

BRAUNWALD ( 1 964) concluded that when the stress is submax ima l ,  



reserve mechanisms resul ting p . e .  in  an increased stroke volume, may 
be available to maintain the output at a normal leve l ,  despite the absence 
of an appropriately timed atrial systole .  During stress however the heart 
adopts less \\ el l .  The losses i n  card iac output are then approximately 
)- I )00 compared w ith the optimal  values. 

S ince 'an ideal prosthetic device returns a function to a physiologic 
level of activ i ty w hich is as close to normal as possib le '  (N ATHAN I 963 ) ,  

an  electronic A-V bridge to restore the co-ordination between atrium 
and ventricle during electrical stimulation '' as sought. This electronic 
prosthesis w ould also return the heart rate to physiological control . 
The final resul t  of this research is the so-cal led P-wave triggered pace
maker. 

In i ts s implest form the electronic unit consists of a P -wave detector, 
a pulse forming c ircuit and an output c ircuit .  Regular atrial contraction 
and depolarization impulses of sufficient strength are requ i red for correct 
functioning of the pacemaker. These depolarization impulses ma) be 
detected with epicardial or intracardiac electrodes. 

In view of the low atrial vol tages, the P-w ave detector must be ex
tremely sens itive. Ho\\ ever, the sensitivity is l im i ted by the risk of 
interference from other sources i f  the detector is too sensit ive . In  
most versions the sensitivity is fixed at  about I . o  mY. The detected 
signal from the atrium is too \\ eak to trigger the rest of the c ircuit ,  so 
that it fi rst has to be ampl ified . The P-wave detector therefore consists 
of a detector proper and an amplifier c i rcuit .  

To obtain good co-ord ination between the atrial and the ventricular 
contraction a delay corresponding to the P-Q time has to be included 
between the detection (and amp l ification) of the P-wave and the trig
gering of the ventricular impulse. This is achieved by means of a delay 
c i rcuit between the P-wave detector and the pulse forming c ircuit .  
The P-wave final ly triggers the pulse forming c ircuit through this delay 
c i rcuit ,  resulting in a ventricular impulse by the output c i rcuit .  

To prevent the P-wave detector from detecting the pacemaker im
pulse and the ensuing heart reaction, in  w hich case the pacemaker would 
react to i ts own c ircuit, i t  is necessary to have a final blocking c ircuit ,  
starting at the beginning of the stimulation i mpulse, which renders the 
input refractory for a certain  period (dead t ime ) .  

If s inus bradycard ia, s inus tachycard ia or atrial fibri l lation occur, there 
is a danger of  the pacemaker continu ing to stimulate the ventric les in  
the imposed rhythm .  To counteract this compl ication,  the c ircuit i s  
constructed i n  such a way as to l im i t  the minimum and max imum fre-



guencies . The min imum freguency is determined by the pulse form ing 
c ircuit in such a manner that impu lses at a preset fixed minimum rate 
are del ivered whenever the heart rhythm drops below this Freguency . 
The maximum freguency is determined by the delay time after a P-wave 
signal and the dead t ime of the detector after a st imulation impulse. 

When the rhythm is too low or  the detector electrode is defective, 
the heart is stimulated at the fixed minimum freguency and co-ordination 
between atria and ventricles is then lost. If the fixed max imum fre
guency is exceeded the pacemaker responds only to every second P
wave. IF the ventricular freguency rises to 3 t imes the maximum pacemaker 
freguency , each thi rei P- �\ ave triggers a ventricular contraction. 

Figure VIII- I 5 shows the P-wave triggered pacemaker w i th th is  ad
d itional development. 

The ventric les may be stimulated w ith epicardia l ,  intramural or intra
card ia! electrodes. 

Animal research 

The principle of an electronic A-V bridge was appl ied first by BUTTER
WORTH and POINDEXTER ( 1 944) in an experiment a imed at reproducing 
the QRS-complexes of the Wolff-Parkinson-White-syndrome. 

I-OLKMANN and WATKING'i ( 1 957) first appl ied the principle to clogs 
with total heart block, using two atrial electrodes to detect the P-waves . 
This signal was amplified to 450 m V and appl ied to the heart by 2 ventri
cular electrodes . In 5 of 24 dogs a rate of 90- 1 3 ofmin .  could be main
tained for th ree weeks in  this way . In one anima l ,  experimental auri 
cular fibri l lation caused a ventricular tachycard ia and the maximum 
stimu lation Freguency was therefore l imited to 1 3 ojmin . ,  which pre
vented supra-ventricular tachycard ia causing ventricular tachycard ia .  

Further improvements in this electronic atrio-ventricular bridge were 
made by STEPH ENSON ct a/. ( 1 9 59) . The advantage of thei r pacemaker 
was that the trigger signal obtained from the P-wave was led through a 
delay c i rcuit - in the form of a monostable multivibrator which re
produced the normal conduction time of the bund le of His (ca . o .  1 8 sec .) 
and was adjustable from o- 1 .o sec . A second adjustable multivibrator 
was incl uded in the c i rcuit ,  so that the impulse could be set at duration 
of a normal QRS-complex, the impulse duration of o. 1 sec . used by 
Stephenson corresponding with the time of a normal ventricular de
polarization. However, s ince the stimulation impulse needs only to 
depolarize the ventricle at the electrode and not throughout the ent ire 
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cardiac musc le ,  a stimulus lasting no more than a few m i l l iseconds i s  
sufficient. A longer period only entai ls the danger of ventricular fibri l 
lation . The second delay c i rcuit therefore resulted i n  no improvement. 
The i nclusion of a master osc i l lator in the c ircuit to function as an emer
gency system if detection of the P-wave fai led or total atrial asystol e  
occurred was, however, successfu l .  

A d isadvantage o f  Stephenson's  c i rcuit was the lack o f  a blocki ng 
mechanism i n  cases of supraventricular tachycard ia or atrial fibri l lation . 
Stephenson stated that with proper P-wave control led stimulation the 
sinus rate rapidly reverted to normal ; the incorporated P-R i nterval 
delay is an additional safeguard to prevent auricular fibri l lation from 
producing ventricular fibri l lation . 

The concept of the p_ ,, ave pacemaker was also elaborated by KAHN 
et a/ .  ( I 96o)  who establ ished minimum and max imum frequencies . If the 
frequency of the atrial impulses passed outside the range of 45- I 2ojmin .  
the stimulator automatically functioned at a fixed rate of 7 s/min .  The 
unit was tested in 4 animals, but was large and unsu itable for implanta
tion. 

NATHAN et a/. (I  96  3) ultimately succeeded i n  constructing an im
plantable P-wave triggered pacemaker and implanted it for prolonged 
periods i n  dogs . Ten days after heart block had been produced , electrodes 
�' ere attached to the left atrium and ventricle through a left thoraco
tomy . The construction of this pacemaker is a further elaboration of the 
apparatus d iscussed above . The P-\\ ave detected by epicardial electro
des measures 2 - 8  m V i mmediately after i mplantation. It is amp l ified 
300 times before triggering the pulse forming c ircuit after a delay of 
I oo msec . To prevent pacemaker triggering by i ts own signa l ,  a total 
refractory t ime of 0 . 4  sec . has been included in the c ircu i t .  The 
minimum frequency was 6o imp/min .  and the maximum frequency 1 50 

impfmin .  Fol lowing pre lim inary external trials, pacemakers were im
p lanted i n  26  dogs for periods from one week to 7. 5 months. A modi 
fication of  this pacemaker i s  used c l inical ly .  

The above mentioned i nvestigators detected the P-wave signals by 
means of epicard ial atrial e lectrodes, in combination w ith either an in
d ifferent electrode or a second electrode on  the heart. BATTYE and WEALE 
( I  9 6o) considered the voltages obtained in this way to be too variable 
and attempted to detect the P-waves using a bipolar catheter. This had 
2 s i lver electrodes 45 mm apart, one lying in the right ventric le for 
stimulation and the other i n  the right atrium as detector. A 2 o  cm2 
s i lver disc electrode was used as i nd ifferent electrode. Battye and W eale 



detected a negative P-wave s ignal that sti l l  varied in  size, but with a 
minimum of several m V .  Using this signal they were able to stimulate 
the right ventricle of canine hearts by way of the catheter tip, but no 
mention is made of the duration of the experiments. This method of  
detection was later elaborated i n  c l inical appl ications by RODEWALD et a/. 
( r 96f) .  

A th i rd method of detecting the P-wave was developed by  BON NABEAU 
et a/. ( 1 96 3 ) .  They i nvestigated the possibi l i ty of detecting the atrial 
depo larization potentials from the ventricles, using 2 ventricular elec
trodes . In once case they p laced both electrodes on the left ventricle, 
one j ust under the left atrium and the other one near the apex w ith an 
ind ifferent e lectrode e lse·where in  the body. The atrial signals were ap
proximately 2 m V, but dropped with in a few days after i mplantation to 
o-o . 2 m V .  By placing the electrodes far apart, one on the l eft and the 
other on the right ventric le paral le l  to the atria, they obtianed P-waves 
of 2 mY,  which dropped to o . 6-o . 8  mY with in  24- hours after the im
plantation. Using these i mpulses , Bonnabeau e t  a/ .  triggered the pulse 
forming c ircuit after a delay i nterval . The stimulation i mpulse reached 
the heart through the electrode on the left ventric le .  However, the P
w aves were of low ampl itude and decreased further w ith time. More
over, i nterference from external sources is more easi ly encountered 
when the sensit ivity needs to be made h igh enough for such smal l P
waves . No c l in ical appl ications of this third method are know n .  

A variatio n  i n  the power supply of an  implantable P-wave triggered 
pacemaker has been developed by SUMA,  TOGAWA and UCH IGAMA ( r 9 6 5) .  
They constructed a P-wave triggered pacemaker a s  a combination of a 
battery pacemaker and an i nductively coupled pacemaker. By using an 
extracorporal transmitter and an intracorporal receiving coi l ,  energy to 
charge the nickel cadmium batteries can be transmitted by rad iowaves. 
I f  necessary the stimulation impulses also may be d i rectly adm inistered to 
the heart by means of the electromagnetic system . 

The animal research which led to the development of our P-w ave 
triggered pacemaker i s  d iscussed in  the chapter on stimulators (Chapter 
VII I) . 

Clinical application 

The P-wave triggered pacemaker is appl ied c l inical ly in three d ifferent 
versions viz. 
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A .  epicardial P-wave detection and intramural stimulation 
B. intracard ial P-\\ ave detection and i ntracard ial stimulation 
C.  mod ified epicard ial P-wave detection with intracard ial stimulation . 

A .  In the fi rst method the atrial depolarization is detected by an epi
cardial electrode and the heart is stimulated w ith intramural e lectrodes . 
This type was used for the fi rst cl inical appl ication of an implanted P
wave pacemaker at 2 7th june 1 9 6 2  (NATHAN et a/ .  1 9 63 ) .  The operatio
nal technique is identical to that of the implantable pacemaker w ith 
transthoracic electrodes. After premedication and control of the rhythm 
w ith a catheter e lectrode connected to an external pacemaker, the heart 
is approached through the fourth left i . c . s .  

The detector e lectrode consisted of a hel ica l platinum \\ i re, embedded 
in s i l icon rubber. The distal 6 . .5" mm of the spira l w ere lengthwise half 
embedded in  the electrode frame, the other half making contact with 
the atrial wa l l  " here it is attached bv a few sutures. One ventricular 
electrode was used for stimulation and a .5" • .5" em diameter stain less steel disc 
on the pacemaker wal l served as ind ifferent electrode. The pacemaker 
i tself was a further development of the unit d iscussed under animal re
search . 

During the first two years 2 1 patients '' ere treated w ith this P-wave 
triggered pacemaker, but a number of defects occurred . An improved 
pacemaker brought about a decrease in the number of fa i lures (cENTER 
et al. 1 9 6 _5") i n  subsequent c l in ical use . 

B .  In this version the atrial depolarization is detected with an i ntra
card ia! e lectrode, the heart being stimulated \\ ith an intracard ial e lec
trode also . 

This method \\ as elaborated by RODEWALD et al. ( 1 964) . The low 
atrial vo l tage detected w ith th is  method is a disadvantage . From 3 1 3 
measurements in 1 4  patients Rodewald et al . found that 47°0 y ielded 
values below o .9  mY. This is the l im i t  of sensitivity of the pacemaker 
developed by NATHAN et a/. , but Rodewald had nevertheless treated 7 
patients w ith some success by 1 964 " ith this unit .  

C.  In this th i rd version the detector electrode consists of a catheter 
w ith a platinum tip 1 o mm in length and 3 mm in d iameter, attached 
between the posterior '' a l l  of the atrium and the anterior wal l  of the 
oesophagus. An identical catheter electrode in the right ventric le is 
used for stimulation .  
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This method was described by CARLENS ( 1 9 6 5) .  Before the detector 
electrode is attached , the stimulation catheter and pacemaker are 
brought i nto position and the detector electrode is then attached by means 
of a mediastinoscope . After anaesthesia with intubation and the admini
stration of a muscular relaxant, a smal l  inc is ion is made in  the supraster
nal fossa . Next, the tissue along the trachea is parted by the mediastinos
cope, unti l  a position is reached past the bifurcation of the trachea 
and the right branch of the pulmonary artery. When the thin layer 
of connective tissue between the posterior atrial wal l and the oesoph
agus is reached , the detector electrode is inserted as near as possible 
to the atrial wall by means of a forceps, after which the electrode 
is left to fix i tself. Immediately after introduction of the electrode, 
voltages of 1 -7 m V are detected , which ult imately stabi l i se at 1 .  5- 2 . 5  m V .  

Twenty patients have been treated s ince February 1 96 5  i n  this manner ,  
with a P-wave triggered pacemaker developed by LAGERGREN et  a / .  
( 1 966) .  

Advantages and disadvantages 

Advantages 

A .  Improved haemodynamic conditions 

As was mentioned i n  the i ntroduction to this chapter, co-ordination 
between the atrial and ventricular contractions gives a more effective 
c i rculat ion. CENTER et a/ .  ( 1 964) found that synchronous, compared 
with asynchronous stimulation ,  produced an improvement of the cardiac 
output of 1 0- 30°0 at rest and 2 5-50% under stress. KARLOFF ( 1 966) 
l i kewise found an increase of the cardiac output in  1 o of Lagergren 's 
thi rteen patients . In one patient, the card iac output rose from 3 . 8  I Jmin .  
during asynchronous stimulation to 5 .  5 IJmin .  during atrial triggered 
stimulation. 

B .  Neurogenous control 

As the ventricles are stimulated at the rate of spontaneous atrial depolari
zat ion the heart is returned to physio logical regulation . 

C.  No interjerence on return C!J
. 
sinus rhythm 

Sinus rhythm returns in approximately 2o-4o% of patients with A-V 
conduction d isorders treated w ith an implanted pacemaker (BOUVRAIN 



1 9 64- ; CENTER 1 9 64- ; HARRIS 1 96 5 ;  SOWTON 1 9 6 5 ;  LAGERGREN 1 9 66 ; 
THALEN 1 9 67) .  If asynchronous stimulation is present i n  these cases, 
competit ion arises between the pacemaker impulses and the natural 
heart rhythm ,  which may in vulnerable hearts lead to ventricular 
tachycard ia (BONNABEAU 1 963 )  o r  fibri l lation (ELMQVIST et a/. 1 9 63 ) ,  if 
the pacemaker impulse arrives in  the vulnerable period ( i . e .  in a period 
of 30 msec. p recedi ng the T-,,·ave (BROOKS 1 9 55 ; LOWN 1 9 6 2)) .  As the 
P-wave pacemaker is triggered by the atrial depolarization, even after 
return of the s inus rhythm,  the stimulation impulse always arrives during 
the ventricular complex of the s inus rhythm .  The chance of fibri l lation 
due to the pacemaker impulse fal l i ng in the vulnerable period , is thus 
excluded . I t  should be noted that this is not the case when extra systol es 
arise. 

Disadvantages 

A .  Extra (atrial) electrode on or in the heart 

The P-\\ ave triggered pacemaker requi res an extra heart electrode, the 
atrial detector electrode .  With respect to the 3 detection methods, 
d iscussed above, i t  can be stated that the fi rst method , with electrode 
fixation by way of a thoracotomy entai ls the greatest operational risks, 
but thereafter provides the largest and therefore the most reliable signal s ; 
the second method, using intracardial detection and stimulation, entai ls  
the least operational risks, but at the same time detects the smal l est 
and least stable signals, wh i le  the third method, with modificated 
epicard ial detection, is a middle course between the two preceeding 
methods, both as regards operational risks and P-wave ampl i tude. 

B .  Division of the ventricular impulses at high atrial jrequencies 

At h igh atrial frequencies onl) each second P-wave is fo l lowed by a 
stimulation impulse. In  Nathan ' s  c l inical version the maximum ventri
cular rate is 1 1 o beats per m inute. This means that during increase of 
the atrial rate the ventric le sti l l  receives 1 1 o stimulation 'impulses per 
minute at an atrial frequency of 1 1 ojmin . , but when the atrial frequency 
r ises above this l im i t  for example to 1 1 2 jmin . , the ventricle w i l l  
suddenly drop to 5 6  stimulation impulses per m inute. On  the other 
hand , when the atrial frequency fal ls below 1 oo this division no longer 
takes p lace so that, when the atrial frequency reaches 99/min . , the heart 
is suddenly subjected to an increase in impulse frequency from 52 per 



minute , the mmmmm of the pacemaker, to 99/min .  A l though this 
division i s  necessary because of the dangers of atrial tachycard ia, it i s  a 
d isadvantage of the P-wave triggered pacemaker because of the sudden 
transi tions in ventricu lar rate which i t  entai ls .  

C. Interference by extraneous fields 

The signals of atrial depolarizations are extremely weak and the detector 
c ircuit therefore needs a high i nput sensitivity .  This, however, a lso 
increases the chance of interference by extraneous electric ,  magnetic or  
electro-magnetic fields. 

In  the first version of the pacemaker used by LAGERGREN et a! . , the 
freguency band of the P-wave detector was 5- 3 ooo Hz. During several 
appl ications of this pacemaker, extraneous fields triggered the detector 
with the resul t  that several male patients abandoned their electric razors 
and several female patients were unable to use thei r electric domestic 
appl iances. In later types the frequency band was l imited to 5- I oo Hz 
to decrease this i nfluence. 

The freguency band of the pacemaker developed by N ATHAN et a/. 
is 5- 2 oo Hz. In this design an attempt to counteract the effects of exter
nal interference has been made by means of an indifferent electrode in 
the form of a stainless steel elise in the pacemaker wal l ,  acting as a screen 
for the pacemaker c i rcuit . The e lectrodes themselves, however, are 
not screened i n  this way and CENTER ( I  96 3) found that powerful low 
freguency sources of i nterference are sti l l  capable of affecting the pace
maker. 

D.  Complicated electronic pacemaker circuit 

The number of electronic components is several times that of the asyn
chronous pacemaker. The chance of fai lure clue to defects in the elec
tronic c ircuit is therefore proportionally greater. 

E. Hi9h current consumption , short life time 

The P-wave triggered pacemaker consumes more current than the 
asynchronous pacemaker due to its additional c ircu its, especial ly those 
for pre-ampl ification and delay of the P-wave. The batteries are there
fore exhausted earl ier, and the l i fe time is shorter. 
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F .  Ventricular arrhythmia due to fluctuations if the atrial siena/ around the 
detection threshold 

The P-wave s ignals may be extremely weak and even a sl ight further 
decrease may result i n  fai l u re to trigger the pacemaker, 'vvhich then 
starts to stimulate at its m inimum frequency as an asynchronous pace
maker. When the P-wave signal i ncreases again, the detection threshold  
i s  once more reached and the ventricle i s  suddenly stimulated again a t  
the  atrial rhythm . Variations in amplitude of the P-wave signals may 
thus manifest themselves as ventricular arrhythmia. 

Fl uctuations i n  the atrial signal may occur due to a poor contact 
between pick-up electrode and the atrial wal l ,  but may also be caused 
by fatty degeneration, oedema or ischaemia of the atrial myocard ium.  

Conclusion 

About I o- 2 o00 of the patients with conduction disorders are unsuitable  
for treatment w ith a P-wave triggered pacemaker, due to  an i rregular 
atrial activity (HANSSEN I 949 ; PENTON I 9 )6 ; BURCHElL I 964, et a/. ) .  

A lthough the advantages for the remain ing patients are obvious , the 
d isadvantages were sti l l  found to be too frequent in practice , so that in 
comparison w ith asynchronous stimulation, this stimulation method is 
l i tt le used as yet. 

X. S T I M U L A T I O N  W I T H  A R - W A V E  C O N T R O L L E D  O N - D E M A N D  
P A C E M A K E R  

Principle 

In stimulation ·w ith a R-\\ ave contro l led pacemaker, one or more ventri
cular electrodes are used to detect the R-\uves of the ventric les and to 
stimulate the heart, the c ircuit of the pacemaker being such that the 
pacemaker is control led by the R-\\ aves and only evokes ventricular 
contractions if the heart frequency d rops below the fixed frequency of 
the pacemaker (fig. IV- I �) . 

Introduction 

With the asynchronous pacemakers discussed in the preceeding chapters , 
the heart is stimulated continually at a fixed frequency. Only i n  the 
P-wave triggered pacemaker is this frequency coupled within certain 
l im its to the atrial depolarization. 



Sinus rhythm returns i n  approximately 2 0-4-o% of the cases in ·w hom a 
pacemaker is implanted , as mentioned in  the previous chapter. The 
explanation for the return of conduction is probably that the metabol ism 
of the bundle of H i s  and myocardium recovers , due to improved vascu
larisation .  This recovery al lows interference to occur between the 
spontaneous heart rhythm and the rhythm induced by the pacemaker. 
This phenomenon has provided the motive for the development of the 
' on-demand'  or R-wave contro l led stimulation method (N ICKS et al. 
1 96 2) .  There are 2 types of on-demand stimulation.  

A.  In one method , R-wave blocked stimulation, the pacemaker re
ceives electrical signals from the ventricular ECG via an intravascular or 

Fig. I V- 1 5" . Scheme of  completely internal ( implant
ed) on-demand stimulation system, R-wave control led 
pacemaker (bipolar). 

transthorac ic electrode.  The R-waves of this signal are ampl i fied selec
tively in a detector c i rcuit and are transmitted to a c i rcuit which is 
capable of blocking the proper pacemaker. After a stimulation impulse 
a voltage is bui l t  up i n  the pulse-forming section of this pacemaker, and 
reaches a critical value after a predeterm ined time, whereupon a new 
impulse fo l lows . At the arrival of a R-wave impulse during the bui ld up 
phase of this voltage, the bui ld up of the voltage is terminated the c ircuit  
returns to i ts in i tial condition whereupon the bui ld up of voltage which 
u lt imately leads to the critical value resulting in an impulse has to begin 
anew. This means that the pacemaker is blocked by the timely arrival 
of the R-wave and the cycle again starts from the beginning. When no 
R-wave impulse arrives in  the pacemaker c ircuit w ithin the bui ld up 
phase of the above mentioned voltage, the pacemaker is not blocked and 
an impulse resu lts .  In  order to prevent the pacemaker impulse andjor 
the electrical signal o f  the accompanying ventricular contraction from 
blocking the pacemaker prematurely via the detection electrode, the 
output signal is s imultaneously added to a c i rcuit  which prevents the 
detector function ing for some time after the pacemaker impulse (dead 

99 



t ime) . The R-wave blocked pacemaker therefore only then de l ivers 
i mpulses, st imulating the heart, when the heart freguency decreases 
belo" the fixed minimal pacemaker freguency determined by the bui ld 
up phase. 

B .  The other method , R-wa!'e triaaered stimulation , i s  a modification 
of P-\\ ave triggered stimulation. In this method the R-waves of the ven
tricles trigger the pulse forming c ircuit of the pacemaker after a short 
de la) time, so that stimulation impulses are del ivered to the ventricles but 
fal l  in the absolute refractory period of the ventricular cycle in  case of a 
properly functioning heart. The pacemaker functions l ike an asynchron
ous pacemaker if the ventricular freguency dorps below the fixed pace
maker freguency . The R-\\ ave triggered pacemaker therefore a lways 
del ivers i mpulses even "'' ith a normal ly functioning heart, but stimula
tion becomes effective only when the heart freguency decreases below 
the fixed minimal pacemaker freguency . 

In the latest versions using both methods, it has been possible to 
carry out detection and stimulation by means of the same electrode,  so 
that only one heart electrode is regu i red . 

Animal research 

A .  R-wave blocked pacemaker 

The fi rst report of a cl inica l ly applied external unit after this principle 
being made in  I 9 6 2  by NICKS,  STENING and H U LME,  i n  1 9 6 3  SYKOSCH et aJ. 
described the development of  a stimulation unit , wh ich can be said to be 
the predecessor of the R-wave blocked unit discussed here . They con
structed a pacemaker which could be blocked by means of a c i rcuit in  
which a secondary co i l  was i ncluded and used i t  in  clogs . The ECG was 
detected extracorporal ly w i th skin electrodes, the impulses reach ing a 
transmitter w ith a primary extracorporal coi l  via an amplifier. The R
waves detected i n  this way were transmitted by a high freguency carrier 
wave to the secondary coi l  and thereupon blocked the pacemaker. 
Practical s imultaneously completely implantable units were developed 
by M EYER et a/ .  in the United States and by our group in Europe . M EYERS 
et al. did not report animal experiments . Our animal research i s  dealt 
with extensively i n  the chapter on the R-wave pacemaker (ChapterVIII) . 

B .  R-wave trigaered pacemaker 

Animal experiments w i th a R-wave triggered pacemaker have not been 

100 



reported t i l l  now ,  a lthough SOWTON ( 1 967) mentions the development 
of such R-wave triggered units in three centers . Publ ications on this 
type of pacemaker are, however, l imited to the design of the unit and 
the records of the fi rst c l inical appl ications . 

Clinical application 

A .  R-wave blocked pacemaker 

The pri nciple of the R-wave blocked pacemaker is appl ied i n  many 
types of apparatus used i n  patient monitoring, but these are extracorporal 
units ,  which are especial ly i ntended for patients w ith short term arrhyth
mia  or card iac arrest .  General ly they consist of an ECG monitor, plus a 
stimulat ion and alarm unit .  A complicated unit ,  including an electro
cardiograph and a defibri l lator, is described by BOUVRAIN and ZACOUTO 
( 1 96 1  ) .  This unit i s  also completely extracorporal . 

The development of i mplantable pacemakers and of temporary pre
operative monitoring of patients with heart block led to a change of 
emphasis so that on-demand stimulation became the main consideration. 
LEMBERG, CASTELANOS and BERKOVITZ ( 1 96 5) fi rst described an on-de� 
mane! pacemaker consist ing of an asynchronous external pacemaker with 
external or intravascular electrodes. 

As no cl i nical app l ications of the unit developed by SYKOSCH et a/. 
( 1 96 3) were described the development from completely external to 
completely implantable R-wave blocked pacemakers took p lace without 
any intermediate forms. In  1 966 the first R-wave blocked pacemakers 
were implanted . M EYER's pacemaker was implanted in 3 patients after a 
number of extracorporal appl ications (RODEWOLD 1 966) .  The fi rst 
implantable R-wave blocked Groningen pacemakers (vAN DEN BERG 
and THALEN) were also implanted in 1 966 .  At the end of 1 967  2 3  
R-wave blocked pacemakers of the Groningen type w ere implanted . 

B .  R-wave triggered pacemaker 

The principle of this pacemaker was reported by DONATO and DENOTH 
( 1 966) for the first t ime. One year later they reported good results 
with the ir  pacemakers i n  combination with a catheter electrode i n  3 0  
patients ( 1 967) .  C l inical use o f  R-w ave triggered pacemakers has also 
been reported by ELMQVIST et aJ. , CHARDACK et af. , and RODEWALD et aJ. 
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Advantages and disadvantages 

Both versions of the R-wave control led pacemaker have some advantages 
and d isadvantages in  common. 

Advantages 

I .  No inteiference with the spontaneous heart rhythm 

R-wave control prevents interference between spontaneous cardiac acti
vity and pacemaker activity .  In view of the large number of patients who 
have an implanted pacemaker and s inus rhythm but do not develop 
ventricular tachycard ia or fibri l lation other factors apart from compe
tition must be of importance .  WIGGERS ( I  940) and MCLEAN and PH IBBS 
( I 96o) showed that the OX) genation of heart muscle plays an important 
part in determining fibri l lation thresholds, and the impulse ampl i tude 
during the vulnerable period is also of great importance. Nevertheless 
i t  is a great advantage that the chance of fibri l lation and ventricular 
tachycard ia due to interference from sinus rhythm or extrasystoles is 
prevented in R-·wave control led stimulation . 

2 .  Effective stimulation when necessary (on-demand) 

As the pacemaker only stimulates effectively when the heart frequency 
has dropped below a minimal value, the heart activity is not interrupted 
during physiologic conduction. This results in an optimal c i rculation, 
as the ventricl e  remains under nervous contro l .  

3 .  La  rae ventricular si9nal 

Compared to the P-wave of the atrium the R-wave from the ventricle 
is so great that a large signal is obtained to control the pacemaker even 
during long term implantation . The signal detected w ith intramural 
electrodes is 3 -4 times greater than w ith intracard ial e lectrodes. 

4· Lonaer life time of the R-wave blocked pacemaker 

If the R-wave blocked pacemaker is blocked by the heart the energy 
consumption of  the batteries is lower than that in  the asynchronous 
pacemaker, s ince the current consumption of the detector and blockade 
c ircuit is lower than that of the output c i rcuit of the pacemaker. If 
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the pacemaker is not blocked , the total current consumption is h igher 
than that of the asynchronous pacemaker, because the non-effective 
blocking c ircuit consumes energy . 

The l ife time of the R-wave blocked pacemaker is therefore dependent 
on the degree of spontaneous card iac activity .  On average the l i fe time 
of our R-wave blocked pacemaker is approximately equal to that of the 
asynchronous pacemaker when the heart blocks the pacemakers 50°0 of 
the time, whi le the l i fe time becomes longer when the blocking percentage 
i ncreases . 

Disadvantages 

I .  More complicated implanted unit 

Compared to the asynchronous pacemaker, the R-wave control led pace
maker is more compl icated , increasing the chance of electronic defects 
and the attending compl ications. The electronic c i rcuit of the R-\\ aVe 
pacemaker is s impler however than that of the P-wave triggered pace
maker. 

2 .  Shorter life time ?[ the R-wave triggered pacemaker 

The R-wave triggered pacemaker w i l l  have a shorter l i fe time compared 
to the asynchronous pacemaker, as the detecting and ampl ifying c ircuit  
consume energy and because the pacemaker also del ivers impulses when 
the heart is beating spontaneously ; in this case the rate is usual ly h igher 
than that of an asynchronous pacemaker, with a consequent h igher 
battery dra in .  

3 .  lnteiference by e-.:traneous fields 

The R-wave blocked pacemaker should only be blocked by the R-w aves , 
but signals due to interference from extraneous fields may also b lock the 
pacemaker. This is of no consequence when the heart is i tself blocking 
the pacemaker, but when pacing is requi red this interference may be
come fatal .  The R-wave triggered pacemaker is not seriously affected 
by this interference, as extraneous signals are only capable of increasing 
the number of pacemaker imp.fmin .  to a preset maximum . By suitable 
design of the R-wave b locked pacemaker (see Chapter VIII) the risks 
can be min imized , whereas in some R-wave pacemakers the c ircuit  is 
developed such , that the pacemaker is not blocked if strong extraneous 
signals OCCUr (BERKOVITZ ; VAN DEN BERG and THALEN) . 
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Conclusion 

The R-wave control led pacemaker has a number of i mportant advantages 
over the asynchronous units ,  expecially for patients with an intermittent 
heart block or recovery of A-V conduction . These advantages by far 
outweight the d isadvantages. Although the on-demand pacemaker has 
only been used in a small number of patients so far, it may nevertheless 
be assumed that this method of stimulat ion w i l l  play an important ro le 
in the future . Further experience w i l l  enable  a choice to be made 
between the blocked and the triggered versions. 

Postscript 

Ten methods of stimulation have now been discussed . Ten times in  the 
course of development of electrical stimulation of the heart an important 
change has taken place in the stimulat ion apparatus, the impulse trans
m ission or the electrodes . The question arisis whether sti l l  more funda
mental changes wi l l  take place, so that sti l l  more methods of stimulation 
w i l l  come into being. It seems unl i kely that this w i l l  be the case and i t  
i s  probable that the ten principles as laid down in  this chapter w i l l  remain 
the basis for future treatment. 

This by no means impl ies that the development of electrical stimu
lation of the heart w i l l  not continue. The development will however 
be restricted to technological modifications and other combinations of 
the principles dealt with above, such as a combination of the P-wave and 
R-wave pacemaker, sophistication of the components used , and especial ly 
a new approach to the problem of energy supply . 

In the fo l lowing chapters the development of the various stimulation 
units and stimulation parameters as mentioned in  this chapter w i l l  be 
considered in more detai l .  



Methodology of the anin1al research C H A PT E R  V 

The prototype of the Groningen pacemaker was developed in  I 960 by 
VAN DEN BERG . In co-operation with H OMAN VAN DER H EIDE and N I EVEEN ,  
pacemaker and electrodes were tested in  experiments on I I dogs . 
I n  the l ight of these experiments a stimulation unit was developed , and 
the fi rst c l inical appl i cation took p lace on March 2 I st I 96 2 .  

The compl ications which occurred duri ng the first appl ications led 
to an extensive i nvestigation of electrical stimulation of the heart. An 
important part of this i nvestigation w as carried out on animals and the 
methodology of this research is dealt with in this chapter. 

I .  P U R P O S E  A N D  C O U R S E  O F  T H E A N I M A L  R E S E A R C H  

The purpose o f  the animal research was to carry out tests i n  vivo and to 
apply the experience to the development of electrodes and stimulator 
i nto a rel iable unit for heart stimulation .  This stimulation unit then 
formed the starting point for the development of new stimulation 
methods in  future animal experiments . 

The research can be d ivided in  two parts . It started w ith the deve
lopment of a transthoracic pacemaker electrode. Electrodes of various 
metals and of various shapes were introduced i n  d i fferent combinations 
i nto dogs with heart block. The electrodes were tested in both acute 
and long term experiments by monitori ng of the stimulation thresholds 
and operational values by means of our Cardiotest. The hearts were re
moved at the end of an experiment and examined macroscopically and 
microscopica l ly for tissue reaction around the electrodes . 

S imu l taneously, research was carried out on  the condi tions for optimal 
stimulation of the heart, the d ifference between monopolar and bipolar 
stimulation being evaluated from the relative thresholds ·w ith d ifferent 
i mpulses .  Optimal parameters for the stimulation impulse were identified 



by studyi ng i n  animals the effect of variations i n  the shape, ampl i tude 
and duration of the impulse . 

Several pieces of auxi l iary apparatus were developed for this combined 
fi rst part of the animal research . These include the Cardiotest for 
measurement of the stimulation threshold and operational values and 
this instrument w i l l  be described in detai l  later. An automatic recording 
of the stimulation threshold was made possible by combin ing the 
Cardiotest w i th the Vasotest, an apparatus for monitoring of the periphera l  
c i rcu lation ,  in  the so-cal led Autocard iotest. L ikewise, a Monitor was 
constructed , w hich makes the pulses of the implanted pacemaker audi
b le  for a quick and s imple check. 

After the development of the electrode and stimulator this combina
tion formed the starting point for the second part of the investigation, 
the development of new stimulation methods. The data needed for 
design of an R-wave control led pacemaker were obtained by measuring 
the ventricular depolarizations recorded from this proven electrode in  
long term experiments i n  dogs . From the analysis of these impulses i t  
was possible to develop the triggering of the 'on-demand ' pacemaker. 
Subsequently , the R-wave pacemaker \\ as tested in animals . 

The P-wave triggered pacemaker was developed in  a s imi lar way, but 
the atrial depolarizations in a number of long term canine experiments 
were analysed . 

The development of the phototest method , '' hich al lowed simple 
monitoring of the implanted pacemaker in  patients, led to the devel 
opment of a pacemaker with i mpulse suppression for the measurement 
of the stimulation threshold .  This pacemaker was also subjected to a 
number of animal tests before i ts use i n  patients . 

I I . R E S E A R C H  A N I M A L S 

For the development of the electrodes and stimulators it was necessary , 
after the technical and electronic tests, to test the units i n  vivo. Maxi 
mum information was obtained from each animal experiment by com
bin ing d i fferent measurements and tests . 

About 6o mongrel dogs were used , varying in  weight from 1 s- 3 6 .  5 kg 
with an average " eight of 2 5 .  5 kg ; and varying in  age from 1 -6 years 
w i th an average age of 2 . 8  years. 70°0 of the dogs were male, 30°0 
female. The dogs ·were kept under observation for some days in  the 
kennel and , if they were in good cond it ion, were given an intramuscular 
i njection of so mgfkg Streptomycine and 4-oo . ooo units of Penici l l i n  
dai l y  fo r 3 days before the operation. 
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I I I . O P E R A T I O N A L  T E C H N I Q U E S 

I n  order to create physiological ci rcumstances as s imi lar as possible to 
those under which the pacemaker is used in patients , heart block w as 
produced surgical l y  i n  al l animals .  

An exception was  made for the 'on-demand ' pacemaker. Research 
wi th this pacemaker, wh ich was constructed for patients with inter
mittent heart block, was carried out on clogs w i thout permanent heart 
block, but during these experiments we created a temporary heart block 
pharmacological ly . 

A. Anaesthesia 

After premecl iaction ·w ith Atropine ( o .  s mg i . m . )  anaesthesia was 
started w ith a short acting barbiturate, Sodium Pentothal ( 2o- 2 s  mgfkg 
i . v . ) .  It was found that care should be taken in administering Sodium 
Pentothal during operations on clogs w ith pre-existing heart block, 
s ince the extra systo les, which may occur after administration of Sod ium 
Pentothal, sometimes rapidly develop into ventricular fibri l lation under 
these c i rcumstances . One animal was lost due to this compl ication. 

BON NABEAU et al. ( I 96  3)  investigated the sensit ivity of canine hearts 
with complete A-V block, and found that intravenous doses of 4- 8  mgjkg 
Sodium Pentothal could cause fibri l lation, al though no arrhythmia oc
curred in  dogs '"' ith sinus rhythm . This compl ication can be avoided 
by artificial stimulation of the heart and slow administration of the 
Sodium Pentothal . During the short Sodium Pentothal anaesthesia an 
endotracheal tube was inserted , after which anaesthesia was maintained 
with a m ixture of N i trous Oxide and Oxygen (N20-0z) in the ratio of 
2 : I . Subcutaneous needle electrodes were used to monitor the heart 
action before and during the operation and connected to an electro
card iograph, whi le an infusion of sal ine was introduced into the saphenous 
vein for the administration of Au id ( I  d ropfsec .) and drugs. 

For muscular relaxation, Succ inylchol ine (o . 3  mgjkg) was administer
ed intravenously, after which the resp iration was maintained artificial ly 
w ith a Drager pulmonat, or manual ly w ith a baloon. If necessary a 
supplementary dose of half the initial amount of Succinylchol ine \\ as 
administered . 

The dog was laid on i ts left side and the right half of thorax was shaved 
and d is infected with 2 o(l so lution of Iod ine tincture . 
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B. Operation 

The thorax was entered through an incision in the fourth intercostal 
space on the right .  The pericard ium was opened w ith a door leaf 
i ncision, approximately 1 em anterior to the phrenic nerve, after which the 
edges of the pericard ia! incision were sutured to the thoracotomy edges . 

In al l cases where a heart block had to be created , the ventricu lar 
electrodes were appl ied first. The advantages of this method are fi rstly 
that the electrodes can be attached to an intact heart, and secondly that 
it is possib le to stimulate the heart via these electrodes w ith the Card ia
test immediately after the block has been created . In this way the heart 
can be stimulated immediately if there is undue depression of the c ircu
lation due to id io-ventricular rhythm or asysto le .  

C .  Fixing of stimulation electrodes 

One or more electrodes w ere fixed to the right ventricle and i t  w as 
also possible to attach electrodes to the left ventricular w al l  through 
the right thoracotomy by l i fting the heart sl ightly from the pericard ium, 
thus making the l eft ventricle accessible. I n  doing this, care should be 
taken not to kink the vascular trunk too severely or for too long. The 
electrodes were fixed to the heart w ith atraumatic 2-o s i lk sutures. 
One or more ind ifferent electrodes we re placed in the subcutaneous 
tissue near the thoracic incision. In most cases a multistrand stainless 
steel suture electrode was chosen, but sometimes a disc electrode was 
used. For experiments w i th catheter electrodes, these were introduced 
into the right j ugular vein under Sodium Pentothal anaesthesia and X-ray 
monitoring before the chest was opened . Here too, an intramural 
electrode was inserted for emergency stimulation of the heart after the 
production of heart block. 

D. Heartblock 

The first attempt to create a heart block in order to demonstrate the 
function of the A-V bundle w as made by HIS J R .  in 1 89 5  by cutting the 
conduction bundle in rabbit 's hearts . Since then a great number of  
techniques has been developed to create heart block, which i ndicates 
that no ideal method has yet been found , and that each method entai ls 
certain d ifficulties .  

ERLANGER ( 1 906) developed a special c lamp, the ' Erlanger Clamp ' ;  
some attempted to cut the bundle with a special card iotome, w hich 
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was i ntroduced i nto the jugular vein (FRAN KE I 9 5 I ) , whi le others 
created a heart block by freezing the conducting tissue (LISTER et al. 
I 964) or  by injecti ng chemicals such as alcoho l ,  phenol and formal ine 
solution i n  the course of the bundle of H is (BELLET et a/ . I 960 and KLOTZ 
et a/ . I 963 ) .  Some investigators i ntroduce the chemicals with a closed 
method by a catheter inserted into the jugular vein ,  using a second 
catheter inserted in the ventricle via the femoral vei n  as a guide (w1 LLIAMS 
et a/ . I 964 ; FISHER  I 966) ; HASHIBA (I 96  5) created a heart block by 
l igation of the septal arteries . A method freguently used is that of 
STARZL ( I  9 55) ,  who cut the A-V bundle through an incis ion in  the 
auricular wal l of the right atrium. The open methods are sometimes 
carried out under hypothermia (H uO-LUAN-cH ' IANG et a/ . I 964) , or 
with the help of a heartlung machine (THEVENET et al. I 9 5 8) to allow a 
longer time for manipulation .  

We have used two methods under normothermic cond itions ; a closed 
method , i n  which the bund le is i nterrupted by coagulation ,  and an open 
method with temporary occlusion of the venae cavae, in which the 
bundle is approached through the right atrium and l igated . 

I n  order to create a complete heart block, the atrioventricular con
ducting sytem, i .e .  the bundle of H is, has to be interrupted . This bundle 
should be crushed immed iately after the bifu rcation into left and right 
branch, or before that point, as there is otherwise the risk of creating 
only an incomplete block, such as right or left bund le branch block. 

In  creating a heart block by coagulation (wiEBERDIN K  et a/ . I 96 I ) , the 
method we used in our first experiments, a smal l 2 mm diameter copper 
rod completely insu lated wi th nylon or si l icon rubber except at the tip is 
used . The rod enters the right atrium through an incision w ith a purse
string suture in the atrial wal l just before the sulcus terminalis (atrau
matic 2 - o  si l k  suture) . The bundle of H is is located by the non-insu lated 
tip of the rod ; the tricuspid valves serve for orientation as they can be 
fel t  beating against the rod if this is moved too far in the d i rection of the 
ventricle. Once the position has been approximately determined in this 
way, the rod i s  moved to that part of the atrio-ventricular junction which 
l ies approximately half way between the recess of the inferior vena cava 
i nto the right atrium and the aortic root (recognisable by pressing the 
left i ndex finger between the aorta and right auricle) . The A-V bundle 
crosses the atrio-ventricular boundary approximately in this p lace. As 
pressure on the bundle causes conduction d isturbances, which manifest 
themselves as ventricular arrhythmia, the bund le can be located more 
accurately by pressi ng the tip of the rod on the underlying tissues . As 
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soon as such a conduction d isturbance is noticed , a diathermic current, 
powerfu l !  enough to cause a necrotic area of approximately 5 square mm, 
is passed through the rod . This current can be tested in  advance on the 
muscles of the thoracic \\ al l .  

I n  cases \\ here the bundle cannot be located i n  this way ,  Wieberdink 
et a/ . advise palpating the atrial cavity ·w ith a finger inserted through an 
opening w i th a purse string suture made i n  the auricular wal l .  We have 
not used this extension of the technique. In order to counteract poss ib le 
ventricular fibri l lation, we administered 2-4 mgjkg Pronestyl intravenous
ly 5 minutes before proceed ing w ith this part of the operation . Using 
this method w e  were able to create permanent heart block in 9 out of 
1 7 dogs. The other dogs succumbed during the operation, or had only 
temporary heart block, bringing the fo l io\\ ing disadvantages of this 
method to l ight : 

I .  Difficult localization ?} the bundle ?}'His 

Although the bundle can be traced by the ventricular arrhythmia which 
occurs when it is subjected to pressure, it is d ifficult to keep the tip of 
the rod at the correct place because of the heart action, thus making 
proper coagulation d i fficult .  

2.  Heart lesions 

Because of the difficulty in  location, the wrong areas were frequently 
coagulated . Perforations of the atrial septum,  as well as lesions of the 
tricuspid valves occurred , which resul ted in i nsufficiency and ventricular 
fibri l lation . 

3. Blood coagulation around the tip ?f the rod 

IF heart block was not obtained after the fi rst coagulation, i t  frequently 
proved impossible to achieve effective coagulation afterwards. When 
the rod was removed from the atria i t  appeared that a clot had been 
formed around the tip, mak ing coagulation of the tissue of the conduction 
bund le imposs ib le. 

4· Oedema formation 

The main d isadvantage of the coagulation method was the forming of 
oedema around the coagulated area. The oedema exerted pressure upon 
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surrounding tissue and so temporarily interrupted the A-V conduction 
completely, even though the bundle of H is i tself had not been coagulated . 
Conduction then returned within two days, when the oedema and the 
pressure were reduced , so that an orginally complete heart block re
turned to s inus rhythm.  

I n  view of these d isadvantages, we  turned to  a modification of the 
method of TAU FIC et a/ .  ( 1 9 55) developed by HOMAN VAN DER H EIDE .  
With this open method , l igating the bund le of H is under d i rect vis ion, 
we were able to produce a complete heart block in 33 of 35 dogs . In 
two clogs an incomplete heart block was created , probably clue to e l imi
nation of only part of the bundle of H is .  For th is  open method tourni
quets were fi rst p laced around both venae cavae. After the pericardium 
had been opened and the electrodes had been fixed , as described above, 
the heart rate was reduced by intravenous administration of Inderal 
(o . 5  mgrjkg) . Then,  both venae cavae \\ ere occluded and the right 
atrium ·was opened by an incision of approximately r .  5 em in  length 
(fig. V- r ) . 

Fig. V- 1 .  Production of heartblock 
by l igature. After l igation of the 
vena azygos and occlusion of the 
venae cavae, the atl"ium is opened 
and the bundle of H is is l igated .  
(See text). 

Using the coronary s inus as o rientation point, we attempted to place 
a suture around the bundle of His ,  r - 2 em anterior to the coronary sinus. 
To do this we i nserted the needle with a 2-o si lk suture 2-3 mm under 
the annulus through the septal s l ip of the tricuspid valve. By taking hold 
of the septal s l ip with the end of a suction tube, and l i ft ing the attached 
s l ip s l ightly, the location can be accurately performed and insufficiency 
of the tricuspid valve can be avoided . 
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The needle '' as inserted deeply, to incorporate the superior part of 
the ventricular septum with the bundle, or with both bund le branches . 
The needle was passed further through the inter-atrial septum and emerg
ed approx imately 3-4 mm superior to the atrioventricu lar junction. 
The suture was then tied, thus l igating the bundle (fig. V- 2) ,  where
upon the ventric le responded w i th standsti l l  or an id ioventricular 
rhythm .  We did not observe extra systoles ,  as described by WEIRICH 
et a/ .  ( I 9 5"8 ) .  After the occluding tapes around the superior and inferior 
vena cava had been loosened, the atrium fi l led again with b lood which 
d isplaced the air . The edges of the atriotomy were then approximated 
by a non-crushing clamp, and the heart was immediately stimulated at a 
frequency of 70 beats per minute by switch ing of the Card iotest. In 
this way c irculatory arrest was kept to a minimum. 

Fig. V- 2 .  Ligature (L) around 
the bundle of His in a dog 1 2 

dar, after the production of 
a heartblock .  The heart ha� 
been stimulated by a cathe
ter electrode (C )  in the 
right ventricle. In the right 
atrium furthermore can be 
seen the ;inu> coronariu' 
( SC) and the septal leaflet 
(SL) - made visible by white 
ribbon introduced below it
of the tricuspid nh e. 

After approximately one minute the stimulation by the Cardiotest 
was interrupted briefly, and the electrocardiogram was checked to 
confirm that the l igation has resulted in complete heart block. If the 
suture had caused an incomplete heart block or none at a l l ,  a second 
suture was placed after a period of at least I o minutes . When complete 
heart block was d iagnosed , the atrial incision was closed with an atrau
matic 2-o s i lk suture. 

Unl i ke the closed coagulation method , which carries no time l imit ,  
the above open method requ i res that the operation does not last longer 
than 3 minutes, since the c ircu lation must be restored within this period .  
On average the operation lasted 6o-9o seconds, most of the t ime being 
necessary for orientation in the heart . In  one case we exceeded the 
time l imit  by approximately 1 5" seconds and this resulted in cerebral 
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oedema with decerebration rigid i ty as a c l in ical featu re . It was possible 
to clear the compl ication by post-operative admin istration of a h ighly 
concentrated glucose so lution transfusion and oxygen. 

In view of the good results with the above open method , th is method 
was exclus ively used duri ng the best part of the experiments .  

E. Fixing o f  atrial electrodes 

I n  developing the P-wave triggered pacemaker, it was necessary to 
attach detecting electrodes to the atria. S ince we approached the 
bundle of His by entering the right atrium, the detecting electrode could 
only be attached to this atrium after the heart block had been created . 
I t  appeared , however, that the lesion of the right atri um caused consider
able changes i n  the impulses detected (fig. VII I- 1 3 ) .  Although the 
impulses returned to normal as the wound healed , we decided to detect 
the atrial depolarizations from the left atrium . Therefore ,  7- 1 4- days 
after the right thoracotomy, a left thoracotomy was performed i n  which 
the left atrium was approached in a s imi lar manner as in a right thoraco
tomy . The detecting electrodes were attached to the atrium with 2 
atraumatic 2 - o s i lk  sutures . 

F. Electrode leads 

To be able to perform measurements it was necessary for the electrode 
leads to perforate the sk in .  For this purpose the leads were extended 
with multistrand (4-9 strands) stainless steel wires, w hich were i nsulated 
with teflon. The wi res were not led th rough the thoracic incis ion i n  the 
fourth intercostal space from the thoracic cavity to the subcutaneous 
t issue,  but through the third or f ifth intercostal space consecutively, 
to enable stimulation by the Cardiotest to be maintained . Subseguently, 
using a spec ial ly developed system of tubes (KORNELIS), the leads were 
led subcutaneously to the dog's neck, where they perforated the sk in .  
This method , using thin conducting wires , offered least disadvantages 
i n  the form of infections . To prevent withdrawal of the wires, two smal l 
teflon bars were fixed around each w i re ,  one subcutaneously and the 
other external ly .  The only compl ication occurring ·w ith this method 
was fracture of the extension wire at the perforation of the sk in .  Thanks 
to the subcutaneous teflon bar, however, i t  was a s imple matter to trace 
the wire and repa ir  the break . 
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G. Fixing of pacemaker 

In the first experiments, the pacemaker was fixed subcutaneously in  
the neck between the scapulae. Frequently , however, the pacemaker 
would s l ide after some time, or cause necrosis by pressure, whereupon 
i t  p rolapsed from under the skin. We soon abandoned this subcuta
neous pacemaker pocket, and in the later experiments we hung the 
pacemaker in a bag round the dog's neck, l i ke the famous St. Bernhards 
\\ i th their l i ttle barrels . The stimulating \\ i res, l i ke the w i res of the 
detecting electrodes, were led through the skin to enable extracorporal 
measurements w i th any combination of electrodes . After the fixation 
of the leads i n  the neck, the ir  w i res \\ ere detached from the Cardiotest 
and connected to the pacemaker in the bag. For measurements during 
the course of  a long term experiment the electrodes were detached 
from the pacemaker and connected to the measuring apparatus. 

To prevent the dog scratching or biting at the w i res or the pacemaker 
we took the precaution of b inding up completely the pacemaker and 
the leads in strong broad sticking-plaster, which also covered the area 
where the electrodes perforated the skin. This method gave good 
results and clogs could be stimulated during a period up to 1 2 months 
i n  this way. 

H. Post-operative treatment 

Before the thorax was closed , a rubber tube was p laced to drain the 
thorax by an ACM Stedman-pump. The thorax was dra ined aga in 4-8 
hours and 1 2 - 1  8 hours after the operation, and the tube was then re
moved unless copious drainage persisted . Medicaments given post
operatively were 2 5 mg. Predniso lon, 50 mgjkg Streptomycin and 400 . o o o  
un .  Penc i l l in ,  repeated dail) for 5 days after the operation. 

The heart frequency (via the femoral artery) , the respiratory fre
quency, and the temperature (rectally) were checked thrice dai ly 
during the first week.  After that, the function of the pacemaker was 
monitored dai ly by checking the heart frequency. 

I V . A U X I L I A RY A P PA R A T U S  

A number o f  necessary aux i l iary pieces o f  apparatus w·ere developed 
during the research and further adapted i n  the course of the experiments . 
The results obtained with this apparatus are now used for cl inical pur
poses as wel l .  This apparatus w i l l  be d iscussed in  this chapter . 
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A. Cardiotest 

The Card iotest ( I 9 6 2) is a stimulator which permits quantitative mea
surements of e lectrodes and the ir  effect on  the heart dur ing stimulation 
(fig. V- 3 ) .  It is an apparatus with essential ly the same features as the 
Groningen pacemaker, so that the impulses administered to the heart 
have the same characteristics as those of the implanted pacemaker. 
This is essential i f  meaningful results are to be obtained . 

Fig. V- 3. Block-diagram of 
the Cardiotest. 

pulse control pulse charge 

voltage 

Construction . Like the Groningen pacemaker, this apparatus consists 
of a pulse forming c i rcuit and an output c i rcuit .  The pulse circu i t  i s  
identical to that o f  the pacemaker, but the frequency can be set a t  3 
values, viz. 70 , 9 5  and I 2 o  impulses per m i nute and the pulse duration 
at 5 values, viz. I ,  2 ,  3 ,  4 and 5 msec . The output c i rcuit i s  also i dentical 
to that of the pacemaker with the addit ion that the output i s  continuously 
adjustable from o-8 vol t .  The total charge per i mpulse, i .e .  the charge 
which passes through the tissue via the electrodes , can be read i n  micro
Colombs on a meter hav ing two ranges, one to 2 5  IJ.C and a second to 
so IJ.C. S ince these charges are measured ind i rectly, no extra resistance 
is added to the stimulation circuit .  The Cardiotest impulses are made 
vis ible by a l amp and audib le by a loudspeaker with adjustable volume. 

The Cardiotest receives its energy from the electric mains . To guard 
against the patient be ing electrocuted , the c i rcuit  is separated from the 
mains by means of an isolation transformer. Moreover, this c i rcuit  i s  
completely free from earth - capacitively as wel l ,  thanks to h igh 
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frequency i nduction co i ls in  the output - thus avoid ing the inherent 
danger of ventricular fibri l lation due to double earthing of the patient 
via an electrocardiograph or electric coagulator. 

Procedure. When the Cardiotest is used for stimulation the e lectrodes 
are connected and then the optimal frequency and impulse duration are 
chosen. The voltage can be set at a value at which the heart fo l lows 
the impulses wel l  and stimulation can be monitored by comparing the 
heart action w ith the Card iotest impulses which are indicated by a 
flashing l ight or  by the loudspeaker. The contractions of the heart can 
be seen d i rectly if the chest is open and can be identified either by the 
femora l  pulse or by means of the Vasotest (to be d iscussed later) if the 
chest is closed . The heart responds to the Cardiotest ·w hen each 
electrical impulse is fo l lowed by a contraction, so that there is syn
chronization between the pacemaker impulses and the peripheral pulse. 
Al lowance should be made for the time delay of the peripheral pulse 
which w i ll be about 1 oo- 2oo msec . ,  accord ing to the point of detection. 

For quantitati e analysis the Cardiotest is connected to the electrodes 
to be tested and frequency and impulse duration are then set at suitable 
values .  If the electrodes are to be checked under pacemaker condi tions, 
the frequency and impulse duration of the pacemaker to be implanted 
are chosen ; the usual values are 70 impulses per minute and 2 msec . 
respectively. Two sets of values are then determined , the operational 
values and the threshold values ; alterations are easi ly made as the voltage 
output of the Cardiotest is continuously adjustable .  

The operational voltage i s  equal to the battery voltage of the pace
maker. With the voltage of the Cardiotest set at this value, the charge 
which passes through the electrode c ircuit at each impulse is read 
from the meter of the Cardiotest in  microCoulombs. This charge i s  
cal led the operational charge. The threshol d  value is defined as  the 
corresponding charge at the threshold ,  i . e .  ·when the impulses are j ust 
sufficient to stimulate the heart. These values are determined by s lowly 
reducing the voltage of the Cardiotest and the threshold  is reached 
when the impulses no longer result in card iac contraction . The cor
responding voltage is cal led the threshold voltage, the corresponding 
charge the thresho ld charge. From the operational val ues and the thres
hold val ues the safety margin of the electrode combination can be cal 
culated and conclusions concerning the stimulation c ircuit can be drawn.  
This aspect w i l l  be considered in  further deta i l  i n  the chapter on the 
electrodes . 
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B. Vasophon 

The Vasophon ( 1 96 2) i s  an apparatus for checking the peripheral 
c i rculation, and so provides a check also on cardiac activity (fig. V -4) . 

Fig. V-4. Block-diagram of 
the Vasophon . 
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Changes in the peripheral c i rculation are registered by photoplethys
mography (DE PATER, VAN DEN BERG and BUENO 1 96 1 ) . Two methods 
can be used for this . 

a .  Transmitted liaht 

This method makes use of the fact that the variation of the amount of 
transmitted l ight is related to the variation of the amount of b lood i n  
the trans i l luminated part. For this reason a method with transmitted 
l ight can only be appl ied to smal l extremities, such as fingers and toes , 
or to ears and skin-fo lds. 

b. Scattered liaht 

The peripheral c i rcu lation can also be detected by means of incident 
l ight, which penetrates the skin and after (multiple) scattering is re
gistered by a detector. Variations in the intensity of the l ight returning 
to the detector depend on variations in the amount of blood present i n  
the region concerned , i . e .  in  fact the skin between the point of entry 
of the l ight and the l ight detector. In principle, the method using 
scattered l ight can be used for each region of the skin, large enough to 
accommodate the detector .  

Both methods can be used with the apparatus described here, i n  each 

I I ]  



case the l ight being detected by means of a cadmium sulphide photo
resistance (L .D .R .  = Light Dependent Resistance) . Cadmium sulphide 
is one of the semi-conductive materials whose crystals react reversibly 
to l ight and which has a spectral sensitivity suitable for the detection of 
blood. The electrical resistance (fig. V-s) of the cadmium sulphide un i t  
(R1) is i nversa l ly proportional to the i ntensi ty of the i ncident l ight. The 
photoresistance is connected in series with a constant resistance R0 to a 
constant voltage 1'0 • Variations i n  the quantity of l ight E cause variations 
in  the resistance R1 and corresponding variations i n  the voltage V. These 

Fig. V-r;.  Scheme of the detector-unit of the Photople
thysmograph. (See text) . 

R .  
I 
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variations are fed into an adjustable ampl ifier, and the pulses correspon
d ing to each heart beat are made vis ible by means of a lamp and aud ib le  
by means of a loudspeaker. The i ntegrated magnitude of the impulse 
can be read on a meter, whi le continuous registration of the signal and for 
the d ifferentiated signal is also poss ib le .  

The names ' Vasophon '  for the simplest type and ' Vasotest' for a more 
compl icated version \\- ere chosen because the apparatus i s  used to make 
the peripheral pulse audible .  The Vasophon proved to be a useful p iece 
of aux i l liary apparatus for monitoring card iac activ i ty i n  pacemaker 
patients and the basic unit \\ as used in three forms : 

merely as Vasophon ; 
- i n  combination with the Cardiotest i n  the Autocardiotest ; 
- in  combination w i th an alarm c ircuit i n  the Vasoalarm . 
The Vasophon i s  used for continuous monitoring of the peripheral pulse 
and is particularly effective during operations. 

C. Autocardiotest 

By using the Vasophon i n  combination w i th the Cardiotest an objective 
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and accurate determination of the threshold  values i n  an electrode c ircuit  
is possible . Synchronization of the electrical impulses of the Cardiotest 
with those of the Vasophon is an i nd ication that the Cardiotest i s  
effectively stimulating the heart through the electrode c ircuit .  The 
stimulation threshol d  is reached when the voltage of the Cardiotest i s  
slowly reduced to  the point where the synchronization of the Cardiotest 
impulses and the Vasophon pulses suddenly disappears , indicating that 
the impulses no longer produce heart contractions . The Vasophon then 
reacts to the idio - ventricular rhythm, which is not synchronous w ith 
the rhythm of the Cardiotest. 

With the Autocardiotest ( 1 9 6  �') the threshol d  values of the electrode 
c i rcuit  can be determined automatical ly .  The Autocard iotest consists of 
a Card iotest, a coincidence c ircuit and a pulse detection unit, from 
which electrical signals corresponding to the pulses are transmitted into 
the co incidence c ircu i t  (fig. V-6). 

The Cardiotest in this apparatus gives block pulses with a set fre
quency (9ojmin.)  and impulse duration ( 2  msec) , and d iffers from the 
one described above in that the voltage of the output c i rcuit is adjustable 
from o- I o vol t  by means of a potentiometer operated by a motor.  This 
motor has two stages ,  by which the output voltage can be increased or 
decreased at a rate of o .  I 5 voltfsec . In a thi rd stage, the operational 
posit ion, the motor i s  coupled to the co incidence c ircuit and the output 
voltage then changes at a rate of o . o 8  vol tjsec. The d i rection of rotation 
of the motor, and with it the increase or decrease of the voltage, is 
dependent on the polarity of the output signal of the coincidence c ircuit .  
Between each of the three stages there is a neutral position i n  which 
the motor is d isengaged , thus fixing the voltage at the value concerned . 
The voltage across and the charge through the e lectrode c ircuit  can be 
read on corresponding meters, and each impulse from the Cardiotest i s  
ind icated by a flashing l ight. 

Stimulation can be carried out with the Autocardiotest by setting the 
voltage at a predetermined value with the motor i n  a neutral posi tion, 
and feedi ng the i mpulses into the electrode c ircu i t .  If the heart i s  fo l 
lowing these impulses , each flash of the Cardiotest lamp is fol lowed by a 
deflection of the pointer on the pulse detection unit (Vasophon) . 

There is a certain time delay between the Card iotest impulse and the 
reaction of the Vasophon, as the peripheral pulse travels at a l im i ted 
speed , but this time delay is compensated so that the Vasophon signals 
and the Card iotest i mpulses both enter the coincidence c i rcuit s imultane
ously. The Cardiotest impulses to the coincidence c ircuit can be delayed 

I 1 9  



pulse amplitude 
detector control 

pulse control 

output 
circuit 

pulse charge 

Fig. V -6. Block-diagram 
of the Autocardiotest. 
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(70-4-oo msec. )  and coincidence is obtained by adjusting th is  delay so 
that Vasophon signal and Cardiotest impulse both reach the coincidence 
c ircuit at the same time. This coincidence can be checked by a lamp 
which increases in brightness as coincidence improves . Because sl ight 
variations may occur in the transit t ime of the peripheral pulse, the 
Cardiotest signal is transformed into an impulse w ith a duration of 1 oo 
msec . In this way coincidence is maintained even if the Vasophon signal 
is separated by 50 msec . from the Cardiotest impulse. 

When coincidence has been optimal ly adjusted by means of the delay 
c i rcuit, the threshold current can be determined automatica l ly and for 
this the motor is switched to the working posit ion (Position 11) . The 
motor is now contro lled by the co incidence c ircuit, the voltage of the 
Cardiotest is automatical ly reduced as long as coincidence occurs, but 
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the motor immediately starts to counter-rotate when coincidence dis
appears because the stimulus has dropped below the threshold value. 
An  acoustic alarm (Sonalert) is then automatically switched on to warn 
the operator that the th reshold  was reached and the Card iotest voltage 
i ncreases again .  The voltage is then increased unti l the threshold voltage 
is exceeded i n  the other d i rection and coincidence re-occurs .  As soon 
as this happens, the polarity of the signal of the coincidence c ircuit  
reverses once more, resulting in a reduction of the voltage of the 
Cardiotest ,  and the cycle repeats i tself. Due to this c i rcuit ,  the voltage 
of the Cardiotest automatica l ly remains fluctuating around one value, 
which is the threshold value of the electrode c ircuit .  The th reshold 
voltage and threshold  charge can be read from the ir  meters on the panel 
of the Cardiotest .  Once these thresholds values have been determined 
the voltage is increased to a suitable value by setting the motor in the 
correct position and blocking it when a reasonabl e  safety margin has 
been reached . 

The advantage of this method is that the threshold value is determined 
completely objectively . The frequency of the Cardiotest was set at 90  
impulses per  minute to  enable the threshold measurements to be made 
even if s inus rhythm has returned , whi le the voltage is adjustable to a 
max imum of I o volt to enable measurements despite an increased 
threshold .  

D .  Vasoalarm 

The Vasoalarm ( I 9 6  3) is used for continuous monitoring of the peri
pheral pulse and gives an alarm signal in  case of extreme bradycard ia or  
card iac arrest. The Vasoalarm consists of a Vasophon and an alarm 
c i rcuit (fig. V-7) .  The Vasophon is identical to the unit described 
before ,  al lows visual and acoustic pulse monitoring, and is equiped 
with an ampl i tude contro l .  

A signal passes from the Vasophon c ircuit  to the blocking c ircuit o f  
the alarm . S imultaneously, this blocking c ircuit receives a signal from 
an adjustable c i rcuit  wh ich determines the time delay of the alarm . This 
delay can be set from I - I 2 seconds. 

The alarm c ircuit  is constructed in such a way that a signal from the 
Vasophon blocks the alarm for the preset time. When a Vasophon 
impulse has blocked the alarm c ircuit  in this way an alarm w i l l  fo l low 
after the preset t ime, unless a new Vasophon pulse is received within 
this t ime, once more blocking the alarm . On the other hand , i f  no new 
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Vasophon pulse is received within the preset alarm time, i . e .  if there has 
been no new heart contraction w ithin  this time, the alarm c ircuit is no 
longer blocked . This results in a signal to the loudspeaker and lamp of 
the Vasophon,  which thereupon gives a continuous alarm signal . The 
acoustic alarm signal can be switched off manual ly and the alarm stops 
automatical ly as soon as a heart contraction re-occurs .  The Vaso-alarm 
is of especial i mportance for monitoring patients with cardiac arrhythmia, 
in particular patients w ith an unreliable implanted or external pacemaker, 
because the c i rcuit  is i ndependent of the artefacts of the electrical 
stimulation .  

To enable checking o f  the alarm time and the alarm c ircuit , the con
nection between the Vasophon and the alarm c ircuit can be interrupted 
by pressing a button .  When this is done the alarm c ircuit receives no 
blocking impulses from the Vasophone and an alarm signal should resul t .  
Other alarm systems, besides those of the Vasophon can be connected 
to the alarm c i rcuit by means of a special output. 

E. Monitor 

The pocket size Monitor ( 1 96 2) has been used by us for simple inspection 
of certa in pacemakers before '' e developed the photo-analysis method 
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described i n  Chapter IX. The inspection can be carried out both i n  the 
case of an external and of an implanted pacemaker w i thout any contact 
between Monitor and pacemaker. 

In order to make this inspection possible, a transmission co i l  was 
bui l t  into the output c i rcuit of certain of our first pacemakers. The 
Monitor contains a tuned receiving coi l ,  an amplifier and a sound c i rcuit .  
The energy for these c i rcu its is obtained from an ord inary battery, which 
is s imple to replace . 

By holding the Monitor with the receiving coi l  c lose to the trans
mitter co i l  of the pacemaker, the pacemaker impulses i nduce electrical 
impulses i n  the Monitor, which are made aud ible by means of the ampli
fier and sound c ircuit .  The power of the induced impulse depends on 

a .  the d istance between the two coi l s ; 
b .  the current i n  the primary co i l .  

I n  order to activate the sound c ircuit  o f  the Monitor ,  a certa in i nduced 
voltage is necessary . The current in the primary coi l  being constant, i . e .  
determined by the pacemaker and electrode c ircuit, the Monitor wi l l  
produce signals i f  the  d istance between the coils remains w ithin certa in 
l imits .  If the Monitor  is moved further than this l imit  from the primary 
co i l  i n  the pacemaker, the induced voltage is too weak to cause sound 
signals . By increasing the current in the primary coil a greater voltage is 
induced at the same d istance and the Monitor  wi l l  resume giving signals .  
In our voltage pacemaker the output c i rcuit  is increased by a decrease 
of the load of the pacemaker. Thus there is a relation between the maxi
mum d istance between Monitor and pacemaker at which the Monitor 
w i l l  sti l l  give signals, and the l oad of the pacemaker. 

Using the Monitor in  combination with certain pacemakers i t  is thus 
poss ibl e : 

1 .  to check the frequency of the pacemaker ;  
2 .  to examine s imply and rapidly ,  by comparing the pacemaker impulses 

and the peripheral pulses , whether the pacemaker impulses are able 
to induce heart contractions ; 

3 .  to obtain a rough impression of the variations in  the resistance in the 
e lectrode c i rcuit .  

Here i t  should be born in mind that after about 2-3  years of implantation 
the pacemaker impulses and therefore the voltage induced in the Monitor  
may decrease a s  the batteries become exhausted . 

Consequently, the Monitor  is suitable for rapid inspection and use in  
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c l inical care of patients, but because photo-analysis proved a more 
rel iable technique the Monitor was not used after 1 966 .  

The results of the animal research , together with cl inical experience, 
are d iscussed in the three fol lowing chapters, where the electrodes ,  
impulse transmission and stimulation units w i l l  be dealt w ith. 



Electrodes C H A PT E R  V I  

The transmission of the electrical impulse to the heart tissue p lays an 
important ro le in electrical stimulation of the heart. This transmission 
requi res contact between the lead from the stimulator or secondary 
coi l  and the tissues . The extremity of the conducting lead which makes 
the actual contact forms the electrode proper, and is contained in a 
special ly insulated end of the conduction lead , the electrode-frame. 

From investigations carried out w ith laboratory animals and later 
c l inical ly, we attempted to develop a stimulation system with optimal 
electrodes . In  this chapter this development wi l l  be d iscussed together 
w ith some important aspects of electrical stimulation of the heart. 

I .  E L E C T R I C A L  S T I M U L A T I O N  O F  T H E H E A RT 

A. Electrical excitability of the heart 

As was described briefly in Chapter I I I  by the end of the eighteenth 
century GALVAN I  had discovered al ready that it was possib le  to activate 
the heart muscle by e lectrical stimul i .  Later investigation showed that 
the stimulus must exceed a certain threshold value, defined as the mini
mum stimulus requ i red to cause the specific heart reaction to an electrical 
impulse, i . e .  a contraction. If this threshold val ue is exceeded , the 
reaction of the heart muscle to alI stimul i is equal as was noted by 
BOWDITCH in 1 8 7 1 .  This phenomenon is described as the 'a l l  or 
noth ing' law . The threshold value is an important parameter in the 
development of heart electrodes. 

Insight into the mechanism of the heart reaction to electrical stimu
lation became possible by the development of extremely smal l glass 
electrodes with a d iameter of r micron, which enabled intracel lu lar 
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measurements to be made .  I t  was found that the transmembrane poten
tial of the heart cel ls at rest is 8 5-9 5 mY, the interior of the cel l mem
brane being negative in relation to the exterior. JEN NERICH and GERARD 
( 1 9 53) and HOFFMAN and CRANEFIELD ( 1 960) showed that the heart 
contracts as soon as the transmembrane potential has fal len to a critica l  
value, the threshold potential . The threshold stimulus is the stimu lus 
which is j ust capabl e  of reducing the transmembrane potential to the 
threshold va lue. 

I nvestigations by BROOKS et a/. ( 1 9 55) ,  VAN DAM et a/ . ( 1 9 56) and 
HOFFMAN and CRANEF IELD ( 1 96o) showed that the threshold values of 
the heart muscle cells are not constant, but vary during the heart cyc le .  
In e lectrical stimulation w ith a negative electrode, four  periods in  the 
cycle of an i nd ividual cel l are d istinguished (fig. VI- 1 ) .  

+40 mV 
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0 
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a .  Absolute rifractory period 

T4 

Fig. VI- 1 .  Relation�hip between trans
membrane-potential of a ventricular fibre 
after stimulation and cathodal excitabi l ity. 

TH. P. : Threshold potential . 
T 1 : Absolute refractory period. 
T2 : Rclath e refractory period. 
T3 : Supernormal period. 
T 4 :  Complete repolarization, normal 

excitabil ity. 

During this period (T 1 )  the first part of the repolarization phase of the 
cel l ,  it is i mpossible to in itiate a specific heart action with electrical 
stimu l i .  DRURY and LOVE ( 1 9 2 6) and LEWIS and DRURY ( 1 9 2 6) showed , 
however, that a stimulus in this period may result i n  a prolonged re
fractory period , so that the stimulus nevertheless does have a certa in 
effect .  Therefore,  it would be better to employ the term ' effective 
refractory period ' (HOFFMAN and CRANEFIELD 1 960). The period ends 
as soon as i t  becomes possible once more to excite specific reactions of 
the heart muscle cel ls w ith electrical stimul i ,  at which point the second 
period begins . 

b .  Relative r9ractory period 

During this period (T2) the specific heart muscle reactions can only be 
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excited by strong stimu l i ,  although the latency period ( i . e .  the time 
between stimulus and reaction) is long. This period ends when the 
latency period becomes equal to the latency period of period-T4 , the 
period of complete repolarization. 

c.  Supernormal period 

For a short t ime (T 3) at the end of the relative refractory period the 
stimulation thresho ld is lower than during period T4 • This period '<\' ith 
low stimulation th reshold is cal led the supernormal period . It should 
not be confused with the vulnerable phase , w hich is mentioned in the 
section on the R-wave pacemaker. 

d. Period if complete repolarization 

This period (T4) commences at the end of the supernormal period, when 
both the threshold val ues and the values for the latency period have 
reached a constant and low l evel . The transmembrane potential is 
8 s--9 s- m V during this period of d iastole .  

The stimulation threshold of  a heart muscle ce l l  is thus determined 
by the threshold potential and the transmembrane potential ; the latter 
depend ing on the fou r  above-mentioned periods. 

It should be noted that among others these factors in particular are 
influenced by temperature, pH ,  electrolytes and drugs. 

B. Methodology of the research into the excitability of the heart 

In patients with an atrio-ventricular block, the ventricular cycle is no 
longer regulated by the S-A node, so that a slow heart rhythm resul ts .  
Th i s  results a .o .  in  the fact that period T4 , the d iasto le ,  is of longer dura
tion for ventricular cel ls than for nodal tissue .  If pacemaker stimulation 
is appl ied to the heart of such a patient and the heart fol lows the stimu l i ,  
each subsequent stimulus fal ls in  the d iastole  of the artificial heart cycle ,  
the period wi th the low constant threshold value.  The period between 
two pacemaker pulses is much longer than the total period requ i red for 
repolarization (T1 + T2 + T3) .  The natural ventricular cycle is com
pletely suppressed by the pacemaker cycle,  since the pacemaker fre
quency is much h igher than that of the idio-ventricular frequency, so that 
the pacemaker st imul i continual ly i nterrupt the id io-ventricular pace
maker cycle .  
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To investigate the heart under identical condition in  animal experi
ments , ensuring that all the pacemaker impulses fa l l  in the same period 
of the heart cycle,  the d iastole, the present research on electrodes 
" as carried out only in hearts in which heart-block had fi rst been created 
as described i n  the previous chapter. The laboratory animals on " hich 
the measurements were made had a pre-operative heart freguency of 
70- 1 oo beats/min .  at rest, but after l igation of the bundle of His, an 
idio· ventricular rhythm varying from 1 6  to 66 beatsfmin . , w ith an average 
of 46 beatsfm in  appeared . For threshold measurements the hearts were 
usual ly stimulated at a freguency of 70 impulses/min .  w ith an impu lse 
duration of  2 msec. 

No threshold  measurements were performed in  hearts w ith an intact 
conduction system, al though this has been reported by others (wEALE 
et a/. 1 9 60 ,  DAVI ES 1 9 6 ) ,  MANSHELD 1 96 )) .  In th is  s ituation i nterference 
can occur bet\\ een the pacemaker impulses and the natural sinus pulses 
whenever the pacemaker freguenc) does not sufficient!� exceed the 
spontaneous freguency . The heart is then stimu lated b) the pacemaker 
i mpulses during varying periods of the heart cycle, which reduces the 
accuracy of the th reshold measurements . 

For monitoring the threshold values of the stimul i  an E .  C .  G .  is essen
tia l ,  particularly i f  the natural freguency and the pacemaker freguency 
are practical ly identical . If the pacemaker stimul i  control  the heart 
activity completely because the natural rate is lo\\ , monitoring of the 
threshold val ues may also be performed by means of the peripheral pulse 
from the femoral o r  carotid arteries . As long as the heart is sti l l  fol 
lowing the stimul i ,  i . e .  as long a s  the stimul i  are sti l l  above the threshold 
val ue ,  each stimulus w i l l  be fo l io \\ ed by a heart contraction . Th is 
contraction can be registered after the delay time taken by the pulse 
wave to reach the peripheral monito ring point. Since this delay time 
of the pulse wave is approximately 1 oo- 2 oo msec, and i t  takes approxi
mately 86o msec . at a freguency of 70 beats/min .  before a new impulse 
is transmitted , every stimulus can d i rectly be monitored by means of the 
peripheral pulse. 

If the stimu l i  drop be]o,, the threshold value, the heart w i l l  no longer 
fo l low the stimul i  and the heart frequency wi l l  drop to the low idio
ventricular rhythm or poss ibly even stop a ltogether. This point can be 
accurately determined and ind icates the threshold value of the stimulus. 

Monitoring the peripheral pulse can be performed w ith the Vasotest, 
which is incl uded in the Autocardiotest (see preceding chapter), or i t  
can be  performed by  subjective monitoring. A h igh degree of objectivity 
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may be reached when two operators perform the monitoring, one 
operating the st imulator and the other monitoring the peripheral pulse. 

C. 1 - t  curve 

The excitabi l i ty of the heart is wel l displayed by determining the strength
duration (i-t) curve, which necessitates measuring the stimulation thres
ho ld for vary ing i mpulse durations. For these measurements we used a 
stimulator provid ing stimul i  of constant current. The current strength 
was adjustable to the nearest o . o 5  mA and the impulse duration was 
continuously adjustable for o- 1 o msec , with an accuracy of I 0 o .  The h igh 
degree of accuracy of this stimulator was achieved by using d igital 
counters . 

In a dog two intramural loop electrodes were attached to the l eft and 
right ventric le respectively, and two indifferent, long suture electrodes 
in the muscles near the thorax-incision (fourth right i . c . s . ) .  Subsequently 
the stimulation th reshold of each electrode combination was determined 
for rectangular impulses of o. I - I o msec . In fig . VI- 2 the i-t curve is 

18  m A  

1 6  

14 

12 

10 

8 

6 r-' 

' \  
2 

0 
0 

MONOPOLAR MYOCARDIAL STIMULATION 

CATHODAL 

i0= 0,9 mA 

1: = 1 ,5  msec 

ANODAL 

i0 = 2,8 m A  

1: = 0,7 msec 

I� ANODAL 
"-..... 

1--- CATHODAL 
CHRONAXIE,"!: lRHE08ASE,10 

2 3 5 6 7 8 

m sec 

9 10 

Fig, VI-L Relation between 
threshold cun·ent and im
pul�e duration at monopolar 
�timulation by an intramural 
loopelectrode in a dog, 
(Acute experiment). 

shown for a loop electrode in the left ventric le and an indi fferent suture 
electrode, The shape of this curve is identical to that of the loop elec
trode in the right ventric le ,  with the same ind ifferent electrode as is 
shown by table VI- I . 

From the i-t curve it appears that with an increasing impulse duration 
the curve u ltimately approaches a certain m inimum current strength , 



the rheobase, " hereas for short impulse durations the current strength 
in excess of the rheobase is roughly inversely proportional to the dura
tion of the i mpulses. The rheobase of the heart may be defined as the 
m inimal  current requ i red to excite a specific reaction of the heart 
muscle at an infinitely long impulse duration . The rheobase is determin
ed not only by the exc itabil ity of the heart, but also depends on the 
polarity, the s ize of the electrode and the time elapsed after implantation 
of the electrode in the heart. LAPI Q U E  and t- RE DERI� li E introduced the 
term 'chronaxie '  to ind icate the impulse duration required to exc ite a 
specific reaction at a current strength equal to t" ice the rheobase. The 
chronaxie was found to be practically independent of the size of the 
electrodes, but to depend on the ir  polarity . If  the polarity does not a lter, 
the excitabi l i ty is determined by the rheobase and the chronaxie .  These 
values may be used to express the exci tabi l i ty of the heart in the fol low
i ng formula : 

T it = i0 ( 1  + -; ) , 

i0 = rheobase, 

r = chronaxie ,  

t = i mpulse duration and 

it = threshold current at 
impulse duration t. 

The i-t curve is also cal led the chronaxie-rheobase curve. This term 
however has found l i ttle acceptance for characterising the excitab i l i ty 
of the heart. The rheobase and chronaxi e  are i l lustrated i n  fig. V I- 2 . 

I n  determining the stimulation threshold i t  was found that the values 
d iffered according to w hether a high output voltage was reduced to the 
thresho ld or a lo" output voltage was increased to the threshold vol tage . 
The latter method produced somewhat h igher values than the former. 
To e l iminate this effect, \\ e ah\ ays determ ined the threshold  by reducing 
the h igh voltage to the threshold voltage ; the initial vol tage was usual ly 
the operational voltage of a standard pacemaker. At  the same time this 
method has the advantage that stimulation is only interrupted for a short 
period during measurement, w hen the threshol d  value is actual ly reach 
ed . As soon a s  the stimulation was i nterrupted we i mmediately in
creased the output voltage above the threshold voltage . Our interest 
was d irected in the first place to determination of the most favourabl e  
st imulation combination ;  the polarity ,  the electrode combination and the 
location of the electrodes on the heart \\ ere i nvestigated . 
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I I .  P O L A R I T Y  A N D  L O C A TI O N  O F  T H E F L E C T R O D E, M O N O 
p 0 L A  R A N D B I I' 0 L A  R ST I M U L A  T I 0 N 

A. Polarity of the electrodes 

If monopolar stimulation is appl ied to the heart (i . e .  one electrode is 
placed on or  in the heart and a second electrode elsewhere in  the body) 
the question immediately rises what polarity this heart electrode should 
have as i t  may be incl uded in the c ircuit  either as anode, i . e .  positive 
electrode (anodal stimulation) ,  o r  as cathode, i . e . negative electrode 
(cathodal stimulation) . 

To gain  an insight i nto the character of the d iA-erence bet\\ een anodal 
or cathodal stimulation, the i-t curves for both types of stimulation were 
determined in an animal w ith two intramural loop electrodes and two 
ind iA-erent suture el ectrodes . In fig. V I- 2 ,  the anodal and cathodal i-t 
curves are shown, and figures are given in table VI- 1 .  The measurements 
show that in monopolar stimulation w ith intramural electrodes : 

- the current threshold i s  (natural ly) determined by the heart elec
trode for both anodal and cathodal st imulation. 

- the cathodal current threshold  is lower than the anodal current 
threshold .  

- the i -t curve, both i n  anodal and cathodal stimulation,  i s  independent 
of the indiA-'erent electrode. 

These conclusions were confirmed by the resu l ts of acute endocardial 
st imulation wi th a catheter electrode and a number of indifferent suture 
electrodes (fig. VI- 3 ) ,  and by the results of long term experiments, 
during w hich the threshold values w ere measured w ith the Cardiotest 
for block pulses with a duration of 2 msec . for a postoperative period of 
8 weeks (fig. VI-4) . Besides the threshold charge (mean current x 
impulse duration) the threshold voltage was measured . I t  appears that 
the cathodal thresho l d  voltage is also lower than the anodal threshol d  
voltage. 

Incidental measurements in patients confirmed these observations, 
which corresponded to those of many other i nvestigators in laboratory 
animals (WEIRICH ct al .  1 9 58 ; BROCKMAN ct a/. 1 9 58) and in patients 
(CLARC K et aJ. 1 9 59 ;  DAVIES and SOWTON 1 964) . 

A sl ightly d iA-'erent observation was made by I'U RMAN and SCHWEDEL 
( 1 9 59) ,  who found in one patient a th reshold current of o . 7 5  mA for 
cathodal endocard ial stimulation and 1 .  5 m A  for anodal stimulation 
wh ich corresponds \\ ith our find ings . The threshold voltage for both 
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>timulation by a catheter 
electrode in a dog. (Acute 
experiment). 

measurements, however, was I . t;  volts. Probably this was due to an 
al tered position or a changed i nd i fferent electrode. This matter w i l l  be 
d iscussed further i n  the course of this chapter. 

An exception to our observations, not met elsewhere ,  are the measure
ments of DEKKER,  BU LLER and VAN ERVEN ( I 966) .  They tested 39  
electrode combinations, w ith epicardial heart electrodes , in 1 1 patients ; 
i n  I o measurements the threshold values for the current proved to be 
identical for anodal and cathodal stimulation ; in 6 combinations the 
anodal threshold proved to be lower than the cathodal threshol d .  Only 
3 of the exceptions mentioned do not fal l  within the accuracy l im it 
( ±  I mA) given by the authors .  As i t  is not clearly described whether 
the threshold  values are determined by raising or lowering the output 
vo l tage, it is possible that an inaccuracy in the measurements may have 
occurred . In spite of these exceptions , these authors also conclude that 
cathodal stimulation has lower thresho ld values than anodal stimulation. 

An explanation of the d ifference between anodal and cathodal stimu
l at ion may be given i f  we look at the polarity of a heart muscle cel l .  This 
cel l has a transmembrane resting potential of approximately 8 5-9 5 m V 
i n  the diasto le ,  period T 4, the voltage on the intracel lu lar side of the 
membrane being negative with respect to the extracel lu lar side. To 
cause this cel l to contract the cel l membrane has to depolarize unti l the 
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fig. Vl-4. Anodal and cathodal threshold voltage and threshold charge as a function of 
the days after electrode implantation. Monopolar myocardial stimulation with an intra
mural 'uture electrode and an indifferent suture electrode in the thoracic wal l .  

thresho ld vol tage is reached . If the heart electrode i s  used as  cathode, 
the transmembrane potential graduall y  decreases during the i mpulse. 
With a supral iminal st imulus the cel l  reacts as soon as the transmembrane 
voltage drops beyond the threshold  value, resulting in a total depolari
zation of the cel l .  

If, however, w e  use the anode as heart electrode the stimulus wi l l  
result i n  an increase of the transmembrane voltage, as  the extrace l lular 
environment becomes more posit ive in relation to the intrace l lu lar 
envi ronment . The cell membrane is thus hyperpolarized during the 
impulse . Stimulation nevertheless results i n  contraction of the heart 
clue to a break excitation at the end of the i mpulse as the voltage d rops 
again (CRANEFIELD, HOFFMAN and SIEBENS 1 9 )7) .  The hyperpolarized 
cel l then depolarizes, producing an excitation. This comparatively 
secondary effect of break exc i tation is the explanation of the fact that 
anodal stimulation yields h igher threshold values than cathodal stimu
lation .  For c l inical appl ication this means that i n  monopolar stimulation 
the heart electrode shoul d  be negative for optimal st imulat ion. 

B.  Monopolar versus bipolar stimulation 

Monopolar stimulation requ ires only one (negative) heart electrode. 
One m ight wonder whether bipo lar stimulation, ( i . e .  stimulation w ith 
both electrodes on the heart) would yield lower threshold values. 

To study this problem two ventricular electrodes and one or  more 
i nd ifferent electrodes elsewhere i n  the body were placed i n  clogs and 
the thresho l d  val ues of these combinations were exam ined . 



TABLE VI- 1 .  1/onopo/ar 1'ersus bipolar n�rocard10l st1mulat10n. Awte experiment., 1n a do9 . 
l/1 : intramural electrode 1n hjt 1 entricle ; AI 2 :  intramural electrode 1n right 1 entncle ; 11 : 
ind!lfcrent clcccrade near sternum ..jth i . c.s. ; 12 : ind!ffercnt electrode near 1 ertebra ..jth i .c.s. 
flfst electrode cf each combination is negative. ----
lmpul;e-
duration 
in msec. 

o, I 
o , 2  

o , 4  
o , 6  

o , S  

1 , o 
2 

3 
4 

r 
6 

s 
I 0 

--
Monopolar 

M,- 1 ,  

I 2 ,  I r 
6 , ro 

4, 1 0  

J , ro 

2 , 9 0  

2 , ] 0  

1 · 4r 
I ,  I r 
1 , c o  

0 , 9 0  

0 , 9 0  

0 , 9 0  

0 , 9 0  

M,-12 -- -
1 l , o o  

6 , ro 
4. 1 0  

J , ro 

2 , 9 0  

2 '  2 5 
1 , ro 
I ,  20 

I ,oo 
0 , 9 0  

o , S r 
o , S r 
o , s r 

Mean thre;hol d  current in mA 

Bipolar Monopolar 

-, M,-M, M,-M, M,-1, M2-1 2 

I 1 2 , o o  1 o , B o  I I  , o o  I I  , o o  

6 , ro r, 9 o  r , 9 o  r , 9 o  

4. 1 0  J , ro ] , 5 0 J , ro 

J , ro 2 , H 2 , ] 0 2 , r r  
2 ,  S o  2 ,  I 0 2 ,  I 0 2 ,  I 0 

2 , 3 0 1 , 1 r 1 , S o  1 , S o 

1 , ro I ,  I r 1 , 2 o  1 , 2 o  

1 , l o  0 , 9 5  I , o o  o , 9 r 
I ,00 o , S o  o , S o  o , S o  

0 , 9 0  o ,  1 r 0 , 7 0  o , 7  r 
0 , 9 0 o , 7  r o ,  70 o , ] r 
0 , 9 0  o , 7 o  o , 6 r o ,  70 

0 , 9 0  o , 7 0  o , 6 r o , 7 o  

Analysis of  the i - t  curves for the t\\'O intramura l  loop electrodes, i n  
combination w ith each other and i n  combination " ith each one of the 
t\\ o i nd ifferent suture electrode� (table VI- 1 ), sho\\'ed " ithin the ac
curacy l imi ts that : 

- the threshold va lue for the current, at a given polar ity of the heart 
electrode under i nvestigation, is independent of the type and the loca
tion of the other electrode.  
(the threshold value for the voltage ho\\ ever does depend on the !>Ort 
and the location of the other electrode) . 

I n  other words, the threshold values for the current are the same in 
monopolar and b ipolar st imulation, i f  the heart electrode used for 
monopolar st imu lation does have the same polarity in b ipolar st imulation .  

B ipolar st imulation was fi rst appl ied c l i nical ly on the 4th Apr i l  1 9 59 
by H UNTH ER,  ROTH , BERNADEZ and NOBLE.  

The same conclusion holds for stimulation " ith a bipolar catheter 
electrode i f  in both cases the catheter tip " as used as cathode. Mono
polar stimulation " ith the catheter tip as anode gave h igher threshold 
values (tabl e  V I- 2) . 
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TABLE VI- 2 .  Monopolar versus bipolar endocardial stimulation. 
Acute e�penment' m a dog, wah a b1polar catheter electrode and an indifferent suture electrode. 

Mean threshold current in mA. 
Impulse-duration 
in 111�CC. Monopolar Bipolar 

Anodal Cathodal 

o , I  z o , o o  1 8 , o o  I B , o o  

o ,  2 1 6 ,40 I 2 , )0 I 2 , )0 

o , 4  I 2 , 8 o  6 ,  I )  6 , 3 0  

o , b  8 , 6 o  4, 8 o  ),OO 
o , B  6 , 3 0  3 . 9 ° 4,00 

1 , o ),40 3, I 0 3 , 2 o  

2 3 , 7 0  2 , 0 ) 2 , o s 
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We also i nvestigated the threshol d  values o f  monopolar and bipolar 
st imulation in a long term experiment, measuring the threshol d  charge 
and the threshold voltage in s ix electrode combinations, by means of 
the Card iotest. These combinations '' ere formed by two intramural 
loop electrodes in the left and right ventricle respectively (L I and L2) ,  
one intramural suture electrode i n  the right ventricle (S) and an  in
d ifferent suture electrode (1) , attached near the sternum close to the 
4th right i . c . s .  in the thoracic wal l .  A survey of the values measured 
during a period of four  ·weeks is given in figure VI- 5. These data also 
show that the threshold  value for the charge, within the accuracy l imits , 
is the same for a given heart electrode in  monopolar stimulation as i n  
bipolar stimulation, i f  the same heart electrode i s  used as cathode i n  
both cases . 

Al though the threshold voltage also seems to be nearly i ndependent 
of the choice of the second electrode, d i fferences nevertheless can be 
observed . In the d iagram , a clear d i fference is perceptible between 
the threshold voltages of the L1 electrode combinations. In particular 
the combination where L2 serves as second electrode shows a c lear 
deviation in relation to the other two combinations w ith the L 1  electrode. 

These d i fferences in  threshold voltage are also seen clearly in other 
combinations, and in  tabl e  VI- 3 a survey of a number of such combina-
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tions is given. In 4 animals two heart electrodes and an ind i fferent sutu re 
electrode (1), were introduced , in each case the indifferent being in the 
4th i . c . s .  near the sternum,  in the right thoracic \\ al l .  The heart elec
trodes were intramural , epicardial and endocard ial . For a block pulse 
of 2 msec, the threshold values for the voltage and the charge were 
determined fo r each combination. For each heart electrode an electrode 
c ircuit  was made using as second electrode the indifferent electrode or 
the other heart electrode. In addition to the th reshold values the average 
of the operational value was also determined . 

Table Vl-3 shows also that the thresholds for the current (charge) with 
a certain negative electrode has identical values in bipolar and monopolar 

oL-_....J1._0 _ __,20.__ _ _,30 days after e lectrode implantat i on 

5 v 
4 
3 

5 v 
4 
3 / /  
01+--...---.----. 

��- �
c
/ 

1 0 
5 / 
o+--...---.----. +---.--.----. (L 2-s ) (s-r ) 
Fig. VI-) .  Monopolar versus bipolar myocardial stimulation. Longterm experiment' in a 
dog. Threshold voltage and threshold charge versus days after e lectrode implantation. 
L1 : loop, left ventl"icle ; L2 : loop, right \ entricle ; S :  'uture, right ventricle ; 1 :  indiffe
rent suture, thoracic wal l .  Fir>t electrode of each combination ( . .  -. .  ) is negative. 
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TAIILE VI- J .  Monopolar 1 ersus b1polar stimulation. Semi acute experiment.< in -1 do,qs. 
In each do,q 2 heart electrodes and I ind!lferent electrode (!.) were implanted. Threshold 
mlra,qe, threshold char,qc and operatiOnal char,qc (at 6,5 V) were measured jor rhc rariou.> elccrrodc 
combmation<. 

Heart electrodes Electrode- Threshold Operational 
combination charge 
and polarity Voltage Charge 

+ v f.LC f.LC 
--- -

I. Epicardial disk electrode, I:. D.  - 1 .  o , 8  2 , _1"  2 8  

E.D.  E .D .  -M.C .  2 I 8 , _1"  

Myocardial coi l electmde M . C. -F. .D .  o , _l" .\" 2 I 
M . C. M . C. -1 . o , _l" 2 J  

I I .  Epicardial hel i cal loop E .L .  - I .  o ,  7 r; 2 ,  2 _1"  2 4, _1"  
electrode, E .  L. F .L .  -M .L .  1 , 1  2 , _1"  1 9 , _1"  

Myocardial loop electrode M.L .  -E .L .  o , 6 _1"  1 , _1" t 8 , ,  

M . L. M . L. - 1 .  o , 7  I , )  1 .9 

I l l .  Myocardial pin electt·ode,  M.P .  - 1 .  o , 7' I 2 

M.P .  M .P .  -E .C .  0 , 7  24 

Endocardial catheter elec- I: . C. -M .P .  o , 8 ,  2 , _1" 2 4, _1"  
trode, E .C .  E .C .  -I .  o ,  7 r; 2 2 7  

I V .  Myocardial loop electrode, M . L. , -1 .  0 , 9 2 6 , r; 

M.L . t  M . L. I -M .L . z  2 I ,  _I" 
Myocardial loop electrode, M .L . 2-M .L . 1  I , 8  4 2 2  

M.L . z  M .L . z- 1 .  1 , 4 4 3 I' .\"  

stimulation. The th reshold val ues for the vol tage o f  any given negative 
heart electrode on the other hand were not found to be the same for mono
polar and bipolar stimulation. The same holds for the operational charge. 

It appears from the preceding data , that the threshold for bipolar 
stimulation determined as current or charge always corresponds with 
the threshold  for monopolar stimulation with the same negative heart 
electrode and the th reshold  is determined by the cathodal threshold of 
the negative e lectrode .  Under certain ci rcumstances, however, the 
anodal threshold of the positive heart electrode may have a lm\ er value 
than the cathodal threshold of the negative heart electrode.  This 
pheno menon occurs if the positive electrode is relatively smal l  in re
lation to the negative electrode, or when an extreme rise in threshold 
occurs at the negative electrode as a result of changes such as an in
flammatory process (see fig. Vl-6 electrode combination L 1 -L2) . In such 
cases the current threshold for b ipolar stimulation is determined by the 
anodal threshol d  of the posit ive heart electrode .  In these cases there is no 
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TAllLE VI·+· Threshold 10/tagc and charge and operational charge for ..J electrode combinations 1n a 
patient. 
C, , 2 :  identical mtramural coil electrodes; I: ind!fferent d1sk electrode. H1gh threshold cif C, 
presumablj' caused by local iriflammator_y process. W!th bipolar C,-C2 stimulation threshold pre
sumablj' dcternHned by anodal threshold cif C2, sec fig. Vl-6. C�rwit resi<tancc not ajjected by 
tissue rcact1on around C" as shou n by operational charge l'alues. 

Heart electrode� E lectrode- Threshold Operational 
combination charge 
and polarity Voltage Charge 

Myocardial coil 
electrode, C, 
Myocardial coi l  
electrode, C2 

- T 

C,- 1 .  
C,-C2 
c ,-c,  

C,- 1. 

v !J.C !J.C 

4..1" 9 1 _1" , .)  

.\" , S  7 I O  

2 , 8  I 0 

1 ,7 2 , _1"  I s . >  

correspondence between monopolar stimulation and bipolar st imulation, 
i f  the threshold  current i n  bipolar stimulation is compared w i th the 
threshold current in cathodal stimulation w ith the same negati ve heart 
electrode. There is correspondence, however, if the b ipolar threshold 
current of the combination is compared \\ ith the anodal threshold cur
rent of the same posit ive heart electrode. 

Identical observations \\ ere a lso made c l inical ly and are reported in 
tabl e  VI-4, " hich pertains to a 55 years old woman . The measurements 
were made w hen the pacemaker had to be replaced I I months after 
implantation due to a defect. The measurements were performed w i th 

Fig. Vl -6 .  Threshold charge Yersm impulse duration 
for 6 electrodecombination� in a dog, 1 ,  .1" month 
after electrode implantation. 
L 1 , 2 : identical i ntramural loop electt·odes ; I :  in
d ifferent �uture electrode in the thoracic wal l .  First 
electrode of each combination is negath e. 
Large thre�hold� of L, were cau�ed by inflammatory 
proce�� around the electrode, with the resul t  that the 
anodal threshold of L2 wa� much lower than the 
cathodal tht·eshold of L, . L2 determine� threshold of 
bipolar stimulation, therefore, in combination LI ·L2• 

q 8  

o+---�--�--�--Tm�s�e�c. 
0 2 
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the Card iotest, a stainless steel d i�c being used as i nd ifferent electrode. 
With in the accuracy l im i ts of the Card iotest i t  i s  clear, that " i th C2 as 

negative electrode the thresho ld is determined in both cases by the 
cathode .  With C 1  this b of course also the case in monopolar stimu
lation. The threshold of C1 is howe\'er much larger than normal . In 
bipolar stimulation bet\\ een CI and c2 \\ ith CI as negative electrode the 
th reshold i s  therefo re pre�umably determined by the anodal th reshold 
of the heart e lectrode c2 .  

The threshold vol tages depend o n  the choice o f  the second electrode .  
From the values o f  the operational charge i t  appears that the c i rcu i t  
resistance i s  not affected by the inllammator) proces around C1 • 

If the publ ished data on monopolar and bipolar st imulation are com
pared , it i s  found that there are considerable d ifferences, resulting i n  
d ifferent i nterpretations of these stimulation methods. These d i fferences, 
however, may be explained b) the fai l u re of the authors to use the same 
electrodes and the same polarity for monopolar and bipolar stimu lation 
or  because threshold  val ues for the voltage \\ ere the chosen parameter. 
Find ings correspond ing to ours \\ ere obtained , among others ,  by WEIRICH 
et a/. ( 1 9 58) ,  LILLE H EI et a/ . ( 1 960), TOOLE et a/ . ( 1 96o) , ZOLL et a/. 
( 1 96 1 ) and ANGELA KOS and TORRES ( 1 964) .  DAV I ES and SOWTON ( 1 964 
and 1 966) reached a s imi lar conclusion, al though they measured the 
vol tage threshold as w el l  as the current th reshold . ZUCKER et a/ .  ( 1 96 3) ,  
who abo based the i r  measurements on the voltage th reshold ,  found lo\\ er 
\'alues for bipolar st imulation than for monopolar stimulation. This 
vol tage threshold however depends on the properties of the negative 
heart electrode and also on the natu re and the location of the positive 
electrode as \\ i l l be shown later. The d i fference in the d imensions of the 
posi t ive electrodes u�ed by Zucker may explain h is conclusions. Since 
in the case investigated by Davies and So\\ ton there was l i tt le or no 
d ifference bet\\ een the posit ive electrode in bipolar and monopolar 
st imulation, their measurements \\ ere not affected by the posi t ive 
electrode. Al though in both cases the conclusions on the voltage thres
hold fo r the electrode combinations used ,., ere correct, the ell. peri
mental material does not allow a broader conclusion on monopolar and 
bipolar stimulation to be dra\\ n .  

Other and greater d ifferences in the monopolar and bipolar cu rrent 
thresholds w ere observed by H U NTER and ROTH et a/ . ( 1 959 and 1 96 1 ) ,  
who compared monopolar stimulation \\ i th bipolar stimulation by thei r  
b ipolar heart electrode, and measured average stimulation va lues o f  1 7 
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mA and 6-7 mA respective ly .  It is not described in the ir  publ ications, 
however, \\ hether the stimulation electrodes in monopolar stimulation 
were identical to those used in bipolar stimulation. D ifferent electrodes 
may sho" d ifferent th resholds. Neither do Hunter and Roth report 
the number of combinations used for the ir  measurements . If they 
pursued a smal l  number of combinations, a tissue reaction around one 
electrode mav have affected the final conclusion. 

A d i fference bet\\ een both stimulation method " as also noticed by 
VAN ERVEN ( 1 9 6 5) .  He determined the average val ues of 7 8  monopolar 
and 1 c 2  bipolar cu rrent thresholds for epicardial e lectrodes in I I patients . 
The d ifference ,  7 ·4 mA average for the monopolar and 5 . 8  mA for the 
bipolar, i s  explained by the polarity of the stimulation electrodes . In a 
later d iscuss ion of the same material (DEKKER, BU LLER and VAN ERVEN 
I 966 ) ,  the thresholds were arranged according to polarity and the con
clusions then correspond with our own observations. 

Final ly  the observations of CHARDACK ( I  96c )  should be discussed . 
H is in itial experience with the Hunter- Roth bipo lar electrode was s imi 
l ar  to that of the designers ; i n  later publ ications (CHARDACK et a l .  I 9 64) 
he stated that b ipolar stimulation y ielded sl ightly lo·wer threshold 
cu rrents than monopolar, the d ifferences being of the order of 1 c00 •  
Although this percentage is normal ly w ithin the l im i t  of accuracy of 
the Card iotest, "e have not been able to observe i t  in measurements of the 
i-t curve carried out with the current stimulato r, which hao; a h igher 
degree of accuracy (see tab le VI- I and 2 ). As Chardack did not report how 
his data were obtained and as no data are given, it i s  d ifficult to comment 
fu rther on this i nformation. Although doubtless some current concen
tration occurs between bipolar electrodes, " e  bel ieve that this w i l l  not 
explain a d ifference of 1 c00 between bipolar and monopolar stimulation. 
A possible explanation i s  that fo r example, the b ipolar threshold may be 
due to the anodal threshold of the posit ive heart e lectrode in some of the 
measurements. 

In summary it may be concluded from our experimental evidence that : 
the bipo lar threshold fo r the current is equal to the lower of 
a .  the cathodal threshold for the current of the negative electrode i n  
monopolar stimulation and 
b. the anodal threshold for the current of the posit ive electrode i n  mono
polar stimulation. 
In genera l ,  the cathodal threshold  of the negative electrode i s  lower 
than the anodal threshold  of the positive electrode, so that the thres
hold for the combination of both electrodes is determined by the nega
tive e lectrode .  
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However, the th reshold is determined by the pos itive electrode, when 
the negative electrode has a considerably larger surface area than the 
positive electrode ,  or when a considerably greater threshold rise has 
occurred at the negative electrode. 
It may further be concluded that : 
the bipolar threshold for the voltage is not correlated with either of 
the monopolar thresholds for the vo ltage. 

As to the appl ication of the two stimulation methods, monopolar 
stimulation has the d isadvantage that stimulation depends on only one 
heart electrode .  Should a tissue reaction occur around this electrode, 
causing an excessive threshold rise, stimulation is interrupted . In a 
bipolar system stimu lation may be maintained in  such a situation by the 
positive electrode, p rovided that the anodal threshold of this electrode 
remains within the operational value of the pacemaker. Some investiga
tors, however, interpret this aspect of bipolar stimulation as a dis
advantage. They argue that under normal bipolar stimulation the heart 
is stimulated both at the negative and the pos itive electrode, since the 
appl ied stimulus is h igher than the cathodal threshold of the negative and 
the anodal threshold of the positive electrode .  According to CRANEFI ELD, 
HOFFMAN and S I EBENS ( 1 9 57) the ventricular fibril lation, which occasio
nal ly occurs after a stimulus in the vulnerable phase, may be caused by 
the stimul i  at this positive electrode. 

Other d isadvantages of bipolar stimulation, in the form of electro lysis 
of the positive electrode and the risk of coagulation of blood around the 
pos itive pool of a bipolar catheter electrode w i l l  be dealt with later. 

The need for both electrodes to be on the heart for bipolar stimulation 
inevitably i ncreases the risk of lead fracture . 

Final ly i t  should be mentioned that during monopolar stimulation 
contractions of the muscles near the indifferent electrode may some
times occur. This is due to the current impulses in the region of this 
electrode, which may be inc luded in the pacemaker wall to avoid frac
ture .  These contractions, are usual ly avoided by selecting a large in
d ifferent electrode, but if they do occur they usual ly d isappear some time 
postoperatively, as soon as the indi fferent electrode has been encap
sulated by fibrous tissue. 

This is mostly not the case with contractions of the diaphragm w hich 
may be encountered in either stimulation methods, whether epicardial 
o r  intramural electrodes are being used . The cause is stimulation of the 
phrenic nerve and the chances of this complication are greater with 



bipolar electrodes . As this phren ic  stimulation can usual ly be obserYecl 
during the actual implantation the location of the heart electrode may 
be al tered a l i tt le or tissue ma) be interposed to prev ent it .  

If a catheter electrode is used this type of contraction of the d iaphragm 
does not occur at implantation, but in some cases d iaphragm contractions 
occur shortl\· aften\ ards. These contractions are due to the catheter 
electrode penetrating into the \ entricular \\ a l l  or, i n  some cases, per
�orating the ''entricular " al l ,  a l lo\\ ing the catheter electrode to stimulate 
the d iaphragm d i rectly .  In such cases re-operation is necessar) . 
It should also be mentioned here ,  that fo r monitoring of the implanted 
pacemaker '' ith the photo analysis, monopolar stimu lation enta i ls larger 
detection signa ls and therdore eas ier and more accurate measurements 
than bipo lar stimulation. 

These advantages and disach antages of monopolar (NATHAN ,  DAV IES and 
others) and b ipolar (cHARDACK, ZOLL and others) stimulation are not out
standing and both methods are used c l in ical I) . For the Groningen 
pacemaker monopo lar stimulation \\ as chosen . 

C. Location of the electrodes on the heart 

I t  proved poss ible to stimulate the heart by electrodes on the atria o r  on 
the ventricles, but stimulation of the ventricl es is much more effic ient 
and offers more satisfactor) attachment of the electrodes . The question 
\\ hether the location of the electrodes on the ventricles afFects the 
stimulation threshold therefore arises . 

In order to investigate this aspect, \\ e performed measurements on 
laboratory animals, us ing 3 intramural p in-electrodes of d ifferent lengths 
and d iameters . These electrodes '' ere i nserted at five d ifferent locations 
on the heart, the electrode frame remaining fixed and the electrodes 
themselves being interchangeable. An indifferent suture electrode was 
inserted in  the muscles near the thoraci c  incision. In al l cases the mea
surements " ere acute, performed '' i th the thorax open and the elec
trodes \\ ere inserted and their thresholds measured in the same sequence 
each t ime. The locations on the ventric le, \\ here the measurements w ere 
carried out, are sho\\ n i n  tab le VI- 5 .  The measurements '' ere carried 
out w ith the current stimulator .  The data sho\\ that the location of the 
electrodes on the ventricles has no eH"ect on the threshold value for the 
current but the threshold prO\ eel to be dependent on the length and d ia
meter i . e .  sm·face of the heart electrodes . 
WEIRICH ( 1 9 58) reached a s imi lar conclusion, find ing no d iH"erence in  the 



Left ' cntriclc Right ventricle 
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Electrode Location 

I I I l l  IV v Mean 

PIN 1 O, J O , J o , 3 0 ,4 O , J O , J 2 
PIN 2 o,4 o , , 0,4 o , , 0 ,4 0 ,44 
PIN 3 o , , o , , o ,6 o, , o ,6  o , ,, 
Mean o ,4o 0 .43 0 ,43 0,47 0 ,43 0 .43 

TARLE Vl- 5". Influence '!f electrode site and size on threshold current. 
Cathodal threshold 1•alues (mil >for (monopolar) stimulation with three pin electrodes ( P 1 <""" P 2< P 3)  
at .fi1•e places in the lift and right 1 enrricular n ails, in combinatiOn with an md1Jcrent clccrrodc in 
the thorac1c !Vall. 

effectiveness of the stimulation whether the electrodes were located in 
the l eft o r  right ventricular wal l  o r  in  the ventricular septum .  This was 
confirmed by L ILLEHEI  ( I  96o ) .  Ne i ther I-LETCHER et a/. ( I  96 3) ,  nor 
OLSSO N ( I  96 3) ,  who carried out an extensive investigation into the 
optimal location of the electrodes ,  were able to d i scover any differences 
related to the electrode s ite for either intramural bipolar or monopolar 
stimulation. In Olsson's  study the cardiac output '' as the reference 
and al though this factor  was not incl uded in the framework of our in
vestigation, it is mentioned here because it \\ as on this very ind ication 
that KLOTZ et a! .  ( I  963) indicated an optimal electrode l ocation. Ac
cording to the resu lts of the ir  animal experiments bipolar location 
of the electrodes on the anterior of the apex of the left ventricle and the 
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posterior base of the left ventricle results in the h ighest card iac output. 
These data d iffer from those of F letcher et a!. and Olsson . It should be 
noted that the hearts on which the measurements of Klotz et a/. were 
performed had undergone both an atrial incision for creation of heart 
block and a right ventriculotomy. Klotz found that the animals with
stood these operations poorly , seldom surviving for more than three days 
and the authors considered a reduction in cardiac output to be one of the 
causes . As i t  was the cardiac output that was being measured as reference 
factor,  this probably explains the variations in the results and l imits the 
val ue of the conclusions .  

At th is  point the research carried out by M EYLER et  a/ .  ( 1 96 2 )  should 
also be mentioned . In intact canine hearts and also in a foetal heart 
maintained by Langendorf perfusion they noted that the activation began 
near the right pretrabecular area, and they concluded that for most 
effective stimulation the heart activation should take place from this 
area . The d ifferences however did not prove to be so important as to 
offset the technical factors during surgery, such as the manner in  w hich 
the heart is presented to the surgeon after a thoracotomy, and the local 
cond itions of the myocard ium.  Fatty deposits and degeneration of the 
myocard ium such as are caused by infarction, pia) an important role and 
may restrict the choice of electrode location .  This was one of the reasons 
why H IRSCH ( 1 9 64) advised attachment of the electrode(s) on the heart 
through a longitudinal inferior pericardiotomy since this technique 
o ffers a simple approach to the inferior edge of the heart, exposing 
' the contact-area of Benninghoff ' ,  where the fatty deposition is sl ight 
(fig. IV - 1  1) . This also has the advantage that the area is part of the right 
ventricle, which is less affected by infarction . The d isadvantage in this 
case is that the wal l  of the right ventricle is thinner than that ofthe.Jeft 
ventric le ,  and this factor  must be considered if intramural electrodes are 
to be used . In conclusion it may be stated that : 

the threshold value for the current does not depend on the location 
of the heart electrode(s), provided these are fixed in the intact 
myocard ium of the ventricles. 
The i ndependence of the threshold value for the current from elec

trode location appl ies both for monopolar and bipolar stimulation.  The 
effect of the location of the electrode(s) on the mechanical activity of 
the heart and subsequent expulsion of blood from the ventricles, is on I y 
sl ight if any such eH"ect exists at al l .  

The type o f  electrodes i s  also o f  importance apart from the location, 
and this aspect w i l l  be discussed in  the fo l io�\ ing part of this chapter. 



I V . M E C H A N I C A L  C H A R A C T E R I ST I C S O F  T H E  E L E CT R O D ES A N D  
A C C E PT A N C E  O F  T H E  E L E C T R O D E S B Y  T H E  T I S S U E  

The advantages and d isadvantages of various electrode c ircu its have been 
d iscussed in Chapter I l l .  Important factors in these electrode c ircu its 
are the electrodes themselves, thei r shape, and the ir  behaviour i n  the 
heart muscle tissue .  Apart from the electrical behaviour, which w i l l  be 
d i scussed in  the next section,  the mechanical stab i l i ty and fixation of the 
electrode on or in the heart plays an i mportant ro le .  

A. Types of electrodes 

The stimulation electrode can reach the heart by various paths and 
transmit the impulse to various heart structures . Three groups of 
electrodes for d i rect stimulation of the heart can be d istinguished : 
I .  epicardial electrodes and 
2 .  intramural electrodes, 
according to the tissue where the electrodes stimulate the heart. These 
e lectrodes are usual ly implanted by means of a thoracotomy . 

The third group of electrodes, the transvenous electrodes, reach the 
heart i ntravasa l ly .  This group comprises catheter electrodes, which are 
placed so, that the tip l ies against the endocardium and these are known as 
3 .  endocardial electrodes. 

The groups of electrodes are dealt w ith separately . 

I .  Epicardial electrodes 

Epicardial electrodes are electrodes which contact the epicard ium and 
whose frame is attached to the epicard ium.  They stimulate the heart via 
the epicard ium.  

Two forms of these electrodes are known : 

a .  Disc electrode. This electrode (fig. Vl- 7) was des igned by ELMQVIST 
and SENN ING ( I 96o) .  It consists of a round platinum d isc w ith a diameter 
of 9 mm, one side being insu lated by epoxyresin. The total thickness of 
the electrode is approximately 5 mm. The electrode can be fixed on the 
heart with one or two sutures by means of two perforations in the d isc 
and the i nsulation. Electrodes of s imi lar design were also used by G LAss 
ct a/ .  ( I  96 3) and for the pacemaker with rad io-freguency transmission 
described by ANAGNOSTOPOU LOS ct a/ . ( I  96 5) . 



Fig. Yl-7. Epicardial e lec
trodes. 

Disc. 

Helical loop. 

b .  Helical loop electrode. This electrode (fig. Vl-7) was described among 
others by DAVIES ( I 96 2) .  The electrode is formed by a loose trip le spi ral 
of stainless steel w i re w ith a diameter of o .  I 25 mm .  On leaving the 
pacemaker, the electrode forms a loop connected by both ends to the 
pacemaker, the uninsulated part of the w i res forming the e lectrode 
proper. The electrode proper is shielded at the side opposite the peri
card ium by a teflon d isc and can be fixed to the pericaridium by sutures, 
making use of the disc and the leads . 

The advantage of epicard ial st imulation is that the electrodes are only 
subjected to sma l l  mechanical stress, sothat fracture is unli kely. 

This advantage hm\ ever is counteracted by a number of d isadvantages : 
the electrodes are large and therefore have a high stimulation thres
hold (BLUESTON E  et a/. I 96 5 ;  MEYNE et a/. I 966), moreover 
the current density in the myocard ium under the electrode i s  not 
optimal , s ince part of the current passes to the second electrode along 
the pericard ium and not through the myocard ium,  whi lst 
much connective tissue is formed under the electrode, due partly to 
friction bet\Yeen the electrode and the epicardium . This friction was 



especial ly large i n  the early versions of the disc electrode, because the 
lead was connected to the e lectrode at an angle to the epicard ium,  
rather than paral le l  wi th  the surface of the heart. This a l lowed the 
lead to act upon the e lectrode as a l ever, exercising mechanica l  forces 
on the myocard ium .  

These disadvantages are the cause of the relatively h igh threshol d  val ues 
which are often found after some time with these electrodes . In some 
cases the threshold rise due to tissueformation is so great that stimula
tion is interrupted . 

Another d isadvantage of epicard ial electrodes is the fact that the fixa
tion of the electrodes on the heart is poor, because it depends solely on 
the sutures . 

A considerable number of these d isadvantages are overcome by the 
i ntramural e lectrode. 

2 .  Intramural electrodes 

Intramural electrodes are i nserted into the myocardium with the frame 
attached to the pericard ium.  They stimulate the heart v ia the myo
card ium.  

As these electrodes transmit the  current d i rectly through the myo
card ium,  the myocard ial current density is maxi ma l ,  result ing in a low 
stimulation threshol d .  The connective tissue formation around these 
electrodes is determined primarily by the flexib i l i ty of the electrodes .  

A d isadvantage of intramural electrodes is the  fact that the  proper 
electrode is inserted into the myocard ium and therefore is subjected to 
forces arising from the local movements of the myocard ium during the 
card iac cycle ,  whi le the frame is attached to the epicard i um and is 
subjected to forces from the surround ing tissue. In a heart being 
stimulated at a frequency of 70 beats per m inute, the electrode undergoes 
70 x (6o x 24) = 1 os movements per 24 hours i . e .  approximately 
3 6 , 5  m i l l ion movements per annum.  This mechanical stress can resul t  i n  
fracture o f  the electrode. 

Research i nto the most favourable intramura l  e lectrode has l ed to a 
number of designs . This development was based on two prototypes, 
the suture electrode and the pin electrode .  

a .  Suture electrode . The i ntramural suture e lectrode is a flexible w i re or a 
mu ltistrand wire ,  which i s  sutured i nto the myocardium . 
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This e lectrode has been employed i n  many forms since the beginning 
of electrical stimulation of the heart. WEIRICH , L ILLEHEI  et al. ( I 9 � 8 )  
used a suture electrode in  the form of a s i lver plated copper w i re w ith a 
diameter of approximately o .  2 �  mm, which was insulated \\ i th poly
ethylene along i ts course outside the myocardium.  CLARK, ROSS et al. 
( I 9 S9) used a six strand fine w i re of the type used in  telephone eguip
ment, each strand having a thin texti le core, around which a fine tin 
p lated copper ribbon, insulated w ith plastic, was wound . G LENN et a/ . 
(I 964-) used a four stranded coi led w ire of elgiloy w ith a si lastic cover. 

Suture electrodes are usual ly made of stainless steel and have been 
usecl by BROCKMAN et af .  ( I 9 58), KANTROWITZ ( I 9 6 2) ,  ABRAMS ( I 964-) and 
others. ZOLL ( I 964-) after fi rst using a platinum electrode, also switched 
to a suture electrode, consisting of 7 groups of I I stainless steel w i res, 
i nsulated by teflon and treated w ith a four  fold  layer of gold-platinum
gol d-plat inum respectivel y .  

GLENN et a l .  inserted the electrodes '' i th the help of a smal l tracheo
stomy tube, but the electrode is more usual ly attached at the tip to an 
atraumatic needle,  which is cut off after insertion, w hereupon the 
e lectrode is fixed with s i lk  sutures. This method of fixation is not 
very rel iab le .  In later versions therefore LILLEHEI  et al. ( 1 96 2) used 
stainless steel sutu re electrodes w ith a coi led tip to a l low i ngrowth of 
the tissue i n  order to achieve better fixation. Origina l ly we also used 
suture electrodes, consisting of 7 X 7 groups stainless steel w i res , 
p rotruding from an electrode frame, enabl ing good fixation of the elec
trode (fig. VI- 8 ) .  

Compared wi th the epicardial electrode, the intramural suture electrode 
gives a far h igher current density in the i ntact myocardium, whi le tissue 
formation is not particularly great, as the thin  electrode is extremely 
supple (fig. V I- 1 s) . We did not observe any case of interrupted stimu
lation due to an excessive stimulation threshold .  Moreover the elec
trode had the advantage of being easy to insert into the heart musc le .  

The great disadvantage assoc iated with this electrode i s  the freguent 
occurrence of fracture. This explains the numerous versions, in which 
attempts \\ ere made to avoid fractures by the choice of the metal and the 
inclusion of several strands .  In our experience it is not only the con
struction of this electrode that determines the occurence of fractures, 
but also the location of the electrode in the heart and the manner in  
which the electrode is fixed . Fracture can occur after as l i tt le a s  a fe\\ 
months if fixation is poor. 

In  Groningen S4- intramural suture electrodes were fixed in 26 patients 
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between December 1 96 2 and August 1 964-, each patient receiving two 
suture electrodes or a suture electrode and a pin electrode .  Of these 
suture e lectrodes 1 o were sti l l  functioning in February 1 966,  the im
p lantation  period varying from 2 8 to 3 8 months, with an average of 3 2 
months . Two years later 5 suture electrodes '' ere sti l l  functioning after 
an average time of 59 months . In some cases the suture electrodes had 
to be removed because of infections, whi le in other cases further moni
toring of the e lectrodes became impossible because the patients d ied of 
causes other than defects of the electrical stimulation. Out of the total 
of 2 5 fractures the percentages occurring in the heart muscle and in the 
l ead cannot be accurately determined , but as the lead is of identical 
structure to the e lectrode i tself, this figure gives an impression of the 
fragility of suture electrodes. 

We had simi lar experiences with the intramural suture electrode, as 
developed by Zol l .  In 1 o electrodes with an average implantation period 
of 1 1  months ( 3 - 24- months) , we found in February 1 966 a fracture in 
6 e lectrodes . Two years later only one electrode was sti l l  functioning 
after 4-0 months of i mplantation. Fractures of this electrode were not 
necessari ly intramural either, but also occurred in the lead . 

These observations show c learly that the suture e lectrode i n  its present 
form is not an optimal electrode for the electrical stimulation of the 
heart, neither in the heart, nor as indifferent electrode (see also 
Chapter VI I : multistrand l ead) . 

The other e lectrode which served as a basis for the i ntramural elec
trode is the 

b. Pin electrode . The pin e lectrode consists of a rigid pin which is inserted 
into the myocardium and whose frame is attached to the epicard ium.  

There are several variants of the pin electrode. The bipolar electrode 
of HUNTER et al. ( 1 9 59) consisted of a s i l icon rubber frame from which 
two stainless steel p in electrodes, 1 .  5 em apart, penetrate the myo
cardium . The pins had a l ength of 7 · 5 mm in  early versions (fig. Vl -8 ) ,  
but were later altered to 1 5 mm long, the first 5 m m  being insulated 
with teflon. CAMMI LL I ,  POZZI et al. ( 1 964-) used a bipolar pin electrode 
located on the heart with their R .F .  receiver, the platinum-iridium 1 o% 

electrode pins having a l ength of 7 m m  and a d iameter of 1 m m .  
We have also used this type o f  electrode (vAN DEN BERG, HOMAN VAN 

DER H EIDE, N IEVEEN et al. 1 96 2) ,  in  the shape of a 5 mm long platinum
i ridium 1 0% pin with a diameter of  1 m m .  In  later versions the pin 
was extended to 7 mm (fig. Vl-8) ,  the first 2 mm being insu lated . 



The advantage of this electrode is the fact that i t  is mechanical ly so 
strong that no i ntramural fracture can occur. At the same time, however, 
this rigid ity is a d isadvantage, as the pin causes extensive tissue destruc
tion and connective tissue formation in the surrounding myocard ium.  
These tissue lesions occur especial ly a t  the t ip  of the electrode,  and are 
probably caused by movements of the pin i n  relation to the myocard ium 
(fig. VI- I 6) . In the case of a b ipolar pin electrode with one electrode 
frame, as in the other two appl ications of the pin electrode, these lesions 
may take on more serious forms . The tissue reactions resul t  i n  a sharp 
rise of the stimulation threshold ,  even to the extent of interrupting 
st imulation a ltogether. 

Of the 24- p in  electrodes i nserted in  2 I patients between March I 96 2 
and August I 96 3 in  G roningen ,  8 had to be replaced due to a r ise of the 
stimulation thresho ld .  The replacement took place after I o- 53 months , 
with an average of 2 5 months .  If the pin electrode is located i n  the 
myocard ium in a place w here the myocard ial movements in relation to 
i ts surroundings are smal l ,  the rise in threshold i s  l imited . H i rsch there
fore i nserted the p in  e lectrode i n  the contact area of Benninghoff on the 
heart (fig. IV- I I ) . 

L ike the epicardial electrode the p in electrode has the d isadvantage 
that only i ts frame is fixed to the epicard ium and the proper electrode 
does not anchor i tself in the myocard ium.  

This poor fixation and especial ly the abundant tissue reactions prevent 
the p in electrode from being an optimal stimulation electrode .  Based 
on the principle of the pin electrode,  two intramural electrodes were 
designed which fix themselves i n  the myocard ium, resul ting in l ess tissue 
reaction and thus a lower and more stabl e  thresho ld .  

c. Coil electrode . The coi l  electrode consists of a semi-rigid spiral w i re ,  
which is inserted i nto a smal l stab wound in the myocard ium and whose 
frame is attached to the epicard ium.  

The coi l  electrode was fi rst reported by CHARDACK ( I  96 I ) . The pro
per electrode (fig. VI-8)  is i n  fact an extension of the conduction w ire, 
which, l i ke the electrode i tself, has been the source of many d ifficul ties . 
Chardack used a spira l  w i re with 0 o .  2 5  mm and introduced i ts end , 
p rotrudi ng from an e lectrode frame, vertica l ly i nto the myocard ium . 
This electrode, which is an intermediate form between the pin electrode 
and the suture electrode with the co i l ed tip as described by L I LLEHEI  et al. 
( I  9 6 2) ,  was fi rst made of platinum-i rid ium.  To introduce the electrode 
an incision is made i n  the myocard ium to a depth correspondi ng to 
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about the length of the electrode. Then the electrode is introduced and 
the electrode frame i s  fixed to the myocard ium by two sutures . 

The advantages of this electrode are the fact that the myocard ium can 
grow between the electrode coi l ,  giving a rel iable fixation , and the fact 
that the electrode has a certain flexib i l ity, reducing the degree to which 
mechanical factors affect tissue formation. The weak point of this elec
trode is this very flexibi l i ty .  Metal fatigue due to movement may cause 
the electrode to break at the trans ition from the frame to the myo
card ium . The risk of a fracture becomes greater if  the electrode has been 
bent due to rough treatment before the implantation, or if it is not intro
duced perpend icular!) into the myocardium at i mplantation. Under 
these c i rcumstances a " eak spot arises and may lead to fracture later. 

The electrode frame is so constructed , that the electrode does not pass 
abruptly from the rigid into the flexib le part, but in th ree stages : first 
the core ends, then the s i l icon rubber insulation and next the pitch of 
the spiral gradua l ly increases towards the electrode tip. 

The fractures " hich occurred in this version led CHARDACK et a/ .  to 
use another material ,  elgi loy (see Chapter VII  hel ical l ead), instead of 
platinum- i rid ium I o00 • Resu lts \\ ith this material are better, as it has a 
higher resistance to mechanical stress . NATHAN et a/ . ( I 9 6 3 )  also adopted 
these el ectrodes, using the elgilo) version from the beginning. 

Although CHARDACK et a/. ( I  964) mentioned fractures of this latter 
electrode, in Groningen we observed no fractures in the intramural 
electrode, the longest implantation period in February 1 9 6 8  being 49 
months. The lead, ho\\ ever, (to be d iscussed in the fol lowing chapter) 
d id pose difficult ies .  Moreover, in I I of the first 3 5  patients the thres
hold value rose aboYe the operational value of the pacemaker .  The fact 
I hat the relatively small threshold increase manifested i tself after an 
average of I o months' stimulation ( I - I 9 months) and increasing the 
operational value of the pacemaker in these I I patients enabled the 
electrodes to function properly again for an average of 8 months ( 3 - I 3 

months) , sho\\ s th is to be attributable to the electrode and not to the 
pacemaker. These interruptions of stimulation were due to the opera
tional val ue of the pacemaker being set too low init ial ly . 

The coi l  e lectrode has a lo\\ stimulation threshold due to i ts sma l l  
d imensions and the sl ight tissue reactions (fig. VI- 1 7) around the elec
trode. The only d isadvantage of this electrode is i ts great vulnerabi 
l i ty before and during the operation , whi le  for bipolar stimulation elgi
l oy is not a su i table metal for the anode, in v ie\\ of the risk of corrosion 
due to electrolysis .  
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We have tried to modify the p in  electrode so that we could continue 
to use an al loy of platinum-i rid ium,  which is optimally anti-co rrosive 
and entai ls less polarization than elgi loy . The proper electrode however 
should be tougher than the coi l electrode to make it less sensitive to 
careless treatment. Our investigations resulted in the 

d.  Loop electrode . Our loop electrode (fig. Vl-8) consists of a loop shaped 
spiral , to be i ntroduced into the myocard ium.  In the spiral is a loop 
shaped core, which is composed of p latinum 90 °0 -i rid ium I O�'o as is the 
spiral . The extremities of the loop are attached to two platinum-irid ium 
spirals, insu lated by s i l i cone rubber, and connected to the negative pole  
of the pacemaker so  that the  heart electrode has a double connection 
with the pacemaker .  

Fig. VI-9. Tbsue growth 
through intt·amural loop 
electrode, 1 6 day> after 
implantation in a dog. 

The electrode is introduced into an inciSion made in the myocard ium 
and the electrode frame is fixed to the epicard ium by two sutu res . The 
electrode becomes fi rmaly attached after some time, because the myo
card ium grows through the loop which is approximately I .  t; mm in 
d iameter (fig. Vl-9 and VI- I 9 ,  2 o  ) . The spiral around the core gives the 
tissue a good grip on the electrode .  Because of this fixation no lesions 
are caused to the tissue around the loop electrode, and the th resholds 
of this e lectrode remain low unl ike the pin electrode .  



Fig. Vl- 1 o .  Broken (arrow) intramural loop electrode, 1 2 month; after implantation in a 
patient ;  dilated heart. 



Since the loop gives the electrode a length of approximately 1 5 mm, 
we insulated the part be low the frame for a d istacce of 3 mm \\  i th s i l i 
con rubber, l eaving ± 9 m m  of this electrode uninsulated in the myo
card ium.  The i nsulation of the loop in a region w here connective tissue 
formation is relatively large and consequently the current is ineA-"ective, 
decreases both the threshold and the operational va lues of the electrode, 
thus increasing the efficiency of the stimu lation and prolonging the l i fe
time of the pacemaker .  

I n  the  early versions, the  core of the electrode had a d iameter of  0 .4  
mm.  A l though both the animal experiments and the fi rst c l in ical 
appl ications were favourable, a weak point came to l ight in a certain 
series of electrodes .  This \Vas the angle made by the core in the frame 
and fracture occurred at this point due to metal fatigue in a number of 
patients (fig. VI- 1 o) . The movements of the heart proved to be of such a 
nature that the o .4  mm thick core and the electrode spiral fractu red in 
the frame. In this inferior group of 1 o electrodes we discovered s cases 
of fracture after an average of 3 .  s months w ithin the fi rst 6 months after 
implantation. The remaining 5 electrodes of this group '' ere changed or  
fractured after 7 - 1 4. 5  months (average 1 1 months) . Of 6 other loop 
electrodes with an i mproved frame, two fractures occurred and 4 
electrodes are sti l l  functioning in February 1 96 8 ,  after an average time of 
24 months ( 2 o- 2 8  months) . 

After experience w ith this inferior series of electrodes, a sl ight modi
fication was made in  the frame and in  addition the core of the new version 
was given a d iameter of o . 7  mm instead of o .4  mm. In order not to 
inc rease the surface area of the electrode excessively and so affect the 
threshold unfavou rably,  the d iameter of the wire around the core '' as 
reduced from o . 3 s  to o . 2 mm, whi le the insulated part was sl ightly 
increased in size so that the free section is now 7 mm in length (fig. 
Vl-8) . This proved to be a considerable  improvement, as tests showed . 

Test series of heart electrodes are only infrequently described in  the 
l i terature . The reason for this is perhaps the fact that the forces to 
which an e lectrode in the heart is subjected are d ifficult to measure, so 
that the forces which have to be appl ied in testing are d ifficult  to estimate. 

In our testing apparatus the electrode was subjected to a force appl ied 
at the tip of the electrode (fig. VI- I 1) . The deflection of the e lectrode 
tip was adjusted to 1 . 2 s mm each way , the total deflection thus being 
2 . S  mm.  This deflection was repeated at a frequency of so Hz i .e .  at a 
rate approximately so times that of the heart. The results w ere as 
fol lows : 
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Fig. Yl- 1 1 .  Diagram of apparatu; for accelerated fatigue testing of pacemaker electrodes. 

A. 1 old electrode oF inferior type \\ ith a core oF o .4 mm. 
The electrode Fractured aFter 4· 2 x 1 o4 vibrations . 

H.  6 old electrodes w ith improved frame, but core of o . 4  mm.  
The electrodes fractu red after 1 .  3 ,  1 . 5' ,  2 .  3 ,  3 .  1 ,  4 ·  6 and 8 .  5' x 1 os 

vibrations respectively . 
C .  5' new electrodes w ith improved frame and core of o .  7 mm. 

One electrode fractu red after 1 1 .  5' x 1 o6 v ibrations, the others re
mained intact to the end oF the test at 1 1 .  5, 1 2 ,  and 1 6 x 1 o6 

vibrations respectively . 

It can be seen From these data that the ne\\ version of the electrodes 
(C) is much better than the o ld ones (B) , w h ich have now been functioning 
for an average period of 24 months. 

It should be added that the fo rces which had to be exerc ised upon the 
electrodes in order to obtain a total deflection of 2 .  5 mm increased in  
the sequence (A)- (B)- (C) , clue to the improved frames, so  that the stress 
on the electrodes also increased . In series C these forces were h ighest 
viz. 2 o o  grams. The improvement is thus considerably better than the 
number of tolerable  vibrations might ind icate . 

No fracture has vet occurred in these ne\\ electrodes, in about 2 o o  

implantations and the fi rst o f  these electrodes has now functioned for 2 1 
months .  These electrodes are now produced uniformly, each fifth 
electrode being tested in the manner described above, thus reduc ing 
the risk oF a series being fau l ty to practica l ly ni l .  



The electrode has a low stimulation th reshold ,  approximately 3 · S  [.LC 
i mmed iately after i mplantation, for an impulse duration of  2 msec . The 
tissue reactions are sl ight, as animal experiments showed , and there has 
been no fa i lure of stimulation in patients due to an excessive threshold 
rise. 

A lthough a definitive eva luation will only be possible after some years, 
we bel ieve that this electrode is suitable for stable long term stimulation, 
especia l ly s ince the conduction lead has also proved to be reliable as w i l l  
be  shown in the fo l low ing chapter .  

The poor results obtained w ith early versions of transthoracic  elec
trodes led several investigators to the transvenous appraoch in w hich the 
heart is stimulated by 

3 .  Endocardial electrodes 

With endocard ial catheter electrodes the conduction lead is s ituated in 
the catheter and the proper electrode stimulates the heart via i ts contact 
with the endocard ium . 

The monopolar versions of these electrodes, varying I i ttle from version 
to version, consist of :  

an electrode at the catheter t ip  (fig. VI - 1 2) or 
a ring electrode fixed around the catheter at some d istance from the 
tip. 
The latter version w as employed by ABELSON , SAMET et a/ .  ( 1 96 1 ) , 

DE vos ( 1 964) and others. In early versions the catheter electrode 
frequently penetrated and even perfo rated the myocardium because i t  
was too rigid and to deal with th is  problem De Vos located the t ip of the 
catheter in the outflow tract of the right ventricle and attached the ring 
shaped electrode some centimeters back. He claimed that this resulted 
in a more stable position of the electrode .  A combination of both 
catheter electrodes is used in the bipolar endocard ial catheter (fig. VI- 1 2 ) . 

Although the electrodes occasionally consist of stainless steel (scHwE
DEL and ESCHER 1 9 64) , normal ly p latinum is used (LAGERGREN and 
JOHANSSON 1 96 3 ; GOETZ 1 96 3 ) .  Since the electrode suffers almost no 
mechanical stress, fractures of the electrode i tself are rare in most 
versions. 

In order to l im i t  t issue reactions around the electrode clue to mecha
nical damage of the endocard ium,  the surface of the electrode should be 
smooth and the tip should have no sharp edges. Lesions of the enclocar
cl ium may lead to local thrombosis around the electrode,  increasing the 



Fig. VI- 1 2 .  Endocardial catheter 
electrodes. 
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threshold . Most catheter electrodes in use at present comply w i th these 
cond itions. 

For optimal stimulation the electrode should have reasonably  smal l  
d imensions, as large electrodes have correspondingly h igh thresholds .  
In our own experience " ith the electrode of Lagergren and Johansson 
(fig. V I- I 2 :  monopolar I )  and those of others (KOOPS et al. I 966 ; 
VON K  I 966) in 66 cases we found that some t ime after implantation 2 I 
had a threshold higher than I o fLC for impulses of 2 msec . In 6 patients 
the threshold  was h igher than 2 o  fLC and these high thresholds resulted 
in fai lure of stimulation in I 2 patients which could only be restored by 
use of a pacemaker " ith a h igher output. 
S ince stable  low threshold values can be obtained wi th smal l e lectrodes 



(fig. VI- 2 3 and 2 4) \\ e decided that our catheter electrode ( 1 966 ; 
fig. Vl- 1 2 :  monopolar  2 )  should have smal ler d imensions than that of 
Lagergren and Johansson ,  which in tu rn was al ready smal ler than 
the b ipolar catheter electrode developed by CHARDACK et a/. ( 1 9 6 3 ;  

fig. Vl- 1 2 , 2 5) .  
As  the main d i fferences bet\\ een the transvenous electrodes are in  the 

type of conduction lead of the catheter, these electrodes w i l l  be discussed 
further in Chapter VII . 

One remarkable variant of the electrodes discussed above should be 
noted here, viz. the bipolar endocard ial -epicard ial electrode (fig. Vl- 1 3) 
described by LILLEHEI  et a/ . ( 1 96 2 ) .  These authors were of the opinion 
that endocard ial stimulation or  stimulation near the endocard ium gave 
better results than intramural myocard ial stimulation, and they devel
oped an electrode w ith tw o rings placed around an insulated core .  The 
endocardial electrode and the core were introduced by way of a ventri
culotomy, the core being led th rough the myocard ium enabl ing the 
epicard ial electrode to be fixed at this core .  

Fig. VI- 1 3 .  Transthoracic endocardial ciectro.lc w it!1 c1Jic;trJial plate. 
Left : epicardial plate above, endocardial plate below. Right : assembled electrode. 
(After L I L LEHEI  ct af.) 
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A lthough L i l l ehei et a/. reported favourable results in animal experi
ments for periods of two months, further appl ications of the electrode 
are not mentioned . The operation requi red to fix the electrode probably 
l imits i ts use c l inica l ly .  

In a l l  other cases bipolar stimulation w ith a combination of two 
comparable  e lectrodes is chosen ; transthoracic  electrodes may be housed 
in one common or in two separate electrode frames, but for the trans· 
venous electrodes onh• one catheter is used . . 

In monopolar stimulation, such as \\ e use, an ind ifferent electrode is 
implanted in the body at some d istance from the heart . 

4· Ind!lferent electrodes 

The indifferent electrode is used only to complete the electrode c i rcuit 
and there is thus a far w ider choice of location and versions . 

The indifferent electrode used by LAGERGREN and JOHANSSON ' s  ( 1 96 3 )  
monopolar stimulation is p ractical ly identical to the epicardial d isc 
e lectrode, al though the d imensions are larger and stainless steel is used . 
DAVIES ( 1 96 5) also used a version of h is epicard ial electrode .  

For  our indifferent electrode a platinum w ire ro l led into a flat sheet 
was used in i tial ly ( 1 96 2) in order to obtain a large su rface and thus opti
mal operational values. The ro l l ed platinum wire was fixed in  the 
muscles near the pacemaker and connected to i t  by means of an insu lated 
stainless steel multiple strand lead . This electrode, however, was very 
prone to fracture clue to electro lysis at the transition from stainless stee l 
to platinum .  In order to avoid electro lysis, we adopted a long multiple 
strand suture electrode, consisting of stainless steel , uninsu latecl for a 
d istance of approximately 1 o em.  Hm-\ ever, metal fatigue and electro
lysis caused many fractures of this l ead also . 

Metal fatigue '' as next combatted by fixing the electrode as a band 
around the pacemaker. To prevent any electro lysis, this electrode con
sisted completely of platinum.  This electrode was appl ied c l inical l y  
for the fi rst t ime in  1 96 2 in combination w ith a catheter electrode and 
gave good resul ts .  The electrode had one d isadvantage in common 
with previous ind ifferent electrodes, how ever. The current density at 
the relatively sma l l  band electrode was so h igh that occasional ly nervous 
andfor  muscular tissue in the neighbourhood was stimulated . This 
resu l ted in troublesome muscular contractions which were eas i ly 
avoided by fixing the el ectrode elesewhere in the body, but in the 
case of the p latinum band this so lution was not possible and the " hole 
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pacemaker had to be moved . A solution was found by replacing the 
band by a large disc attached to or in the wal l  of the pacemaker (fig. l- 1 ) .  
The current density now became very low and skeletal muscle contrac
tions were largely prevented . In the few cases where contractions be
came apparent post-operatively, the patient was treated w ith local 
anaesthetics for some time so that the unp leasant sensations were sup
pressed . After the formation of a layer of connective tissue around the 
pacemaker, the so-cal led pacemaker pocket, these contractions d is
appeared . In all our cases this occurred within 1 o days . The very large 
area of the d isc electrode had a second advantage i n  that the current 
density became so small that electrolysis was not a problem. As a 
result  stainless steel could be used instead of  platinum,  particularly as the 
ind ifferent electrode is replaced each time the pacemaker is changed , 
s ince i t  is attached to the pacemaker wal l .  This solution proved to be 
so effective that s ince the fi rst appl ication in  1 96 3 no more d ifficulties 
have been encountered in the form of fracture or electrolysis of the 
ind ifferent electrode .  A s imi lar  type of  ind ifferent electrode has also 
been used by E LMQVIST and SENN I N G  ( 1 96 2) and N ATHAN et af . ( 1 963 ) .  

B .  Reactions a t  and near the electrodes 

1 .  Electro!Jsis 

Electro lysis accounts for the changes at the electrodes produced by 
the electrical current and it is therefore a phenomenon that should strict
ly be dealt with in the section on the electrical behaviour of electrodes . 
It is d iscussed here however, because electro lysis i s  an important factor 
in the choice of metals to be used for the electrodes. 

E lectrolysis occurs especial ly at the anode, as CLARCK et a/. ( I  9 59) 
al ready reported after thei r experiments w ith tin plated copper elec
trodes . After a stimulation period of 2 1 days in one patient, during 
which the heart electrode had been connected to the posit ive pole and 
the i nd ifferent electrode to the negative pole, Clarck found that the 
cathode was in  good condit ion but that the anode ' had undergone a 
considerable amount of electro lysis where contact had been made wi th 
the heart . ' E lectrodes of other metal s  also suffered from electrolysis 
and ROWLEY ( 1 96 3) found electro lysis of h is positive stainless steel 
electrodes. LAG ERGREN et al. ( 1 966) noticed signs of electro lysis i n  
several catheters which had probably functioned for some time as anodes. 
We ourselves frequently saw fractures of our previous posi tive indifferent 
electrodes partly due to electro lysis (fig. VI- I 4-) . 
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Fig. Vl- 1 4. Macrophages fi l led with i ron particles near a positive stainless steel suture 
electrode (not shown) in the thoracic wal l  of a dog after 2 1  2 days stimulation. 
Magn. 3H x . Stai n :  Perls' ferrocyanide reaction . 

Electrolysis depends on 
the polarity of the electrode, which determines the nature of the ions 
concerned , 
the composit ion of the metal of the electrode, 
the current density at the electrode, the effect of e lectrolysis being 
roughly proportional to this current density .  
E lectro lysis has been investigated by  WEINMAN ( I 964) , who demon

strated experimentally that the over-potential (potential caused by the 
polarization current), is h igher at the anode than at the cathode and 
thereby explains the electro lysis at the anode. We ourselves are inc l ined 
to bel ieve that it is particularly the nature of the ions at the po i tive 
electrode, especial ly the negative chloride-ions, which are responsible 
for the specific phenomena. 

The use of a b i-phasic pulse as suggested by ROWLEY ( I  96 3 ) ,  ABRAMS 
( I 964) and SCHNEIDER ( I 966) inter a/. to prevent electrolysis therefore 
needs caution .  When the critical current density is surpassed , it is d is
advantageous,  s ince then both electrodes are positive in turn . The 



prevention of electrolysis of the positive electrode should be primari ly 
sought in a low current densi ty by choosing an electrode w ith a large 
surface-area, and , if this is sti l l  insufficient, in the choice of a non
destructabl e  metal . 

Metals which are proof against electrolysis are the precious metals 
and stainless steel i s  unfavou rable for electrodes. ZOLL ( I  9 64) covered 
stainless steel electrodes w ith a coating of gold platinum .  DITTMER, 
FRIESE  et a/. ( I 9 6 2) showed that even s i lver is not suitable for long term 
stimulation. We ourselves had unfavourable  experi ences with degu lar, 
an al loy consisting of 78 parts gold ,  8 parts platinum and pal lad ium and I 4  
parts copper and si lver. Around these electrodes we found necrosis 
with areas of calc ification which we ascribed to a reaction around par
ticles which had been worn off the electrode .  There was no question 
of bacterial infection from an external source . The bacterial inflam
mation which DITTMER et a/. ( I  96 I )  observed with stainless steel 
electrodes, was probably due to secondary i nfection and is not l inked 
primari ly with the electrolysis i tself, as suggested by the authors . 

A precious metal p roof against electrolysis is plati11um , but by i tself 
it i s  too weak mechanical ly to be used for intramural electrodes . There
fore, platinum i combined w ith i rid ium, to form an al loy of platinum 
90% - ir id ium I o00 , being proof against electro I ysis and having sufficient 
strength . This al loy i s  used for many electrodes . 

As we described previously, the mechanical strength of this al loy is 
sti l l  insufficient for certain  intramural electrodes . For this reason some 
investigators (TOO LE et a/ .  I 960 ,  G LENN I 964, NATHAN I 964,  CHARDACK 
I 964,  a . a . )  changed to an a l loy which possesses better mechanical charac
teristics . This al loy, elgiloy, which consists of 40 parts cobalt ,  2o parts 
chrome, I 6 parts i ron ,  I 5 parts nicke l ,  7 parts molybdenum and 2 parts 
manganese ,  was already i n  use in the watch industry, but i t  is less proof 
aga inst e lectrolysis than Pt- Ir .  GLENN ( I  964) described that at a current 
of I oo mA,  flowing continuously for 3 hours through elgi loy electrodes, 
the cathode remained completely intact, but that the anode ' lost half 
i ts weight . ' A s imi lar experiment with p latinum e lectrodes showed no 
variations in either electrode .  Therefo re G lenn advised that elgiloy 
shou ld be used for the cathode and p latinum for the anode, but in bipolar 
stimulation this is a poor compromise as it is sometimes des irabl e  to 
change the polarity of the electrodes ,  e.g. where there is an al teration 
in stimulation threshol d .  

A lthough the current used for stimulation o f  the heart i s  much lower 
than that used dur ing this experiment, the risk of changes occurring 



Fig. VI- 1 'i. Tis�ue reaction around an intramural suture electrode in a canine heart, b 
months after i mplantation. A thin layer of hyaline fibrous ti5sue can be seen around the 
channel of the e lectrode. 
Magnif. 36 x ,  Stain : hematoxylin and eosin. 

in elgiloy anodes in the course of time cannot be completely excluded and 
thus may also be of importance in bipolar stimulation using elgi loy 
e lectrodes. 

We, ourselves, have been able to continue using a myocardial e lectrode 
of platinum 9o00 - i rid ium I 0°0 , by modifying i t ,  so that its mechanical 
strength is sufficient. With unipolar stimulation this electrode has been 
combined with a l arge stainless steel d isc as indifferent electrode. 

2.  Tissue reactions around the electrodes 

After implantation, tissue reactions occur around the myocard ial 
e lectrodes w hich may lead to threshold rises . 

In our animal experiments and in patients i n  whom both a stimulation 
and a reserve electrode was introduced, we observed a rise in threshold 
on both the electrodes .  The mean increases of threshold  on these elec
trodes were identical and we have therefore concluded in contrast to 
DIEZEL and FRIESE ( 1 96 3 )  that the ti sue changes occur as a resul t  of a 



foreign body reaction rather than prolonged electrical stimulation. 
This conclusion is supported by LAGERGREN ( I 966) who also found no 
correlation between tissue reaction and electrical stimulation . We only 
saw tissue reactions, p robably caused by electrical stimulation, affecting 
the stimulation threshold on 4 electrodes, all of which were composed 
of material not proof against electro lysis ( degular) . 

The tissue reactions around the electrodes, which we investigated i n  
col laboration with DR .  P H .  J .  HOEDEMAEKER (Pathological Anatom ical 
Laboratory - Univers i ty of G roningen) in 8 patients and I 6 ani mals, 
were characterised by a c i rcumscribed reaction of the myocard ium to 
the fo reign body with the e lectrode becoming encapsulated by connec
tive tissue. This can be clearly seen in fig. VI- I 5, which shows the 

Fig. Vl- 1 6 . Tissue reaction and destruction around an intramural pin electrode in a 
canine heart, 3 3 days after implantation. 
The figure shows that the tip (T) of the e lectrode has evoked much tissue destruction . 
At the epicardial � ite the fibrous wal l  around the c lectmde carrier (EC) is shown. 
Magnif. 1 o x . Stain : azocarmine. 
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Fig. Vi- I ] . Tissue reaction around the tip of an intramural coi l electrode, 1 4  days after 
implantation in a patient (m. , 6 3 )') . See text. 
Magni f. 1 � x . Stain : hematOX) lin and eosin. 

reaction around an intramural sutu re electrode,  after 6 months i m
plantation in a dog. The hyal inisation of the connective tissue is c learly 
vis ible here .  

The reactions around a p in  electrode, wh i ch  had functioned for 3 3 
days i n  an animal , are shown in  fig. V I- 1 6 . I t  can be c learly seen that 
the rigid pin has caused much tissue degeneration, especia l ly at i ts t ip .  

W ith a coi l  electrode because of i ts greater flex ib i l i ty the tissue re
action was less pronounced and there was a relatively smal ler rise i n  
threshold on  these electrodes compared w i th the i ntramural p in (fig. 
VI- 1 7) .  The reaction around the s i l icon insulation of the electrode was 
less than that around the spiral tip as i t  is subjected to greater myo
card ia l movement. 

The tissue changes after 30 weeks around a platinum d isc electrode 
fixed on the atrium to detect the atrial depolarisation for the P-wave 
triggered pacemaker, can be clearly seen in fig. VI- 1 8 .  

Examination of the reactions accompanying loop electrodes reveal 
that after 1 6 days (fig. VI-9) the tissue grow th through the loop had 
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al ready assumed considerable proportions, and the myocardial tissue 
had fixed the electrode fi rmly in the myocardium. 

In  one experiment using a platinum-irid ium electrode the animal was 
examined after 8 days, the loop cut and withdrawn from the myocardium 
in order to examine the tissue within the loop.  The figs . V I- 1 9  and 2o 
show that after 8 days there was al ready a wel l formed tissue structure 
through the loop. 

Post-mortems showed that the electrode frame was frequently en
capsulated by epicard ial tissue, and there were pericardial adhesions 
overlying it . Few observations have been made with endocardia l  
electrodes, but at post-mortem on a dog, we saw that at 1 2 days the 
catheter was encapsulated by an endothelial layer. This layer was not 
present on the part of the catheter between the tricuspid valve and the 
trabecular muscles (fig. Vl- 2 1 ) . Post-mortems on patients with endo
cardial el ectrodes (fig. V l- 2 2) were described by LAGERGREN ( 1 966) et 
a/. As with other types of electrodes, a thin layer of connective tissue 

Fig. Vl- 1 8. Tissue reaction around an epicardial disc detection electrode on the atrium 
of a dog, 2 1 2 days after implantation. 
The disc has evoked the formation of a layer of fibrou' tbsue, which separates the elec
trode from the heartmuscle. EC : chamber of the electrodecarricr. 
Ma:.:nif. 8 x . Stain : hematoxylin and eosin. 
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Fig. VI- 1 9. Tissue reaction around an intramural loop electrode in a canine heart, 8 days 
after implantation. As �hown by the figure, tissue has already grown between the legs 
of the loop. 
Magnif. 24  x . Stain ;  hematoxyl in  and eosin .  

i s  formed around the electrode, varying in  thickness from o . s  to 4 mm, 
a sl ight infiltration w ith lymphocytes and monocytes being observed . 

3 .  Thrombus formation during endocardial stimulation 

Thrombus formation occurs sporadical ly in endocardial st imulation. It 
is i nfluenced by polari ty .  B lood clotting has occasional ly been found 
around the positive electrode, but not around the negative electrode .  

To i nvestigate this, we passed a current through definibrated b lood 
at 3 7°C in a U shaped tube by means of two stainless steel electrodes. 
In I 9 experiments, using a 2 msec impulse of 2o mA at a frequency of 
Jo/min  we found that thrombus formation occurred at the posi tive 
ele trode after I o-30 m inutes, and when a 6 m A  current was used 
thrombus formation occurred in 2 hours .  Thus the l ength of time befo re 
thrombus formation appeared was v i rtual ly i nversely with the current. 
There was no thrombus at the negative electrode. With catheter elec
trodes used i n  practice under s imi lar condi tions thrombus only occurred 
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Fig. Vl- l o .  Detail of fig. Vl- 1 9 showing the tis�ue between the l egs of the loop, combting 
of highly vascularized young fibrous tissue. 
Magnif. 5 3  x . Stain : hematoxyl in and eosin. 

at the posit ive electrode as both platinum (cHARDACK) and stainless steel 
(LAGERGREN - early type) were used . 

We d id  not extend our investigation to cl inical tests . The phenom
enon, however,  does occur c l inical ly, as SAWYER ( 1 96 1 ) ,  ZUCKER et a/ . 
( 1 96 J) ,  SCHWEDEL and ESCHER  ( 1 964) and ZOLL ( 1 9 64) inter a/ . have 
shown. 

The mechanism  of th is thro mbus formation has not yet been explained . 
Some i nvestigators suggest that thrombolysin is l iberated loca l ly at the 
negative pole (RICHARDSON and SCHWARTZ 1 96 2 ) ,  preventing coagula
tion there. This, however ,  does not explain why coagulation occurs 
only at the positive e lectrode .  We favour the theory of SAWYER and 
PATE ( 1 9  53) ,  who ascribe the d ifference in reaction at the negative and 
positive electrodes to a microphoresis effect, where the negatively 
charged blood cells move towards the positive electrode. The h igh 
current dens i ty m ight explain coagulation occurring at electrode border 
and at places where the electrode is damaged . 

S ince coagulation only takes p lace at the positive electrode, this 



Fig. VI- 2 1 • Tb�uc reaction around a catheter electrode, 1 2 days after implantation in a dog. 
RA : right atrium ; RV : right ' entricle ; L :  l igature around bundle  of His. 
At the atrial side the catheter is surrounded by a fibrin layer. The part of the catheter 
between the tricu�pid ,ah·e and undemeath the trabecular muscles is clean. The dbtal 
end of the catheter is encapsulated by a layer of fibrous tiswe. 
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Fig. Vl- 2 2 .  Tissue re
action near the tip or 
a catheter electrode 
in a human heart. 
The tip or the elec
trode is fixed be
tween the trabecular 
muscles. (By Cour
tesy or DR. H . IIORST) . 

phenomenon is not see during unipolar endocardial stimulation provided 
that the anode is placed outside the c irculato ry system.  

The mechanical and histological factors d iscussed in  this section are 
of i mportance in the design of electrodes . The factors wh ich determine 
e lectrical behaviour w i l l  be d iscussed in the fo l low ing section of this 
chapter, in relation to the various ele trodes wh ich we have used . 

I V . E L E CT R O D E  C I R C U I T A N D  E L E C T R I C A L  B E H A V I O U R  O F  T H E 
T I S S  ll E 

The electrical behaviour of the tissue around the electrodes and the 
effect of the electrodes upon it can be evaluated from the stimulation 
threshold and the operational value of an electrode c ircuit .  These and 
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other concepts giving insight into the electrical properties of the elec
trode c i rcu i t  " i l l  be d iscussed below . 

We have defined the stimulation threshold as the minimal stimulus 
regu i red to cause a specific heart reaction. In this chapter the terms 
stimulation threshold for current and stimulation threshold for voltage 
have also been introduced , and it '' as sho" n that these thresholds do 
not ah·\ ays bear the ir  expected relationship. Which parameter re
presents the proper stimulation threshold and what determines this 
thresho ld ? 

Firstly, the stimulation threshold for energy may be defined bv the 
formula : 

W - l ' x 
the energy being determined by voltage, current and current duration. 
It may , therefore, be stated that the threshold fo r energy is the product 
of the threshold fo r voltage ( JI) and the threshold for charge (i x t) , 
the latter being the product of the threshold for current (i) and the impulse 
duration (t) . From the experiments discussed w ith fig. Yl- 2 , 3 and tab le 
VI- 1 ,  2 i t  appeared that : 
- in electrical stimulation of the heart w ith impulses of a given duration 

and polari ty , the stimulation threshold of any myocard ial electrode ma) 
be stated in terms of current (threshold current ) .  
This threshold current is accompanied by a certain  threshold voltage . 

The latter depends on the threshold current and the complex i mpedance 
of the electrical c i rcuit, which consists of the resistance of the l eads 
including the electrodes, R�, and the i mpedance of the tissues between 
the electrodes, Zt .  

The fo l lowing formula appl ies to the threshold voltage : 

l'thr = ithr (Rr + z, ) 
in which l'thr represents the th reshold voltage and ithr the threshold 
cu rrent .  In this formula, i t hr is independent of the rest of the c i rcuit 
for a given electrode. By using various other electrodes with identical 
l ead resistances, the value of R1 is also found to be independent of the 
c i rcuit .  This, however, is not the case w ith Zt ,  which depends on the 
properties of the myocard ial electrode, on the nature of the electrode 
which completes the c i rcuit, in particular the dimensions of this electrode, 
and on the nature of the tissue betw een the t\\ o electrodes. Z1 may be 
represented thus : 

Zt = Zer + R t +  Ze2 
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where Zel and Ze2 represent the transitional impedances in the area of 
the electrodes, and R1 the resistance of the tissues between them . If the 
threshold voltage of a given myocard ial electrode is determined in 
combination wi th other electrodes, the transi tional impedance at the 
myocard ial e lectrode, Zet ,  wi l l  be natura l ly identical in each measure
ment, and the transitional impedance, Ze2 at a second electrode,  e.g. an 
ind ifferent electrode, d epends on i ts geometry and the tissues around i t .  
The tissue resistance R1  depends on the geometry and the location of  
both electrodes and the tissues between them. 

This  means however, that the threshold voltage is also dependent on 
the second electrode, and that d i fferent voltages wi l l  be found at con
stant cu rrent thresholds (o r charge thresholds) for one given heart 
electrode when the type or site of the second electrode is varied (see 
fig .  VI-5 ,  3 5  and table VI -3 ) .  The term threshold voltage of a particular 
myocard ia l electrode is therefore incorrectly used unless the other c i r
cuit deta i l s  are also stated . 

A lso the definition of  the stimulation th reshold for energy must be given 
for an electrode combination and not for a myocard ial e lectrode alone, 
as the threshold energy also depends on theother electrode. 

A. Stimulation threshold for current 

The stimulation threshold for current is approximately proportional to 
the size of the electrodes used . 

In order to investigate this, we have plotted in fig. VI- 2 3 the current 
th reshold of i ntramural electrodes of varying d imensions. The intra
mural suture electrode was chosen as the large electrode, the loop 
electrode as the intermediate and the intramura l  pin and coi l as the sma l l  
e lectrodes . In  9 dogs one  suture electrode and one or  more of the other 
electrodes were attached to the heart, and combined with an indifferent 
suture e lectrode in the thoracic muscles. The charge thresholds were 
determined with the Card iotest 7 days post-operatively at impulse du
rations of 1 ,  2, 3 and 4 msec, using 1 4  electrode combinations. The 
charge threshold in [LC for the suture electrode combined w ith the in
d ifferent electrode is plotted on the horizontal axis, and the charge 
threshold of the o ther electrodes in combination w i th the same in
d iff"erent electrode on the vertical axis. 

This figure i l lustrates clearly that the suture electrode has a h igher 
charge and therefore current threshold than the other electrodes. The 
d ifference is most obvious when it is compared w ith the pin and the 
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Fig. VI- 2 3 .  Stimulation threshold (charge) of ;mall electrode versus stimulation threshold 
(charge) of large electrode in the same dog. Semi-acute experiments in 9 dogs. Each 
dog had one large heart electrode and one (4-) or two (}) small heartelectrodes. The 
monopolar cathodal stimulation thre;hold of each heart electrode was measured for 
impulsedurations of t ,  2 ,  3 ,  and 4 rmec. The .,ymbols above the 4}0 l ine belong to 
infected small electrodes. See text. 

coi l  electrode,  "' hereas that bet\\ een the relatively large loop electrode 
and the suture electrode is sma l l .  Very h igh thresholds due to i nfection 
were recorded on one pin and one loop electrode.  

We also investigated the relation between electrode size and stimu
lation threshold using a sutu re electrode, partia l ly insulated w i th teflon . 
The electrodes used were stripped of insulation for o . 2 5 , o . 5 , 1 and 2 
em respectively, the diameter in each case being 0 .45 mm . The results 
of these measurements at impulse durations of I ' , 2 ,  3 and 4 msec are 
shown i n  fig .  VI- 24. The relation bet\\ een electrode size and stimulation 
th reshold can be seen clearly . 

This phenomenon '' as also investigated w ith endocardial electrodes .  
Three catheters w ith d ifferent electrode sizes were i ntroduced succes
sively i n  a dog. The i-t curves of these catheters were determ ined , using 
the current pulse stimulator (fig. VI- 2 5") . Here too i t  is clear that the 
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Fig. 

V I

- 24. Monopolar cathodal stimula
tion threshold (mean current) versus non 
in�ulated length of intramural 'uture elec
trode, for s impulse duration�. Acute 
experiment in a dog. 
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current threshold at a given impulse duration is approximately propor
tional to the surface area of the electrode. Hence the current th reshold 
depends on the current density at the electrode, and i ts definition may 
be stated as : 

the current threshold is determined by the minimum current density at 
the electrode requi red for stimulation of the surround ing myocardium.  
Investigations have shown  that fluctuations occur i n  the current 

threshold .  A rise during the first " eeks after electrode implantation is 
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Fig. V l- 2 ). Monopolar cathodal endocardial 'timulation threshold (mean current) ver'u' 
impulse duration for three catheter electrode!>. Acute experiment� in a dog. 
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fol lovved by threshold stab i l isation .  In fig .  Vl- 26  an example i s  given of 
the changes i n  the monopolar cathodal charge threshold of an intramural 
suture electrode (unipolar cathodal) during the first three post operative 
months . 

Besides the charge thresho ld ,  this figure also shows the voltage thres
hold and the effective resistance, which is defined as the pura mean 
resistance which drains the same mean current from the pacemaker as the 
actual electrode c ircuit (vAN DEN BERG et a/. 1 96 2 ) .  

Fig. Yl- 2 6 .  Operational voltage, oper
ational charge, threshold voltage, thres
hold charge and effective resistance ver
sus days after electrode implantation, 
for two heart electrode> in a dog. 
Monopolar cathodal stimulation. 
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The efi"ective resistance for both combinations of large electrodes re
corded in fig. VI- 2 6 ,  is approximately equal , and this resistance remains 
almost unaltered even when the threshold value increases . It fo l io" s, 
that the increase in the charge (or current) threshold is not the resu l t  of an 
increase in the electrical resistance in the c ircuit .  We have shown 
that connective tissue i s  formed around the electrode after implan
tation .  The change in the effective resistance of the whole c i rcuit due 
to this tissue formation is s l ight, (see : Impedance of the electrode 
c ircuit) .  The tissue encapsulation , however, does resu lt  in an i n
crease i n  distance between the electrode and the i ntact (active) myo
card ium, thus reducing the current density in i t .  

For example, a spherical electrode with a rad i us of 1 mm has a surface 
area of 41tr2 mm2 = 41tmm2 , which corresponds to the surface area 
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of the myocardium which i s  supposed to be sti l l  i n  contact w i th the 
electrode .  At  a threshold current of 1 mA the minimum current density 
in  the boundary layer of  the i ntact myocard ium regu ired for stimulation is 

mA 

If this electrode is encapsulated by a 1 mm thick layer of fibrous tissue, the 
surface area of the intact myocardium surrounding the electrode then 
becomes 1 61tmm2 , so that at a current of 1 m  A the current density at the 
boundary l ayer of the intact myocard ium i s  

mA 

The mmtmum current density i n  the  boundary layer regu ired for 
st imulation w i l l  remain the same, so that the threshold current then 
becomes approximately 4- m A .  S ince the effective resistance does not 
depend greatly on the current in the c ircuit , the threshold value for 
vol tage wi l l ,  as the electrode combination i s  identical , also increase 
approximately four  fo ld . 

This theory also explains why the threshol d  changes are relatively 
greater at a sma l l  electrode than at a large electrode. A sphere rad ius 
of 4- mm is an example of a large electrode, i ts surface area i s  64-1t m m2 • 
I f  a 1 mm thick layer of fibrous tissue- thickness of the layer of tissue is more 
or  less i ndependent of  the size of the electrode - is formed around this 
electrode the surface area of the intact myocardium adjo i ning the elec
trode then becomes 1 oo1tmm2 , and in order to obta in the same current 
density in the i ntact heart muscle tissue as there was before the connec
tive tissue formation,  the threshold current only needs to be 1 oo/64- or 
about 1 . 6 times as great . 

Thus , the r ise i n  stimulation threshold depends on : 
the thickness of the connective tissue layer formed around the elec
trode and 
the relation between the d imensions of the connective tissue layer 
and the d imensions of the electrode .  
The rise i n  threshold is greatest immed iately after electrode i mplan

tation .  This is due to the process of tissue formation i tself, which occurs 
around al l  types of electrodes immediately after i mplantation . Duri ng 
this stage fluctuations may occur due to the fact that the electrode i s  
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not yet properly fixed . When the myocard ial tissue reaction is complete 
and the electrode fixed , the threshold stab i l ises . 

When infection occurs around the electrode, tissue degeneration and 
accumulat ion of seropurulent flu id ,  d isplaces the intact myocard ium 
further and further from the electrode. This necessitates a continual l v  
increasing current to achieve the threshold current density in the inta�t 
heart muscle surrounding the electrode, and the stimulation threshold 
rises h igher and h igher. This process frequently takes place faster than 
the usual mechanical reaction to the implantation of the electrode, and 
thus the threshold may rise far more rapidly . The tissue changes may 
be such that the minimum current density i n  the intact muscular tissue 
can no longer be suppl ied by the pacemaker, and therefore i t  cannot 
longer stimulate the heart. The elise electrode in fig. VI- 26  i l lustrates 
this, ' the inflammatory process and tissue degeneration caused an excessive 
rise in  stimulation th reshold . 

The electrode becomes poorly fixed in  infected and degenerated tissue 
and movements such as respi ration may cause threshold fluctuations . 
Fortunately, the threshold may decrease to an acceptable value after the 
i nflamed tissues have been organised . 

The i mportance of the current density i n  the i ntact heart musc le 
tissue adjoin ing the electrode enables us to understand more ful l y  the 
d ifferences between unipolar cathodal , unipolar anodal and bipolar 
stimulation (table  VI- 1 ,  2). We have seen that cathodal stimulation gives 
lower threshold values than anodal stimulation w ith identical electrodes 
because of the properties of cel l membranes . In bipolar stimulation 
with equal-sized negative and positive e lectrodes in  equivalent heart 
tissue ,  the stimulation threshold w i l l  be determined by the negative 
electrode .  If the negative electrode is continually  enlarged in rela
tion to the positive electrode, the cathodal threshold of the negative 
electrode becomes continually h igher, as the current density must 
remain constant, unti l a l evel is reached at w hich the cathodal thres
hold of the large negative electrode becomes h igher than the anodal 
threshold  of the smal l  pos itive electrode. The stimulation threshold 
for b ipolar st imulation " ith this combination of electrodes is therefore 
determined by the anodal threshold of the sma l l  positive electrode . A 
s imi lar s ituation occurs w ith identical electrodes when the effective 
current dens i ty at the negative electrode decreases due to tissue re
action around i t .  Summarizing w e  may state now that : 
- functional ly ,  the d imensions of an electrode are equal to the dimension 
of the non-excitab le tissue around the electrode. 
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In fig . VI- 2 7 the observations from 6 combinations of two intramural 
loop-electrodes in  the heart and one indifferent suture electrode i n  the 
thoracic muscles are shown for a period of So post-operative days . Of 
the two geometrical ly identical heart electrodes, L, d isplayed a rap id ly 
rising threshold ,  whereas the other electrode L2 showed l i tt le rise i n  
threshold ,  as shown b y  thei r unipolar cathodal and anodal stimu lation 
curves . With bipolar stimulation, the L2 - L ,  curve was found to be 
almost identical to the unipolar cathodal L2 curve . The stimulation 
thresholds were thus in both cases determined by the (negative) L2 
electrode. If we compare these curves with the L ,  - L2 curve for bipolar 
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fig. VI- 2 7 .  Threshold charge vet·su� 14 

days after electrode implantation for 6 12 
electrode combinations in a dog. 
L1 , 2 :  id�ntical intramural l oop �lee- 10 
trades, I :  indifferent sutur� �l�ctrod�. 
First e lectrode of each combination is 
n�gative. 
Rapidly incr�asing inllammatot·y pro
cess around L1 , slowly increasing in
flammatory process around L2• After 
about 40 days the bipolar L,-L2 thres
hold is determined by the anodal thres- day's after electrode Implantation 
hold of L2• See text. o+-----:r----.,----.----. o 20 40 60 eo 

stimulation, i t  appears that the L ,  - L2 threshold i s  determined by the 
negative L, e lectrode during the firs t  40 days. Between the thi rty
third and fiftieth day the cathodal threshold of this L, electrode rises, 
however, to such an extent that it exceeds the anodal threshold  of the 
L2 electrode at the fo rty-first day and the threshold  of the L , - L2 combi
nation is therefore determined by the posit ive L2 electrode. 

S imi lar observations have been made i n  one other animal (fig. VI-3 2 B) 
and i n  patients (tabl e  VI-4) . Comparison of these find ings w i th those 
of other investigators shows that some,  SCH N EIDER ( I  964) , ANGELA KOS 
and TORRES ( I 964) , recognise current density as an essential factor i n  
stimulation o f  the heart, al though we  do  not concur w ith SCHNEIDER 
( I  966) who claims that on th is  basis a stimulation apparatus should be of 
constant current (Chapter VII I) .  Other i nvestigators draw s imi lar con-
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elusions to ours ,  al though they do not use the concept of current density . 
MANSFIELD ( I  96 S) states that the threshold val ue is proportional to the 
electrode surface area and ELMQVIST et a/ .  ( 1 96 3) state that the threshold 
variation i s  clue to differences in the d istance from electrode to mvo-.1 
card ium. 

Increase in threshold during the in i tial period after implantation of 
e lectrodes has been noticed by practical ly a l l  authors and most considered 
that tissue formation was responsible ,  but there " ere varying opinions as 
to the mechanism of the thresho ld  rise. 

For i nstance FURMAN and SCHWEDEL ( I 9 .)9), DITTMAR et a/ . ( I 96 2 ) ,  
FR IESE  ( 1 96  5")  and G I LMAN ( I  966) state that the threshold rise is the 
resul t  of an increased resistance due to tissue formation around the 
electrode, but no resistance measurements were recorded by them . Pre
sumably these theoretical conclusions have been drawn from h isto logical 
observations . In contrast, A LBERT et a/ . ( 1 96 2) found that the effective 
resistance in the c i rcuit reaches i ts peak value fai rly soon and then 
stabi l ises, in spite of threshold variations. 

Another explanation for the rise in stimulation threshold was given 
by CHARDACK ( 1 964) . He argued that 'after i nsertion of an electrode 
there is always some increase in current requ i rement from scarring due 
to mechanical trauma. This i ncrease i s  selflimi ted . I nfection around the 
electrode tips and l eadwires produces a considerable increase in current 
requirements because of the accumulation of seropurulent flu id around 
them . S ince this flu id has a much h igher conductivity than tissue, current 
is d issipated " ithin i t ,  l eading to a rise of threshold i n  the presence of a 
normal or lower than normal electrical resistance . '  This was also the 
v iew of RACE et a/ .  ( 1 9 6 3 ) .  It i s  not clear what CHARDACK means by 
'd issipated ' .  The current must pass from one electrode to the other and 
does not get l ost. 

Fig. V I- 2 6  shows that the effective resistance remains vi rtual ly the 
same in  spite of variation of threshold values. A lso fig. V I- 2 8  i l lustrates 
that the threshold variations are not caused by changes in resistance i n  
the electrode c i rcuit .  This figure shows the threshold values w i th effec
tive resistances of some combinations of fig. VI- 2 7. No d ifference is 
seen between the resistance of the electrode wi th the ris ing threshold 
and the electrode with the stable threshold . 

We therefore conclude that neither an i ncrease of resistance (see 
also I mpedance of the electrode c i rcuit) nor a d ispers ion of current are 
responsible for an i ncrease of current th reshold .  Also it must be pointed 
out that an i ncrease of resistance by connective tissue and a decrease of 
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resistance by purul ent Au id are in competi tion with each other, as these 
resistances are connected i n  series, not paral le l ,  in the electrode c ircuit .  

Conclusions 

- the current threshold is determined by the current density required 
to stimulate the i ntact heart muscle tissue adjoining the e lectrode.  

This means that the current threshold for a given polarity and stimu
lation method depends on : 
1 .  the shape and the d imensions of the electrode ; 
2 .  the tissue reaction around the electrode, determined by : 

a .  the mechanical rigid i ty of the electrode, 
b. the time i nterval between implantation and measurement, 
c. i nfection around the electrode, 

3 .  the excitab i l i ty of the intact myocard ial tissue adjo ining the electrode .  
I n  practice the e lectrode should therefore be  smal l ,  causing l i ttle 

tissue reaction and i ncurring the least risk of infection. 
The minimum d imensions of the electrode are determined by the 

large transi tional impedance which accompanies smal l  electrodes .  This 
factor is d i scussed in the fol lowing paragraph . 

B. Electrical impedance of the electrode circuit 

The impedance i n  the electrode c ircuit Zc, is complex and consists of: 
the resistance of the electrode l eads and electrodes, R1, 
the impedance of the tissue between the electrodes, Zt . which may 
be d ivided into : 

the complex resistance of the transition zones between electrodes 
and tissue where polarization occurs, Ze, 
the resistance of the remaining tissue between the electrodes, Rt .  

The total i mpedance of the electrode c i rcuit i s  equal to  the substi tu-
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tiona! i mpedance, which may be calculated accord ing to OHM 's law : 

V i x Zc, where 
V potential d ifference i n  the c i rcuit , 

current in the c i rcuit , 
Zc = substi tutional i mpedance of the c ircuit .  

The substitutional impedance of an electrode combination varies w ith 
the i mpulse duration and current, because the polarization in the elec
trode-tissue boundary area does not progress l i nearly. For this reason the 
term 'effective resistance of the electrode c ircuit ' " as introduced (see 
fig. VI- 2 6) .  We shall now discuss the real constant ohmic resistance i n  
the c i rcuit ,  and then deal with polarization. 

I .  Resistance cif the conduction leads and the electrodes, R1. 

The resistance of the \\ i re of a conduction lead i s : 

I 
R = p X 

0 
R the total resistance of the lead 
p - spec ific resistance of the metal 
I length of the w i re in  the lead 
0 cross section of the " i re 

In  practice the resistance of each lead is only a few tenths of ohm and 
only constitutes a smal l part of the total resistance of the c ircuit .  

For example, a conduction lead with a platinum wire (p - I . o  5 x I o-s 

ohm em .) I m in length and o .  I o mm i n  diameter has a resistance of 

R 
1 00 

1 . 0 5  X I O 5 X - I 4 0hm 
1t X 0 . 00 52 

2 .  Ohmic resistance cif the tissue between the electrodes, Z t 

A simpl i fied scheme has been conceived to investigate the contribution 
of the various factors " ith thei r complex geometrical relationships 
(fig. VI- 29) .  Two spherical e lectrodes of rad ius r0 \Yere set at some 
d istance apart in a cy l inder of rad ius r which was fi l led w ith a l iquid of 
speci fic resistance p .  

I n  the vicinity of the first electrode, area I ,  the current l ines d iverge, 
as also occurs in the area of the second electrode, area 2 ,  and between 
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Fig. Vl- 2 9 .  Scheme to i l l ustrate the approximate calculation of the electrical n s.�tance 
between two electrode�. 

them, area t, the current l i nes run practical ly paral lel and equid istant 
from each other. A reas 1 and 2 are known as the transi tional areas 
around the electrodes and area t as the transport area . 
A .  The resistance of area t may be calculated by the formula 

I 
R t = p x 0 , 

p is the specific resistance of the l iquid , I the length and 0 the cross sec
tional area . In practice tissues have varying specific resistances i n  the 
transport area whereas a lso more or less blocking membranes w i l l  occur 
local ly .  From an electrical poi nt of view the transport area must 
thereby be regarded as a co l lection of areas connected in para l lel and i n  
series, the above formula applying to each area . If des ired , a n  effective 
specific resistance and an effective cross-section of the transport area 
may also be given. HO\\ ever i n  approximate terms the resistance is 
always d i rectly proportional to the length and inversely proportional to 
the cross-section. 

B .  The resistance of a transitional area is more d i fficu lt  to calculate . 
Because of the effect of the d imensions of the electrodes further s impl ifi
cation is necessary. This resistance is calculated on the basis of rad ial 
cu rrent l i nes and applying the formula : 



w here p is the speci fic resistance of the l igu id , r0 the rad ius of the elec
trode and r the radi us of the transi tional area . In practice the tissues here 
also have varying specific resistances . Because r is a lways far greater than r0 , 
however, the resistance of the transi tional area is always approximately 
inversely proportional to the rad ius of the electrode. In the case of a 
sma l l  electrode of complicated shape, it is possible to consider as effec
tive rad ius ,  the radius of a spherical e lectrode wh ich has the same contact 
area w ith the tissue as the electrode in guestion. 

I t  fo l lows from the formula that w ith a smal ler electrode and the 
d istance bet\\ een the electrodes remaining unchanged the resistance in 
the electrode c ircuit increases. Conversely, the resistance between the 
electrodes decreases when the radius of the electrode increases. 

In considering the resistance of the tissue between the electrodes, 
the speci fic resistance of each type of body tissue is important, but in
sufficient knowledge is avai lable at present concerning these speci fic 
resistances . 

SCHWAN ( 1 9 � 1 )  and SCHWAN and KAY ( 1 9 �6) performed measure
ments to determine the specific resistance of heart muscle,  using two 
e lectrodes and al ternating current to prevent polarization .  In vivo, 
card iac arrest was i nduced for the measurements to be performed . 
They found a value of 96  � ohm em for the specific resistance of heart 
muscle tissue . This is h igher than the value found by us and other in
vestigators (RUSH 1 96 2 ,  SCHNEIDER 1 9 66).  We used a four  e lectrode meth
od which was developed as early as 1 89 8  by KOHLRAUSCH and H OLBORN . 

A current was passed between two electrodes through the tissue to 
be measured , whilst the voltage across a part of the tissue ·was mea
sured using two detector electrodes . This was performed in a perspex tray, 
which was completely inserted into a bottle with a constant temperature 
of 3 7°C to avoid changes of temperature. To prevent polarization the vo l
tage was measured using an instrument wi th an extremely h igh i nput
i mpedance, so that the detection current was very small .  The c ircuit was 
powered by an a lternating current of 1 ooo Hz.  Our measurements were 
performed on tissue taken from deceased patients, the maximum period 
between death and measurement being 1 2 hours .  2 S measurements on s 

pieces of heart tissue ranged between 1 2 3 to 2 o 8  ohm em, w i th an average 
specific resistance of 1 6 2 ohm em . RUSH ( 1 9 6 2) and SCHNEIDER  ( 1 966) 

found somewhat h igher val ues for the specific resistance of the myo-



cardia! tissue ,  viz .  2 5 2 -563  ohm em and 2oo- 2 8 o  ohm em respectively, 
using the four  electrodes method , in s itu in  a dog. I t  should be added 
that our measurements were made with in  1 2 hours after death, whi lst 
measurements made in the fol lowing 1 2 hours gave about 4o% higher 
values than the values found by us within 1 2 hours post mortem . The 
much h igher values found by SCHWAN et a/. may be explained by the 
d ifferences in the method . 

We also measured the resistance of connective tissue from the Ach i l les 
tendon. 2 5 measurements on the longitudinal axis of 5 tendons gave an 
average specific resistance of 1 7 2 ohm em (range 1 3 5- 2  7 3 ohm em) . 

The sl ight d ifference between the specific resistance of connective 
tissue and heart muscle is probably partly explained by the longitudinal 
measurement of the tendon. The specific resistance is somewhat h igher 
m easured transversely, but we were unable to achieve great accuracy 
because of the sma l l  cross-section of the tendons. As the connective 
tissue around the electrodes has no longitudinal structure, it is probable 
that i ts specific resistance w i l l  have a s l ightly h igher value. 

The small d ifferences in the specific resistances of the tissues are as 
important in the total resistance in the electrode c ircuit as the electro
lyte balance at the moment of measurement, but the large d i fferences, 
which are encountered in  practice, are caused primari ly by variations 
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Fig. Vl- Jo .  Arrangement to detect the voltage acrm� and the current through an electrode 
c ircuit. 



i n  size of the electrodes and the distance between them . To investigate 
this it is necessary to determine the (real) ohmic resistance in an 
electrode c ircuit ,  and this can be performed by a s imple technigue. 

Many i nvestigators have al ready detected the potential d ifference of 
and the current in an electrode c ircuit by means of an osc i l loscope, see 
fig. Y l - 3o .  The voltage is measured d irectly ,  the current by means of a 
smal l  ind icator resistance. The figures obsen eel on the screen vary and 
depend on the stimulator, but the principle is universa l ly appl icable .  
The measurement i s  based on the fact that the polarization of the elec
trodes does not change during extremely rapid changes of current, 
because polarization is t ime related . These rapid changes occur at the 
beginning and the end of the impulse . Ohm 's law may be appl ied to 
the changes in  voltage during this rapid current change . 

V Va l'p 
R = - = - = , " here i i a i p  

V the vol tage a t  the beginning ( l'a) o r  end ( l'p) o f  the impulse and 
- the current at the beginning (ia) or end (ip) of the impulse and 

R the (real) constant ohmic res istance of the conduction leads and 
the tissue. 

\ PIN - SUTURE I\ 
\ SUTURE - SUTURE 

1 V  '\. 1 m  sec 1V 1 m  sec 
..... 

'\ \ 
\ " 
\ .... 

10 mA .... 10 mA " 

Fig. VI- J I .  Vol tage aero�� (upper curve) and current through ( lower curve) an electrode 
circuit con�i�ting of an intramural pin re�pecti\ ely an intramural �uture electrode in 
combination with an indifferent �uture electrode in a dog. 
Upper horizontal l ine : zero voltage, lower horizontal l ine : zero current. The cor
responding fa�t changes of I' and 1 at the beginning and the end of the impul�e are u'ed to 
calculate the ohmic re�istance. See text. 

The accuracy of the measurements depends on the accuracy " ith '' hich 
the impulses can be read off. By means of kno" n resistances the accu
racy has been estimated to vary from 2 . 5- 5°0 • In figure YI-3 1 an example 
i s  given for the combination of a pin electrode and a suture electrode 
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with the same i nd ifferent suture electrode for unipolar stimulation .  
It can be read off from the figure that for the pin-suture combination : 

R 
I' a 

= 
ia 

v 
R 

p 
= 

ip 
-

I 54 ohms at the beginning of the impulse, and 

1 . 0 5  v . 
= I 5 2  ohms at the end of the impulse, the mean 

6 . 9  mA 

ohmic resistance o f  the pin-sutu re c ircuit therefore being I 53  ohm and 
for the suture-suture combination : 

4- · 9 5  v 
53  mA 

93 ohms at the beginning of the impulse, and 

0 . 5  v . 
= 8 8 ohms at the end of the impulse, 

5 · 7  mA 
the mean 

ohmic resistance therefore being 90 ohm. 
These values show that the suture electrode has a lower transitional 

resistance then the pin electrode. 

ELECTRICAL 
RESISTANCE (Q) 

THRESHOLD (I!C) 

8 DAYS POST OPERATIVE 

ELECTRICAL 
RESISTANCE (Q) 

THRESHOLD {ILC) 

10 DAYS POST OPERATIVE 

Fig. VI- 3 2 .  Resistance of electrode ci rcuit> ('ee fig. VI- 3 0. 3 1 )  and thre>hold charge 
(arrow indicate� po,itive pole) in two dog�. 
L , , 2 : identical intramural loop electrode> (larger in ca>e B than in case A ) ;  18 : indi lt'erent 
suture t:lectrode ; 11 : indifferent loop electrode. 



Qual i tatively the same conclusions fol low from the measurements on 
fig. VI-3  2 ,  showing data from two animals. Two loop electrodes were 
attached to the heart and a loop e lectrode and a suture electrode to the 
thoracic m uscles in one animal and in the other two loop electrodes to 
the heart and a suture electrode to the thoracic  muscles .  The ohmic 
resistance for the various e lectrode combinations w as measured i n  each 
animal . At the same time the threshold value for each combination was 
measured w ith the Cardiotest. We have combined these results in  
order to  demonstrate once more that the stimulation thresho ld i s  not 
dependent on the electrical resistance in the c i rcuit .  This is shown 
especial ly in  figure VI- 3 2B,  where the L 1 electrode has a h igher threshold 
than the L2 electrode, but the resistance in the combinations of the elec
trodes is practically egual . 

The trans itional resistance values of the loop electrodes i n  fig. VI- 3 2B 
are somewhat lower than those of the loop electrodes in  fig. V I- 3 2 A .  
The former electrodes had a somewhat larger surface area due to a thicker 
core in the spiral loop as mentioned previously. The resistance of the 
hel ical conduction w i res of the electrodes in the figure varied between 
2 5"  and 3 5  ohms .  

Conclusions 

the ohmic resistance w ith smal l electrodes is determined primarily 
by the resistance of the transi tional area around the electrode, this 
resistance being approximately i nversely proportional to the rad ius 
of the effective surface area of the electrode, 
the ohmic resistance of the transport area between the transi tional 
areas around the electrodes is proportional to the l ength and i nversely 
proportional to the cross section of this area, 
the relative contribution of the transport area to the total ohmic 
resistance i s  h igher the greater the s ize of the electrodes, the greater 
the length of the transport area and the smal ler the effective cross 
section of this area , 
the above-mentioned resistances are proportional to the specific 
resistance of the tissues concerned . 
The total i mpedance of the c ircuit is fu rther determined by polariza

tion. 
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C. Polarization 

By polarization of an electrode we understand the changes which occur 
at i ts surface when an electric current passes through it. This current 
causes a change in the ion concentration around the electrodes , resulting 
i n  the formation of a so-cal led double layer at the electrodes . 

The back e .m .f. which arises due to the polarization may be d ivided 
i nto : 

an activation potential caused by the processes at the electrodes, 
determined by the characteristics of the electrode material and the 
electro lyte and 
a concentration potential , which arises because ions are neutral ised 
at the electrodes necessi tating a supply of ions from the electro lyte to 
the electrodes, result ing in a concentration gradient of ions i n  the 
vicinity of the electrode. 
The polarization voltage develops as soon  as current passes through 

the electrodes , but s ince the bui ld-up of the potentials is a kinetic 
e lectro -chemica l  process , requi ring a certain time, no change in polari
zation voltage occurs during the extremely rapid in i tial and terminal 
phase of pacemaker stimulus .  

The polarization voltage is therefore determ ined by : 
the current, 
the surface area of the electrodes and 
the period during which the current passes through the tissue, 
and 
reaches its maximum when the bui ld-up of the double layer at 
the electrode is completed . The height of i ts peak is determined by 
the characteristics of the electrode material and the electrolyte. 
If a polarized electrode i s  left to itself for sometime, the double 

layer gradual ly d isappears . I n  pacemaker e lectrodes the double layer 
has practical ly d isappeared after about o. 2o sec . ,  and no polarization 
vol tage is then detectable .  As pacemaker impulses at 70 imp .fmin .  
fo l low each other at an interval of  about o . 8 6  sec . and at 96 imp.fm in .  
a t  an i nterval o f  about  o . 6 2  sec . any rest-polarization from a previous 
i mpulse has d isappeared when a new i mpulse arrives . 

The time course of the polarization voltage is c learly demonstrable 
during stimulation with constant current. Constant i mpulses at 90 imp./ 
min .  of 1 ,  2 ,  4, 8 and 1 6  m A with a duratio n of o . 2 5 , o . 5 and 1 ,  2 and 4 
msec were given to a dog with an intramura l  platinum-iridium loop 
electrode and a sta in less steel suture i nd ifferent electrode .  The 1 mA 
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Fig. Vl- 3 3 .  Voltage across a negative platinum-iridium intramural loop electrode and a 
po,itive indifferent stainless 'tee! suture electrode in a dog. 
Sguare current pulses, 1 and 1 6 mA during o , 2 )·0 , )· I - 2 re,pectively 4 m'ec. 

and 1 6 mA curves are shO\\ n in fig. VI- 3 3 ,  recording vol tages \\ ith varying 
i mpulse durations. The rise in polarization voltage ah\ ays fo l lows the 
same pattern . The resistance in the c ircuit and the polarization vol tage 
for the 2 5  combinations have been calculated from the curves and the 
latter is show n in fig. VI- H· 
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Fig. VI- 34· Polarization \ oltage versus impulse dura
tion for a number of currents through the circuit of 
fig. Vl- J J . 

Within the accuracy l im its of the method the resistance in  the elec
trode c ircuit (mean 267 ohms - range 2 56 - 2 8 1  ohms) proved to be 
independent of the current and the t ime. It is interesting that closely 
s imi lar findings were noted when the same electrode combination was 
placed in a bath of 2o0 o ph� sio logical sal ine. The results of N IGHTINGALE 
and WEALE ( 1 9 60) corroborate ; they found h igher resistance values for 
identical electrode ci rcu its in  patients than in normal physiological sal ine. 



Polarization is an i mportant factor in  electrical stimulation of the 
heart. Fig. VI- 34- shows  that the polarization voltage, which opposes 
the pacemaker voltage , reaches a val ue of about 1 - 1 , 5 V with pacemaker 
impulses . In general the importance of this factor in pacemaker stimu
lation is greatly underestimated . 

In conclusion we may , on the basis of these and other experiments 
with various electrodes and fluids, state about polarization that : 

the polarization voltage and with it the complex impedance of the 
electrode c ircuit increases during the impulse, 
the polarization voltage rapidly increases to a maximum if a h igh 
current is maintained for some time, 
this max imum depends on the nature of the electrodes, but is almost 
independent of the composition of the tissue fluid , 
at a given current strength, the smaller the surface area of the 
electrode, i . e .  the greater the current density at the surface of the 
electrode, the more rapidly the maximum is reached . 

D. Stimulation threshold for voltage 

The concept of threshold vol tage has al ready been outl ined in  the fi rst 
part of this chapter. Many investigators, amongst whom WEALE et al. 
( 1 96o) ; N IGHTINGALE et a/. ( 1 96o) ; BOUVRAIN and ZACOUTO ( 1 96 1 ) ;  
DITTMAR et a/ . ( 1 96 2 ) ; ZUCKER et a/ . ( 1 963) and BLU ESTON E  et a/. ( 1 965) ,  
took  the threshold vo ltage as the only parameter of myocard ial excitation. 
We shall discuss here to what extent this is correct. 

Accord ing to the formula 

l 't hr = i t hr X Zc 
the threshold vol tage is dependent not only on the threshold  current 
i thr but also on the i mpedance Zc of the electrode c ircuit .  The impe
dance has been analysed in section V l-B and C and can be divided i nto 
three components : 
1 .  the ohmic resistance of the conduction leads R1, 
2 .  the ohmic resistance of the tissues between the electrodes R t . 
3 .  the complex i mpedance due a . o .  to polarization of the electrodes Ze . 

The effect of these components on the threshold voltage is considered 
now .  

I .  The ohmic resistance cif the conduction leads 

The effect of the ohmic resistance of the conduction leads is self-



explanatory . Increased conduction lead raises the effective resistance 
and wi th it the threshold vol tage. 

2 .  The ohmic resistance rif the tissues between the electrodes 

Separation of the electrodes i ncreases the resistance and the threshold 
voltage . With identical electrodes b ipolar stimulation thus results in a 
l ower resistance and a lower threshold voltage than unipolar stimu lation 
with a d istant ind ifferent electrode, see fig. VI- 3 5. This figure shows 
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Fig. VI- H· Threshold voltage and threshold charge ven.us impulse duration i n  four dogs . 
L :  intramural loop electrode ; l 1 : indifferent loop electrode (smal l) ; I s :  i ndifferent 
!.Uture electrode (large). First electrode of each combination is negative. 
Thre,hold charge within the reproducibi l i ty l imits independent of the electrode combi
nation. Threshold voltage virtually proportional to effective circuit resistance. 

higher threshold voltages for unipolar stimulation with a loop electrode 
in the heart and an identical loop e lectrode i n  the thoracic muscles (right 
4th i . c . s . )  as an i nd ifferent electrode, than for b ipolar stimulation with 
two loop electrodes i n  the heart, because of the h igher effective tissue 
resistance in the c ircuit in unipolar stimulation .  

The transi tional resistance of the area around the stim ulation electrodes 
should  be d istinguished from that around the indifferent electrode, as i t  
w as demonstrated that the smal ler the heart electrode is ,  the lower the 
current threshold becomes, but the higher is i ts transi tional resistance. 
S ince the threshold voltage is the product of the threshold current 
and the resistance of the c ircuit  it varies less "' i th heart electrodes of 
d iffering dimensions than does the threshold current. This can be seen 
from fig. VI- 3 6 ,  where the threshold values of voltage and charge, i n  
addit ion to the effective resistance i n  the electrode c ircuit , are shown 



Fig. Vl- 3 6 .  Threshold voltage, threshold 
charge and effective resbtance ver;us days 
after electrode implantation for two elec
trode combination; in a dog. Monopolar 
cathedal ;ti mulation. 
S :  intramural suture el ectrode ( large) ; 
P :  intramural pin electrode (;mal l) ; 
I :  i nd i fferent 'uture electrode. 
Threshold charge (current) virtual ly pro
portional to d imension; of heartelectrode, 
threshold voltage dependent on threshold 
charge and t>ffective circuit resbtance, the 
latter a lmmt inversily proportional to di
mension' of circuit electrodes. 
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for a p in electrode and a suture electrode as intramural heart electrodes 
and a suture electrode as an indiA-'erent electrode. The pin electrode 
has a h igher transi tional resistance than the suture electrode by v irtue 
of i ts size, and i ts lower charge threshold is compensated by this d ifference 
in resistance, to the extent, that the d ifferences in the threshold vol tage 
are less than the d iA-'erences i n  the threshold charge . 

The i nd ifferent electrode has no effect on the current threshold  unless 
the anodal threshold  of the second positive electrode in bipolar stimu
lation has become l ower than the cathodal threshold of the negative 
electrode .  If this is not so , the threshold voltage decreases with i n
creasing d imensions of the indifferent electrode, because this reduces 
i ts transi tional resistance and thus the effective resistance of the c ircuit  
(see fig. VI-H)· With unipolar systems, the threshold charge of the 
loop electrodes are found to be identical w i th in the accuracy l im i ts of 
the method in a l l  Fou r  cases, but the threshold voltages on the other hand 
are h igher for electrode systems with a loop electrode than w ith a large 
suture e lectrode as ind ifferent electrode. 

Inflammation around the positive electrode has no effect on the thres
hold current and l ittle eA-'ect on the resistance i n  the c ircuit, and hence 
l i tt le effect also on the threshold voltage . An exception to this rul e  
occurs in  bipolar stimulation when the anode takes over stimulation . 
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I nfection around the anode then results i n  a threshold increase for both 
current and voltage . 

Regard ing the eff'ect of the electrodes w ith unipolar stimulation, we  
may therefore state : 

changes i n  the stimulating electrode cause greater variations i n  the 
threshold current than the threshold vo ltage, 
changes i n  the indiff'erent electrode have no effect on the th reshold 
current, but do have effect on the threshold vo ltage, 
infections around the stimulating electrode resu l t  i n  rises of both the 
threshold current and voltage , 
i nfections around the indi ff'erent electrode have no effect on the thres
hold current and l i tt le or no effect on the threshold vol tage . 

For bipolar stimulation the same rules apply .  Normally the cathode 
is the stimulating electrode and the anode the i ndifferent electrode,  but 
thei r ro les are reversed "·hen the cathodal threshold of the negative 
electrode has become greater than the anodal threshold of the positive 
electrode. 

3.  The complex impedance due to the polarization cif the electrodes 

Fig. VI-34 shows that the polarization vo ltage increases when the current 
i ncreases at the same impulse duration, but the voltage is however not 
proportional to the current and u ltimately reaches a maximum value. 
W hen there i s  an increase i n  threshol d  current e .g .  due to i nflammation 
around the stimulating electrode, the effective resistance of the circuit 
therefore decreases and the threshold voltage does not i ncrease then 
l inearly .  

Polarization has a particularly great effect w hen the threshold current 
is low.  Fig. VI- 34 shows that the polarization voltage of the e lectrodes 
at an i mpulse duration of 2 msec increases from 0 . 3 7  to 0 . 9  V when the 
current threshold i ncreases from 1 to 4 mA ,  but a further i ncrease to 
8 m A  only i ncreases the polarization voltage to 1 .  1 V .  

For this reason we have always calculated the effective resistance o f  an 
electrode ci rcuit at the operational current and vol tage . The polariza
t ion voltage is then constant as long as the operational current is con
stant. RACE et al. ( 1 96 3) determined the effective resistance of the 
c ircuit  at the threshold vo ltage and the threshold current. The drop i n  
resistance which they observed \\ i th a rise i n  threshold should not 
therefore be ascribed to a drop in the transi tional resistance of the 



electrode, but to the relatively smal ler effect of the polarization voltage 
when the current inc reases. 

To sum up threshold voltage i s  not only determined by the heart 
e lectrode ,  but also by the rest of the electrode circuit .  I t  depends on 
the real resistance in the c ircuit ,  which is constant for a given combina
tion of electrodes, and on the polarization voltage which depends i n  a 
compl icated way on the current in the c ircuit .  The threshold voltage 
therefore gives a d istorted picture of the stimulation threshold of the 
heart and this is greatest at low threshold l evel s .  Thus, when comparing 
various electrode combinations, the threshold voltage should not be 
used as an ind ication of the excitab i l i ty of the heart. 

E. Stimulation threshold for energy 

Some i nvestigators , N ASH ( 1 964-) and PRESTON ( 1 96 5) inter a l . chose the 
threshold energy to determine the excitab i l i ty of the heart. 

The energy threshold ,  according to the formula 
W = i x V x t  

= i2 X Zc X t, 
depends on the threshold current (i) ,  the impedance of the c ircuit (Zc) 
and the i mpulse duration, and therefore l ike the threshold voltage, i t  
depends on the impedance of the c ircuit  and is not sui ted to  indicate the 
excitabi l i ty of the heart. Confusion may resul t  from its use for this, but 
i t  may be important in determining the optimal duration of pacemaker 
impulses, which wi l l  be considered in Chapter VII I  w i th the stimulators . 

F. Operational value 

In d iscussing threshold  values we took the minima l  stimulus needed to 
stimulate the heart with various combinations of electrodes , but the 
artificial pacemaker de l ivers greater impulses than the thresho ld values . 
We have therefore i ntroduced the term operational value for the actual 
current- and vol tage used . These values depend on the type of output 
c i rcuit  of the pacemaker (see Chapter VIII) . 

The operational values are in itial ly h igher than the threshol d  values, 
to give a safety margin after i mplantation. 

G. Relative threshold 

The safety margin or the reserve for a possible rise i n  threshold  depends 



on the ratio between the operational cu rrent and the th reshold current ,  
w hich we have termed relative threshold and expressed as a percentage, 
thus : 

relative threshold 
threshold  current 
operational current 

The threshold current and the operational current may be replaced by 
the threshold charge and the operational charge respectively, giving the 
formula : 

relative threshold 
thresho ld charge 

X I 00° 0 • 
operational charge 

These currents and charges may be determined for any combination of 
electrodes by means of the Cardiotest. The duration of the Cardiotest 
i mpulse is then set at that of the particular pacemaker and the threshold 
values are determined . With a current pacemaker the relative threshold 
may be calcu lated , because its operational current is a given factor. 
With a voltage pacemaker the operational values are determined by 
sett ing the circuit voltage of the Cardiotest at the c ircuit voltage of the 
pacemaker and then reading off the operational current i . e . the opera
tional charge and the relative threshold can then be calculated . 

The rel at ive current or charge threshold give a precise ins ight into 
the safety margin of the artificial stimulation, but this is not so with the 
relative voltage th reshold as previously indicated . 

As pacemaker l i fe is inversely proportional to the operational current ,  
an optimal electrode combination should give low threshold currents 
in the long term, faci l itating a low operational current and therefore a 
low relative threshold .  

Threshold current is lowest when the stimulation electrode is smal l ,  
but this i s  negated by relative excessive tissue formation around the 
electrode after implantation . Our experience is s imi lar to that of ZOLL 
( 1 9 6 3) ,  CHARDACK ( 1 964) and KANTROWITZ ( 1 964) who expected a two
to-threefo ld rise in threshold current using medium sized electrodes. 

For a given heart electrode the operational current of a current pace
maker can be fixed during construction ,  whereas the operational current 
of a voltage pacemaker can be made as h igh as possib le by making the 
second electrode as large as possible and locating it as close as possible 
to the heart, or plac ing i t  on or in  the heart. The relative threshold is 
then m inimal  but the h igh operational current w i l l  soon exhaust the 



batteries . A compromise must therefore be sought, keeping the relative 
threshold  low at minimal operational current. This may be achieved 
i n  various ways, both for unipolar and for bipolar stimulation with cur
rent, voltage or  intermed iate types of pacemakers . Experience and data 
col l ected with the threshold pacemaker (see Chapter IX) wi l l  show what 
initial safety margin is regui red for various heart electrodes . The relative 
threshold may then be adjusted to give maximal pacemaker l i fe with 
a minimal operational current . 

The relative threshold during prolonged cl in ical use wi l l  thus i nd icate 
the optimal electrode combination.  This is not necessarily the electrode 
with the lowest threshold . If the relative thresholds are a lmost egua l ,  
the combination of e lectrodes with the lowest operational current i s  
chosen. By  determining the relative threshold each time a pacemaker 
is replaced , one can monitor the stimulation threshold and the safety 
margin of the combination of electrodes and gai n  an insight i nto the 
behaviour of these combinations after implantation. 

Electrode analysis is Fol lowed i n  the next chapter by another important 
aspect of the electrode c ircuit - impulse transmission by the conduction 
l eads. 
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Transmission of the i1npulses C H A P T E R  V I I  

I n  the preceding chapter we discussed the electrodes or that part of the 
circui t  where the electrical i mpulse reaches the heart musc le. Here 
we consider i mpulse transm ission from the pacemaker to the electrode. 

We have al ready distinguished between 
1 .  d i rect i mpulse transmission and 
2 .  i nd i rect i mpulse transmission .  
Both types have a number of variations . 

! .  D I R E CT I M P U L S E  T R A N S M I S S I O N  

By d i rect i mpulse transm ission we mean the d i rect transm ission of the 
stimulation i mpulse from the pacemaker to the electrode through one or 
more uninterrupted conduction leads. As i ndicated in Chapter IV ,  this 
pr inciple is used with transthoracic  and transvenous leads. 

A. Direct transthoracic impulse transmission 

The lead used for d i rect i mpulse transmiss ion to conduct the i mpulse 
from the pacemaker to the electrode must fu l fi l  these cri teria :  
a .  i t  should be unbreakab le ;  
b .  i t  should be wel l insulated by material which " i l l  not be rejected by 

the body ; 
c. i t  should be of low electrical resistance, so that there is min imum loss 

of energy ; 
d .  i t  should be of the same composit ion as the electrode, to avoid contact 

potentials between two d i fferent metals ; 
e .  i t  should be flexible and sl ightly elast ic , to avoid  excessive force on the 

electrode frame and the pacemaker connection.  



These requi rements have led to the development of a large number of 
d i fferent types of l ead . Wire fracture and insulation defects have i n  
particular frequently i nterrupted stimulation, necessitating i n  most cases 
the replacement of the whole electrode. 
Types of transthoracic  leads : 

I .  Lead with single wire. This is the s implest type of the conduction lead . 
A semi-rigid stainless steel version was used by THEVENET et a/ . ( 1 9  58) 
for a short time, in combination with an external pacemaker. This  
combinati on  is sti l l  used by others ,  but the rigid ity of the lead result ing 
in  a h igh st imulation thresho ld and poor fixation of the electrode are 
great d isadvantages . 

2 .  Lead with braided wires. A stainless steel version was used by THEVENET 
( I  9 58) et a l . ,  and FURMAN et a/ . ( I  96 1 )  used i t  for the ir  i nd ifferent elec
trode .  WEIRICH et a/ .  ( 1 9 57) employed a s i lver plated copper version. 

This lead is more flexible than a s ingle lead , but i t  is unsu itable for 
long term stimulation because i t  is very fragi le .  A variety of this lead is 

3.  Lead with multi strand wires. There are many versions of this lead . 
In  i ts s implest form i t  consists of 6 i nterbraided w i res. A copper version 
was used by CLARK ( 1 959), whi le H U NTHER et al . ( 1 9 59) used stainless 
steel fo r the ir  bipolar electrode (fig. VII- I A) , but i t  fractured frequently 
due to metal fatigue ( CHARDACK I 964-) . 

A more complicated version, consisting of 7 groups of 7 wires insu lated 
by teflon, was used by ZOLL ( 1 9 64- et a/.) and by us (VAN DEN BERG et a/ . 
I 9 6 2 ,  fig. VII- I B) . 

ZOLL ( I  964-) used this lead fi rst with an i nterposed platinum electrode 
but he noted fractures at the contact between the two metals ,  probably 
caused by corrosion due to contact potential s .  Later versions, see 
Chapter VI ,  consisting of groups of I I w i res and with an electrode of 
another material , also showed fractures. 

A I 4-7 stainless steel w i re type (EISENBERG et a/ . I 965) a lso showed 
fractures, and even a l ead w ith 34-3 stainless steel filaments was devel
oped (MORRIS 1 966) but no further detai ls are known about i t .  

Versions with other metals such as  s i lver, gold and platinum (GLENN 
I 964-) were also very fragi le .  

The frequent occurrence of fractures made this type of lead unsuitabl e  
for long term heart st imulation .  

An improvement is found in : 
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4· Lead with bands and nylon core. This lead , described by ELMQVIST and 
SEN N IN G  ( 1 960 ) , cons ists of a braided nylon core surrounded by 4 
flattened stainless steel bands i nsu lated by a polyethylene coating 
(fig. VII - 1 C) . 

A .  Lead with mu1tistrand ( 1 x 6) stain- B. Lead with multistrand (7 x 7) stain-
less steel wires. less steel wires. 

C. Lead with (4 flattened) stainless steel D. Lead with single helical elgiloy wire. 
bands and nylon core. 

E. Lead with three helical stainless steel F. Lead with single helical platinum- iridi -
wire,. um (90- 1 o) wire and s i l icon rubber core. 

Fig. VI I- I .  Various types of electrode leads. 
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The i nsulation i s  one of the weak points of this lead, as the poly
ethylene is easi ly damaged,  resulti ng in e lectrolysis and corrosion of the 
stainless steel . However mechanical characteristics of the bands are 
good ,  and reports of fracture are exceptional (FRI ESE 1 96 � ;  RODRIGO 
1 966) as the nylon core prevents sharp kinks in  the l ead . A disadvantage 
of the current vers ion of this lead is that the bands consist of stainless 
steel , whi le the electrode is platinum ,  so that poor or damaged insulation 
results in electro lys is occurring at the contact between the two materials 
and separation of the electrode and its frame from the lead . This 
phenomenon has been observed especial ly when the lead is combined 
with the epicard ial d isc electrode (FRI ESE 1 96 � ;  OVERBECK et a/ .  1 96 �) 
as the insulation in the electrode frame is not optima l ,  but its occurence is 
not known to us when the lead is combined with the endocard ial electrode. 

Compared with preceding types the d isadvantages of this lead are 
smal l ,  but they exceed those of another type : 

s. Lead with helical wire. This consists of a hel ical wire w ith a d iameter 
of o. 2 � mm, the diameter of the spi ral i tself being approximately 1 .  1 mm.  
(cHARDACK 1 964) and others . The spiral is mobi le in an insulating 
s i l icon rubber tube . The early vers ions of this wire consisted of a 
platinum-irid ium al loy, which is sti l l  being used by BREDI KIS ( 1 966) 
inter a/ . ,  but the low elast icity modulus of this a l loy resulted in many 
fractures, and elgiloy is now widely used instead of plati num- irid ium 
(NATHAN 1 96 � ;  CHARDACK 1 96 � ;  fig. VII - 1 D) . l:lgi loy has given better 
results because it possesses a higher elastic ity modulus and is therefore 
more resistant to d istortion .  The lead a lso has the advantage that the 
electrode i s  an extension of the conduction w i re, so that contact po
tentials are avoided .  Furthermore, the lead is elastic and flex ib le ,  but 
the spi ral contains no core and sharp kinks may occur .  If the elasticity 
l i mi t  of the lead is exceeded the spira l is deformed at the point of flexion, 
a sharp kink remaining, where fracture may occur. 

Another disadvantage of this conduction lead is insulation fracture. 
Within 2 years of i mplantation we observed � ( 1 4°0 ) instances of torn 
s i l icon rubber insulation which was probably due to the s i l icon rubber 
becoming less elastic in course of t ime. In spite of this the lead repre
sents a considerable i mprovement compared w ith the multistrand type. 

Modifications of this lead are the stain less steel trip le spiral wire ,  
used by DAVIES et  al. ( 1 965, fig.  VII- I E) and the spiral composed of 4 
e lg iloy w ires used by GLENN et a/ .  ( 1 964) .  I ncrease i n  number of spira ls 
i n  the lead gives an addit io na l  safety factor (GLASS et a/ .  1 963 ) .  
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6. Lead with helical ll'ire and silicon rubber core . Our experience \\ i th 
multistrand sta inless steel l eads were equal ly disappointing, as was al
ready mentioned in Chapter V I  under the subheading suture electrodes .  
The fractures we observed were the result of metal fatigue or  corrosion 
when two metals \� ere used . 

Fracture clue to metal fatigue is dependent on the composition of the 
lead and the mechanical stress exerted upon i t .  By accurate choice of 
the location of the electrode and the transthorac ic path of the lead , 
mechanical stress may be min imised , which explains the d iscrepancies 
i n  results obtained \\ ith this lead . Occasiona l ly ,  fractu res occurred after 
3 months, '' here other suture electrodes inserted in G ron ingen function
ed properly for 50 months . 

I n  our experience the mechanical stresses on the lead are greatest 
at the exit of the lead from the pacemaker, 
at the place, where the lead passes under the ribs and 
at the place where the conduction lead perforates the skin w hen 
combined with an external pacemaker as reported by BLUESTONE  et al. 
( I  96  5) and others . 
S ince \\ e have only used this lead \\ ith implanted pacemakers \\ e 

have not observed this last type of fracture . 
Fractures at the exit from the pacemaker occur especially \\ hen the 

e lectrode i s  connected perpend icularly to the pacemaker. The pacemaker 
then forms a lever during certain body movements, w hich may k ink 
the lead and u l t imately end i n  fracture of the w i re .  Such fractures in  
other types of lead were noted by CHARDACK et a/ .  ( I  9 6  5)  and KAHN et  al. 
( I 965) and others .  To overcome this \\ eakness, CHARDACK et a/ .  bui l t  
up this part o f  the lead w ith s i l icon rubber, w hi le  KANTROWITZ et  al .  
( I 9 6 2) adapted the pacemaker, but neither mod ification completely 
so lved the problem. We have used a tangential function between lead 
and pacemaker, then '' ind ing the lead once round the pacemaker before 
it passes to the heart (vAN DEN BERG et al. I 9 6 2 ) .  This was a great 
i mprovement, fractures of stainless steel multistrand leads were not then 
observed at this s ite and we haYe used this type of j unction in all later 
versions of pacemakers and conduction leads . 

A lthough lead fractures close to the pacemaker interrupted stimu
lation, i t  was not necessary to replace the '' hole electrode, as the lead 
could be reconnected " hen the fractu red section had been removed . 
Therefore a further thoracotomy was not necessary , as was frequently 
the case in fractures at the point '' here the lead passed under the ribs . 
This fracture was only observed in those cases i n  w hich the pacemaker 
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was placed in  the abdominal area (MoRRIS 1 96 5) and may be explained 
by the forces to which the lead is subjected when the patient bends for
wards or backwards. These fractures were obviated by placing the pace
maker on the thoracic wal l  (HOMAN VAN DER HE IDE 1 962 )  e .g .  under the 
pectoral muscles. KAHN et a/ . ( 1 965) went so far as to attach the pace
maker to the i nterior  of the thoracic cavity in one case . This, however, 
requi res fu rther thoracotomies when the pacemaker has to be rene\\ ecl . 

A l though these i mprovements prevented fracture at the places de
scribed , w e  sti l l  observed fractures at non-specific points along the path 
of the suture electrodes . These fractures occur particularly '' hen the 
lead has been bent sharply at a certain place, which pred isposes to 
fracture . Using a flexible w i re w ith several thin filaments, .fracture 
occurs less often than w i th a so l id thick lead . If, however, one of the 
w i res of a multistrand lead breaks, i ts ends damage the insulation and the 
other wi res, causing them to fractu re more rapid ly because of electro
lysis and corrosion at the fracture area . For this reason we rejected this 
type of lead as being fundamental ly unsuitab le and \ \  e have therefore 
attempted to develop a better lead along new l ines . 

We started from the principle that the lead should have no place '' i th a 
predel iction for fracture, i . e . the lead should be flexible and extensible 
but i t  should be impossible to kink it .  

We experimented w ith a lead consisting of a double w i re of steel wool 
and a lso '' i th a rubber tube fi l led w ith mercury,  which was also investi
gated by JACOBSON and TEEKEL ( 1 96 1 ) . We also tried fil l ing the tube 
with stainless steel pel lets and a chain of s i lver bal l s ,  but resorted to a 
hel ical w i re of platinum-iridium embedded in s i l icon rubber. Platinum 
i rid ium " as chosen because it is electrochemically optimal for the elec
trode and use of the same material in the lead prevents contact potentials. 
The '' ire w as completely embedded in  s i l icon rubber to attempt to 
absorb much of the mechanical stress i n  the insulating material and 
at the same time preventing sharp kinks in the lead . 
To a spiral w i re the formula appl ies : 

47t n Rz.,; 
f - , in which 

dG 
f safe extension of the spiral along i ts axis, 
.,; safe shear stress of the material , 
n number of turns of the w i re in the spiral , 
R - rad ius of the tu rns, 
d - diameter of the w i re ,  
G - shear modules of the material . 
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Thus i t  appears that the safe extension J can be made as large as desired by 
using a large number of turns of the wire, a large rad ius of turn and a 
smal l d iameter of wire .  This safe extension of the spi ral can thus be 
made much larger than might occur under the most adverse conditions, 
as extension of the lead is determined by i ts body i . e .  the s i l icon rubber 
embedding the spi ral . This is also val id for forces perpendicular to the 
axis of the lead . 

Leads constructed on these theoretical princ iples were tested for 
fracture b) this technigue. The lead was fixed at one point and 3 em 
away it was osci l lated through 1 2 o0 at a freguency of 50 Hz. Thus i t  " as 
subjected to 3000 vibrations per m inute which were counted by a 
meter in  the same electrical c i rcuit as the lead . If a fracture occurred in 
the l ead , the c i rcuit of the vibrator and the meter \\ Ould be interrupted . 
Tests of a o . 2  mm w i re d iameter (d) spi ral lead (n = 1 5jcm, R =- o . J  
mm) showed that fracture occurred after 5- 1 o x  1 o4 vibrations where
as " ith an o . 1 mm wire d iameter fracture did not occur unti l  a 
mean of 2 x 1 o7 vibrations and in this case i t  was due to the s i l icon 
rubber tube wearing out at the fixation point rather than primary wire 
fracture. The importance of the rubber core was shown i n  a number of 
experiments with 0 . 1 m m  w i res by leaving it out between five turns . 
The lead broke at these places after 5- 1 o x  1 o4 vibrations or the same as 
the o .  2 mm type . Thus we chose for our lead a p latinum-ir id ium wire 
with a d iameter of o .  1 mm,  an internal diameter of spi ral of o .  7 m m  
and 1 5  turnsfcm, the external d iameter o f  the lead being 3 m m .  

S imi lar  experiments \\ ere carried out b y  GLENN et a/ . ( 1 964) , who 
showed that a spi ral lead '' i th a core gives better results than one without 
a core. They concluded that elgi loy gives better results than platinum
i rid ium, but they compared a platinum-irid ium w ire with a diameter of 
o . 2 5  mm with an elgi loy wire w ith a d iameter of o. I 5 mm. The im
portance of  the w i re diameter in this respect both i n  theory and in  
practice is shown before .  

Although the experiments have shown that a thin w ire gives mechani
cal ly  better results than a thick w i re, i ts disadvantage is i ts greater 

I 
electrical resistance as, according to formula R = p x - , the resistance 

0 
is i nversely proportional to the cross section of the wire .  Since the w i re 
is used as a spiral so that i ts length is several t imes that of the lead , i t  
offers a considerable resistance .  Thus, the w i re d iameter should not 
be too smal l  because sl ight variations in thickness are then i mportant . 
The resistance of our 70 em single conduction lead i s  I 4o- 1 6o ohm . 



With the intramural loop electrode, however, i t  w as possible to incl ude 
a second conduction lead which hal ved the total resistance of the lead 
( i . e .  7o-8o  ohm) and caused no practical d ifficul ties. A lso w ith this 
lead fracture of one w i re would not interrupt stimulation but merely 
increase the total resistance. 

A lthough we had to modify the loop electrode after fractures occurred 
in the fi rst version (see Chapter VI), no fracture has been observed 
by us or by others ,  in the ir  conduction leads, either in the insulation 
or in the wires, and for this reason we bel ieve that use of these leads 
gives rel iable transthoracic stimulation. 

B. Direct transvenous impulse transmission 

The requi rements for a satisfactory lead for d i rect transvenous impulse 
transmission are s imi lar to the transthoracic leads \\ ith these add itions : 

i t  should not cause any intravascular compl ications ; 
i t  should be flexible to avoid perforation of the myocard ium by i ts tip, 
but have enough rigid i ty to faci l i tate i ts introduction and positioning 
in  the right ventricle . 

Compared with the transthoracic lead , the transvenous catheter elec
trode is subjected to less mechanical stress which might result in  fracture 
because of i ts location  in the vascular system . 

The insulation of the wi res in the catheter and the acceptance of the 
catheter by the vascular system pose no d ifficulties .  Both polyethylene 
(FU RMAN and SCHWEDEL, 1 959 ;  LAGERGREN and JOHANSSON 1 96 3 )  and 
si l i con rubber (CHARDACK 1 964-) provide good insulation without d is
turb ing the vascular system and after some time the catheter is largely 
coated by a layer of fibrin (see Chapter V I ,  tissue reactions) . 

The d ifficulty with catheter electrodes is the fact that the ir  flexib i l i ties 
should be d ifferent during and after i ntroduction. This has led to the 
development of two types of catheter electrodes viz. : 
1 .  the sol id catheter electrode,  and 
2 .  the catheter electrode with stylet. 
Variations of both these basic types have been tried . 

I . Solid catheter electrode 

a .  Catheter electrode with single wire. This is the simplest form of catheter 
e lectrode. A stainless steel version with polyethylene insulation was 
used in the first cl inical appl ication of transvenous stimulation by FU R-
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MAN and SCHWEDEL ( 1 9  S9 ) .  Its disadvantage was fracture occurring 
at the connection w ith the pacemaker and along the catheter (scHWEDEL 
and ESCHER 1 964) and it proved to be too rigid ,  causing perforation of 
the ventricular \\ a l l  (so wTON I 96 3). A mod ification of this catheter 
'' as used by BOUVRAIN and ZACOUTO ( 1 96 1 )  in combination \\ ith an 
external pacemaker. Theirs had an open lumen , perm i tting perfusions 
through it . 

b. Catheter electrode n ith braided n ires. This catheter electrode \\ as used 
bv SCHWEDEL and ESCHER ( 1 964) . It consisted of a braided '' i re con
nected to a p latinum el ectrode .  The '' i re \\ as less rigid than the single 
w i re type, but also fractu red , both at the pacemaker connection 
(scHWEDEL and ESCHER 1 964) and in course of the lead . These latter 
fractu res '' ere found especial ly in the b ipolar version (PARSON NET 1 964 
and SOWTON et aJ. I 964) . 

c. Catheter electrode with bands and n)' lon core. This catheter electrode is 
identical to the lead used by ELMQVIST and SENN ING ( 1 96o) for trans
thoracic  stimulation. It \\ as fi rst used as transvenous lead in February 
I 96 2 by LAGERGREN and JOHANSSON ( I 96 3) i n  combination \\ ith a stain
less steel ind ilferent electrode, '' hich \\ as later replaced by platinum.  

Th i s  transvenous lead w ith an outer d iameter of I .  2 mm ,  has of  course 
the same weaknesses as the transthoracic one, namely, the vulnerabil i ty 
of the polyethylene insulation and the junction of stainless steel bands 
w i th the p latinum electrode .  Ho\\ ever, no cases of e lectrolysis and 
corrosion at this point have been reported , probably  because there is an 
·extra s i l icon rubber insulation tube around the contact area . On the 
other hand in some cases fractu re of one or more of the fou r  stainless 
steel bands near the pacemaker \\ ere seen (RODRIGO I 96 s) . 

Compared w ith the t\\ o other catheter electrodes, results ·w i th this 
type are more favourable (LAGERGREN et a/ . 1 966), but the lead has the 
d isadvantage of being too flex ib le for easy introduction . LAGERGREN 
( I 966) under X-ray screening uses as pecial rotating table to change the 
position of the patient fo r i ts insertion. 

A s impler solution was reported b) VAN DIJ K et al .  ( 1 963) and BORST 
et a/ .  ( 1 965) .  They used a special hol low catheter whose internal d ia
meter was greater than that of the lead ( 1 .  2 mm) but less than that of the 
electrode tip ( 2  mm) .  It was passed do\\ n over the whole length of the 
lead , thus affording the lead some rigid ity during i ts i ntroduction, and i t  
was later ·w i thdraw n when a satisfactory posi t ion for the electrode i n  the 
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right ventric le had been obtained . To faci l i tate w i thdrawal the hol low 
catheter was spl i t  a long i ts whole length , except the l ast fe-.,v mi l l imeters 
near the electrode t ip .  Electrode displacement occurs occasional ly 
w ith this technigue, but it is s imple to reposition i t  at the in itial proce
dure .  However, repositioning may become d i fficult later, as the endo
thelial coating impedes the re- introduction of the hol low catheter. 

In view of th is , another type of catheter electrode was found to be 
preferable. 

2.  Catheter electrode with sty let 
The catheter electrode was described by CHARDACK ( 1 96 5) inter a/ .  
I t  consists basically of the hel ical w ire used i n  transthoracic stimu lation . 
The w i re is wound around a th in  teAon tube, through "' h ich a stainless 
steel stylet may be inserted giving a certa in degree of rigid i ty during 
electrode introduction. 

Chardack's  catheter electrode is bipolar and i n  the early models, a 
stylet was used in  one of the two spirals, but i n  later versions sty lets 
were used i n  both spirals .  This catheter electrode has the disadvantages 
that the electrodes are rather large, as mentioned in the preced ing 
chapter and the catheter even wi thout a sty let is rather rigid , and per
forations of the ventricle have been observed by us (fig. V I I- 2) and by 
others (a .o .  SYKOSCH 1 966) .  This rigid i ty is apparently due to the thick 
tw i n  hel ical wi res (o . 2 5  mm d iameter) and the t\\ i n  teAon tubes. This 
catheter electrode has been modified by NATHAN et al. to a unipolar 
electrode giving greater Aexib i l i ty .  

W e  also constructed a unipolar catheter electrode, consisting o f  a 
nylon tube with stylet surrounded by the hel ical w i re used for the 
transthoracic l eads (see Chapter VI) insulated by s i l icon rubber. The 
wire spiral is embedded in the s i l icon rubber, i n  contrast to Chardack's 
catheter, where there is no rubber between the teAon core and the s i l i con 
tube. With our catheter the conduction w i re is s ingle, not double as in  
the  transthoraci c  lead . We therefore i ncreased the diameter of  the w i re 
from o .  I to o .  1 5  mm, giving a lower e lectrical resistance (9o- 1 oo ohms) 
and more rigid ity enabl i ng improved fixation of the electrode.  Chardack 
and Nathan used elgi loy w i res, whereas we have used p latinum irid ium . 
Our catheter electrodes have only been in  use s ince I 967 but i n  this 
time no difficulties have occurred . 

I n  conclusion, i t  may be said that after i ni tial difficu l ties ,  a number of 



Fig. VII- 2 .  Perforation of the " al l  of the right \'entricle by a bipolar catheter-e lectrode 
(arrow) in a patient. The heart is expo;ed after a left hemithoracotomy and opening of 
the pericardium . 

conduction l eads has been developed which make both long term trans
thoracic and transvenous stimulation possib le .  

I I . I N D I R E C T  I M P U LS E  T R A N S M I S S I O N  

Indi rect impulse transmission means transmission of the stimulus without 
d i rect contact between an externa l pacemaker and i nternal electrodes, 
inductive impulse transmiss ion, in some versions by means of a carrier
wave, being i nvolved . 

With ind i rect impulse transmission conduction leads are also neces-
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sary in most cases, and the same principl es apply as for the transthoracic 
and transvenous conduction leads. Here we wi l l  only consider briefly 
the principle of ind i rect transmission. 
I nduction methods of impulse transmission may be d ivided i nto 
A .  magnetic coupl ing 
B .  electro-magnetic coupl ing. 

A. Magnetic coupling 

Magnetic coupl ing i s  based on theprinciple of FARADAY (ca. I 8 J o), who 
stated 'as long as that part of a magnetic field surrounded by a c losed 
conductor  changes in strength, an induction current exists i n  this con
ductor. '  

In magnetically coupled i mpulse transmission the closed conductor 
consists of a subcutaneously implanted coi l to which the stimulation 
electrodes are connected . The magnetic field is set up by a current in a 
primary coi l ,  attached to the body (external ly) and paral lel to the second
ary coi l  (fig. VI I- 3 ) .  The strength of the current i nduced in the secon
dary c i rcuit depends on several factors . 

EXTERNAL 
PACEMAKER 

ELECTROOES 

Fig. VII- 3 .  Scheme of impulse transmission by magnetic coupl ing. L1 , 2 :  coi l .  

' . the number of turns of the transmission coi l .  
2 .  the number of turns of the receiver coi l .  
3 .  the strength o f  the primary current .  
4-·  the  diameter of the primary coi l .  
5 .  the d iameter o f  the secondary coi l .  
6 .  the d istance between the coi l s .  

Considerabl e  energy is lost in  this method of impulse transmission first 
appl ied c l inica l ly by ABRAMS ( 1 96o), and an improvement was i ntro
duced by SUMA, FUJ IMURI et a/ .  ( 1 96 5) among others. They concentrated 
the magnetic field in the coi l s  by introducing an i ron core in the coi l s ,  
but  better results may be obtained by using a carrierwave i n  i mpulse 
transmission. 



B. Electro-magnetic coupling 

The e .m . f. generated i n  a coi l  is proportional to the rapid i ty w ith which 
the magnetic field \\ i th in  the tu rns alters .  Such a rapid alteration is 
achieved by electro-magnetic coupl ing, using a h igh frequency current 
in the primary tuned coi l .  G LENN et a/. ( 1 964) and EISENBERG ct a/. ( 1 96 �) 
use carriem aves \\ ith a frequency of 2 MHz, CAMM I LLI et a/. ( 1 964) 
4-s M H z. 

The stimulation impulse is transm itted as the envelop of the h igh 
frequency (radiofrequency) signal and may have any desi red shape. 
The rad iowave i tself has too h igh a frequency to stimulate the heart. 
To derive the stimulation impulse from the RF-signals ' ia the secondary 
tuned coi l ,  a d iode is incl uded in the secondary c i rcuit as a rectifier, 
reducing the signals to half s inusoidal '' aves \\ h ich have a cumulative 
effect in a condensor. In our example (fig. VI I-4) they correspond 

EXTERNAL 
PACEMAKER 

SKIN ELECTRODES 

Fig. VII -4. Scheme of impulse transmis�ion by electt·omagnetic coupling. C . , , , J :  con
denser ; L1 •2 : coil ; C :  diode. 

approximately to a rectangular impulse . SCHNE IDER ( 1 966) calculated 
an efficiency of approximately I 6°u fo r conditions corresponding to 
cl inical s ituations . SCH UDER ( 1 965) i ncreased the efficiency of the 
electro-magnetic coupl ing by i ntroducing an i ron core in the secondary 
coi l .  

This more efficient transmission by means of tuned primary and 
secondary ci rcu its also enables the secondary coi l  to be placed d i rectly 
on the heart ( CAMMI LLI 1 96 2 ) . Intracorporal conduction l eads are 
then unnecessary . 

Having considered electrodes and impulse transmission ,  i n  the next 
chapter the last section of the stimulation unit, the stimulator i tself, 
w i l l  be d iscussed . 
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Stin1ulators C H A PT E R  V I I I  

I N T R O D U CT I O N  

The principal part of a stimulation unit is the stimulator i tself, which 
determines the shape and frequency of impulses administered to the 
heart. In this chapter research into the optimal impulse and frequency 
and the appl ications to the design of the basic  pacemaker c ircuit  are 
d iscussed . The construction of the c i rcuit  w i l l  be considered in the se
cond part of this chapter, and final ly the various types of stimulators, 
which have been developed from the basic pacemaker, are d iscussed . 

I .  S T I M U L A T I O N  I M P U LS E  A N D  I M P U LS E  F R E Q U E N C Y  

A. Stimulation impulse 

I. Impulse shape 

In contrast to the effect of frequency, the effect of varying impulse forms 
on stimulation has only been analyzed by a few i nvestigators (zoLL et al. 
1 9  54, ANGELAKOS and TORRES 1 9 64) . In our research the effect of 5 
impu lse forms ·was i nvestigated (fig. VII I- I ) ,  i n  540 measurements ; they 
w ere :  

a rectangular impulse 
- an impulse with a sa\\ tooth upstroke 

an isosceles triangular i mpulse 
an impulse with a sawtooth downstroke 
a biased condensor discharge impulse. 
The measurements \\ ere carried out w ith a specially developed con

stant current apparatus, the Multicard iotest .  With this auxi l iary ap
paratus it was poss ible to vary the duration of the rectangular impulse 
continuously from o . 5  to 2 2  msec . ,  and that of the other impulses from 
o . 5- 2 0 . 5  msec . in  steps of o . 5  msec. The current for al l the impulses 
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Fig. Y l ll- 1 .  lmpul,es w ith various shapes used to study the influence of the >hape of the 
impul;e; on the ;timulation threshold .  Current stimulator. 
A :  rectangular impuh, e ;  H :  increasing sawtooth impulse ; C :  bo;cele; triangular impulse ; 
D :  decreasing ;awtooth impulse ; E :  bia;ed conden;er discharge impul,c. 

was adjustab le between o . 2  and 20 m A , w i th an accuracy of ca . o . o 2 5  

m A  for the range o .  2- 2 m A  and ca. o .  2 5  m A  for the range 2 - 2 0  mA .  
The measurements " ere performed on  6 animals w ithi n  I 4 days of 

implantation of the electrodes. In one case the measurements were 
repeated after 3 months w i th essential ly  the same results ,  i . e .  w ith the 
same ratio of the threshold Yalues .  A l l  animals had a suture i nd ifferent 
electrode i n  the thoracic muscles near the right fourth i . c . s .  and two 
heart electrodes either epicardial disc or l oop electrodes, i ntramural p in ,  
suture , coi l  o r  loop electrodes or an endocardial catheter electrode .  
During the measurements i t  '' as po ib le  to read off the current th res
hold on the Multicardiotest, and to determine the voltage thresho ld ,  
vis ible on an osci l lograph, for impulse durations of  I ,  2 ,  3 and 4 msec , 
at a rate of 7ojmin. With a given impulse shape the threshold value 
appeared to depend on the electrode combination .  The ratio of the 
threshold values for various i mpulse shapes w ith a given electrode combi
nation, however, was virtual ly i ndependent of the electrode combination.  

In fig.  VII I- 2 the mean val ues of a l l  measurements w ith various elec
trode combinations are shown in three groups, viz. the average val ues 
for unipolar cathodal and anodal stimulation, and for bipolar stimulation . 

I t  is clear that the conclusions dra\\ n in  Chapter VI  are confirmed for 
a l l  impulse forms, i . e .  

anodal current thresholds are higher than cathodal current thresholds ; 
bipolar stimulation and cathodal stimulation, with in the accuracy of 
measurement, yield the same current thresholds if  the negative elec
trode is the same in  both cases . 
Comparing the (peak) threshold  current for various impulse shapes at 

the same impulse duration i t  appears that : 
- the lo\\ est threshold  currents are found with a rectangular impulse, 
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Fig. V l l l - 2 .  Threshold impulses for the s shapes of fig. V l l l- 1 .  Current stimulator. 
4 impulse duration�. Each block, triangle etc. repre�cnt� the mean value for vadou� elec
trode combinations in 6 dog'>. 

the h ighest threshold currents are found w ith a biased condensor d is
charge i mpulse, 
the threshold currents w ith the triangular impulses l ie w i thin this 
range and the variations of the wave from of the triangular i mpulse 
do not a lter the threshold current significantly .  
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The mean threshold currents at 2 msec . are show n in  table  VII I- I . 
ANGELA KOS et a/ .  ( I 964-) also found h igher threshold \ a lues for trian

gular impulses . They , however, only investigated rectangular  impu lses 
and triangular impulses w ith saw tooth upstrokes . ZOLL et al .  ( I 9 54-) 
reported few detai ls of thei r investigations, but they concluded that 
' rounded ' electric impulses w ith an average duration of 2 - 3  msec . \\ ere 
optimal , " hi lst a variety of other monophasic and biphasic spikes, 
monophasic and biphasic recti l inear and s inusoidal impulses " ere found 
to be less effective. 

The effectiveness of a given stimulus may be determined from the 
charge requi red for stimulation at the threshold value as this charge 
drains the batteries . This threshold charge is equal to the surface area 
of the impulses concerned . For a rectangular impulse : 

Q__= i x t 
and for a triangular pulse, (the impulse form according to a biased con
denser d ischarge is not considered partly because of i ts extremely h igh 
peak value) : 

Q__= 1- x i x t, '' here 
Q__= the charge of the threshold i mpulse 
i = the maximum value of the threshold current at t, and 
t = the i mpulse duration .  
I f  the threshold charges at a given impulse duration are calculated 

from these formulae, the restangular impulse is found to be less effective 
than the triangular impulse . This is evident in table VIII- I ,  where the 
average threshold charges at 2 msec are calculated from the average 
threshold (peak) currents . 

When app l ied to artificial card iac stimulation these results indicate 
that at a given impulse duration, triangular pulses requ ire less battery 
energy at threshold and therefore are more econom ical on battery l ife 
than rectangular pulses .  However, triangular i mpulses can only be 
produced by a compl icated c ircuit , w hich w ould make a pacemaker large 
and l ess reliable, and s ince the extra c i rcuit components also requ ire 
current, the gain  \\ ould be i l l usory .  The triangular impulse w i th a 
sawtooth dow nstroke may be produced simply ho\\ ever, as i t  corre
sponds to some extent to the impulse of a vol tage pacemaker. Its 
advantage of more efficient stimulation , clue to i ts lower charge thres
hol d ,  eas i ly outw eights the disadv antage of the somewhat h igher thres
hold peak value compared w ith the rectangular i mpulse. As the current 
threshold also depends on the impulse duration this parameter must also 
be considered . 
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TABLE V I I I- I . Effect if impulse shape, compare fig. VIll- I , 2 .  Mean peak ••a lues if the current and 
mean charge for threshold impulses Il'ith 2 msec. duration, for 5 dogs with intramural hean 
electrode<. 

lmpul;e ;hape Cathodal Bipola•· Anodal 

mA fLC mA fLC mA fLC 
-----

rectangular 2 .6 o  .). 2 0 2 .  J O  5"·40 ] . 1  0 4. 2 0  

increa;ing sawtooth 3 · 8 }  3 · 8 } 3 . 8o 3 . 8 o  9 . 00 9.00 

isosceles triangula•· 3 · 8 }  3 · 8 }  3 · JO 3 · 70 8 . 9.)  8 . 9 .)  
decreasing sawtooth 3 · 90  3 · 9° 3 · 8 }  3 · 8 } 9 . 10 9 · '  0 

2 .  Impulse duration 

As previously shown,  the choice of the optimal impulse duration of the 
stimul i  is determined by two factors : 
a .  the I ife of the pacemaker, 
b .  the safety margin during stimulation. 

a. Relation between impulse duration and pacemaker life .  The l i fe of an 
implanted pacemaker is the time during \\ h ich  the pacemaker is capable 
of activating the heart. This t ime is proportional to the quantity of 
energy stored in the form of the electrical charge of the batteries . For a 
given quantity of energy and a constant frequency , the l i fe is inversely 
proportional to the charge per i mpulse . 

In artificial stimulation of the heart there is a relation between the 
charge th reshold and the impulse duration .  This relation, which is true 
for all the above-mentioned impulse forms, is sho w n  in fig. VIII- 3C .  
The measurements were made \\ ith two cathodal unipolar combinations 
of two intramural loop electrodes and one indifferent suture electrode 
in the thoracic muscles (4th i . c . s . r. ) ,  in a dog immed iately after thoracic 
closure for production of heart block and i ntroduction of electrodes ; 
rectangular impulses from a constant current apparatus \\ ere used . 

The results show that the charge threshold rises as the i mpulse duration 
increases . Hence it fo l lows that : 

maximum l ife i s  achieved by using stimu l i  of m inimal impulse 
duration. 

b .  Relation between impulse duration and scifety margin . The relation between 
these t"' o factors has al ready been d iscussed in Chapter VI ,  and is con
firmed here by the results i n  fig. VIII- 3A .  
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Fig. V III- J A, B,c and D .  Mean thres
hold current, voltage, charge and en
ergy versus impulse duration, for 
two intramural loop electrodes and 
one indifferent suture electrode i n  
a dog. Monopolar cathodal stimu
lation. Acute experiments. 

Fig. VIII- 3 E. Threshold voltage 
( 3B) versus threshold charge ( 3 C) .  6 v 

4 

2 E 



the current threshold decreases to a minimum value as the impulse 
duration increases . 
This means that, at a given operational current, the margin between 

the operational and the threshold currents increases to a maximum 
value as the impulse duration increases. The safety margin, therefore, 
i ncreases as the impulse duration i ncreases at a given operational current, 
unti l the threshold reaches the rheobase. 

Jf  a l arge safety margin is desi red together w ith a short impulse 
duration (for longevity) the operational current w i l l  have to be very 
high, and this may be achieved by : 
a .  a low electrical resistance in the electrode c ircuit, as is d iscussed in 

Chapter VJ ,  and 
b. a h igh operational pacemaker vol tage, i . e .  using a large number of 

batteries in series . 
This number is l imited however as the increase i n  size may make the 

pacemaker too large to implant. Genera l ly lj or 6 batteries of 1 . 3 V, each 
giving an operational voltage of 6 . lj  or 7 .  8 V, are used . 

At  a given operational current the m inimum relative current threshold 
i s  reached when the current threshold is practical ly equal to the rheo
base. In fig. VII I- 3 A  the rheobase is reached at an impulse duration of 
4--lj msec, so that w ith longer i mpulse durations the re lative current 
threshol d  remains constant, but the l i fe of the pacemaker is shortened 
by the larger impulse charges . Moreover, a further increase in impulse 
duration entai ls the risk of repetitive response and ventricular fibri l
lation . The above measurements were made w ith two combinations 
i n  a clog. Other experiments mentioned i n  Chapter VI and l i terature 
on this subject (sowTON 1 96 3 and ZOLL 1 964-) have shown that the current 
threshold remains constant at i mpulse durations greater than lj msec. 

Thus the optimal impulse duration should be between o . lj  and lj msec . ,  
the m inimum value being l im i ted by the relative threshold and the maxi
mum by the l i fe of the pacemaker. 

In selection of impulse duration the threshold energy is the thi rd 
parameter w hich must be considered . The threshold energy or the 
amount of energy consumed at the threshold ,  is used partly for polariza
tion of the electrodes being l iberated later in the form oF heat, and 
partly for overcoming the ohmic resistance, being released immed iately 
as heat (see Chapter VI) .  

The threshold energy i s  minimal when the impulse duration i s  a t  the 
chronaxie point (fig. VI I I- 30) .  This was a lso true for other dog experi
ments. 
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TAilLE VII I- 2 .  Rheobase-chronaYJe •·aluesjor intramural stimulation in a dog . 
I lean 1 a lues of 5 meawrements 11 ith each electrode-combination. Current stmwlacor. L 1 , 1 :  
Identical Intramural loop electrodes; Ind. I , 2 :  identical Ind1Jerent suture electrodes, First 
electrode of each combmatron c; negat11 e. 

l:lectrode- Rheobase Chronaxie Rheoba;e Chronaxie 
combination mA. msec. mA. m;ec. 

L r -Ind . I I , o  3 '  2 .1' 2 ,o  

L r  -Ind. I , o  2 ,0 J , J O 2 '  2 .1' 

L 1 -L2  I , o  I ,9  J , J O  2 '  2 .1' 

L 2  -Ind. I 2 , 8 o  2 , 0  

L2  -Ind. 2 r ,o 2 , 2  2 ,  So  2 , 0  

L 2  - L 1 I , 0  2 , 0  J , OO 2 , 0  

Ind . I - L l  1 3 . 7 .1' o , S  

Ind. I -L2  1 2 , oo o , S  

Ind . 2 -L r  6 ,  I I , 0  I J ,  7 .\" o , S  

Ind. 2-L2 6 , o  o , S  I I  , }0 0 , 9 

Time of immediately after clt>ctrodc after 7 days stimulation . 
measurement implantation. 

To determine the chronaxie, " hich varies in ind ividual hearts , it is 
necessary to obtain an i-t curve fo r stimulation. 

In one clog these curves \\ ere determined for two i ntramural loop 
electrodes, acutely and after one week. A lso acute measurements using 
3 catheter electrodes \\ ere performed in the same dog. 

The results (see table VIII- 2 and VIII- 3 )  ind icate that : 

TAilLF. VIII- J .  Rhcoba,e-chrona "c •·a!rics for cndocardral stcmulation In a dog . 
1/ean ••a lues of 5 measurement, ll'lth each eleccrodc combcnatron oj' the catheter elearodc< '!f fig. 
Vl-15. Frr<t electrode of each combination 1< negatn c. 

Electr·ode combination Rheoba;e Chronaxie 
mA .  msec. 

Small catheter Ind. ;uture O , J 2 '  2 .1' 

Medium catheter Ind. ;uture O , }  2 '  2 .1' 

Large catheter lnd. �uturc 1 , 1  2 , 0  

Large catheter bipolar 1 , 1  2 , o  

Ind. suture - small catheter 0 , 9 I , o  

Ind. sutur·e - medium catheter I , 8  0 , 9 

Ind. ;uture - large catheter 2 ' 7 .1' 0 , 9 
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given identical polarity ,  the chronaxie is identical for intramural and 
endocardial stimu lation, 
the chronaxie is independent of any threshold rise after implantation 
of the electrode,  
the chronaxie for anodal stimu lation (o . S - 1  msec .) is less than for 
cathodal st imulation ( 1 . 9 - 2 . 2 5  msec) . 
S ince anodal stimulation produces far h igher th reshold values, the 

threshold energy is far h igher '' i th this method than w ith cathodal 
stimulation. In intramural stimulation , the (minimal) threshold energy 
found from our acute measurements '' as on average ca. 6o (.L] for anodal 
stimulation and ca . 4 (.L] for cathodal stimulation. H igher values for 
the anodal threshold energy were also found cl in ica l ly by SOWTON ( 1 963 ) ,  
who noted that anodal stimulation requi red on average 1 6 time� as 
much energy as cathodal stimulation .  Remarkably , NASH ( 1 964) on the 
other hand reported no significant d ifferences bet\\ een the th reshold 
energy for anodal and cathodal endocard ial stimulation. H is curves are 
very i rregular ho\\ ever, which may be due to poor contact of the 
catheter electrode .  

In genera l ,  cathodal stimulation gives the lo\\ est thresho ld energy 
values w ith impulse durations of 1 -3 msec. This corresponds '' ith the 
results of other investigators, al though some reported very short dura
tions . OR lAS et a/ . ( I 9 50) , ALBERT et a/ . ( 1 964) and ZOLL ( 1 964) reported 
measurements in dogs, sowToN ( 1 9 6 3) reported c l inical measurement 
and FU RMAN et a/ . ( 1 965) gave results of both cl inical and animals inves
tigations. 

Thus, most investigators consider the optimal impulse duration, based 
on those parameters , to l i e  bet\\ een 1 . 5- 2 . 5  msec . Indeed , i n  practice 
most pacemakers have an impulse duration w ith in  these l im its (ELMQVIST 
and SENN ING ,  CHARDACK, NATHAN , ZOLL, KANTROWITZ) . 

FURMAN et al. ( 1 966) advised an impulse duration of o . s- 0 . 7 5 msec . ,  
and sowTON ( 1 9 6  3 )  recommended 1 msec. I n  our opinion, however, 
the relative threshold is too h igh at these smal l impulse durations, re
sul t ing in too low a safety margin and '' e have, therefore, chosen a 2 
msec impulse . 

B. Impulse frequency 

The total charge consumption is further determined by the impulse 
frequency . 

The a im of artificial pac ing for patients w ith complete heart block is 
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to prevent c i rcu latory arrest and to promote the recovery of normal 
haemodynamics by stimu lating the heart at an optimal frequency. Opin
ions d iffer regardi ng this optimal frequency , partly because d ifferent sets 
of parameters are used i n  assessing i t .  

The problem of  frequency may be solved in five ways : 

I .  Frequenry 1 ariation by external control. This method is used with exter
nal pacemakers '' i th percutaneous transthoracic or transvenous elec
trodes, and w ith magnetic or electro-magnetic induction pacemakers. 
In a l l  these methods, the pacemaker is outside the body and the fre
quency can be adjusted to an optimal level (Chapter IV) .  A modification of 
the i nduction pacemaker uses a receiver c ircuit in an implanted unit, 
so that tempo rary frequency regu lation may be obtained by an external 
transmitter (KANTROWITZ I 96  2 ; G LAS 1 96 3) .  

2 .  Constant jrequenry in implanted pacemaker. Most implanted (asynchronous) 
pacemakers have a constant frequenc� , which cannot be al tered after 
implantation .  

3 .  l 'ariable.frequenry in  implanted pacemaker (see also pulse forming c ircu it) . 
I n  some implantable pacemakers the frequency may be adjusted by a 
minor procedure .  This adj ustment fixes the frequency at a new level in 
contrast to the temporar� adjustments by induction mentioned above . 
Adjustments can be made in t\\ o ways : 
a .  Percutaneous technique . 

This method is employed by CHARDACK  et al . ( 1 96 3 )  and others .  
The pacemaker has a special protrusion into \ \  hich an angular needl e  
is inserted percutaneously or through a smal l skin incision and using 
the need le as a screw d river the frequency can be adjusted w ithin a 
range of 50- I 2 o  imp.fmin . 
b .  Magnetic relay . 

Our pacemaker (vAN DEN BERG et al . 1 9 6 2) has two frequencies (early 
versions 6!j-8 !j, and currently 70-9 5 imp.fmin . ) .  A magnet is used for 
extracorporal adjustment of the frequency and percutaneous techniques 
are unnecessary . Furthermore, if the patient is suppl ied v.· i th the magnet 
by the doctor, he can perform this adjustment h imself. 

4·  Frequenry control by trisgering the stimuli )rom the atrial contractions (P
wave triggered or synchronous pacemaker) . This is discussed later in this 
chapter in connection w ith the stimulator (see also Chapter IV). 
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5 .  Intermittent asynchronous stimulation (R-wave control led or on-demand 
pacemaker) . This R-wave control led (asynchronous) stimulation was 
also d iscussed i n  Chapter IV ,  but the stimu lator aspects w i l l  be discussed 
later in this chapter. 

Determination of the optimal frequency is of special importance in  
method 2 and 3 ,  and to  a certa in extent in 5 .  

The normal heart rate (frequency) in  healthy people i s  about 7ojm in . ,  
but the amount o f  oxygenated blood which is pumped per minute by  the 
heart to the tissues (card iac output) also depends on the stroke volume : 
card iac output = heart rate x stroke volume. 

Cardiac output is therefore a useful parameter for determination of 
optimal frequency. Measurements of card iac output fel l  beyond the 
scope of our i nvestigation ; we refer to research clone by sowTON ( 1 96  3) ,  
who provided an excel lent synopsis .  

The slow rate accompanied by i nsufficient adaptation of stroke volume 
of patients w i th complete heart b lock resu l ts in  low cardiac output. 
In 2 2 patients , i nvestigated by Sowton, the average heart rate was 3 2jmin.  
v. i th an average card iac output of 2 . 9  ljmin .  Pac ing at an average rate 
of 7 2  per minute i ncreased the card iac output to an average of 4·4 1/min .  
at rest, which enabl ed the patients to lead a relatively normal l i fe .  

Sowton further i nvestigated the relation between card iac output and 
rate at rest. Measurements of card iac output were made 8 - 1 o minutes 
after rate change and within the range 5 5- 1 oofmin  showed no alteration. 
This constant card iac output is the result of al teration of stroke volume, 
which decreases as the rate i n  increases. Stimulation below 5 5/min.  or 
above 1 oojmin .  caused a fal l  in card iac output. At  slow rates the stroke 
volume alteration is no longer able to compensate, but at h igh rates i n  
heart block patients various factors, such as ineffic ient ventricular 
contractions, insufficiency of the atrio-ventricular valves and decreased 
atrial contribution, decrease the card iac output. 

Measurements four  minutes after a rate change at rest, showed that 
the patients may be d ivided roughly into two groups based on thei r 
card iac output in the frequency range 55-9ojmin.  viz. 

patients whose card iac output reached a steady state at four m inutes, 
d i splayed a plateau with an insignificant maximum at 7ojmin.  and 
patients whose cardiac output at four minutes reached a significant 
maximal level at an ind ividual rate for each patient. 
The patients of the second group al l proved to have a so-called i schae

mic heart cond i tion in the form of an old infarction, E. C. G .  abnormal i -
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Fig. Vlll-4. Cardiac output during rest and under >tress • er,u; stimulationfreC]uency for 
a patient " ith rc>pecti• ely " ithout e\ idence of i,chaemic heartdi>ease ( by coUJ·teS) of 
D R .  G .  E. SOWTON ). 

ties, dyspnoea of effort or  ischaemic heart cond itions which w ere 
observed at op-:!ration or necropsy . 

Determination of the card iac output on exercise revealed fu rther 
d ifferences bet\\ een the groups .  In both groups the card iac output in
creased . The first sho'' eel a rise in the plateau " ith a s imultaneous shift 
of the optimal rate from 70 to 9 1)- 1  ooJmin . , \\ hereas the second group 
achieved the h ighest outputs at the same rate as at rest. Examples from 
each group are given in fig. V I I I-4. 

Sowton's findings were confirmed by other investigators. HAUPT et al. 
( 1 963) found an output plateau in the range 6o- t 2 ojm in. , but most 
authors mention a range of t;o- I oofmin. e .g. ESCH ER et a/ .  ( 1 96 1 ) , 
BEVEGARD ( 1 96 2 )  and H U DSON ( 1 962 ) .  None of these investigators 
however d isti nguished the two groups of patients defined by Sowton . 
Using card iac output as a parameter, in assessment of optimal pacemaker 
frequency the rate should be bet\\ een t;o and 1 oo per m inute, w ith op
t imal outputs being obtained at 7ojmin . at rest and in  some patients 
at 90- 1 ooJmin .  on exercise. 

Rate change also affects blood pressure, increasing rate w ith compensa
to ry diminution of stroke vo lume causes the d iasto l ic  blood pressure to 
rise and the systo l ic  blood pressure to fa l l .  As the greater part of coro
nary flO\\ occurs during d iastole ,  rate increase, '' hich shortens diasto le ,  
results i n  reduction of m) ocard ial blood flow . CHARDACK et a/ .  ( 1 963 )  
on  the basis of coronary blood flo\\ in the rate range t;o- t oofmin .  
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chose 6ofmin .  fo r the ir  pacemaker. They also considered that inter
ruption of artificial stimulation at this rate resulted in  id io-ventricular 
rhythm being more easi ly and rapidly re-establ ished than w i th faster 
rates. 

ABRAMS et a/ .  ( 1 964) were also of this opinion, but other authors 
(zOLL et a/ .  1 960 ; PORTAL et a/ . 1 96 2 ; KANTROWITZ 1 96 3  and ELMQVIST 
et a/ .  1 963 )  apparently attached l i ttle importance to this factor as thei r 
pacemaker rates "" ere bet\\ een 6 5 and S o/min ; a view shared by us. 

Low stimulation frequency has the advantage of lower energy con
sumption per unit time than h igh frequency , and thus w i l l  result in 
longer pacemaker l i fe .  In our opinion, however, the primary aim 
should be the restoration of an optimal c irculation, and therefore a basic 
frequency of 6 5{min . ,  later increased to 7 o{min . ,  \\ as chosen for our 
pacemaker. This enabled patients to lead a relatively normal l i fe .  

In addition to  the basic frequency , our pacemaker (vAN DEN BERG et a/ .  
1 9 6 2) has a second frequency of S 5{min . ,  raised later to 9 5{min .  
CARLETON et a/ .  ( 1 964) also described a pacemaker \\ i th t\\ o frequencies 
(7 5- 1 00 min) .  The purpose of the h igh second frequency is to achieve 
an optimal increase in card iac output in  stress si tuations of any kind 
(work, infection) in certain patients, e .g .  Sowton's  first group. 

Another important advantage of having a second h igher frequency is, 
that, w hen i nterference occurs at the basic frequency due to a h igh idio
ventricular rate or  return of s inus rhythm (see R-wave pacemaker) , a 
more regular heart activity may be restored by sw itching over to the 
higher frequency . Thus the fast stimulation rate takes over the heart 
action and all or most of the natu ral ly occurring stimul i  fal l  w i thin 
the refractory period and are suppressed . 

A further advantage of a fast stimulation rate \\ as reported by DRESS LER 
( 1 964) , w ho stated that in heart block patients ventricular tachycard ia 
may arise and may l ead to ventricular fibri l lation ,  even after implantation 
of a pacemaker, and suggested that tachycard ia can be prevented by h igh 
frequency stimulation . The mechanism has not yet been explained and 
we have no data avai lable in Groningen, but KANTROWITZ et a/ . ( 1 964) 
reported experiences s imi lar to Dress ler 's .  

The pacemaker used by KANTROWITZ et  a/ . has a basic frequency of 
6 5{min . ,  which can be increased to 1 2 o{min .  by induction, using an 
extracorporal transmitter. The d isadvantage of this method is that if a 
permanent increase i n  frequency is necessary , the patient is obi iged to 
carry a permanent external transmitter. Kantrow itz also uses h igh 
frequency stimulation (Sa- S s/min . )  during the first post-operative days, 
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because ' the patients would normal ly  also have reacted with a sl ightly 
h igher frequency after a thoracotomy . '  

GLASS et al. ( 1 96 3 )  also control heart activity by induction during the 
first post-operative days. In  contrast to Kantrowitz, they reduce the ir  
pacemaker rate, normal ly 6ofmin. , to J0·4o/min.  in  the post-operative 
period .  Thereafter the frequency is gradually raised to a constant leve l ,  
a l lowing a gradual adjustment by the patient to the new rate. However, 
in v iew of the rapi d  adjustments which the heart makes to a new fre
quency, demonstrated clearly by al l  the investigators mentioned pre
v iously, we doubt the benefit of this method . 

I n  the Groningen c l inic ,  the post-operative frequency chosen is that 
which gives the best results both subjectively and objectively ,  and in 
practice it may be either 70 or 9 !>/min. 

I I . C O N S I D E R A T I O N S  R E G A R D I N G  T H E  C O N S T R U C T I O N  

The construction of an implantable stimulator entai ls special problems. 
F irstly, the c i rcuit must have d imensions sui table for implantation . 
Secondly ,  i n  long term stimulation the power supply of the c ircuit  is 
important : the energy must be stored i n  a form which can be introduced 
and used i n  the body . Thi rdly ,  effective insulation of the c ircuit and 
power source is requ i red and fourthly a simple and reliable connection 
between the e lectrodes and the pacemaker must be achieved . 

A. Electronic circuit 

The principal requi rements '' h ich the electronic c i rcuit of an implan
table pacemaker must meet are : 
- it should be of l imited d imensions, 
- reliable, and 
- should use a minimum of power, to allow long term stimulation. 

In the first external pacemakers, electronic vacuum tubes were used . 
These tubes operate w ith a heater current, requi ring a relatively h igh 
amount of energy , result ing in low efficiency. These units were powered 
d i rectly or ind i rectly from the mains .  

A great improvement was brought about by the development of  
transistors, \\ h ich  are semi-conductors, consisting of an emitter, a 
basis and a col lector, and behave l ike a triode.  The germanium transistors 
used init ia l ly were replaced i n  later versions by s i l ic ium, which have a 
longer l i fe and a considerably lo\\ er leakage current. 



S cm _j 
Fig. VI l i -s .  Stage of pacemaker mounting, showing a .o .  five batteries, electrode con
nections and some of the electronic components. 

Transistors have a three fold advantage. Thei r effic iency is h igh and 
they operate at a low potentia l ,  which enables a transistorised c ircuit  to 
be powered by low voltage batteries . Moreover, transistors are smal l ,  
so that with suitably smal l batteries and other e lectrical components 
an implantable c i rcuit  can be constructed which uses l ittle energy, and 
makes long term stimulation possible (fig. VI I I-_s-) . 

In reviewing c ircuit  rel iab i l i ty ,  without taking into account the com
pl ications which may occur after implantation, these fai lure rates for 
components may be assumed (GLASS 1 964-) : 

transistor,  condenser, and battery 
resistance 
welded joint 

o . o t  0 0 / t ooo hours 
0 . 00 1 °o / t ooo hours 

0 . 000 1 °o / I ooo hours 

For a basic pacemaker this means an overal l  fai l u re rate of about o .  1 % J 
I ooo hours or one in every hundred pacemakers wi l l  fai l  i n  1 o .ooo hours 
stimulation ( I year = 8 .  76o hours) according to the figures of I 964-, but 
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in  I 968  we a lready achieved a fai lure rate of o ,o  5% j I ooo hours over 
I 500 of our pacemakers implanted for at least 1 year. 

This percentage, however, w i l l  continue to fal l  as the refinement of 
electronic components leads to greater reliab i l i ty .  Space fl ight and 
extensive appl ication of implantabl e  circuits in the human body have 
greatly stimulated research in this d irection . 

B. Energy 

Origina l ly external stimulators w ere powered d i rectly or ind i rectly from 
the mains. Later, design of smal l er and more efficient external units 
made battery power possible . As the stimulato r  " as then s i tuated 
extracorporal ly, replacement of batteries presented l i ttle d ifficulty .  
External stimulators w i th inductive impulse transmission were also used . 

The avai labil i ty of a suitable power source delayed the development 
of the i mplantable pacemaker. Ideally a unit ,  once implanted , should 
be able to function continuously for a long period, and as batteries do 
not have an unl imited capacity pacemaker l i fe i s  restricted . ELMQVIST 
and SENNING ( 1 960) reported use of an internal stimulator with 
n ickel and cadmium cel ls ,  capacity of 6o mAh,  which were recharge
abl e  by means of a receiver circu it .  A s imi lar system was later 
used by S IDDONS ( 1 9 6 1 ) .  Apart from the low capaci ty of  these batteries, 
necessitating frequent recharging (every 2 - 3  weeks) and the accompanying 
i nconvenience to the patient, the chief d isadvantage of this method is 
that the cel ls deteriorate relatively early because of the frequent dis
charging and recharging. As the power source must therefore be re
placed regul arly in  any case, non-rechargeabl e  batteries with a larger 
capacity have been favoured . 

1,4 �OLTS 
1,3 I , 

1,2 I 
I 

1,1 I r1 1 T2 T3 
1,0 
0,9 T IME If 
Fig. VIII-6 .  Voltage of mercury battery as function of t ime at constant load. 
T 1 : rapid decrease of voltage ; T2 : constant voltage during the main l ifetime ; T 3 : rapid 
decrease of voltage at exhaustion of batteries. 
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Special mercury batteries, with a volume of about 3 cmJ and a weight 
of about 1 2- 1 2 .  5 g, are used for this purpose . The e lectrolyte i n  this 
cel l is sodium hydroxide, which i s  less active than the usual potassium 
hydroxide. The depolarizor  contains approximately 1 o�0 magnesium 
dioxide. A new cel l starts w ith an e .m . f. of 1 .4-o V which drops during 
the first 1 o�0 of its l i fe to the 1 .  3 0  V of the normal mercury cell (fig. 
VII I-6) . During this time, magnesium d ioxide i s  reduced to magnesium
oxide, forming a residue in the matrix ,  which prolongs shelf- l ife .  The 
mercury oxide protected in this way reacts with zinc and water according 
to the formula 

----+ Zn (OH)2 + Hg 

two Faradays of electrica l  energy being l iberated for each converted 
gram-molecule of the active component. 

With a shelf- l ife of 1 o years, the ini tial capacity of these batteries i s  
1 o o o  mAh,  which is reduced by  2 .  5'}0 per year a t  a temperature of  2 5° C .  
This percentage i s  doubled for each increase of S°C, resulting in a re
duction in capacity of approximately 7% per year when implanted in the 
body. 

Beside cel l  capacity the l i fe of such a pacemaker depends on 
- the current consumption of the pulse forming c ircuit and 
- the current consumption of the output circui t .  
The current consumption of the pulse forming circuit reflects i ts effi
ciency and, a lthough there are d ifferences between the various makes of 
pacemakers, i t  may be estimated to be approximately S o % ,  which means 
that the pulse formi ng circuit consumes 2 0% and the output c ircui t  So% 
of the total current. Consumption depends on the frequency of the 
stimuli and the operational value  of the impulse charge, which, as shown 
in Chapter VI, i s  determined by the impulse duration, the output c i rcuit 
itself (condenser, i nternal resistance) , the resistance in  the electrode 
c ircuit and the polarization at the e lectrodes .  

The maximum period of  stimulation can be calculated from the fre
quency and the operational value for a given unit . For example, the 
maximum stimulation period for a pacemaker with a frequency of 7 2/ 
min. ,  i mpulse duration of 2 msec. at a mean operational current of S m A  
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can be calculated thus : such a pacemaker del ivers per second 
7 2  

2 (msec .) x S (mA) x (frequency) = 1 9 . 2  [LC, 
6o 

which corresponds to a current consumption of 1 9 .  2 [LA .  
G iven an  efficiency of  8 o0 0 , the total pacemaker consumes 

1 00 
- x I 9 ·  2 [LA = 24 [LA .  With a battery capacity of I ooo mAh, this 

S o  

I oJ 
corresponds to a l i fe of hours = 57 months. Taking into 

24 X I 0 3 

account the reduction i n  capacity ,  \\ hich is 7 °0 per year of the in itia l  
capacity at 3 7°C, the l i fe time in months can be calculated from the 

7 X 
equation I OO O  ( I - - X  ) = 24  X I o-J X 30  X 24 X X .  I OO I 2 

Therefore x = 43 ,  which is the maximum l ife of such a pacemaker i n  
months . At  a frequency o f  9 6  imp/min . ,  the l i fe becomes y months, 
w here 

I 000 ( 1 
7 )' 96 X ) = X 24 X I o J X 30 X 24 X y,  

I 00 I 2 7 2 

therefore y = 34, w hich is the maximum l ife in  months in  this case . 
These calculations ind icate shorter l ives than the 3 - 5  years predicted 

in i tia l ly when pacemakers were implanted . Possibly many authors 
(zoL L  I 964 ; LAGERGREN et a/. I 966) may not have taken into account 
the reduction in capacity of the batteries them elves (7% per year) . 
S ince this reduction is approximate!) 30�0 after 4-5 years the predictions 
were I - I • 5 years too optimistic .  

Natural ly ,  these pred ictions only apply if no complications occur i n  
stimulation, necessitating replacement o f  the pacemaker .  I t  may be 
difficult to decide the exact moment to replace an implanted unit, but 
w i th further pacemaker development a method of monitoring has been 
establ ished which enables this moment to be determined approximately 
i n  certain pacemakers . This w i l l  be considered i n  the fol lowing chapter. 

Replacement at this calculated time is only necessary because the 
power source is exhausted . Some authors have suggested for economic 
reasons construction of a pacemaker which would requ ire battery re
p lacement only, but for rel iabi l i ty replacement of the whole c ircuit is 
preferable, because the electrical components also deteriorate . Al
though the calculated stimulation periods have not yet been achieved , 
greater rel iab i l ity of the electronic components and insulation wi l l  cer-
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tainly make this possible in  the near future. The duration of stimulation 
w i l l  then only be determined by the power source in  the pacemaker. 
Intensive research is now being d i rected toward this object. 

Means of prolonging duration of stimulation using the energy sources 
presently avai lable are being sought in : 
- more efficient and economical continuous stimulation and 
- i ntermittent on-demand (R-wave blocked) stimulation. 

More economical stimulation is achieved by using a lower freguency and 
a lower operationa l charge. The latter is obtained by reducing the 
impulse duration, and if possible, the operational current. Thus 
CHARDACK et a/. ( I 963 )  constructed the ir  pacemaker in such a way , 
that i t  was easy to set the ampl i tude of the output-pulse before and after im
plantation. However, this involves the danger of too fine an adjustment 
of the operational value, so that even a very sl ight increase in th reshold 
may resu lt  in an interruption of stimulation, w ith al l i ts accompanying 
dangers. In Groningen this occurred I I t imes in 3 5  patients (Chapter VI) . 

Our own voltage pacemakers (for defini tions of voltage and current 
pacemakers see : Types of stimulators) are eguipped w ith a second 
magnetic relay besides the freguency regulating relay . Under normal 
cond itions the operational vo ltage of this pacemaker is about 5. 2 V.  
However, i t  can be  raised to the maximum of 6 . 5  V by holding a special 
magnet continuously against the skin near the pacemaker, using the 
polari ty of the magnetic field for the freguency relay . The special 
purpose of this was to enable stimulation to be maintained easi ly in a 
s ituation of imminent battery exhaustion or a temporary rise in  th reshold 
(fig. Vll l -7) .  Although the stimulation thresholds remained w ithin the 
operational value of 5. 2 V in practically al l cases and al though the new 
method of monitoring provided timely warning of exhaustion of the 
batteries, we have retained this relay in our pacemakers '' i th continuous 
current I imitation as well (see fig .  VI I I- I o) . 

In combination w ith our electrodes the operational value is in fact 
l im i ted to I 6- I 8 [LC by the electrode circuit .  The maximum operational 
charge was chosen somewhat h igher, 2o [LC, to al low use of other 
electrodes w ith the pacemaker. As shown in Chapter VI, the threshold 
current rises as the d imensions of the electrodes increase. The combi
nation of a large electrode and a pacemaker with a low operational value 
would have a h igh relative threshold (st imulation threshold/operational 
value x I co%),  which means a sma l l  safety margin. However, to ensure 
a large safety margin with these combinations also, a current l imit  of 
I o mA was chosen. S ince a small electrode has a low threshol d  value, 



i t  i s  c lear that use of such an electrode i n  combination with our pace
maker gives a low rel ative threshold .  

The princip le o f  the current l imited pacemaker offers another ad
vantage ; a large electrode and a h igh threshold associated with a low 
resistance i n  the electrode circuit, automatica l ly results in  a h igh opera
tional value ,  l imited to a maximum value of 1 o mA.  A smal l electrode 
on the other hand has a h igh resistance in the electrode c ircuit, w hich 
results in a lower operationa l  value .  This i s  the case \-Vi th our own 
electrodes, the operational charge does not reach the maximum of 
2o fLC but remains restricted to 1 6- 1 8 fLC. Thus the pacemaker auto
matical ly stimulates more economically wi th the smal l electrode, but 
wi th ei ther large or smal l electrode, a sufficiently wide safety margin i s  
mainta ined.  

In a current pacemaker which has i ts constant operational value de
termined by the pacemaker c ircuit ,  this automatic regulation is absent. 
When such a pacemaker is set at a l ow  operational value, caution is advised 
when larger electrodes are used . The relative threshold may be ob
tained s imply by the Cardiotest at implantation of the electrodes or at 
l ater operations. 

A second possib i l i ty of prolonging the duration of stimulat ion using 
present power sources is offered by the on-demand (R-\\ ave b locked) 
pacemaker, which w i l l  be d iscussed in the last section of this chapter. 

A lthough these methods achieve some i ncrease in the duration of 
stimulation, fu rther i ncrease depends on research i nto the power supply 
i tself, e.g. by developing batteries of the same or a smaller volume wi th 
a greater capaci ty (FURMAN et a/ . 1 9 66). 

At present atomic energy is being i nvestigated as a power source 
(MORROW 1 966) ,  in which the radio active isotope P lutonium 2 3 8  i s  
used . A d isadvantage of this source of energy is the heavy screening 
requ ired when implanted , not so much for the o:-rad iation, but especial ly 
for the neutrons . 

Intensive i nvestigations are also being carried out i n  the field of bio
energy, attempting to make use of body energy. In some cases the ppwer 
obtained i n  this way is combined w ith rechargeabl e  batteries in order 
to ensure stimulation being maintained if the natural power supply fai ls .  
This work is sti l l  i n  the experimental stage, however, al though some 
animal experiments have already been performed . This energy source 
w i l l  be easi ly used for pacemaking because heart stimulation is already 
effective at low voltages and currents. Various methods investigated 
with negative resul ts are : 
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electrical energy l iberated by heart muscle contraction : insufficient 
energy, voltage being only about 1 o m V .  
i nsertion  o f  a turbine generator i n  a blood vesse l : causes haemolysis. 
thermo-electr ic ity : temperature differences too smal l .  
More poss ib i l i ties were offered by conversion o f  mechanical energy 

into electrical energy (zucKER and PARSON N ET 1 964) by means of piezo
electrical ceramic c rystals, which, when defo rmed, p roduce an electrical 
potential and thus m ust be s ited in the body at a point where there i s  
constant movement . The i nvestigators chose two such s ites. A double 
cuff, containing 9- 1 o crystals, on the aorta was subjected to pressure 
variations of 20 - 30  m m  Hg, which produced vol tages of 1 2 - 2 5  V .  I n  
dogs, using a modulator, i mpulses of 1 .  6 msec. w ith a potential of o .  7 5- 1 V 
were produced and gave short periods of cardiac stimulation. At
tachment of the cuff p resented d ifficulties, and i t  was replaced by two 
rigid d iscs. However, this system does not seem to be acceptabl e  as a 
routine measure i n  patients and long term cl in ical use of either version 
has not been reported .  One compl ication may be stenosis of the  aorta a t  
the  crystals s ite wi th accompanying post-stenotic d i latation. 

Attempts have also been made to use other body movements ,  such as 
the excurs ion of the d iaphragm and r ib movements, but aga in no c l inical 
use has been reported . PARSON N ET and ZUCKER ( 1 964) have designed a 
mechanical system with springs and c rystals, to convert this mechanical 
energy into electrical energy, but in practice the d isadvantage of this 
system is the reduced ampl i tude of movement which occurs i n  sleep or 
patho logical cond i tions (pleuritis, pulmonary emphysema) . 

DREIFUS,  SATINSKY et a/. ( 1 9 6 5) attempted to harness body energy by 
using an electrochemical power supply i n  the form of a positive platinum 
electrode and a negative steel electrode, each with a d iameter of 2 . 5  em, 
inserted at fi rst i n  the abdominal cavity, and later on the l eft ventricle 
and the pericard ium . These d iscs gave a D . c .  potential of o . 5-o . 6  V, 
which was transformed by an electronic c i rcuit  i nto i mpulses by which 
the heart cou ld  be stimulated by a bipolar catheter .  Stimu lators ope
rat ing on this principle have al ready been successful ly used for short 
perd iods (max. 40 hours) both in  dogs and during c l inical operations. 
Long term tests are now being carried out, but apart from the d i sadvan
tage of the complicated c i rcuit ,  it seems inevitable that deterioration of 
the d iscs wi l l  take place dur ing long term trials, necessitating their re
placement . Even a smal l  i ncrease i n  threshold  may resu lt  in pac ing fai lu re 
because the maximum voltage avai lab le is l imited , and an i ncrease i n  
i mpulse current results in  a d rop in  voltage due to the i nternal resistance 

2 3 I 



of the source. This latter d isadvantage would be less s ignificant w ith 
larger d iscs, but their size is l imited by the practical d ifficult ies of im
plantation. A modification of this principle was reported by TALAAT et a/. 
( I  967) and SCHALDACH ( I  9 6 8  ) .  

J UHASZ ( 1 9 6 �) i nvestigated the possibi l i ty o f  using photo-cel ls under 
the skin of the neck to increase I ife of n ickel-cadmium cells, as used by 
E LMQVIST and SEN N ING in their first implantab le pacemaker, from 2 - 3  

weeks to 6-8 weeks in  normal sunl ight . Ho\\ ever, Juhasz d i d  not report 
c l i nical use of this sytem but suggested that a 1 oo watt l ight bulb every 
1 4  days may be used as an al ternative to sunlight. It seems that this 
method , investigated also by others (YERUSHALMI et a/ . 1 966 ) ,  has l i ttle 
future and it is merely included for completeness . 

This survey has shown the many ways in  which energy production is 
being approached , but at the present time construction of almost al l 
implantable pacemakers, sti l l  depends on mercury cells with a voltage 
of 1 .  3 0  V and a capaci ty of 1 ooo mAh.  In  the near future, improvement 
and perfection of these batteries w i l l  probably make longer stimulation 
possible, whi lst b io-energy and possibly nuclear energy offer even longer 
periods, but in the more distant future. 

C. I nsulation of stimulation units intended for implantation 

Implantation of an electronic c ircuit and batteries requi res effective 
insulation .  The insulating material should satisfy these requi rements : 

effective insu lation of the pacemaker components, 
acceptance by the body, 
no release of toxic matter after implantation, 
effective up to a maximum temperature of _s-o�c ,  

not only impermeable  to moisture, but no absorption of moisture by 
the material also , 
unshrinkabl e  and 
capable of strong attachment to the electronic components . 

The i nsu lation material used at present i n  practically a l l  pacemakers is 
epoxy resin .  Some i nvestigators use epoxy resin alone (LAGERGREN and 
NATHAN),  others embed the components in epoxy resin and cover the 
whole w ith an extra layer of s i l icon rubber being more acceptable to 
the body (CHARDACK, ZOLL, VAN DEN BERG et aJ.) . Epoxy resin offers 
good electrical insulation and is not rejected or toxic .  
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An important factor, in regard to steri l isation, the maximum tempera
ture to which the insulation material should be effective, is determ ined 
by the temperature to lerance of the batteries, i . e .  5o°C .  As a result of 
this l imit , the choice of epoxy resins is restricted . Recently problems 
with permeabi l i ty to moisture, shrinkage after embedding and attach
ment to the electronic components have presented and have been ap
proached in various ways. Prior to processing, a cl i l uant is added to the 
epoxy resin to l iqu ify it sufficiently , but shortly before embedding of 
the components the d i luted epoxy resin is mixed " ith a hardener, which 
takes effect after a certain  time and partly determines the final consistency . 
Variations occurring during processing may be due primarily to the ra'' 
materials, but also to the relationship between the components . These 
properties may cause not only a d ifference in the u l timate insulation 
material , but also in the speed at which the hardening process takes place. 
A definitive so lution to these problems has not yet been found , although 
improvements have been made.  Thus the permeabi l i ty to moisture, 
which is a feature of every epoxy res in, may be reduced considerably 
by add ition of a third element e .g .  special quartz . 

D ifficul ties encountered with insulating materials are : 
a i r  bubbles in the epoxy resi n  clue to incorrect embedd ing of compo
nents, 
shrinkage of the epoxy resin,  as a result of the so-cal led hardening 
process, which may even occur after several weeks, and manifest as 
detachment of 
the epoxy res in from the electronic components , al low ing hygro
scopic fissures to develop and 
rupture of the epoxy resin  insulation. 

D ifficulties may also arise if there is an excessive d i fference between 
the thermal expansion coefficient of the epoxy resin and electronic 
components. This may be so i f, fo r instance, processing takes place at 
I 8 - 2 o°C and the pacemaker is then implanted . The material is then 
subjected to an i ncrease in temperature of about I 7°C .  This increase 
is even greater if the pacemaker is steril ised at 5o°C,  but only for a brief 
period . Besides these compl ications the electrical c i rcuit may also 
exhibit defects as a result of pressure on the components, which may be 
avoided by choosing an epoxy resin with a h igh degree of elastic i ty .  The 
d isadvantage of this, however, is that an increase in elastic ity is general ly 
accompanied by an i ncrease i n  permeabi l i ty for water, and also h igh 
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Fig. Vlll- 7 .  Effect of changing the operational pacemaker \ alue in the case of a patient 
with an increased threshold. The patient was stimulated by means of our pacemaker, 
containing a second magnetic switch to change the operational value. With the 
(external) magnet 'on' the impulse charge is increased beyond the (increased) threshold. 

external pressures can cause d ifficulties. These may occur in  gas steri l iza
tion, where occasional ly pressures of _5"-6 at. are used . Thus an elastic 
epoxy resin  may be more deformed by an external pressure ,  with resul 
tant effects on  the components, than i f  a hard epoxy resin were used . 

To combine the advantages of various epoxy resins, the insulation is 
sometimes appl ied i n  several layers , for instance an elastic coating around 
the c i rcuit combined wi th a hard external coating. However, the dis
advantage of this is that epoxy resin layers adhere poorly to each other, 
al lowing hygroscopic fissures to develop. 

Thus inadequate i nsulation may be the result of a number of insulation 
defects and entry of moisture (especially the Cl ' ions) , thei r effects being 
accelerated by body temperature. These faults may cause total fai l ure 
of the pacemaker due to rapid exhaustion of the batteries (ANDERSEN 
1 96 2 ;  APPLEBAU M  1 96 2 ;  ZOLL 1 96 3), pacemaker tachycardia which may 
induce ventricular fibri l lation (coSTEAS et a/. 1 96 5" ; ALDRIDGE and KAHN 
1 96 5" ;  NASH 1 96 5" ;  DEKKER 1 966) , pacemaker bradycard ia or  changes in 
i mpulse duration as was noted by us. 

Some authors (DEKKER et a/. 1 9 66) ascribe the fissures around the 
batteries to their expansion as a result of the chemical processes inside 
them. ' ince the type of pacemaker used by Dekker has the same batteries 
as other types, \\ here the phenomenon occurs far less frequently, i t  
would seem that the faul t  was associated with an insulation defect, p re
sumably primarily in the epoxy resin. 

In conclusion it may be stated that the greatest number of fai lures in  
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artificial stimulation of the heart, where the defects are in the stimulator 
i tself, are due to faults in insulation. Experience has led to improvement 
in this field , but further investigation into epoxy resins, as wel l as into 
other materials l ike glass and polyethylene, may offer improvement. 

D. Electrode connection 

Two vulnerable points in the insu lation are where it is perforated for 
the connections of the positive and the negative electrodes . 

In some early types of pacemakers (zou) the electrodes are perma
nently attached to the pacemaker unit .  This may achieve more effective 
insulation, but, when the pacemaker has to be replaced in the course of 
time, either the l eads must be cut and new connections made or the 
whole system must be replaced . 

To faci l i tate s imple and rapid replacement of the pacemaker, most 
have a plug and socket connection with the electrode . The plug being 
on the lead and the socket in the pacemaker. A screw in the wal l of 
the socket, vertical to i ts axis, fixes the plug, and establ ishes contact 
(CHARDACK and VAN DEN BERG et af. ) .  

In  most cases insulation of  the connections is accompl ished by  pressing 
the lead insulation (mostly si l icon rubber) and the pacemaker insulation 
close together and applying s i l icon grease or s i l icon adhesive at the 
junction. Experience has shown that adhesive general ly gives better 
results than grease. The adhesive, however, may cause d ifficulties at 
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pacemaker replacement because of i ts excessive strength. The con
necting sere\'\ s are genera l ly also insu lated by s i l icon grease or adhesive, 
and screened by e.g. a teflon cap or screw . A d isadvantage is that for 
connecting screws w ith the ir  screening caps or teflon screw s proper, 
holes have to be made in the insulating materia l ,  and if the screws are 
tightened too forcibly , fissu res in the epoxy resin around the connection 
may develop. This, in certain pacemakers, leads to oxidation and rust 
fo rmation around the electrode connection, as moistu re penetrates 
through the fissures . This results in a current between d i fferent poles ,  
causing electrolysis and corrosion of the contact plugs and sockets . 

It is possible to connect the indifferent electrode " ithout a screw 
contact : a el ise in the wall of the pacemaker i� used as the ind i fferent 
and is connected to the c ircuit by a loop . This method '' as used by 
ELMQVIST et a/. , NATHAN et a/ . , and also by us for some time. Due to the 
large contact surface and the poor fixation of the disc to the epoxy resin, 
there is a rather h igh risk of fissu res developing under the el ise where 
fluid read ily accumu lates . NATHAN et a/. sti l l  use this method which we 
have modified to obviate the complications of fluid penetration. This 
disc, w ith a s i l icon rubber coating underneath , is both connected and 
fixed by two screws in our latest pacemaker units (fig . I- 1 . ) This modi
fication retains the advantage of the d isc-shaped i nd i fferent electrode 
(Chapter VI) '' ith almost optimal pacemaker insulation and also provides 
an extra safeguard to the heart electrode. Because the screws are held 
in stainless steel sockets, the forces exerted on the resin  are much 
smal ler than if the screw were fixed in  the resin  i tself. This method of 
fixation is partly made possible by the fact that the heart electrode leaves 
para l le l  to the pacemaker '' a l l ,  preventing fractures of the conduction 
lead which occur when it leaves vertica l ly (Chapter VII). Such breakages 
are a d rawback to the plug method of Nathan et a/. Their  method of 
connection of the heart electrode has the advantage of s impl ic ity .  The 
scre\\ S are not used and instead a smal l paw l fixes the plug. There are 
large areas of contact between the pacemaker- and electrode-i nsulating 
material \\· h ich,  '' ith si l icon grease or adhesive, makes insulation 
effective . 

Basica l ly al l pacemaker electrode connections conform to these de
scri ptions, but ind ividual variations may cause d i fficulty in connection of 
one type of pacemaker with another t) pe of electrode .  Some investi 
gators have made special attachments fo r various electrodes to various 
pacemakers . A certain degree of uniformity in this matter is des irable 
for the future .  
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Having considered the problems of constructing an implantable pace
maker, in the fo l low ing section the electronic c i rcuit of various types 
of stimulators wi l l  be d iscussed briefly , with particular reference to the 
c l inical poss ib i l i ties opened up by modern electronics. 

I I I . T Y P E S  O F  S T I M U L A T O R 

The basic unit is described fi rst, then the various types of pacemakers 
developed from it .  

A .  Asynchronous continual stimulator 

The asynchronous continual stimulator is a unit which stimulates the 
heart continual ly at a pre-set constant frequency . The early types of 
implantable pacemakers were constructed on this principele. There 
are two d istinct c ircu its in such a pacemaker :  
- the pulse forming c ircuit and 
- the output c i rcuit .  

The pulse forming c i rcuit  determines the frequency and impulse duration 
of the stimul i ,  whi le the output circuit determines the ampl i tude and 
(general ly) the shape of the impulse . These sections of the pacemaker 
c ircuit are d iscussed separately. 

1 • Pulse forming circuit 

Two d ifferent methods are used in the construction of the pulse forming 
c ircuit .  

a .  B locking oscillator circuit .  Early versions used the blocking osc i l lato r 
c i rcuit  principle, wh ich is sti l l  used in  a number of pacemakers (CHAR
DACK and GREATBATCH ,  ZOLL, ELMQVIST and DAVIES) . 

An example of a blocking osc i l lator c i rcuit i s  shown in fig. VIII- 8 .  
I t  has several variants . The circuit i s  best described by beginning a t  the 
moment an impulse has just been emitted . At  that moment condensor 
C,  has a maximum charge and the transistor Ts , is blocked , because the 
base is positive in this phase. The condensor C, d ischarges through the 
resistance R, , causing the voltage at the base of the p-n-p transistor 
Ts , after a certain period (the interval between impulses) to drop so far 
that the transisto r is bottomed . This generates a current from the emit
ter to the col lector and through the primary coi l L , of the transformer, 
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Fig. Vll l- 8 .  Scheme of asynchronous pacemaker with blocking o!>ci l lator impulse generator 
and current output circuit. 

inducing a voltage in the secondary coil L2 , which is so d irected that the 
potential at the base of the transistor Ts 1 is decreased and the current 
in the primary coi l  increases further, the effect being cumulative. As 
long as the current in  the primary coi l  continues to increase a voltage 
i s  induced i n  the secondary coi l .  After a certain period (the impulse 
duration) the transistor Ts 1 is maximally saturated , then no further 
current i ncrease in  the coi l  L 1  takes place, so that the i nduced voltage 
i n  the secondary co i l  L2 suddenly fal l s  off. Since the condensor C1 has 
been charged during this period , the decrease in induced voltage resul ts 
i n  a positive vo ltage on the base of the p-n-p transistor Ts 1 ,  causing i t  
to b e  cut off, whi le at the same time the current i n  the primary coi l 
also fal l s  away completely. To prevent this causing a reversed potential 
over the primary coi l  due to self- induction, a diode 0 i s  included in the 
c ircuit as a rectifier. The process is repetitive with the condensor C1 
d ischarging once more through the resistance R 1 , unti l ,  after the i nterval 
between the stimuli ,  the basic voltage of the transistor Ts1 has d ropped 
so far that the transistor bottoms again .  

This cycle i s  transmitted v ia the resistance R2 to the base of the n-p-n 
transistor Ts2 , which becomes positive and bottoms w hen a current flows 
through the transistor Ts1 and the coi l  L1 , as occurs during the i mpulse . 
This part of the circuit w i l l  be d iscussed in  the section on the output 
c i rcuit. 

I n  this c i rcuit ,  the frequency is determined by the condensor C1 and 
resistance R 1 • If this resistance is reduced , the condenser d ischarge is 
accelerated, resu lt ing in faster bottoming of the transistor Ts1 and 
the frequency wi l l  be increased . Conversely, an increase i n  resistance 
wi l l  reduce the frequency. The same holds for a decrease or increase of 



the capacity of the condenser C 1 , the frequency being determined by the 
time constant R1 C 1 •  

The impulse duration is determined by a number of components, viz. 
the condenser C 1 ,  the transistor Ts1 , and the transformer with the two 
coi ls L1 and L2 • Besides compl ications w hich may occur in the trans
former, this c ircuit has the d isadvantage that the spread in electrical 
characteristics of transistors is great, and correction to a standard impulse 
duration by choosing other condensers and transformers is d ifficult, 
with the result that the impulse duration of the blocking osci l lator c ircuit 
is difficu l t  to standardize . Impulse duration should be as constant as pos
sible for the photo analysis method discussed later, therefore a total ly 
transistorized c ircuit ,  the free running complementary multivibrator 
c i rcuit is used in our  pacemaker, and is also used by KANTROWITZ and 
RAI LLARD and G LASS and NATHAN inter al . 

b .  Free running multivibrator circuit. A free running multivibrator c ircuit 
i s  shown schematical ly in fig. VII I-9 . Simi larly, this c ircuit is best de
scribed by beginning immediately after an impulse . At that moment the 
transistors Ts 1 and Ts2 are blocked and the condenser C 1 is positively 

Fig. VIII-9. Scheme of asyn
chronous pacemaker with 
(free 1·unning complemen
tary) multivibrator circuit 
impulse generator and vol-
tage output circuit. + 

charged . The condenser then d ischarges through the resistance R2 • At  
a given critical negative voltage at the  base of the p-n-p transistor Ts1 
current begins to flow through it ,  whereupon the col lector voltage of the 
transistor rises, and i s  transmitted via the resistance R3 to the base of the 
n-p-n transistor Ts2 • This transistor then bottoms and a current flows 
through the resistances R4 and R5 •  The col lector voltage of Ts2 then 
drops being transmitted via the condenser C

1 to the base of Ts1 and the 
current at this transistors is further augmented . This effect is cumula-
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tive and continues unti l both transistors have reached maximum conduc
tivity .  This process lasts a few microseconds and corresponds to the 
initia l period of the impulse. The condenser C1  is now charged fu rther 
from the emitter base of Ts 1 ,  the conducting Ts2 and the resistance R5 •  
After a certain t ime - the impulse duration - the condenser is charged 
and fu rther increase in charge increases the voltage at the base of the 
p-n-p transistor Ts 1 beyond the critical negative value ,  so that the tran
sisto r cutts ofl·. The base of the n-p-n transistor Ts2 becomes negative 
fo l io \\ ing the closure of Ts 1 , so that this trans istor also cutts off. The 
whole process is repetitive . Condenser C1  d ischarges again th rough the 
resistance R2 unti l after a certain time - the interval between the im
pulses - the vo ltage has dropped to such an extent that the transisto r Ts 1 
bottoms once more .  

This cycle is transmitted to the transistor Ts3 • Whi le  Ts2 i s  blocked , 
during the interval between the impulses, the base of this n-p-n tran
sistor has the same potential as the em itter, blocking the transisto r. 
However, if Ts2 conducts cu rrent via R2 and R5 ,  the base of Ts3 be
comes posit ive, thus the transistor bottoms. Ts3 therefore only con
ducts during the impulse . The output c ircuit is d iscussed later. 

In the free running complementary multivibrator ci rcu it ,  the fre
quency depends on the condenser C1 and the resistance R2 • An increase 
in resistance causes a fal l  i n  frequency , as in the previous c i rcuit ,  and a 
decrease i n  resistance causes a frequency increase. S imi larly, an increase 
i n  capacity of the condenser C1 results in a fal l  in frequency and a 
decreased capacity in a frequency increase. This frequency is determined 
by the time constant R2C 1 • The i mpulse duration can be set accu
rately with this c i rcuit , by selection of the resistance R3 and the tran
s istor Ts2 • A n  increase of the resistance R3 results in a lower cur
rent through Ts2 , so that i t  takes longer for the condensor C 1  to 
become charged , causing the impulse duration to increase . If the resis
tance R3 is reduced the impulse duration is shortened . The spread 
of transistor characteristics may thus be corrected by carefu l choice of 
R3 • Within certain l imits variations i n  R2 therefore only affect the 
frequency and variations in R3 only affect the impulse duration, 
while, variations in the other resistances in the c i rcuit  have no effect 
on either. The circuit is affected by reduction in battery voltage, how
ever, resul t ing in  a decrease of the current ampl ification of Ts2 , so 
that the condenser C1 is charged less rapidly and the impulse duration 
is i ncreased . But frequency is less aflected by battery vol tage ; the con
denser C 1  discharges more slowly because of the sma l ler  d ifference in 



vol tage, but there i s  a smal ler fal l  i n  potential before the transistor Ts, is 
opened . 

Our pacemaker conforms to this c i rcuit description. Other investi
gators have modified the c ircuit  in such a way that a decrease in battery 
vol tage results i n  a considerable  drop in stimulation frequency, both i n  
the b locking osc i l lator c ircuit  (cHARDACK and GREATBATcH) and i n  the 
completely transistorized c ircuit  (ZOLL et a/ . ) .  Our view was, however, 
that a great frequency drop was not des irab le .  Since the impulse 
duration of our pacemakers is uniform if the batteries are ful ly charged , 
an i ncrease in  impulse duration gives a good indication of the i r  ex
haustion as w i l l  be described in the section on photo analysis in the 
next chapter. Moreover, as increase in impulse duration is accompanied 
by decrease i n  relative threshold  giving a greater margin of safety , we 
have selected this pulse forming c ircuit  for our pacemakers. 

2. Output circuit 

The output c i rcuit is the second section of the pacemaker c ircuit .  I t  
determines the shape and ampl i tude of the impulse. Two types of c i rcuit , 
voltage or  current, may be used , either of which may be combined with 
either of the pulse forming c ircuits .  

The output circuit (see diagrams of the various c i rcuits) is connected 
to the pulse forming c ircuit  via a transistor, which protects it against 
resistance variations in the electrode c i rcuit .  Initial ly we and other 
i nvestigators (KANTROWITZ et a/. 1 964) constructed the output c i rcuit  
in  such a way that resistance variations resulted either in an increase in 
frequency or  an i nc rease i n  impulse duration .  The first method of con
nection of the two types of output c i rcuit is used by us and most other 
investigators at present. 

a.  Voltage circuit . A voltage output circu it  (see d iagram fig. VIII-9) is best 
described by beginning immediately before an impulse. At this time the 
transistorTs3 is still blocked and thecondenserC2 i s  ful ly charged . The pulse 
forming c ircuit  now del ivers a posit ive voltage to the base of the n-p-n 
transistor Ts3 for a certain period, the duration of the impulse . This 
opens the transistor ,  and results in the condenser c2 beginning to d is
charge through the tissues for the duration of the impulse . At the end 
of the i mpulse, the posit ive voltage of the base of the n-p-n transistor Ts3 
fal l s  off, so that this transistor c loses , terminating the current impulse 
through the tissues . Whilst a new i mpulse is being developed i n  the 
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pulse forming c i rcuit the condenser c2 is being charged via the resistance 
R6 , the electrode c ircuit and the batteries. When the base of Ts3 be
comes positive again, the condenser d ischarges once more, and the cycle 
i s  repeated . Thus, during the i mpulse, a current flows through the 
tissue between the electrodes, i ts value being called the operational value .  
During the interval between the i mpulses, current flows in  the reversed 
d i rection, the two currents neutralising each other, because of the con
denser coup ling. The biphasic impulse e l imi nates polarization phenomena 
at the frequenc) and impulse duration used , as described in Chapter VI .  

The maximum ampl i tude, i . e .  the  maximum current of the impulse, i s  
determined by the resistance R5 and the properties of  the transistor Ts3 • 
The resistance R5 l im i ts the maximum base current of Ts3 , which i n  turn 
determines the maximum current which Ts3 can transm i t  from emi tter 
to coll ector. General ly, however, this maximum current does not flow 
through the electrode circui t  because of i ts relatively large resistance. 

The princip le  of the pacemaker with a vol tage output c i rcuit  is 
condenser discharge during the impulse depending on the (rest) potential 
of the condenser and the resistance i n  the electrode c ircuit .  A decrease 
i n  resistance results i n  a h igher maxima l  current, accordi ng to the formula 

V max = i max X R 
The max imum current i s  thus i nversely proportional to the resistance . 
I t  also fol lows that, the resistance in  the c ircuit being constant, the 
maximum current is proportional to the vol tage V of the condenser. 
Since this voltage depends on the battery voltage and the resistance R6 , 
these factors also affect the ampli tude. 

The shape of the impulse is determined by the condenser C2 • To a 
condenser the formula appl ies : 

Q..= C x V, where 
Q__ = charge of the condenser, 
C = capaci ty of the condenser, and 
V = potential d ifference over the condenser. 
During a st imulation impulse, the condensor charge fal l s  w i th the 

operational c harge, and s ince the capacity is constant the voltage V 
fal ls .  I n  a low capacity condenser the operational charge w i l l  cause a 
relatively greater drop i n  voltage than one of large capacity .  The min i 
mum voltage across the e lectrode c ircuit, which i s  equal to the voltage 
at the end of the i mpulse, w i l l  therefore be h igher with a large capacity 
condenser. The i mpulse slope, which depicts the drop in voltage during 
the i mpulse, w i l l  therefore be steeper for a small condenser than for 



a large one . This may be elucidated by an example .  
For a condenser with a capacity of 6o fLF and a battery voltage of 6 . 5  V ,  

the charge of the condenser a t  the beginning of the impulse is 

Q..= C x V = 6o X l o-6 x 6 . 5 C = 390 [LC 

provided that R6 i s  smal l .  A t  an operational charge of 2 o  fLC, the charge 
at the end of the impulse is 3 70 [J.C.  As a resul t  of the operational charge, 
the voltage over the condenser has then dropped by 

Q__ 2 0  
V = - = -- V 1":::1 o .  H V .  

C 6o 

At a polarization potential of 1 · 5  V ,  the voltage avai lable at the end 
of the impulse i . e .  the voltage avai lable to send a current through the 
resistance R i s  then 

v = 6 . 5 - ( 1 . 5  + O . H)V = 4· 65  v 
The m inimum current is then 4 . 6 5  V : R ohm. 

For a smaller condenser with a capacity of 1 o fLF,  the charge at the be
ginning of an i mpulse i s  

Q__= c x v = t o  x l o- 6 x 6 . 5C 1":::1 6 5  fLC .  

At  an operational charge of 2 o  fLC, the potential over  the condensor 
d rops by 

V = 
Q__ 

= 
20 

V = 2Y. At a polarization potential of 1 . 5V ,  the voltage c 1 0  

avai lable at the end of  the impulse is 

v = 6 . 5 - ( 1 . 5  + 2 )  = 3 V  

The minimum current i s  then 3 V : R ohm. 
Thus, i t  fol lows that the m inimum current is larger for the l arge 

than for the small condenser, the latter giving a steeper impulse slope 
at a given operational charge. 

The slope i tself i s  not perfectly exponential , because the load i s  
complex during the pacemaker i mpulse. When current flows through 
the electrodes the back e .m . f. of polarization is not l inearly related to 
the current, as it increases at a constant current strength to a final value, 
taken to be 1 . 5V in our examples (measurements in  fig. VI-34) .  As 
the back e .m . f. develops rapidly, however, current decrease i s  a lmost 
exponential after a short time, so that the fol lowing formula may be 



app l i ed to current at a fixed time interval ,  o .  !i msec after the onset of the 
i mpulse. 

io j o. 5 ; I  j I · 5 - � - -
io . 5  j I j 1 . 5 i 2 

This provides another method of monitoring the stimulation unit ,  
(see Chapter IX) .  

From the equation V = ( i t  also fol io '' s that a larger operational 

charge Q.. , which may be due to a decrease i n  the resistance of the elec
trode c ircuit , results in a steeper i mpulse grad ient (fig. IX-8 ,  I I ) . At an 
operational charge of 30 f.LC,  the condenser of 6o f.LF wi l l  then provide an 
avai lable potential of : 

V = 6 . !j - ( I ·!i  ...... o . s)V = 4· !iV and the condenser of 1 o f.LF  an 
available potential of: 

l' = 6 . !j - ( I  · !i + 3)Y = 2V at the end of the impulse. 
I n  conclus ion it may be stated about the output c i rcuit in a voltage 

pacemaker that : 
- a condenser w ith a large capaci ty provides a h igher avai lab le voltage at 

the end of the impulse, i . e .  the i mpulse has a smal ler slope, than wi th a 
smal l capacity condenser, 
the avai lab le  voltage at the end of the impulse of a given condenser 
decreases w ith increasing operational charge, i . e .  the i mpulse has a 
steeper s lope for a h igh operational charge than for a low one. 
The advantages of the vol tage c ircuit are that the operational charge is 

adaptabl e  to various electrodes (Chapter VI I I-energy) , and that analysis of 
the effect of variations in resistance in the e lectrode c ircuit indicates the 
condition of this c i rcuit (Chapter IX-photo analysis) . 

b .  Current circuit . A d iagram of the output c i rcuit of a current pace
maker is shown in fig. VII I- 8 .  In comparison with the c ircuit in fig. 
Vll l -9 the i mportant d ifference is the extra resistance R4 , w hich is much 
larger than the resistance in the rest of the electrode c ircuit, and thus 
ensures a v irtual ly constant current during the impulse. This current 
is proportional to the battery vo ltage, and variations in resistance in the 
rest of the electrode circuit ,  provided that they remain much smal ler 
than R4 , do not affect the shape and ampl i tude of the impulse. A tran
sistor c i rcuit may also be used (scHNEIDER I 966) as an alternative to this 
h igh output resistance, but the large volume of such a c i rcuit prevents 
i ts use in i mplantable pacemakers. 



The current output c i rcuit ,  used by ZOLL and CHARDACK and GREAT
BATCH inter a/ . , has the advantage that the output impulse remains 
constant in  spite of variations in the electrode c i rcuit ,  but analysis of 
the condition of the c i rcuit by the photo analysis method is then impos
s ible. Moreover, the operational charge is not adaptable to other elec
trodes (Chapter VII I-energy). Another d rawback of this c i rcuit is that 
the ampl i tude of the impulse is l im i ted to relatively low levels at a given 
battery voltage. zou, who uses large suture electrodes with a h igh 
threshold ,  thus needs 6 batteries to obta in an operational current of 
I 5 mA and a sufficient safety margin, but the coil electrodes used by 
CHARDACK et a/ . have a lower threshol d  and 5 batteries are sufficient for 
thei r pacemaker. According to the ir  pulse forming and output c i rcuit 
asynchronous fixed-rate pacemakers may be classified i nto four  groups. 

pulse forming c ircuit 

- blocking oscillator 

- blocking o�cil lator 

- free running complementary 
multivibrator . . . . . . 

- free running complementary 
multivibrator . . 

output ci rcuit 

current 

voltage 

current 

voltage 

example 

CHARDA C K  et a/. 

ELMQVJST et a/. 

ZOLL "t a/. 

VAN DEN BERG ct a/. 

c. Current limited voltage circuit. This pacemaker was developed to 
i ncrease the l i fe of i mplanted voltage pacemakers by governing the 
maximum current flow i n  the electrode c i rcuit .  From threshold 
measurements (Chapter VI) it was found that with a max imum operational 
current of I o mA for both the i ntramura l  and intracardiac electrodes used 
by us, a sufficient relative threshold was obtained . This means that a 
sufficient safety margin exists throughout the 2 msec impulse. The 
maximum charge transmitted through the tissues per impulse is 2o (J.C,  
thus battery d ischarge per  i mpulse is restricted and h igh operational 
values, which otherwise occur with a low resistance in the electrode 
c i rcuit ,  are l im i ted to this value and the charge d ifference is saved . 

The current l imitation may be accomplished simply by selection of 
R5a, R5b and the transistor Ts3 i n  the output c i rcuit (fig. VI I I- I o) to 
give the maximum desired current from the emitter to the col lector 
through the transistor and thus through the electrode c i rcuit . This i s  
I o mA in  ou r  pacemaker. 

Because of this current l imitation, the impulse shape is not identical 
with that of the unl imited voltage pacemaker, except wi th large re-



Fig. Vlll- I o .  Diagram of output circuit 
(see fig. VIII-9) with two operational 
values, chosen by means of a magnetic 
switch. 

r 

sistances. The impulse exhibits the same pattern as long as the i ni tial 
operational current does not reach the maximum value of I o mA .  This 
means that w i th a battery voltage of 6 . sV a polarization voltage of I . s V  
and a resistance i n  the c ircuit of 

V s . o V 
R = - = - - = soo ohm 

I o  mA 

the current l imi tation i s  not in use. Therefore ,  with resistances of soo 
ohm or more, the i mpulse shape wi l l  be that of a voltage pacemaker, 
the operational current being determined by the effective resistance in  
the electrode circuit .  

However, w i th small resistances in the c ircui t  the i mpulse i s  total ly 
determined by the current l im itation, which is calculated simply ; during 
the 2 msec impulse, the charge of the condenser has decreased by 2 o f:l. C, 
and with a 6 . 8  f:J.F  condenser as used in our pacemaker, the potential 
over it has dropped by 

Q_ 2o x I o-6 C  
V = - = = 3 V  

C 6 . 8  x I o-6 F 

as a resul t  of the reduced charge . Moreover, at the end of the impulse 
the available potential is decreased by I .  5 V due to polarization .  At  the 
end of a total ly l imited impulse the avai lable potential is therefore 

v = 6 . 5 - ( 1 . s  ..... 3) v = 2 v 

Since the l im i ted current is I o mA a resistance of 

R = 
v 2 

ohm = 2oo ohm 
I 0 X I o- 3 



is j ust compatible wi th the requirement. With a resistance equal to or  
lower than 2oo ohm the i mpulse is l imited by the c ircui t ,  a s  i n  a current 
pacemaker. With a resistance larger than 2oo ohm but smaller than 
500 o hm the shape of a voltage pacemaker impulse appears later in the 
impulse, making the whole i mpulse shape d ifferent from previous 
patterns . There is a p lateau (fig. vm. I I ) at the beginning of the i mpulse, 

I 
v max 

A 

- · -

! max 

- 1: -c 

B 

- · -
Fig. Vlll- 1 1 .  Scheme of the impulses of the three types of pacemakers. 

- · -

A .  Current pacemaker ;  B.  Current l imited pacemaker ; C. Voltage pacemaker. 
Vmax : maximal voltage ; -rc : plateau with virtually constant voltage ; S :  slope ; -r :  i mpulse 
duration. 

caused by the current l imitation, fo l lowed by a slope s imilar to that of a 
vo ltage pacemaker. For example ,  w i th a current l imi ted voltage pace
maker loaded wi th a resistance of 3 50 ohm, for maintenance of the max i 
mum current of I o m A  through this resistance, an availab le potential i s  
requ ired of 

V = i X R = I o  X I o-3 X 3 50 = 3 · 5  V 

At the beginning of the i mpulse there is a potential of 6 . 5  V over the 
condenser. The avail able potential is, however, very rapidly reduced to 
5 . 0  V by the back e . m . f. of polarization. The potential over the con
denser may thus drop 6 . 5 - I · 5 - 3 · 5  = I · 5  V to meet the requi re
ment that the max imum current is sti l l  I o mA.  With our condenser 
of 6. 8 (.LF, a drop in potential of I .  5 V means a charge loss of 

Q__ = V X ( = I . 5 X 6. 8 X I o-6 = I o .  2 (..1. C 

The current is I o  m A  during this d ischarge, so the d ischarge of I o . 2  (.LC 
takes p lace i n  

t = Q__ = I o . 2  X 

I 0 X I o-3 
I . o 2  n1sec 

After this t ime, the voltage over the condenser has fal len to such an 

247 



extent, that the condenser i s  no longer able to supply 1 o m A  through 
the circuit , and the current then decreases w ith i ncreasing d ischarge, 
resulting in  a bend fol lowed by a slope comparable to that of a voltage 
pacemaker, s ince the current is now determined by the avai lable vol tage 
over the electrode c i rcuit . 

I t  fo l lows that the duration of the p lateau decreases as the resistance 
in the c i rcuit i ncreases from 2oo towards 500 ohm. 

In practice, w i th the resistance being a . o .  heart muscle ,  the i mpulse shape 
is unchanged , but the calculation of the point at which the kink occurs 
i s  more complicated , because during the impulse the polarization poten
tial bui lds up to a maximum of 1 .  5V causing the effective voltage through 
the condenser to decrease due to the current d rain, the calculation i s  
outside the scope of  this report . 

A number of variations of the most common types of asynchronous 
fixed rate pacemakers have now been d iscussed . Many other modifica
t ions are possib le ,  but any al teration of the circuit entai ls  greater com
plexity and thus greater risk of defects, and the compl ications of such a 
change must be carefu l ly weighed against i ts advantages . Considerable  
changes were necessar) for new methods of  sti mu lation , viz. the  P
wave triggered and the R-wave contro l led pacemaker. These types of 
stimulators a re in some respects extensions by means of additional 
c i rcuits of the fixed rate pacemaker. 

B. P-wave triggered synchronous pacemaker 

The principle of this stimulator is the replacement of the defective 
atrio-ventricular conduction by an electronic c i rcuit , as al ready mention
ed i n  Chapter IV .  

Such a c i rcu i t  requi res : 
a .  detection of the atrial depolarization , 
b .  additional c i rcuits to modify the atria l  signal to be suitable after a delay 

(the artificial P-R i nterval) to in itiate the i mpulse , 
c .  stimulat ion of the ventricles, 
and these aspects were examined for the development of such a pace
maker. 

a .  Detection if atrial depolarization 

Detection of the atrial signal is only practicable at the myocard ial surface, 
e ither endocardia l ly or  epicard ial ly , because of the thinness of the atrial 



wal l .  We used epicardial d i sc electrodes with E lmqvist's and Senni ng's 
technique (fig. VI-7) o r  semi embedded coi l  detector electrodes, a 
modification of Nathan' s  method (fig. VII I- 1 2 ) .  

Fig. Vll l- 1 2 .  Epicardial e lectrode for the 
detection of atrial depolarisation, the 
frame is fixed by two sutures. The top 
structure is used for holding the frame 
during the fixation and is removed after
wards. 

The detections were performed in 5 dogs , potentials were determined 
for combinations of seven ind ifferent electrodes (suture-, d i sc-) and eight 
ventricular electrodes (pin- , suture- and l oop-) . In three of the dogs 
heart block was created via the right atrium,  and fol lowing this, the 
depolarization potential was found to be total ly d ifferent from the pre-

Fig. Vll l- 1 3 .  Voltages detected from 
the right atrium before and after the 
production of a heartblock (open 
method) in  a dog. 
The detection electrode was located 
between the atrial incission and the an
nulus fibrosis. Indifferent electrode in  
the thoracic wal l .  
A .  before production of heartblock, 
atrial depolarization�, fol lowed by 
ventricular signals, 
B. atrial depolarizations immediately 
and 
C. 7 days after production of heart
block. 
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operative pattern. In one dog the signal recovered after some time (fig. 
VI II- I 3) ,  and i n  the other two dogs after a second thoracotomy in approx
i mately 2 weeks left atrial potentials were detected . In the two dogs 
who d id not have heart b l�ck, the signal was detected from the left 
atr ium. u 

The signal achieved in a l l  these dogs showed a variabl e  ini tial positive 
deflection fol lowed by a powerfu l  rapid negative phase , and return to 
the zero point. We, therefore, chose the negative phase to trigger the 
pacemaker. 

The amplitude of this signal using a unipolar detector was practical ly 
identical to that with a bipolar detector electrode. The mean ampl i tude 
detected from the seven unipolar systems was 7 · 3 mY (6. I - 8 . 3 ) i m
mediately after introduction of the e lectrodes and 7 ·4 m V (7 . I -8 .  3 )  
from the eight bipolar systems. During the fi rst 4 to 6 weeks after im
plantation this amplitude decreased to 2 5- J O %  of the in itial value, 
thereafter the detected voltage stabi l ized ; one dog (fig. VIII- I 4) was 
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Fig. VIII- 1 4. Maximal amplitude of negative peak of electro-atriogram versus days after 
electrode implantation in a dog. 
Epicardial disc detection electrode on the left atrium. Voltages virtually independent of 
the place and the type of the indifferent electrode, suture or plate in the thoracic wal l ,  
l oop electrodes in  the left and right ventricle. 

fol lowed up for longer than one year. The decrease in ampl i tude was a 
resul t  of tissue formation around the electrode, increasing the d istance 
between the active tissue and the electrode, as was also seen in R-wave 
detection descri bed later. 



Our final mean value of I . 6 m V ( I .4- 2 .  o mY) is somewhat lower than 
those given by CENTER et a/. ( I  96 3 ) .  In their animal experiments they 
found 2 -8  mY on i mplantation, and after 4-6 weeks 3 m V  on average, 
and values of 2 . o-4 . .5" m V after 3 - 2  I months in patients . CAR LENS ( I  965") 

using epicardial detection on his patients found i nitial values of  I - 7  m V,  
which stab i l ised a t  I · S- 2 . S  mV . 

RODEWALD et a/. ( I  9 6  5) reported c linical experience with i ntra
cardiac detection finding that 47% of the i nitial measurements proved to 
give values lower than o . 9  mY immediately after i ntroduction of the 
catheter electrode. 

On this basis our P-wave triggered pacemaker of which a block 
diagram is given i n  fig. VII I- I s , was set at an input sensitivity of 0 . 9  m V 
with the frequency band of the i nput c ircuit set at 2 s- I so Hz. Other 
authors mention a frequency response of 2o - 2oo  Hz (NATHl\N , CENTER 
et a/. I 964) and s- I 00 Hz (cAR LENS et a/. I 96  s) . 

Fig. VJII- 1 s. Block scheme of the P-wave triggered synchronous pacemaker. 
1 .  atrial detection electrode (P-wave). 
2 .  detector. 
J .  ampl ifier. 
4· delay circuit (atrio-ventricular delay time). 
S· pube forming c i rcuit. 
6. output c i rcuit. 
7. blockade of detector. 
8. ventricular stimulation electrode. 

b .  Delay circuit 

The detected signals are amplified and modified , and then fed through 
a delay circuit into the pulse forming ci rcuit .  The purpose of the delay 
being both to al low physiological activation of the ventricles if sinus 
rhythm returns, the pacemaker stimulus then fal l ing in the ventricular 
refractory period , and when complete A-V block exists , to stimulate 

2 S t  



the heart only after complete ventricular fi l l ing. In order to meet both 
these requirements , the delay should be equal to or a l i ttle longer than 
the P -R  period of a normal ly  functioning heart. We set this to be 1 90 
msec ; NATHAN et a/. ( 1 964) chose a time of 1 6o msec, whereas the 70 
msec delay used by Carlens was so chosen that the heart is continual ly 
stimulated by the pacemaker, and normal ly conducted system beats do 
occur in the refractory period of the artificial contractions . Return 
of s inus rhythm cannot then be uti l ized . 

After this delay the signal reaches the pulse fo rming c i rcuit .  

c .  Ventricular stimulation 

The pulse fo rming c i rcuit  and the output c i rcuit are identical to the 
asynchronous c i rcu its dea l t  w i th above. Our P-wave pacemaker consists 
of a free running multivibrator c ircuit as the pulse forming circu it ,  and a 
voltage output  c i rcuit .  The impulse freguency of the former is set at 
6 5/min .  Therefore, if P-wave signals are absent or  too weak to be 
detected , the P-wave pacemaker stimulates the heart at a constant 
frequency of 6 5jmin . This a lso occurs if the atrial rate fal l s  below this 
constant value .  When the P-wave rate is h igher, the signals reach the 
pulse forming c i rcuit in  the phase in which the voltage of the condenser 
C1 has not yet decreased enough by i ts d ischarge through the resistance 
R2 to open the transistor Ts 1 (fig. Vll l-9). The c i rcuit of the P-wave 
triggered pacemaker is now such that the delayed P-wave i mpulse 
affects the base of the transistors Ts 1 and Ts2 which are opened . An 
impulse is formed in  the manner previously described and stimu lates 
the heart via the ventricular electrode(s) of the output c i rcuit .  

To prevent the electrical stimulus from being detected by the atrial 
electrode and triggering the circu it ,  causing the pacemaker to react to 
i ts own signals , the i mpulse is also administered to a blocking c i rcuit, 
which blocks the detector c i rcuit  for 2 oo msec . A P-wave signal 
detected after ( 1 90 + 2 oo) msec . can once more trigger the c i rcuit .  
The max imum freguency attainable  through this c i rcuit  is determined 
by the total delay in the c i rcuit ,  i . e .  the delay time and the blocking 
t ime. In our P-wave pacemaker in dogs the maximum frequency is 
6o .ooo n1sec . 
------ = 1 54 impulses per minute . I f  the atria l  frequency rises 
390  msec . 
above 1 54 per m inute, each second detected signal fal l s  in  the delay 
period, so that for atria l  rates between 1 55- 309/min  the ventricular 
rate i s  half that of the atrial rate . For the ir  P-wave triggered pacemaker 



Nathan, Center et a l . ,  i n  c l inical use probably increased the total 
delay period by i ncreasing the blocking time, giving a maximum fre
quency of I I ofm in ; Carl ens et al . used maximum frequencies of I 50- I 70/ 
min .  

d. Application 

We used the c i rcuit for synchronous stimulation i n  animal experiments 
(fig. VI I I - I 6) . A l though the advances made i n  the field of electronics 
now make it possible to construct a rel iable c i rcuit ,  i n  spite of i ts com
plexity ,  the restricted l i fe of this pacemaker deterred us from developing 
an implantabl e  unit .  The addit ional c i rcuits of a P-wave triggered pace
maker requi re a relatively high current, for the ampl i fication of the 
signal , the delay c i rcu it  and the b lock ing c i rcuit, lead ing to rapid ex
haustion  of the batteries .  In our case the current consumption of the 
extra c ircuits at a frequency of 7 2{min .  is 2o [J.A .  As discussed before 
(see Energy) the pulse forming and the output c i rcuit have a current 
consumption of 24- [.L A .  W ithout the extra c i rcuits the unit would have 
a l ife of 4-3 months, but us ing the same number of batteries of I ooo mA 
and connecting the add it ional c i rcuits a t  an atrial rate of  7 2/min .  the 
l i fe of the unit is reduced by I 7 months. NATHAN ( I 964-) mentioned a 
l i fe of 3 years for his pacemaker, and LAGE RG REN and CARLENS two 
years, at a mean frequency of 7o{min . ,  but it should be born i n  mind that 
the l i fe of an atrial triggered pacemaker is approximately inversely 
proportional to the atrial rate thus rates above 70 further reduce pace
maker l ife . 

It is relatively easy to ach ieve a s imi lar l i fe for the P-wave pacemaker 
as for the asynch ronous pacemaker however. The extra c i rcuits only 
require a low voltage, which can be suppl ied by two additional batteries 
in series with the 5 other batteries serving only to power the pulse 
forming and output c i rcuits .  A total of 7 batteries must then be in
cluded in the pacemaker, making it too large and heavy . 

For this reason and others mentioned i n  Chapter IV we have not 
constructed an implantable unit of this type for c l inical use. The R-wave 
contro l led pacemaker offered several of the advantages of the P-wave 
pacemaker but was less compl icated and had a longer l i fe .  Its develop
ment is discussed now .  

C. R-wave controlled on-demand pacemaker 

The principle of the R-wave contro l led pacemaker (see Chapter IV) is 
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Fig. Vlll- 1 6 . P-wave triggered pacemaker in a dog. 
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A :  Disconnection (-) of the atrial detection and ventricular stimulation electrode. 
B and C :  Recordings after injection of Acetylcholine. 
B :  The proper heart frequency drops temporarily to such an extent that the heart is 
stimulated at the fixed minimal frequency of the pacemaker (-).  
C :  Recovery of the heart, synchronous stimulation at increasing heart frequency. 



that i t  should only effectively stimulate the heart if the ventricular rate 
fal l s  below its predetermined rate or if a complete cardiac arrest occurs .  
The R-wave control led pacemaker may be  subdivided into R-wave 
blocked and R-wave triggered types , accord ing to the eftect of the 
detected R-wave on the pulse forming ci rcuit . The R-wave triggered 
pacemaker is s imi lar to the P-wave triggered pacemaker, i . e .  a triggered 
pacemaker with a very short or negl igible delay .  

Here we  sha l l  describe ou r  R-wave b locked pacemaker where the 
detected signa l ,  in contrast to that with triggered pacemakers, blocks 
the pulse forming ci rcui t  instead of activating it. This pacemaker re
quires : 
a .  detection of ventricular activity , 
b .  additional c i rcuits ,  primari ly a blocking c ircuit, which modifies the 

ventricular signal , so as to block stimulation of the ventricles , 
c .  stimulation of the ventricles . 

It was fi rst investigated experimental ly and after the development of a 
prototype, research continued cl inical ly .  

a .  Detection l!f. ventricular depolarization 

It has been previously shown (Chapter IV) that with an extracorporal 
unit, e .g. monitoring apparatus, skin electrodes can be used to detect 
heart activity . This type of intermittent stimulation is only used for a 
l imited period . The i mplantable unit for long term stimulation , d iscussed 
here, requires d i rect p ick-up of the ventricular ECG and for this purpose 
heart electrodes : epicardial , i ntramural or endocardial (see Chapter V I) 
may be used . 

The shape, size and frequency of the detected signal are of particular 
importance. Research carried out by ROOS ( 1 964) showed that the shape 
of the signal depends on the l ocation of the electrode on the ventricles . 
However, a l l  signals d isplayed a negative phase, su itable to trigger the 
pacemaker. Roos' experiments were i nvestigating the propagation of the 
depolarization wave over the ventricles, and were therefo re of a short 
term nature only. So we investigated the ventricular signal with long 
term experiments in 5 dogs . 2 pin electrodes and 8 loop electrodes 
were placed at random in the ventricular myocardium of each dog. 
The ventricular potentials were measured in combination with ind ifferent 
e lectrodes (disc, suture) and in combination with other card iac elec
trodes, both ventricular and atrial . In al l ,  1 o ventricular electrodes were 
used in 2 1 combinations to detect ventricular activity .  The size of 



the rapid negative phase of the potentials i mmediately after i mplanta
tion of the electrode was a mean of 2 o . 8  mY ( I  _5" . _5"- 3 3  mY). As with 
atrial signals, this ampl itude decreased during the first 4-6 weeks due 
to tissue formation, after which t ime a stab le level was reached at a mean 
of 8 mY (6 . 6- I I mY). The signals from pin electrodes were observed 
for over a year in one animal . The average values of the negative phase 
of p in  electrodes in combination w ith suture and disc indifferent elec
trodes are shown in  fig. VII I- I 7. Analysis of the slope of the negative 
phase of the signal gave values corresponding to the maximum slope of a 
wave of 3 5-4.5" Hz.  Based on this result, the sensitivity of the detector 
c i rcuit of the pacemaker was chosen so that signals i n  the frequency- range 
2o- I so Hz and w ith a m inimum ampl i tude of 4 m V were sufficient to 
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Fig. Vl l l- 1 7 .  Maximal amplitude of negative peak of electro-ventriculogram versus days 
after electrode implantation in  a dog. Intramural p in electrode on the left ventric le .  
Voltage virtually i ndependent of the place and the type of the indifferent electrode, 
suture in the right and disc in the left thoracic wal l .  

block the pulse forming c ircuit, see block diagram fig . VII I- I 8 .  It 
was also poss ible to reduce the sensit ivity to extraneous electrical signals 
(A .  C. mains of so and 6o Hz) to such an extent that the pacemaker is not 
blocked when the patient comes in contact with badly i nsulated house
hold apparatus etc . 

b .  Blocking circuit 

The signals detected in this way are ampl ified and modified in the i nput 
c i rcuit  of the pacemaker. In contrast to the P-wave pacemaker, the 
s ignal is not delayed , s ince in this case A-V conduction i s  not being 



replaced, but i t  is transmitted d i rectly through the blocking c ircuit  to the 
pulse forming and output c i rcuits through which ventricular stimulation 
occurs .  

c .  Ventricular stimulation 

The pulse forming and output c i rcuit of our R-wave pacemaker are 
identical to those of our  asynchronous fixed rate pacemaker. There is a 
voltage output c i rcu i t  and the pu lse forming c ircuit i s  set at a constant 
frequency of 6.5" imp/min .  If no signal is detected , if the signal fre
quency fal ls below 6 5{min, o r  if the signal is too smal l to be detected , 

E 

Fig. VIII- I 8 .  Block scheme of the R-wave blocked - on demand - pacemaker. 
1 • detector 3 .  pacemaker 
2. blockade of pacemake•· 4· blockade of detector. 
E :  ventricular detection and stimulation electrode. 
MS : magnetic switch. 

the heart is stimulated at a constant frequency of 6 5 i mp/min .  by this 
c i rcuit .  

If s inus rhythm returns or  there is a rapid id ioventricular rhythm and 
the natural ventricular activity exceeds 6 5 /min . , the ventricular 
signals detected conti nual ly block the pacemaker, preventing it from 
stimulat ing the heart. The blocking c ircuit  then acts at two points in 
the pacemaker c ircuit .  If the ventricular frequency is h igher than the 
pacemaker frequency, the ventricular signals reach the pulse forming 
c ircuit  when the condenser C1  i n  fig. V III-9 has not yet d ischarged enough 
to open the transistor Ts1 • The blocking c i rcuit  now operates in such a 
manner that the transistor blocks the output c i rcuit  and the d ischarge 
from the condenser C ,  is reset to i ts in itial phase immed iately after an 
impulse . The condenser discharges again and the cycle is repeated . 
If this d ischarge i s  not interrupted prematurely however by a detected 
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Fig. Vlll- 1 9 . R-wave blocked pacemaker in a dog. 
A :  Blocking disconnected (-) by means of magnetic switch. Interference. 
B :  Effect of a variation of the minimal pacemaker frequency. When this frequency is increased beyond the heart frequency, the 

ventricle is asynchronously stimulated by the pacemaker. 
C :  Effect of a variation of the heart frequency, after an injection of Acetylchol ine. When the heart frequency drops beyond the minimal pace

maker frequency ( ) , the ventricle is stimulated by the pacemaker. The pacemaker stimulation is two time; interrupeed by a proper 
ventricular contraction . 



signa l ,  the voltage over C, d rops so far that the transistor Ts, i s  opened 
and an impulse passes as in asynchronous fixed-rate pacing to stimulate the 
heart. 

To prevent this stimulus from being detected , wh ich \\ Ott ld  resul t  in  a 
p rolonged i nterval between stimu l i  and a lower, i rregular frequency, a 
portion of it is fed i nto the blocking c i rcuit , as i n  the P-wave pacemaker, 
to block the detector c ircuit for approximately 3 so msec . After this 
period the detector c i rcuit is aga in able to sense ventricular activity. 

d. Application 

This R-wave pacemaker was used i n  the s clogs , and the results are 
shown i n  fig. V ll l- 1 9 .  I n  the experiment sho'' n in  fig. VIII- 1 9A blocking 
of the pacemaker by heart activity was checked . The ECG shows correct 
pacemaker Function. Variations in the blood pressure occurred due to 
interference '' hen the pacemaker was not blocked by the detector 
c i rcuit ,  by interruption '' i th the magnetic switch . 

Further tests were performed to ascerta in whether the pacemaker 
" ould be blocked at a h igh card iac frequency and w hether stimulation 
would begin immed iately after the card iac frequency had fal l en  below 
that of the pacemaker and vice versa . I n  these experiments too the 
aortic blood pressure was recorded . Thus , the pacemaker frequency 
(fig. VI1l- 1 9B) was gradual ly i ncreased to a l evel above the heart rate and 
subsequently reduced to the i nitial level . 

I n  the final experiment (fig. VII I- 1 9C) the pacemaker was set at a 
constant frequency of 6 s/min .  and Acetylcho l i ne ( 2 .  s mgfkg) was given 
i ntravenously ; approximately 30 seconds after the injection the heart 
rate fe l l  below the pacemaker frequency fo r a period of 3 3 seconds, 
duri ng w hich time the pacemaker was stimulating the heart. 

In view of these results ,  the R-" ave blocked pacemaker was used extra
corporea l ly  i n  a number of patients . Thei r ventricular signals were 
analysed firstly, during sinus rh) thm ; these measurements, using our 
pacemaker, were carried out in university c l in ics in Frankfurt, Gronin
gen ,  Leiclen and London. Using intramural ventricular electrodes the 
same pattern as in the dog experiments was observed . The mean of 6 
ventricular signal measurements made soon after electrode insertion was 
I S  m V  ( 1 o- 2 7  mY) . In s patients a l l  of whom had returned to sinus 
rhythm with electrodes (suture, pin or loop) i mplanted for a longer 
period (4- 2 3 months) , the mean ampl i tude was found to be 7 .  s m V 
(4- 1 2 mV) . 
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Measurements were also made using catheter electrodes . The endo
card ial signal proved to be considerably weaker. In  5 measurements soon 
after electrode insertion the mean ampl i tude was found to be 6 . 7  mY 
(6-7 . 5  mY). In 4 measurements on catheters in s i tes fo r longer periods 
(8- 1 2 months) , the amplitude ·was found to have fal len to a mean 3 .  5 mY 
( 3 -4· 5 mY) . One exception was noted in these measurements, a signal 
of 1 7 m V was detected from a catheter e lectrode \\ hich had been i n  use 
for 9 months. Probably the reason for this strong signal \Yas the fact 
that the catheter tip had penetrated the myocardium shortly before the 
measurement was carried out. 

Since the frequency range of the signals \HS practica l ly identical to 
that found i n  dogs, it was decided to reta in the c i rcuit described above, 
but to i ncrease the sensit ivity from 4 to 2 m V to al low combination of 
the pacemaker w ith catheter electrodes. This pacemaker gave satis
factory c l inical results .  The first R-wave blocked pacemaker was im
planted i n  a patient in  1 966 (fig. YIII- 2 o) .  

One compl ication o f  the R-wave blocked pacemaker i s  that fo l io\\ ing 
implantation, no analysis of the stimulator c i rcuit  i s  poss ib le ,  so that 
i t  is impossible to check whether the pacemaker '' ould be capable of 
stimulating the heart if there is a sudden fal l  i n  ventricular rate. 
MYERS et a/. ( 1 966) slo\-v ed the heart by carotid si nus pressure in order 
to analyse pacemaker function. In our case, analysis can be performed 
by means of a magnetic relay , which is included between the blocking 
c ircuit  and the pulse forming and output c i rcuits ,  so that i nh ibit ion of 
the pacemaker is i nterrupted if the magnet is held near the pacemaker, 
thus a l lowing fixed rate heart stimulation and photo analysis of the unit .  

Since i t  i s  poss ible to use the detector electrode also as stimulation 
electrode only one heart electrode is requi red for the R-wave contro l led 
pacemaker. In the b lock d iagram i n  fig. VIII- I 8 the definitive version of 
our pacemaker is shown. 

In  Chapter IV ,  the longer l i fe compared w ith the asynchronous fixed 
rate and particularly the P-wave triggered pacemaker w as mentioned 
amongst other things as one of the advantages of the R-wave pacemaker . 
This l i fe is simple to calculate .  It was seen above that the current d ra in  
of  the fixed rate pacemaker at a frequency of 7 2 impfmin is about 5 f.LA 
for the pulse forming c ircuit and 1 9  f.LA for the output c i rcuit .  In the R
wave control led pacemaker, there are add itional c i rcu its consuming 
approximately 7 [J.A .  It was calculated that the fixed rate pacemaker 
has a l i fe of 43 months, with a total current consumption of 24 [J.A .  The 
same calculation shows that the R-wave pacemaker w ith a current con-
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Fig. Vll!- 2 o .  R-wave blocked pacemake1· in a patient. (By courtesy of DR. H .  H. H IRSCH and Dll. E. STAUCH). 

1 .  ventricular E. e. G . ; 2. ventricular pressure ; 3 .  F . e . G .  lead I I .  The ventricle is stimulated by the pacemaker (large peaks) when 
the proper heart '>timu]u., doe� not arrive in t ime. 



sumption of 3 1 (.LA has a l i fe of 3 !i months if there is no .inherent cardiac 
activity to inhibit it, but if i t  is inhibited throughout its implanted 
l ife, with a current consumption of 1 2 (.LA (additional c ircu its 7 (.LA ,  
pulse forming c ircu i t  !i (.LA)  a l i fe o f  69 months i s  expected . It fo l lo" s 
that the R-wave pacemaker has a l i fe equal to or longer than that of the 
fixed rate pacemaker if heart activity inhibits the pacemaker for 40°;0 
or more of the implantation period . 

After the electrodes and the conduction leads, the active component 
of a stimulation unit, the stimulator i tself, has been d iscussed in this 
chapter, a comparative survey of the various methods of stimulation 
in c l inical use al ready being given in Chapter IV .  In  the fo l io" ing chapter 
the general c l inical appl ication of stimulation units w i l l  be d iscussed 
wi th special attention to methods of examination of the implanted pace
maker. 



Clinical application C H A PT E R  I X  

of the electrical cardiac pacemaker 

In the preceding chapters a survey of the d ifferent stimulation methods is 
given and the components of the stimulation c ircuit are discussed . In 
this chapter the cl inical appl ications of the artificial cardiac pacemaker 
and in particular the problems of fo l low-up of implanted pacemakers 
and pacemaker patients are dealt with . 

I .  I N D I C A T I O N  F O R  T H E I M P L A N TA T I O N  O F  A P A C E M A K E R  

The d ifficulties which were met in the initial period of long term pace
maker appl ication prevented w ide indications and so drug therapy was 
maintained if possible. As the improvements discussed in the preceding 
chapters came about pacemaker treatment increased in relation to d rug 
therapy (dealt w i th in Chapter I I ) .  

In Groningen (N I EVEEN 1 965") pacemaker implantation is absolutely 
indicated in patients w ith A-V block, whose Adams-Stokes attacks per
sist despite medical treatment. Relative ind ications apply to those 
patients who react poorly to drug therapy and have a potential chance 
of Adams-Stokes attacks. These ind ications are s imi lar to those in most 
cl inics. 

Opinions as to the stimulation method to be appl ied vary in different 
centres , and in this regard reference can be made to Chapter IV where the 
advantages and d isadvantages of the various methods are d iscussed . I n  
the choice of  the stimulation method, a selection should not only be 
made from the various pacemakers but also from the various methods of 
i mpulse transm ission . In the latter case there i s  now a tendency for the 
transvenous catheter to be used instead of the transthoracic electrode,  
probably because the transthoracic electrode was the source of many 
d ifficulties during early appl ication ; transvenous stimulation also avoids 



the anaesthesia and thoracotomy necessary for the insertion of the trans
thoracic electrodes . 

As compl ications arising from the thoracotomy have seldom been 
experienced in G roningen (H OMAN VAN DER HEIDE 1 967) ,  the trans
thoracic method is chosen here wherever possib le ,  guaranteeing a more 
stabl e  stimulation than the transvenous method , especial ly during the 
i nitial post-operative period . Moreover further evo lution in the field 
of heart stimulation has resu lted in improved transthoracic electrodes, 
which now only rarely cause compl ications. In G roningen the catheter 
e lectrode i s  only used in cases where a thoracotomy is  contra-indicated , 
such as i n  very o ld patients, i n  cases where imp lantation on the left 
ventric le is imposs ib le for example  because of ventricular aneurysm o r  
fresh myocard ia l  infa rction, o r  in cases o f  pulmonary d iseases . 

I I . I M P LA N TA T I O N  O F  T H E  P A C E M A K E R  

Once i t  has been decided to i mplant a pacemaker, the patient i s  hospi
tal i zed in the Card io logical Department, where a bipolar catheter is 
inserted in those patients who are known with Adams-Stokes attacks · 

During the observation period the patient is connected to a monitor 
which detects the cardiac activity by means of skin e lectrodes. In the 
case of card iac standst i l l  or bradycardia the heart is immediate ly stimu
lated by an external pacemaker connected to the skin electrodes or  the 
bipo lar catheter i ncorporated in the monitoring unit, on the principle of 
the R-wave contro l led pacemaker. 

During the period the catheter is i nserted in the patient, anticoagu
lants are administered, short acting d rugs, such as Heparin ,  being given 
in view of the impend ing implantation operation .  

When the patient ' s  condition has i mproved , implantation of  the per
manent stimulation u ni t  is performed . For this surgical i ntervention an 
in itial dose of Sodium Pentothal is given, after which anaesthesia is main
tained by a mixture of N itrous Oxide and Oxygen (ooRLAs 1 96 3 ;  
HOWAT 1 96 3 ) .  The transthoracic electrodes are inserted via a left 
hemi-thoracotomy. During the initial induction and the implantation of 
the el ectrodes, the heart activity is registered by the Vasophon (Chapter 
V) and the bipo lar moni to ri ng catheter remains connected to the external 
pacemaker. If the heart is able to maintain a sufficient c i rcu lation by 
i tself during the operation the external pacemaker is switched off, but 
remains continuously in the standby position during the enti re procedure .  

For the i nsertion of a transvenous catheter e lectrode for long term 



stimulation in  the right external j ugular vein,  X-ray monitoring i s  used . 
During the procedure the heart action is also monitored as described 
above, by an external pacemaker connected to electrodes on the skin 
of the thoracic wal l .  

Once the permanent stimulation electrodes are fixed they are con
nected to the Cardiotest (Chapter V) for measurement of the threshold 
and operational values of the i mplanted electrode combinations. When 
the optimal electrode combination for permanent stimulation has been 
determined in this way, the permanent pacemaker is connected and 
i nserted i nto the preformed pacemaker pocket ; this is located sub
pectora l ly on the thoracic \\ a l l  for m inimum risk of l ead-fracture (Chap
ter IV and VII) . 

The monitoring electrodes are removed when the operation is finished 
and an X-ray picture is taken to record the position of the pacemaker 
and the electrodes. If the pacemaker continues to function " el l ,  and i f  
the wound heals without compl ications, the patient is d ischarged 8 - 1 o 
days after i mplantation. Accurate post-operative monitoring i s  especial ly 
important when catheter electrodes are used . 

I l l . F O L L O W - U P  O F  T H E  P A C E M A K E R  P A T I E N T  

Once the patient has been d ischarged the question arises as to what 
extent a fo l low-up wi l l  be possib le .  Such a fo l low-up "' i l l  only be ap
p ropriate if both the condi tion of the patient and the condition of the 
stimu lation unit can be analyzed . In v ie" of the great importance of this 
analysis, the circui t  of our pacemaker has been modified , so that the 
condition of the implanted stimulation unit can be simply analyzed . In 
th is section fol low -up methods are discussed and the so-cal led photo 
analysis method is dealt w ith in  detai l . 

A. Analysis of the condition of the patient 

The analysis of the cond ition of the patient should consist of :  
I .  taking a careful h istory , 
2 .  physical examination. 
Special attention should be paid to those facts which are related to the 
artificial stimulation of the heart (tractus circulatorius, wound inspec
tion, pacemaker perforation etc .) and the etiology of the heart block. 
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B. Analysis of the stimulation unit 

Because pulse monitoring and the ECG provide information about the 
functioning of the pacemaker unit, they are incorporated under this 
heading, al though they are in fact components of the above-mentioned 
examination. However, they give only an ind ication of the cond ition 
of the st imulation c i rcuit at the moment of the examination and do not 
permit  an extensive analysis .  The X-ray examination to a certain extent 
and especial ly the photo analysis method have greater poss ib i l it ies in 
this respect. The fou r  methods wi l l  be dealt with separately. 

1 .  Pulse monitoring 

This examination gives a rough impression of the cardiac activity ,  and 
enables the card iac frequency to be determined , whereby 

a regular pulse with a normal frequency generally ind icates a correctly 
functioning pacemaker or regular s inus rhythm after fai l ure of the 
pacemaker.  
Differentiation in this respect is possible because the spontaneous sinus 
rate i s  not quite constant. 
an i rregular pulse with a normal or increased frequency general ly 
indicates interference between the pacemaker stimulation and the 
physiological control of the ventricles .  
a regular pulse wi th a low frequency indicates a decrease of the pace
maker frequency or an idioventricular rhythm in case of pacemaker 
fai lure. 
a regular pulse with a h igh frequency may be an ind ication of an 
increase in pacemaker frequency or a h igh sinus rhythm in combination 
wi th a defective pacemaker .  Differentiation is possible in the manner 
mentioned above . 

These rules only apply for asynchronous stimulation, al though as the 
P-wave triggered and R-wave control led stimulation change into asyn
chronous stimulation in the case of an insufficiently functioning de
tection c ircuit, these ru les also hold for synchronous and on-demand 
stimulation in such cases . 

Analysis of the P-wave triggered and R-wave control led stimulation, 
when the detection c i rcuit  is functioning correctly, is only possible by 
means of the ECG . 



2 . ECG analysis 

By analysis of the electrocardiogram it is possible in continual asyn
chronous stimulation to determine whether the stimulato r is emitting 
impulses, and to record the frequency of the impulses . Moreover, the 
ECG provides information about the abi l i ty of the impulses to activate 
the heart and whether sinus rhythm has returned . 

I t  is d ifficult to d i fferentiate by ECG between the various defects w hen 
the pacemaker is no longer stimulating the heart, although it can be 
stated that 

if the ECG records pacemaker impulses, which are not fo l lowed by heart 
contractions, this usual ly points to a decrease of the pacemaker output 
beyond the stimulation thresho ld ,  to an intact stimulator in combina
tion with e ither a defect of an el ectrode lead or an electrode ( insulation 
defect or breakage) , or  a rise in stimulation threshold .  Further 
differentiation is impossible, because of the fact that the standard ECG 
record only i ndicates the pacemaker impulses . 
The R-w ave blocked pacemaker, provided it is not blocked , may be 

analysed in the same way .  If the pacemaker is blocked by the QRS
complexes, i t  may be unblocked by decreasing the heart frequency 
(e .g. pressure on the carotid s inus) or by cancel l ing the blocking c i rcuit, 
fo r '' hich purpose a magnetic relay is included in  our design of this pace
maker .  If the unblocked pacemaker emits impulses to the heart this 
proves at once that the detection electrode is function ing correctly .  

P roper functioning o f  the detection and triggering c i rcuit o f  the P
" ave and R-wave triggered pacemaker i s  shown by the synchronous 
appearance of P-waves respectively R-waves and pacemaker impulses at a 
constant delay period . 

3 .  X -ray ana lysis 

Radioscopy enables analysis of: 

a .  Location ?}. the electrodes. This is especial ly important with catheter 
electrodes .  X-ray photographs then make it possible to d ifferentiate 
between : 

a detached catheter, one potential cause of intermittent stimulation 
of the heart ; 
a catheter pushed up in  the outflow tract of the right ventricle or  a 
catheter s l ipped back to the right atrium, both interrupting stimu
lation or 
a perforation of the ventricu lar wal l  by the catheter, causi ng i nter-
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mittent or  interrupted stimulation , frequently accompanied by con
tractions of the d iaphragm . 

b .  Breaka9e qf the electrode or electrode leads .  It should be noted at this 
poi nt that an interruption of stimulation in combination with a clearly 
visible breakage al lows a clear cut d iagnosis , but that an interruption 
in combination wi th an intact lead on the X-ray photograph does not 
exclude breakage in the electrode c ircuit . I t  is frequently d ifficu l t  to 
observe breakages by means of X-ray photographs, the more so when the 
w i res are kept together by the insulation. 

Within this framework i t  should be mentioned that radioscopy also 
makes a rough analysis of the available battery energy possible ; the 
chemical processes i n  the batteries del ivering energy cause changes in the 
X-ray picture of the batteries . A number of batteries photographed i n  
various phases o f  d i scharge i s  shown in  fig. IX- 1 , where the changes 
which occur stand out clearly, especia l ly in the central contrast c irc le .  
For such a picture the battery cel ls must be photographed exactly along 
thei r long axis. This is a great d rawback in c l in ical appl ication and makes 
practical appl ication of this X-ray analysis almost impossible. The m ethod 
is used by most manufacturers for checking the batteries before they are 
i ncorporated i n  the pacemaker c i rcuit .  In practice , when about 1 °  o 

of batteries appear to show aberrations in  this way, accord ing to our 
experiences , this means that � 0 0 of pacemakers would have been 
fau lty had the test not been used , because each pacemaker contains � 
batteries. 

4·  Photo analysis method 

This m ethod , also reported i n  principle by KNUCKY et al .  ( 1 96�) has 
been elaborated by us in co-operation with the Department of Cardiology 
(PROF. DR.  H .  A .  SNELLEN) of the Academic Hospital in  Leiden . The 
c ircuit of our pacemaker is adapted in  view of the analysis which we 
think to be the most important method . This method , reported by VAN 
DEN BERG, RODRIGO,  THALEN and KOOPS i n  1 967  wi l l  now be discussed 
in detai l .  

a .  Principle 

The new method makes use of the fact that the operation of a l l  types 
of pacemakers can be detected externally i n  the same manner as an ECG . 
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Fig. IX- 1 .  X-ray pictures of Mallory mercury 
pacemaker batteries at various phases of dis-

! ooo charge. 



The pacemaker signals have a duration of some mi l l iseconds, and this 
makes them too fast to be examined properly with an electrocardiograph . 
The pacemaker signals are fed by means of the E inthoven leads I ,  I I  and 
I I I  into an oscil loscope w ith a fast time base which therefore al lows ac
curate study and record ing of the impulses. 

The s ignal detected with the osci l loscope originates from the two 
poles introduced into the body at the implantation of the pacemaker. A 
voltage is appl ied between these two poles for a short period (ca . 2 msec) 
and conseguently current Haws between the electrodes (fig. IX- 2 ) .  The 

Fig. IX- 2 .  Monopolar stimulation w ith implan
ted pacemaker. IndiA'e•·ent electrode on or near 
the pacemaker. Streaml ine> of electrical current 
during the impu(,e from pacemake•· toward 
heartelectrode. Circle> around the electrodes 
denote ari,ing double layer. 

current density is largest central ly i . e .  between the poles ,  and decreases 
toward the periphery .  The current density can be dep icted by stream 
l ines . 

Fol lowing a stream l ine from the positive pole to the negative pole, 
there is a gradual change of voltage . In the region of the poles this change 
is not proportional to the current, because the current dens i ty there is so 
great that the tissues are considerably polarized , particularly at the poles 
and the back e .m . f. is not proportional to the current. These areas of 
non-negl igible polarization are schematical ly depicted in the figure by 
c ircular d iscs around the poles .  The vol tage at the margin is uniform 
throughout ,  and at some distance from the poles the current density has 
become so low that the polarization is very low and approximately pro
portional to the current. Fo l lowing the stream l ine , the further change 
in voltage is then proportional to the current. 

The voltage between the detection electrode on the right shoulder, 
and the margin of the disc around the negative pole  is therefore pro-



portional to the current. The same appl ies to the voltage between the 
detection electrode on the left arm and the margin of the disc around 
the negative pole .  In this respect it is taci tly assumed that the detection 
electrodes are not polarized by the impulse of the pacemaker but this 
condition is satisfied when the input impedance of the osci l loscope is 
sufficiently large ( 1 Mohm or more) . 

Conseguently the voltage between the detection electrodes on the 
right and left arm , corresponding to ECG lead I, is virtual ly proportional 
to the current, so that 

�'detection electrode; = B· i . pacemaker 

The constant 8 depends on 
the Einthoven lead selected , i . e .  on the geometry of the detection 
electrodes , Factor  Bct, and on 
the local ization of the stimulating electrodes in the body, i . e .  on the 
geometry of the poles and the heterogenity of the tissue between the 
poles, factor Be ·  

The constant 
8 = Bct . Be i s  known as the geometry factor .  
Thus, w ith the method described , a voltage impulse i s  measured which 

is approximately proportional to the current impulse sent through 
the heart by the pacemaker, as demonstrated by fig. IX- 3 ,  recorded from 

Fig. IX- 3 .  Implanted pace- [ 
maker, monopolar stimula- ] 
tion in a dog. 
Upper curve : voltage acros� 
the electrodes ; M iddle cur
v e :  cui-rent through the 
electrodes ; Lower curve : 
voltage across EinthO\ en 
lead I I .  Straight l ines : zero 
voltage, zero cui-rent, zero 
voltage. 

1 m  sec. 

........ �'"-.... 
1\ 
'\. 

.......... 

� 

i : r-._ l  
--

� 

-

--

..... 

-

VOLTAGE 

2 V/cm . 

CURRENT 

5 mA / em. 

ECG , LEA D S  II 
20 m V / cm 

a dog. The upper curve represents the voltage across the implanted 
e lectrodes . The impulse induces polarization, which then disappears 
slowly so that the voltage reaches zero level only some time after the 
impulse. The middle curve represents the current through the elec
trodes, as detected by means of a smal l !; ohm series resistance.  The 

2 7 2 



lower curve was obtained by means of E inthoven l ead I I .  This de
tected voltage is proportional to the current of the pacemaker. The 
upstroke and downstroke are somewhat rounded off clue to the inevitable 
capacity of the skin electrodes .  

As visual analysis of the pacemaker impulses on the osc i l loscope screen 
can be very d ifficu l t ,  a photograph of all th ree Einthoven leads is taken 
with a Polaro id camera, and for this reason the method is known as 
photo analys is .  

The impulse registered by the photo analysis method depends on the 
type of pacemaker used . In principle, four  quantities of the signal are 
distinguished for the analysis (fig. VIII- I 1 ) : 

I .  maximum impulse ampl i tude, Vmax, 
I I .  impulse duration ,  -r , 

I I I .  impulse slope, S ,  
I V .  plateau duration ,  "c · 

The fol low-up of  the pacemaker frequency and the comparison of 
the above values at the moment of measurement w ith those found at 
previous measurements, can provide important information about the 
cond i tion of the pacemaker and the electrode c ircuit .  Before d iscussing 
the impulses associated w ith various stimulation defects ,  i t  is necessary 
to know how the quantities depend upon the proper parameters. 

I .  Maximum impulse amplitude, Vmax· 
The maximum impulse ampl i tude satisfies the equation 
V max. detection electrodes = B · i · max. pacemaker. 

The current i del ivered by the pacemaker to the electrode c ircuit 
depends on 
1 .  the vol tage generated by the pacemaker, Vp , and 
2 .  the total electrical impedance in the electrode c ircuit, Zc . 
The geometry factor  9 depends on  
3 .  the d i rection and the length of the d ipole,  formed by the stimulating 

e lectrodes, factor ge, and 
4-·  the E inthoven lead selected , factor 8d·  

l- 1 .  Voltage generated by the pacemaker, Vp . This vo ltage has in general a 
rectangular shape, with a duration -r ,  and an ampl i tude vi rtual ly equal 
to the voltage of the batteries, Vp R:: Vb . The maximum current and 
thus Vmax is therefore proportional to the battery voltage ( Vmax R:: Vb) , 
i f  there are no defects i n  the pacemaker c ircuit .  As i l l ustrated i n  fig. 
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VII I-6 ,  the battery voltage of a pacemaker w ith the customary 5 batteries 
is a lmost stab le  at 6 .  5 V ;  after a somewhat h igher in itial value (phase T 1 ) 
during the implantation, this voltage is maintained (phase T 2) unti l the 
batteries are nearly exhausted , and the voltage then fal l s  rapidly to zero 
i n  the course of a few months (phase T 3) .  The pacemaker ceases to 
function when the vol tage has dropped to a few volts , and this drop in 
voltage manifests i tself in a corresponding fal l  in I' max· 

I- 2 .  Total electrical impedance in the electrode circuit .  The total electrical 
resistance (see Chapter VI) i s  complex and consists of 
a. the internal impedance of the output c ircuit of the pacemaker, Zh 
b. the resistance of the electrode leads, R1 and 
c. the complex impedance of the tissues, Zt. 
a .  The internal resistance of the output c ircuit of the pacemaker i s  
formed by both the transistor c ircuit and the coupl ing condenser i n  the 
pacemaker. This condenser has a complex impedence, " hich is constant 
apart from the effect of ageing. The Z1 of given pacemaker is therefore 
constant. 
b. The resistance of the electrode leads R1 of any electrode combination 
is also constant (Chapter VI ,  VII) apart from breakage of one of the leads, 
in w hich case this re istance increases, the i ncrease depending on the 
type of leads and the size of the breakage . 
c .  The complex impedance of the tissues bet\\ een the electrodes, Zt , 
i s  determined by 

the resistance of the tissue around the electrodes, which correlates 
amongst other things " ith the surface area of the electrodes, and the 
resistance produced by the polarization around the electrodes, Ze , and 
the resistance of the tissue between the electrodes , Rt.  

Thus J '  max satisfies the equation 

I' . p 
J max = 8 zi + Rl T Zt 

In this respect i t  is necessary to distinguish between : 
voltage pacemakers, " here 

z, « R1 + Zt and 

current pacemakers, where 

With current pacemakers, i is practical ly constant during the impulse . 
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The current strength is determined by the h igh internal impedance of 
the pacemaker, so changes of Rt and Zt have no eA-'ect (see Chapter VI 
and VIII) . At implantation of a current pacemaker i t  is therefore im
possible to d raw conclusions about the tissue reactions and the electrodes 
by means of the photo analysis method . The detected voltage is only 
proportional to the battery voltage Vb.  

In  voltage pacemakers, i decreases during the i mpulse . The current 
strength depends greatly on the relatively h igh tissue resistance, Zt, 
and the possible changes i n  the resistance of the conduction leads R1. 
Therefore, in the case of an i mplanted vol tage pacemaker it is possible 
to get an i mpress ion of the reaction of the tissue and the electrode c i rcu i t  
by analys ing V max· 

In Chapter VIII  it was shown that, i n  certain types, the d ifference 
between current pacemakers and voltage pacemakers is only relative . 
Thus increasing the output current of a pacemaker by decreasing the 
resistance in the output c i rcuit in the manner described by Chardack 
et a l .  causes a current pacemaker gradual ly to change i nto a voltage 
pacemaker .  

Our current l imited voltage pacemaker, as previously described , i s  
a l so an intermediate form . In the l im ited state Vmax corresponds w ith 
I' max of a current pacemaker .  On the other hand , if the impulse shows 
no plateau 1'max corresponds with I' max of a voltage pacemaker, and the 
operational value is then primari ly determined by the electrode c i rcuit .  
If the operational value is partly l im i ted by the pacemaker c i rcuit ,  
changes in the Zt and R1 correspond v. i th changes in the duration of the 
plateau , enab l ing analysis of changes in the electrode c i rcuit and the tissue 
resistance. 

Since Jib is constant duri ng the greater part of the pacemaker l ifet ime, 
I' max wil l  also be constant in those cases, w here i t  depends on Z1 and R1 
provided that these are both constant. In p ractice however, Vmax 
shows smal l variations, because Zt also varies a l i tt le i n  normal ci rcum
stances . These variations arise because Zt depends on : 

the geometry of the stimulating electrodes, w hich is i nfluenced by the 
posture and respi ration of the patient. To keep the geometry factor 
constant, all measurements have to be made in the same posit ion and 
the same respi ratory phase . We therefore photograph the impulses 
in recumbent patients w i th maximum insp i ration. 
the tissue reactions around the electrodes after i mp lantation. How
ever, variations caused by this reaction are smal l and a stabl e  condition 
i s  genera l ly  reached with in  a week .  



the condition of the tissues at the moment of measurement, as varia
tions in electrolyte balance may cause certain changes. (These varia
tions themselves can provide information concerning the effect of 
certain pharmacological drugs on the tissues between the electrodes .) 

I . - 3 .  Direction and length cif the dipole, geometry factor Be · The d ipole  i s  
fo rmed by the stimulating el ectrodes and the d irection of the dipole 
depends on the local ization of the electrodes and their polarity . The 
strength of the d ipole is proportional to the current at a given d istribu
tion of the current through the body. At a given current the greater the 
d istance between the stimulation electrodes the greater the d ipole ,  and 
thus the greater the geometry factor Be · 

In bipolar stimulation, both electrodes are c lose together on or in the 
heart, provid ing a smal l dipo le ,  i . e . a smal l Be· The detectable  voltages 
are then smal l ,  result ing in difficult and inaccurate measurements. Mo
nopolar stimulation " ith an indi fferent electrode at some distance from 
the heart provides a large d ipole, and a large ge, resul ting i n  high accurac) 
of measurement. 

Natural ly, the dipo le  depends on the posture of the patient and varies 
w ith respi ration. The latter situation is particularly obvious i n  mono
polar stimulation with the i ndifferent electrode located on the ribs, 
so that all measurements must be performed under the same cond itions . 
The location of implanted electrodes, notably that of i nd ift"erent elec
trodes, may vary a l i ttle after implantation " i th a corresponding effect of 
Be· For the measurements to be reproducible, Be has to be as constant as 
possib le  and so our photographs are always taken w ith the patient in 
the above mentioned standard position. 

I .  -4. Selected detection leads, geometr)' factor Bd . The dipole is a vector, so 
that the voltage measured bet\\ een the detection electrodes depends on 
the orientation of these \\ i th respect to the vector. It is possible to 
make Bct reproducible in a s imple \\ ay , by using Einthoven leads I, I I  
and I I I .  This cannot be  clone wi th electrodes on the thorax . 

A simple test of the reproducibi l i ty of the measurements can be made 
since the algebraic sum of the \ Ol tages in the th ree leads must egual zero 
at any moment (K IRCHHOFF's law), 

vi (t) - vi I (t) , vi I I (t) = o 

This test is eas iest for Vmax (t = o) , but appl ies also at any time during 
the impulse. The negative sign before 1'1 I (t) i s  due to the cardiological 
convention in this respect. 
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The ampl i tude of the signal in various E inthoven leads depends on the 
d i rection and the strength of the d ipo le .  Monopolar stimulation w ith 
an indifferent e lectrode in the left axi l lary region produces h igh vol tages 
i n  l eads 1 and I I I  and low ones in lead I I ,  whereas monopolar stimulation 
with an i nd ifferent electrode in the low er quadrant of the abdomen gives 
large voltages in l eads II and I I I ,  and smal l ones i n  l ead I (fig. IX-4-) . 

Fig. IX-4. Scheme of two methods of 
monopolat· 'timulation. 
Projection of the dipole arising from the 
current between the heart electrode and 
the indifFerent electrode. 

I I .  Impulse duration , T .  

The impulse duration depends o n  the type o f  pacemaker and to a variable 
extent on : 

I .  the voltage of the batteries , Vb, 
2 .  the temperature of the pacemaker, T, 
3 .  the load of the pacemaker, Zt + R1 ; 

Besides timely d iagnosis of defects, the principal purpose of the 
method of analys is is t imely d iagnosis of the beginning of phase T3 of the 
batteries (fig . VII I-6 ). The relation between the impulse duration and 
the vol tage of the batteries is most important in this respect, because, 
as we have al ready shown,  i t  is sometimes d i fficult to reconstruct 
the course of the battery vol tage from the detected vo ltages, on account 
of the variable geometry factor. The geometry factor does not affect 
the impulse duration ,  however, so that the course of T ,  in combination 
with Vmax and S,  may supply information about the condit ion of the 
batteries . Therefore i t  is des irable that -r does not depend on the other 
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parameters : the temperature, the load , and the ageing of the pacemaker, 
and further impl ies that changes in these parameters can not be deduced 
from the time cou rse of ' ·  In the early types of some pacemakers, , 
was made dependent on these parameters intentional ly to analyse the 
load . 

I I- 1 l'oltaae of the batteries, Vb . The dependence of the impulse duration 
on the voltage of the batteries varies w ith the type of pacemaker. Our 
pacemaker has been modified so that at a constant temperature the 
i mpulse duration, also dependent in earl ier types on other factors, is 
now determined by the voltage of the batteries only .  Figure IX-5 
shows the relation bet'' een the voltage of the batteries and the impulse 
duration, in  addition to the inHuence of the voltage on the frequency . 

74 f, /m l n  73 72 71 70 
1 , m  sec�3,2 3,0 2,8 2,5 

Vb,Volt 1,8 56 L-:3!:--41....-.--:5!:--5!:-----:!7 1 •6 

1-ig. IX- 5". Dependence of frequency (f) and 
impulseduration (-r) on voltage (Vb) of our 
implantable pacemaker. 

I l- 2 . Temperature if the pacemaker, T. The implanted pacemaker assumes 
the temperature of the body and is therefore only subject to temperature 
variations of a few degree centigrade, w hich cause only m inor variations 
in the i mpulse. However, great d ifferences in temperature such as from 
room temperature to body temperature, can appreciably affect the 
i mpulse duration. To determine the exact impulse duration of a pace
maker before implantation, the measurements should therefore be 
performed at body temperature. 

The dependence of the i mpulse duration on temperature varies w ith 
the type of pacemaker. Figure IX-6 sho" s the relation between ' and T 
and also the relation between f and T for our pacemaker .  In genera l ,  ' 
depends much more on T than does f, as is shown in this figure, because 
the i mpulse duration is determined by more components than is the 
frequency . 



Fig. IX-6 . Dependence of fre- f, /m i n  1:,msec 2,25 
quence (f) and impulse duration 70,2 
(<) on temperature (T) of our i m- 2, 2 0  
plantable pacemaker. 70,0 
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I I- 3 .  Load cif the pacemaker, R1 + Zt. Coup I ing the impulse of the output 
circuit to the pulse forming circuit causes the impulse duration and the 
frequency to vary w ith the current through the electrodes and thus with 
the impedance Zt of the tissues . This \\ as the case in our early types, 
and also those of others (KANTROWITZ) . In more recent versions of our 
pacemaker the impulse duration i s  independent of the load , because 
such dependency i nfluences analysis of battery voltage by the photo
method . 

I I I .  Impulse slope , S .  At every moment during the impulse the voltage 
between the detection e lectrodes satisfies the equation 
V d I d = 8 · i k etection e ectro es pacema er 

The course of the vo ltage is therefore determined by 
1 .  the course of the geometry factor 8 during the impulse and 
2 .  the course of the current i of the pacemaker during the impulse. 

III- I .  The course cif the 8eometry factor 8 durin8 the impulse. The impulse is  so 
short, about 2 msec . , that sma l l  movements of the patient in the standard 
position cannot afi"ect the geometry factor. The same appl ies to other 
mechanical factors, such as cardiac movements . 

l l l- 2 .  The course cifthe pacemaker currenti durin8 the impulse. With a current 
pacemaker, the current is by definition constant during the impulse. 
The detected voltage wi l l  therefore also be constant .  

In a voltage pacemaker however, the current i s  not constant during the 
impulse, but shows a decrease caused by the d ischarge of the condenser 
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i n  the output c i rcuit and the polarization of the electrodes , resulting in a 
slope. This slope, S, may be defined by the formula : 

" hich a l lows the s lope to be expressed as a percentage. 
The slope (see Chapter VIII) depends on 
the capacity of the condenser in the output c i rcuit , a condenser w ith a 
greater capacity show ing a less rapid decrease in  slope during the 
impulse, and 
the magnitude of the operational current causing the d ischarge, de
termined by the total impedance in the c ircuit .  

To summarize, i t  may be said that the impulse s lope depends on the 
time-constant 
(Z1 + Zc)C of the c ircuit , w here 

C capacity of the output condenser 
z! = internal resi tance of the output c i rcuit of the pacemaker, and 
Zc = resistance of the leads and the tissue between the electrodes, 

as soon as the back e .m .f. of polarization is v irtual ly constant. 
In practice the course of the detected voltage i n  a normal c ircuit 

rapidly becomes approximately exponential . Any obvious deviation 
from an exponential course points to a pathological tissue reaction or a 
defect of the pacemaker andfor the electrode leads . The exponential 
course of the i mpulse may be analyzed by measuring the voltages at 
constant time intervals, e.g. at o ;  o . t; ;  1 ;  I . l) and 2 msec . I f  the curve 
has an exponential course, it should satisfy the equation 

With experience the deviations may also be diagnosed visually from the 
screen. As T may vary for d ifferent types of pacemakers and even indivi
dual ly in  the same type of pacemaker, even under otherwise constant 
condi tions, there may be variations in the va lues for S, which hampers 
analysis .  S is therefore standardized by us to a constant i mpulse duration 
of 2 msec . If , » 2 msec. no problems arise, but if "t' < 2 msec . the 
curve must be extrapolated to an impulse duration of 2 msec . Shorter 
basic  periods may be chosen as standard for S if the impulses are so short, 
that extrapolation would cause too great an error. 

It is possible to determine the resistance of the leads and the tissues 
after i mplantation by preoperative measurement, at body temperature, of 
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the slope at d ifferent loads, and comparing these values with the slope 
values after pacemaker implantation . Variations in the load correspond 
to variations in the resistance of the leads, which normal ly remains 
constant, and the tissue impedance. 

S ince variations in the load also cause a variation in  V max, as previously 
shown, a correlation exists for each implanted pacemaker c i rcuit 
between V111ax and the slope 5. If variations correspond to this relation
ship, the cause of the variations should be sought only in changes of load . 
If the variations of S and V max, within the accuracy of the method ,  do 
not correspond to this relationship ,  a defect in  the pacemaker may be 
indicated . 

IV .  Plateau duration , ' c · 

The current l im i ted pacemaker, as previously d iscussed , becomes, in 
principle, a voltage pacemaker after a certain t ime. This means that 
without this l imitation the slope of this pacemaker may be analyzed in an 
identical way, j ust as the impulse slope after the plateau . In this s i tuation 
the duration of the p lateau ' c also gives an indication of the resistance 
in the electrode c i rcuit (Chapter VII I) .  If the current l im ited voltage 
pacemaker is l imited during the " hole impulse duration , as is the case 
i n  the current pacemaker, only battery analysis is possible by the photo 
analysis method . The l imi tation used by us has been chosen in such a 
way that for almost a l l  types of electrodes the l imitation does not cover 
the total impulse duration, resu lting in all cases in a Vrnax plateau shorter 
than the impulse duration. 

It is mentioned here that under normal operational cond itions, ageing 
of the components produces only a small a lteration in thei r characteristics, 
but as a result  of embedding the components in epoxy resin and pene
tration of body flu id after implantation, ageing may produce larger 
variations. 

As these variations need not indicate danger, a range of variation in the 
characteristics of the pacemaker (frequency , output-vol tage and impulse 
duration) must be accepted , provided that variations remain w ithin th e 
range an:!. st:tb i l i ty is achieved rapidly. 

Ageing of the components affects impulse duration most, fo l lowed by 
frequency and then output vo ltage, as the number of components in
volved decrease in the same order. 

In conclusion, this principle gives a good analysis of the pacemaker 
and the electrode c i rcuit for a voltage pacemaker or a current l im i ted 



voltage pacemaker, but is restricted for a current pacemaker. This 
has been one of the reasons for us not to use pacemakers with a current 
output c i rcuit. 

b. Application rif photo analysis 

In principle, photo analysis is performed i n  the same w ay as electro
card iography . The detection leads, hO\\ ever, attached to the patient in  
the Einthoven posi tions, are connected to  an osci l loscope, rather than 
an electrocard iograph .  A number of practical po ints should be consider
ed in the use of this method , and the apparatus should also meet certain 
requ i rements . 

I .  Patient 
The patient should be in a standard pos ition to achieve reproducibi l i ty 
of measurements ,  the recumbent position being the most favourable .  
The arms and legs must be separated from each other and from the body 
to avoid capacitive disturbances . To avoid the effect of respi ration ,  the 
i mpulse is always photographed during the inspi ratory phase . 

I I .  Apparatus 
II- 1 .  Detection electrodes . Any type of normal ECG electrodes can be used 
as detection electrodes . Thev should be firmlv attached and make stable . -
contact w ith the skin using electrode paste. One electrode is necessary 
as an earth (fig. IX-7) .  

s ,  
E.C G 
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1-ig. IX-7 . Scheme of arangement lor photo analy;is o! the implanted pacemaker. 
EinthO\ en lead' ; 'w itching apparatu; for 'election of lead;, polarity and zero 'coop ; 
cathode ray osci l loscope with requirements. 

A smal l  switch-box,  shown in the figure, may be used to avoid errors 
and to promote speedy measurements " ith the three E inthoven leads .  
Thus, the three electrodes are fixed to the left arm , the right arm , and 

2 8 2  



the left leg and the patient is earthed by the fourth electrode on the right 
leg, and the desi red Einthoven lead may now be selected by the S\\ i tch 
on the box . For speedy signal analysis i t  is des irable that al l photos 
are made w ith the same impulse d i rection on the screen, so a ' po larity '  
switch i s  added . We select the polarity of the signals so that they are 
always posit ive (upward) on the screen .  The posit ive or negative 
posit ion of the polari ty s-..v itch is denoted by a plus or a minus sign in  the 
measurement results .  The switch also has an intermed iate posit ion, fo r 
adjusting the zero I ine of the osci l loscope.  

l l- 2 .  Oscilloscope. When photos are to be made of patients w i th uni 
polar systems (large signals) as w el l  as  bipolar systems (small signals) the 
osc i l loscope should satisfy the fo l lowing requi rements : 
- d ifferential i nput with h igh input resistance of 1 Mohm or more ; 

input sensit ivity adjustable at least bet" een 1 and 1 oo m V fcm ; 
time constant of the A . C .  i nput about o .  1 sec ; 
time base to at least o . s- msecfcm ; 
provision for internal triggering, a single S\\ eep for photos being 
des irable ; 
provisions for easy cal ibration of the ampl ification factors and the 
time base by means of internal cal ibrated signals .  
Many osc i l loscopes meet these requ irements . 
If only unipolar systems are to be monitored , an osci l loscope without 

a d ifferential input is sufficient, al though i t  should meet the rest of the 
above requi rements. For monitoring in  this way one of the electrodes 
is earthed v ia the osc i l loscope, and a separate earthing electrode on the 
right leg is then superfluous. As the pacemaker impulse is very short, 
about 2 msec . ,  the el ectrodes can be connected to the A .C. input w ith a 
t ime constant of about o . 1 sec . ,  low frequency d istu rbances thus being 
reduced . This is of special importance for monitoring bipolar current 
pacemakers with a very smal l  signa l ,  because they are of approximately 
the same ampl i tude as the ECG . 

Once the e lectrodes are connected , the image should be fixed on the 
screen by means of the internal triggering and by choosing an appropriate 
input sensit iv ity (beginning with about 1 0  mVfcm) and time base (o . s
msec. preferabl y) .  I f  the osci l loscope is incorrectly triggered the first 
part of the impulse i s  not detected , and 1'max is measured incorrectly .  

Incorrect triggering w i l l  result in  d iffering impulse durations in the 
three detection leads, so that, i f  variations are found, re-checking is 
necessary, especially the triggering of the lead ._., i th the shortest impulse 
duration .  



Because the amplification and the time base of an osc i l loscope may 
become inaccurate in the course of t ime, a regular check by means of the 
available cal ibrated signals is imperative. 

Once a stable, reproducible figure has been obtained , i t  should be re
corded . 

l l . - 3 . Camera . We use a Polaroid camera for instant recording and 
eva luation of the pattern. A lso the fo l io\\ ing data are recorded : 

the detection lead selected ; 
the polarity of the signal ; 
the i nput sensit ivity of the osci l loscope ; 
the time base (o . 5  msecfcm) . 

From these data the impulse values are calculated . A conversion factor 
being necessary because the photograph does not depict the true di
mensions seen on the screen. We designed a reading frame, which is 
standardized to the camera picture of the osci l loscope screen, and 
permits rapid analysis of the pattern e l iminating the need for a conversion 
factor. Such a frame can be made for any combination of camera and 
screen . 

The accuracy of measurements is determined by appl ication of K i rch
hoff's law. If the algebraic sum of the vol tages, vl (t) - Jil l (t) + Jll I l (t) , 
is not zero w ithin I o per cent of the measured values, an error has been 
made. This needs not be true for a bipolar catheter with a fixed tip, 
as the indifferent electrode may move w ith respect to the heart. How
ever error is especial ly marked when the tip is not fixed and in this case 
stimulation may eventual ly be interrupted . ln contrast poor fixation of a 
unipolar catheter is not observed i n  this way,  but may also interrupt 
stimulation ; therefore X-ray monitoring is necessary . 

I I I .  Results and their interpretation 
Photo analysis aims at timely d iagnosis of changes in the stimulator  and 
the stimulation c i rcuit ,  enabl ing the cause to be removed before the 
change endangers effective stimulation. 

However, normal values and the ir  variations must be known before 
diagnosis of a change is possible. Because individual d ifferences may 
occur in normally functioning pacemakers of the same type, the photo
analysis recordings made 4- I o days after pacemaker implantation may serve 
as a standard . It is also possible to check the ind ividual pacemaker before 
implantation by placing the electrodes i n  physiological sal ine, d i l uted s 
times ( 2 o0n )  at body temperature. When no previous data are avai lable, 



which wi l l  be the case with the majori ty of the patients during the initial 
period of appl ication of this method , i t  is possible to d raw conclusions 
by comparing the record ings of several pacemakers and electrodes of the 
same type, as deviations of a certain type of pacemaker normal ly present 
specific patterns . As the c ircuits and systems of most types of pace
makers d iffer, we w i l l  only consider the variations i n  a current pace
maker, specially designed for this purpose, our voltage pacemaker and 
our current l im i ted voltage pacemaker. Some of the patterns of possible 
deviations are sho\\·n .  

A number of deviations have been recorded for various types of pace
makers and electrodes in about 1 o 50 measurements, performed between 
March 1 966 and March 1 968 in 1 04 of our patients. As it is impossible 
however to record both the normal and the deviation pattern for one 
patient in one picture, a number of standard pictures were made for 
each defect with the stimulation and detection electrodes in  a glass tank 
containing a d i lute ( 2o%)  solution of physiological sal ine.  Some of the 
pictures were obtained by recording the current impulse w i th a small 
5 ohm series resistance in the e lectrode c ircuit , as in figure IX-6 .  I n  
some cases the resu l ts o f  c l inical measurements are also given . 

To avoid overcompl icated standard figures only the results for uni
polar stimulation, by our loop electrode and an indifferent d isc electrode 
are depicted . The curves label led as normal are normal for this electrode 
combination . With other electrode combinations the normal curves 
are shifted to the left or right depending on the resistance . 

The same princip le holds for bipolar stimulation, which usual ly has a 
h igher electrode c ircuit resistance due to the smal l posi tive electrode, 
and at the same time a smal l  detection signal due to the smal l dipole. 
Where b ipolar stimulation defects show basical ly d ifferent patterns, these 
are also recorded. 

The figures of freguent defects wi l l  be discussed below. 

l l l - 1 .  Normal situation, with small variations in  the resistance cif the electrode 
circuit .  Figure IX- 8 gives a survey of the standard patterns. Three 
hund red ohm is taken as mean value for the ohmic resistance of the 
tissues and leads in unipolar stimulation . With c l in ical experience, 
variation between -2 3 and + 30 percent of the ohmic resistance of the 
electrode c ircuit is at present accepted as normal .  These variations are 
caused by variations of the tissue resistance. The patterns at the l imits 
are also depicted i n  figure IX- 8 i n  addition to those found at resistance 
variations of -5o and + 1 oo percent. The latter figures may be recorded 
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when other types of electrodes are used , larger electrodes giving a 
smal ler resistance and smal ler electrodes giving a larger resistance (Chap
ter V I ) .  The figure shows that : 

in  a voltage pacemaker the maximum voltage ( Vmax) and slope (S) 
increase w ith decreasing resistance and decrease with increasing 
resistance of the electrode c ircuit .  In the case of our voltage pace
maker, the impulse duration is independent of the load , in other pace
makers this need not be so ; 
in a current pacemaker the above variations in the resistance of the 
electrode c i rcuit  are not reflected in the impulse shape ; 
in a current l imi ted pacemaker the plateau ('rc) and slope (S) increase 
w ith decreasing and decrease " ith increasing resistance of the elec
trode c ircuit .  
Variations i n  each measurement which remain smal ler than - 2 3°0  and 

+ 3 0°0 need not cause concern, but if there is a trend in a certain d i rec
tion, the slope and the maximum voltage decreasing in the same d i rec
tion , this may be an ind ication of an incip ient fracture of the electrode 
leads. This phenomenon may occur for example in  conduction l eads 
of the multi-strand type, more and more '' i res of the lead fracturing in 
the course of the measurements . 

We d iagnosed such a fracture in  a patient stimulated by our voltage 
pacemaker. This 7 8 -year old man had al ready been stimulated for 3 0  

months by the same suture electrode .  Three photo analyses over 6 
months, the last being reproduced under A in table IX- 1 ,  had shown no 
variation outside standard l imit  . But 2 months later deviant val ues were 
recorded as noted under B,  and as the maximum vol tage and the slope 
decreased in al l three leads, the diagnosis was an increase in the resistance 
of the electrode c i rcuit .  A recording after 7 days (C) showed a continu
ation of the downward trend and the patient was hospital ized . A further 

2 8 6  
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decrease in the maximum voltage and the slope i s  seen in  the last re
cord ing (D) just before the surgical intervention .  A l though the heart 
was sti l l  being stimulated at a frequency of 7 2  impulses/m in . ,  a partial 
fracture of the multistrand lead was found inside the insulation after 
surgical removal . 

l l l- 2 .  Battery exhaustion . l n  the previous chapter (fig. Vlll-6) '' e sa'' 
that after a short i ni tial period (T, )  the vol tage of the batteries remains 
almost constant (T 2 )  unti l the batteries are exhausted to such an extent 
that the vol tage suddenly d rops (T3) . This d rop in voltage has been 
correlated i n  our pacemaker w ith the impulse duration. Figure IX-9 
gives a survey of the impulse variations in normal functioning pacemakers 
and e lectrode c i rcuits ,  when the batteries reach phase T3 • 
The figure shows that : 

w ith a current and a vo l tage pacemaker the maximum voltage de
creases and i mpulse duration increases when the battery voltage fal ls ,  
wh i l e  the slope of a voltage pacemaker remains constant 
w ith a current l imited pacemaker the maximum voltage decreases 
and the impulse duration i ncreases when the battery voltage fal l s ,  
wh i l e  the  ratio between the plateau 'c and the impulseduration -r re
mains constant, as does the slope of the unl im ited part of the impulse. 
Battery exhaustion is also accompanied by gradual frequency decrease, 

but this is s l ight in our c i rcu its (fig. IV-)) 
In other types of pacemakers, this relation between voltage and im

pulse durations does not a lw ays exist, wh i le  in  some types i t  is compl ica
ted by the impulse duration being influenced by the load . The dependence 
of the frequency on the vol tage varies from type to type. 

In many patients it has been possible to diagnose exhaustion of the 



TABLE IX- I .  ,llcasurements rif a patient with a breakin9 suture electrode. See text. 
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batteries in time. Table IX- 2 shows measurements recorded on a 76 

year old woman, the heart being stimulated by a suture electrode and 
a voltage pacemaker. At the recording shown first (A), the pacemaker 

TABLE IX- 2 .  Measurement on a patient with e'haustm9 pacemaker batteries. See rext. 
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had been functioning for 1 9  months . The impulse duration was al ready 
too long at that t ime, therefore the patient received a montly check-up. 
After 30 days (B) the impulse duration had increased and the maximum 
voltage decreased . The patient was checked again after 3 weeks (C) , 
and the measurements revealed that the trend in  B had continued where
upon i t  was decided to replace the pacemaker. Even at the last measure
ment the pacemaker was sti l l  functioning correctly , and the frequency 
had only fal len from 7 2  to 68 imp.Jmin .  

The optimal t ime of replacement is d ifficult to determine. We take as 
a rule that an increase in impulse duration should have been d iagnosed 
at a number of consecutive measurements, replacement of the pacemaker 
becoming necessary if the increase exceeds 2 5°0 of the standard value .  
l t  should be noted that the vol tage decrease with impend ing battery 
exhaustion is very p rogressive, as can be seen in  figure V II I-6 period T 3 •  

I l l . - 3 .  Difects in the pulse forming circuit. These defects manifest themselves 
by variations in frequency and impulse duration. 

Variations i n  frequency, pacemaker tachycardia i n  particular, w hich 
can be ascertained by means of the peripheral pulse and the ECG,  pose a 
perilous compl ication .  They may resu lt  from a short-ci rcuit of the 
resistance or defective transistor in the frequency determining ci rcu it  
as was shown in  Chapter VI I I .  Immed iate intervention is essential for th is 
compl ication, which is frequently of  sudden onset . 

Defects in  the pulse forming c i rcu it  may resu lt  in  a decrease or  increase 
in impulse duration . The latter can be d i fferentiated from an increase 
in impulse duration caused by impend ing battery exhaustion,  which 
is always accompanied by a d rop in  the maximum voltage . I f  a varia
tion in the impulse duration is recorded and is not caused by a de
c rease i n  the battery vol tage i . e . is not assoc iated with a correlat ive 
change of the Vmax,  pacemaker replacement is advisable, especial ly if 
there is accompanying frequency variation, as the chance of the frequen
cy determining c i rcu it  producing an acute serious defect is rather great. 

It should however be noted that variations in impulse duration and 
frequency do not always occur in combination .  These variations occur 
in  a l l  types of pacemakers, but early d iagnosis of these defects i n  those 
types in which the impulse duration also depends on the load of the 
electrode c i rcuit  is very d ifficult . 

Pacemaker tachycard ia was diagnosed twice by us. In  both cases the 
i mpulse duration remained constant while the frequency rose to 1 45 

imp . Jmin .  and 2 o o  i mp .Jmin .  respectively. 



l l l -4 .  Difects in  the output stage if the pacemaker . With defects of the pace
maker output stage, i mpulse duration and frequency w i l l  general ly be 
normal . On total fai l ure of one of the components the ampl itude of the 
impulse becomes zero . When fai lure is not total , it may be due to 
insufficient amplification of the end transistor, a l eak in this transistor or 
a leak in  the coupl ing condenser to the electrode c ircuit .  

The resulting \ ariations of the pacemaker impulses depend on the 
various types of pacemaker. I n  fig. IX- I o the normal values and the 
val ues related to some defects are shown for our pacemaker. No c l inical 
data are avai lable as these defects were not d iagnosed in  patients. 

I l l - 5. Large resistance in the electrode circuit, without a fluid layer at the loca
tion if the difect .  A large resistance in the electrode c ircuit may be due to : 

a bad contact at the connection of an electrode lead to the pacemaker, o r  
a fractured electrode lead , w ith contact only just being made.  
Those cases in  which there is no fluid layer bet\\· een the metal surfaces 
and intact i nsulation are considered here . 
In fig. IX- I I the i mpulses are shown for normal values and for resis

tances of 5oo,  I ooo and 2 ooo  ohm in the electrode c ircuit . This figure 
shows that : 

w i th a voltage pacemaker the maximum voltage and slope drop consider
ably with a rise i n  the resistance of the e lectrode ci rcu i t ; 
w i th a current l imited pacemaker, the current l im i tation by the pace
maker c ircuit becomes ineflective, due to l im itation of the operational 
value by the h igh resistances, the pacemaker behaving l i ke a voltage 
pacemaker ; 
w ith a current pacemaker only a very large resistance w i l l  cause a sl ight 
fal l  in the maximum vol tage . 
I t  should be noted that variations in  resistance caused by these defects 

are often accompanied by large fluctuations in ampl itu
.
de and slope. 

These fluctuations depend on the po it ion and the movements of the 
patient. Interm ittent or complete interruption of stimulation is a fre
quent feature of these defects . 

This kind of defect has not been encountered i n  our experience of 
photo-analysis monitoring. 

I I I-6 . Large resistance in the electrode circuit, with a fluid layer at the location 
if the defect. This kind of defect is a variation of the previous defect, 
and may l ike'' ise be due to : 
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a bad contact at the connection of an electrode lead to the pacemaker, 
o r  
a fractu red electrode lead . 
In both cases the remain ing contact is provided by a fluid layer between 

the meta l l i c  su rfaces, but the insulation may sti l l  be considered as i ntact .  
The maximum voltage decreases and the slope shows a pecul iar deviation 
from the normal as can be seen in  fig. IX- 1 2 .  In this figure a peak is 
observed at the beginning of the impulse, and the curve is not exponen
tia l ,  especia l ly at the beginning of the impulse. The deviant shape is 
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determined by polarization, due to the current through the flu id  l ayer 
between the meta l l ic  surfaces of the defect. The current dens i ty is very 
h igh , as the areas are smal l ,  so that both surfaces are almost completely 
polarized after a very short t ime. Thus, at both surfaces a back e .m .f. 
develops rapidly. 

This pehenomenon may be recorded w i th vol tage, current l im i ted 
vol tage and current pacemakers, and in our experience is more common 
than mere increase in resistance . Mostly i t  occurs \\ i thout the fracture 
being vis ible on an X-ray picture. 

I I I . - 7 .  Defective insulation of the electrode lead. The curve recorded w ith 
defective insu lation of the e lectrode leads d iffers for the various types 
of pacemakers and electrode combinations, and also depends on the 
location of the defect. In fig . IX- I 3 the normal val ues are shown, and the 
curves recorded for defects in the i nsulation, the leak being relatively 
sma l l  and located halfway along the heart electrode. 

The variations are caused by a parasit ic tissue c ircuit arising through 
the leak, in paral le l  '' ith the normal c i rcuit, and the leak has the same 
polarity as the l ead in which it arises . The consequences of this parasit ic 
c i rcuit are t\\ O fo ld : 
I .  the d ipole of the stimulation unit i n  the body is a ltered , the change 
being dependent on the location of the defect. The changes occurring 
in  the geometry factor also depend on the relation between the new 
d ipole  and the dete tion electrodes . As a resu lt  of the i nsulation leak 
the largest geometry factor i . e .  the largest 1'max in unipolar stimulation 
wi l l  decrease, whereas i t  w i l l  i ncrease in  bipolar stimulation . 
2 .  the resistance of the electrode c ircuit decreases because of the parallel 
c i rcu it .  This results in  an increase in the slope and the maximum voltage 
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in a voltage pacemaker, in a stabl e  Vrnax but an increasing plateau T c  i n  a 
current l im i ted voltage pacemaker, and in  a stable 1'111ax in a current 
pacemaker .  

In conclusion with an insulation defect in unipo lar stimulation : 
with a voltage pacemaker the slope increases but the variation in  Vmax 

depends on the resultant of an i ncrease in Vmax caused by the fal l  i n  
resistance and a decrease o f  the largest I '  max caused by a decrease in the 
geometry factor .  This results in i ncongrui ty between the variations 
in S and V max · 
with a current l imited voltage pacemaker the plateau and the slope of 
the unl imited part increase as a resul t  of the fal l  i n  resistance, but the 
largest V max decreases consequent upon decrease in the geometry 
factor .  
with a current pacemaker the largest 1'111ax decreases as  a resu lt  oF the 
decrease of the geometry factor .  Differentiation from the pattern due 
to i mpend ing battery exhaustion is d i fficul t ,  however the time elapsed 
s ince pacemaker implantation may be helpfu l .  
In contrast with unipolar stimulation, in  bipolar stimulation 1'111ax 

i ncreases with a l l  those types of pacemaker due to the enlarged dipole . 
The defect may sometime be attended by muscular contractions near 

the i nsulation leak . Certa in body movements may cause a part of the 
uninsulated electrode lead to make tissue contact. 



TABLE IX-J . , 1/eamrements on a patient b�{ore (A) and ciftcr (R) defect cj the msulatwn c!.f 
electrode lead. Bipolar stimulatiOn. Current pacenwker. See te\t. 

Impulse- Lead I Lead I I  Lead I l l  
duration 

Ymax Ymin Ymax Y min Ymax Ymin 
m;ec. mY mY mY mV mY mY 

A. 2 .  JO  lj lj 0 , 7 O , lj lj lj 
H.  2 .  2 0  1 0  9. 5 J , )  1 4  I J 

--- --

This phenomenon was not recorded c l in ical ly  \\ ith our electrodes in 
combination w ith a voltage or current l im i ted voltage pacemaker, but it 
was encountered w ith a current pacemaker and Chardack type intra
mural co i l  electrodes (Chapter VII). The defect occurred amongst others 
in  a 56 year o ld man 1 9 months after implantation of the electrodes 
(table IX- 3 ) .  The measurements B, made about 1 .  5 months after the 
last normal measurements, were accompanied by intermi ttent st imula
tion and because a current pacemaker was in use the current during the 
i mpulse was v i rtual ly constant, so that the slope was negl igib le .  Note 
also the smal l ampl itudes of bipolar stimulation (see also fig. IX- r 3 ) .  

I t  is possible that there may be two or more defects present at the same 
t ime. These mu l tiple defects are hard to combine in a two d imensional 
table ,  but thei r d istinctive features allow them to be successfu l ly  analysed 
from the figs . IX-6- 1 3 .  

One compl ication is as yet not d iagnosable by photo analysis w ith 
pacemakers available at present, viz. rise in  stimulation threshold . In 
our experience this occurred with a patient, aged 8 3 ,  who had al
ready been paced for 4-8 months us ing a p in-electrode .  The i mpulses 
recorded before and after the threshold rose beyond the operational 
value showed no difference , '' hich is, of course, expected because the 
stimulation threshold is determined by other parameters (Chapter VI) .  
A threshold rise is not necessari ly attended by an increase in the resis
tance of the electrode c i rcuit, and the i mpulses are normal as the c ircuit  
remai ns normal . 

With a pacemaker, \\ h ich has t\\ o operational val ues, such a diagnosis 
is theoretica l ly possible when the threshold l ies between the two values. 
The heart is then not stimulated at the IO\\ er operational value but is 
stimulated at the h igher operational value (fig. Vll l - 7 ,  1 o). These values 
can be switched by a simple extracorporal adjustment . 



In this s i tuation, the th reshold rise can only be diagnosed w hen the 
pacemaker is no longer stimulat ing the heart at the 10\\ er operational 
value .  Any rise in st imulation threshold below this operational value is 
not d iagnosible ,  making early intervention imposs ible .  In view of the 
importance of a timely diagnos is of this compl ication our aim has been 
to develop a method of diagnosis  (vAN DEN BERG and THALEN 1 967) . 
The principle is described here ,  the method and the accompanying appa
ratus being c l inical ly appl ied fo r too short a t ime to give resul ts al ready. 

' I I I � - - - - - - - - - - - �  
BATTE R I E S  TUNED 

RECE I V E R  

PACEMAKER SK I N  

TRA N S M ITTER WITH 
A DJUSTA B LE OUTPUT 

Fig. I X- 1 4. Scheme of the implanted pacemaker with external reducible impulse, to 
measure the stimulation threshold of the heart. 

The method is based on record ing the impulse by photoanalys is .  The 
pacemaker is s l ightly more compl icated (fig. IX- 1 4) as a receiving c i rcu it  
is inc luded in the output c i rcuit ,  i n  w hich a voltage, opposed to the 
battery vo l tage, can be induced extracorporea l ly .  The operational 
voltage and current of the pacemaker can be decreased by increasing the 
output of the extracorporeal transmitter .  It i s  then possible to decrease 
the operational value of the pacemaker to such an extent that the th res
hold value is reached , and may be d iagnosed by means of the ECG or the 
peripheral pulse, as the heart no longer reacts to the pacemaker impu lses 
when the operational value decreases beyond thresho ld .  By photo
analysis of the impulse at the operational pacemaker value and at the 
threshold value, the relative threshold ,  i . e .  the safety margin, can be 
determined (fig. IX- 1 5) . 



Fig. I X- 1 } . Voltage; aero;; !:in thO\ en leads 
of pacemaker with threshold control. 
Normal impulse, 1 oo00, and impulses re
duced to So,  6o,  40, 2 o  respectively 1 0'}0 
of the operational ' alue during an animal 
experiment. 
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As this method of analysis has been used cl inical ly s ince 1 968 , after i t  
had been functioning satisfactory al ready for one year in animal exper
iments, complete monitoring of the stimulation unit, us ing voltage and 
current I imitecl voltage pacemakers, is nm\ possible by the photo-analysis. 
However, this w i l l  remain impossible for current pacemakers. 

c. Frequency cif.photo analysis 

Photo analysis aims at timely diagnosis and local ization of defects, al low
ing intervention before the heart is no longer being adequately stimulated 
by the pacemaker. This makes frequent measurements of the patient 
necessary. 

Photo analysis is performed on each of our pacemaker patients for the 
first t ime before leaving hospita l ,  genera l ly about 1 o clays after i mplanta
tion but not '' ithin 2 days after implantation, as the circuit resistance 
varies somewhat during the first 2 post-operative days. After 6 weeks 
the patient is seen again, and special attention is paid to physical exa
mination, particularly of the surgical wound and the effect of artificial 
stimulation on the ci rculatory system .  The second photo analysis is 
also performed at this t ime. If the results are satisfactory the patient 
then returns for a general check-up ever) three months. During the 
three month periods between check-ups the patient can be seen by his 
fami ly doctor or a special ist, and can be sent to the pacemaker cl in ic for 
ana lysis immediately if any compl ications arise . ]f an incipient defect 



is thought to be p resent at a routine check, the patient is re-checked 2 -4-

weeks later, depending on the nature of the defect, to verify whether 
the deviation is progressive and whether there are ind ications of a danger
ous defect a lready present. 

In spite of this i ntensive monitoring, defects may sti l l  occur that have 
not been d iagnosed in t ime. This may be the case especial ly with current 
pacemakers, but also with other types of pacemakers when e .g .  a sudden 
complete lead fracture occurs i n  a s ingle-strand lead . But even in  these 
cases photo analysis is helpful at re-operation, as the cause and location 
of the defect can be d iagnosed . The photo analysis enabled us after one 
year appl ication a timely d iagnosis of  6 5 ° � and after two years of 9 0 °0 
of the defects. 

IV. R E - O P E R A T I O N  

A defect, resul ting in inadequate st imulation of the heart, in  an im
planted stimulation unit necessitates re-operation. The pre-operative 
care of such patients sometimes entai ls d ifficul ties, especial ly in those 
patients where the pacemaker is sti l l  functioning, but w here the stimul i  
are no longer ab le  to i nduce heart contractions, e .g. because of a fractu r
ed lead or a rise i n  stimulation threshold . These patients cannot be 
monitored by an apparatus on  the principle of the R-wave pacemaker, 
fo r this wi l l  be triggered by the pacemaker i mpulses , resulting in a con
tinuous blocking of the stimulator. These patients need fixed-rate stimu
lation or moni tori ng by the Vasophon (Chapter V) ,  which detects the 
peripheral pu lse . By connecting the Vasophon to an alarm signal , an ex
treme bradycard ia or asystole  can be recorded in t ime and the sti mu lator 
switched on.  Because d isturbances affect pu lse detection it is not yet 
advisable to switch the stimu lator on by means of an automatic c i rcuit .  
More stable  pulse detection wi l l  make this feas ible in  future, however. 

The period within which re-operation has to be performed depends on  
the nature of the defect, and the condit ion of the patient. The l imit  
varies from emergency i ntervention for pacemaker tachycard ia to a 
period of 2 -4- weeks for impendi ng battery exhaustion. 

An  important role  in the definitive determination of the cause of the 
st imulation defect is p layed by the Cardiotest (Chapter V) . Comparison of 
the measurements of the threshol d  value, operational value and relative 
threshold  with those of the previous implantation provides important 
data on the electrodes . Moreover the effective resistance of the e lectrode 



circuit can be determined by using the Card iotest .  These results make 
i t  also possible to verify those of photo analysis .  

The defect i s  repai red during the operation , depending on the nature 
of the compl ication : 

a defective or  exhausted pacemaker is replaced by a new one inserted 
at the same s i te, 
" hen a conduction lead is fractured the defective part is removed if 
the defect is located c lose to the pacemaker or, this being imposs ib le ,  
a new or  reserve electrode is connected to the pacemaker, 
w ith a rise in stimu lation threshold a reserve electrode " ith a lo" 
threshold is connected , the electrode is also replaced , or, if the thres
hold rise permits this, a pacemaker '' i th a h igher operational value 
is implanted . 
Post-operative treatment is requi red for infection. It is advisable  to 

remove the o ld stimulation unit as far as possib le by a simple inter
vention and to stimulate the heart \' ia a temporary catheter electrode 
and an external stimulator unti l the infection has been overcome, after 
which a new unit may be implanted . Fo l low -up for some months may be 
necessary in  these cases . 

V .  C O N N E C T I O N  O r  T H E  M O N I T O R  E Q U I P M E N T  

The danger o f  ventricular fibri l lation should be mentioned w i th respect 
to monitoring and surgical i ntervention .  WHALEN et a/. ( 1 964) found that 
very smal l ( 1 8 o [.LA) al ternating currents of 6o Hz reaching the heart via 
a catheter, w ere capable  of producing ventricular fibri l lation in patients .  
This i s  especial ly dangerous in artificial stimulation of  the heart, a s  the 
stimulation catheter or transthorac ic electrode presents d i rect lo" 
resistance access to the m_:. ocard ium.  With extra corporal skin elec
trodes the danger is much smal ler because they have a h igh transi tional 
resistance and the current is d ispersed throughout the body. 

The risk of ventricular fibri l lation is also c losely l inked w i th the d i 
mensions of the stimulation electrodes, as i t  depends on the current 
density, which is inversely proportional to the electrode d imensions . 

Ventricular fibri l lation may arise when a pacemaker patient, whose 
heart is stimulated by an extracorporal stimulator connected to the 
mains ,  is attached to other apparatus such as a monitor  or an el ectro
cardiograph, which is also connected to the mains . Leakage currents 
from these apparatus may reach the heart d irectly via the electrode and 
cause ventricular fibril lation. This was encountered twice in our animal 



experiments . Others (NOORDIJ K et a/. I 9 6 I ,  BURCHELL I 96 I  and FU R
MAN et a/. I 96 I )  recorded this compl ication in c l in ical practice . 

In those cases where the heart of the patient is stimulated by a mains 
powered pacemaker, l eakage currents can be excl uded by properly 
earthing all the other apparatus. These and the pacemaker should a l l  
be connected to the same earth , as connecting the equipment to d i fferent 
earths can give rise to compl ications as a result of sma l l  potentials 
between them . As the chance of a human error  in connecting up ap
paratus cannot be completely excluded , complications may also arise 
at this stage . A l l  risks are e l iminated however if the stimulator is com
pletely separated from the mains by : 

a separating transfo rmer, as used in the Cardiotest, or 
- using a battery powered stimulator .  

Most stimulators receive the ir  energy from one of these sources, 
reducing the risk of dangerous compl ications to zero . However, care 
should be taken in the treatment of patients '' i th these apparatus, as 
current c i rcuits may arise in  various ways . Even contact via the body of 
a doctor, who wishes to check an electrode connection, may be dangerous. 
It is therefore advisable  to disconnect the other apparatus from the 
patient or the mains when working on the stimulation unit, thus e l im i 
nating these complications. 

This survey of present-day electrical stimulation of the heart has 
d iscussed the three components of the stimulation unit and has been 
concluded by the important subject of monitoring methods .  For it is 
complete monitoring, which enables proper escort of the pacemaker 
patient in particular, some of the mental stress can be a l leviated and this 
form of therapy can be made more easi ly acceptable to the patient. 



Prospects C H A P T E R  X 

In the preceeding chapters an attempt has been made to show the various 
facets of art ificial cardiac stimulation .  Basic principles were discussed 
and a review of the al ready satisfactory present situation (fig. X- 1 )  was 
given with indications of future development. 
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Fig. X- 1 .  1-ollow-up of two groups 
of patient; with total A-V block 
treated with medicament; (D )  and 
pacemakers (P) for a period of 2 
years after the treatment started. 
* period March 1 96 2 -March 1 967 
** period Apri 1 1 96o-May 1 96 5  

Many operations and re-operations have been necessary to  achieve the 
present results. The rel iabi l i ty of stimulation units has improved in  
recent years and further advance is to be expected . For  instance, im
provements in  insu lating material and electronic c ircu its , e .g .  integrated 
c ircuits , are anticipated . 

Further i mprovement in the source of power is needed . Perfection 
of batteries w ith smal ler cells, \\ hich store more energy , w i l l  make long
term stimulation with smaller units possib le .  The use of atomic energy 
or  bio-energy o ffers a longer period of stimulation w ithout the incon
venience and possible compl ications of frequent pacemaker replacement. 
Furthermore ,  there would be a resulting decrease in the work-load of 
med ical c l inics . In this respect i t  should be reminded , that i f  the mean 
stimulation period per unit is 2 years, one replacement per week is 
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necessary in a c l in ic of 1 oo pacemaker patients, occupying one hospital 
bed continuously throughout the year. 

In the future the range of stimulation methods w i l l  be wide enough 
to meet a l l  c l in ical s i tuations necessitating a choice from these various 
methods .  Further advances may resu l t  from combinations and modifica
tions of existing methods ; in due time a P-wave triggered, R-wave 
blocked pacemaker wi l l  be feasible .  However more complicated pace
makers depend on development in electronics and sources of pow er. 

The important comparison of the results with transthorac ic and trans
venous electrodes is now being made in many c l in ics. However each 
type of e lectrode has i ts specific advantages, and therefore the alternative 
wi l l  remain although one type may be favoured . 

Al l  these advances result in  a progressive i ncrease in  the number of 
pacemaker patients .  Extracorporal analysis of implanted pacemakers 
requi res fu rther development, but at present offers effective monito ring, 
al lowing timely intervention in pacemaker fai lure .  This provides a 
basis of confidence from which the patient can resume his place i n  society . 
An international pacemaker-monitoring system is desi rable i n  the future, 
so that other c l in ics may take over the emergency care of a patient, who 
is far from his own centre .  It is important that each patient should carry 
his essential pacemaker data wherever he goes ; we issue a pacemaker 
passport fo r this purpose. With in l imits such a standardised monito ring 
system is al ready in operation in the Netherlands .  

The ' Artificial Pacemaker' introduced by Hyman has undergone much 
development and has now become a general ly accepted form of electro
therapy . This manuscript has traced this development and tried to anti 
cipate further improvement. 
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Sumn1ary 

Electrical stimulation of human organs, includ ing the heart, was fi rst 
investigated more than 1 50 years ago . This thesis reports the develop
ment of electrical cardiac stimulation from a medico-physical angle, 
and special attention is given to the various facets of the artificial card iac 
pacemaker and i ts use in heart-block resulting from lesions of the con
duction system .  

The scope of  the manuscript is fi rst outl ined , fo l lowed by a discussion 
of the anatomy and physiology of the conduction system . Particular 
reference is made to i ts blood supply, as coronary artery disease is one 
of the most i mportant causes of heart block. This l eads to a ful l  discus
sion of the aetiology in which not only structural leasions of the con
duction tissue are considered , but also the importance and frequency 
of excessive vagal tone, electrolyte imbalance and drug toxicity . 

The cl inica l  presentation of heart block is described and is fo l lowed 
by a consideration of therapy " ith sympathomimetics (Epinephrine, 
Norepinephrine and in particular Isoproterenol)  and corticosteroids on 
an aetiological basis .  The effect of such therapy is mostly symptomatic , 
depends on the aetiology and decreases w i th t ime. Surgical treatment 
of heart block by vagotomy or homo- or autotransplantation of the s ino
auricular node does not give good results ,  and leaves physical therapy 
w ith an electrical pacemaker as the th i rd therapeutic possibi l ity . 

The fi rst successful post-mortem stimulation of the human heart was 
achieved by Vassal i ,  Giu l io and Rossi in Turin at the end of the 1 8th 
century .  This was fo l lowed by many more attempts by numerous i nvesti
gators w ith varying success. But it " as not unti l 1 9  J 2  that Hyman in 
New York developed an effective card iac stimulator for c l inica l  use. 
Hyman conceived his 7, 2 kg apparatus, as a substi tute for the natural 
cardiac pacemaker and cal led it the 'artificial cardiac pacemaker' . 
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Advances in  the field of electronics enabled improvements to be made 
in this pacemaker and after 1 9 so development of various types of pace
makers and electrodes became rapid . 

Ten d ifferent methods of stimulation are described , d istinguishing 
stimulator s i tes (external or implantable), methods of impulse trans
mission (d i rect or ind i rect) , types of electrode (sk in ,  oesophageal ,  
transthoracic, transvenous and ' humora l ' )  and types o f  stimulator (asyn
chronous, P-wave triggered or R-wave control led) .  Discuss ion of the 
relative advantages and disadvantages of each method is based on publ ished 
and own experience .  

The methodology of the animal research is reported . Surgical l igation 
of the Bundle  of H i s  to induce heart block \\ as performed in clogs through 
a thoracotomy incision .  Various types of electrodes, conduction leads 
and stimulators were investigated in these animals, the most important 
parameter being the stimulation th reshold . The results are used in 
d iscuss ion of the ind iv idual components of the stimu lation unit .  The 
apparatus developed for threshold measurement and card iac monitoring 
is described and d iscussed : the Carcl iotest is used to measure the stimu
lation threshold and the efl'ective resistance of the electrode circu it ; 
the Vasophon monitors peripheral pulsation ; the Autocardiotest, a 
combination of both Cardiotest and Yasophon , ofl'ers the possibi l i ty 
of automatic threshold measurement ;  the Vasoalarm is the Yasophon with 
an alarm system ; the Monitor i s  used for a s imple di rect check of some 
implanted stimulators . 

Research on the influence of polarity on the electrodes showed that 
with a unipolar system the current threshold is determined by the heart 
electrode, both w ith cathodal and anodal stimulation, and that lower 
current and vo l tage thresholds are found \\ ith cathodal stimulation .  
With a bipolar system the current threshold is equal to the cathodal 
current threshold of the negative electrode of the unipolar system except 
where the anodal current threshold of the positive electrode is lower. 
This may occur when the negative electrode is much larger or when there 
is excessive tissue reaction around it ,  e .g. an inflammatory process. In 
such ci rcumstances, the positive electrode determines the current thres
hold of a b ipolar system. It was also observed that bipolar vo ltage thres
holds did not correlate \\ ith unipolar vol tage thresholds and that the 
current threshold does not depend on electrode position, either on or in  
the heart, provided that the electrodes are si tuated on intact myocard ium.  

Electrodes are classified as  epicard ial , intramural and endocardial 
stimulation electrodes and i nd ifferent electrodes . The advantages and 
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d isadvantages of the various designs of each are analysed w ith particular 
reference to electrolysis, tissue reaction around the electrodes and 
thrombus formation in endocardial stimulation . The electrode c ircuit is 
d iscussed . 

Analysis of the current threshold show s that it is determined by the 
electrical ly active cardiac tissue around the electrode, thus '' ith a given 
stimulation system and polarity the current threshold depends on the 
shape and d imensions of the electrode ,  the tissue reaction around i t  and 
the excitabi l i ty of the surround ing intact myocard ium.  Using a constant 
current the greatest current density is achieved wi th an electrode as 
smal l  as possible, but such an electrode is not yet the most favourable ,  
because i t  gives a high electrical resistance in the electrode c ircuit , shown 
experimenta l ly .  This ohmic resistance consists of the resistance of the 
conduction leads and electrodes, the resistance of the electrode-tissue 
transit ion zones, '' hich is approximately inversely proportional to the 
electrode d imensions, and the resistance of the tissues between the 
electrodes . 

Resistance measurements also showed that current threshold changes 
are not necessari ly accompanied by changes in the resistance in the 
electrode c ircuit as the electrode tissue reactions have l i tt le influence on 
the ohmic resistance in the c ircuit .  The Card iotest can be used to 
determine the effective resistance of the electrode c ircuit, whereas the 
real ohmic resistance can be calcu lated from the vo ltage and current of 
the impulse. The effective resistance proves to be greater than the real 
ohmic resistance as a result of the polarization at the electrodes during 
the stimulation impulse . This polarization causes an e .m . f. ,  w hich is 
opposed to the impulse voltage and increases during the impulse, thus 
producing an increasing effective resistance in the c ircuit .  Polarization 
voltage u ltimately achieves a maximum, w hich depends on the type of 
electrode and the surrounding tissue, and the rate at which this is 
ach ieved , is determined by the current density at the electrode surface . 

As the voltage threshold is not only determined by the stimulation 
electrode,  but also by the rest of the electrode c ircuit, it depends on the 
effective resistance of the circuit wh ich varies with the i mpulse current . 
Thus the voltage threshold is not a useful parameter in  comparative 
studies and the same appl ies to energy thresho lds .  

The concept of the operational value of a stimulation unit is described . 
The operational value for current respectively voltage is that current 
respectively voltage which is administered to the tissues by a functioning 
pacemaker .  A d istinction is drawn here, between current pacemakers, 



where the operational current remains constant during the impulse and 
the operational voltage depends on this current and the impedance of the 
c ircuit, and vol tage pacemakers where the operational cu rrent depends 
on the impedance and the vo ltage across the c ircuit . Intermed iate types 
between voltage and current pacemakers are possible . The relation 
between the stimu lation threshold and the operational va lue gives an 
indication of the margin of safety . This is expressed as the relative th res
hold (st imulation threshold/operational va lue) ,  \\ hich is used in choosing 
between electrode combinations in  an individual patient and gives an 
indication of the safety margin throughout the course of long-term 
stimulation on a particular electrode combination , records being made 
at each stimulator replacement. 

Impulse transmission from the stimulator to the sti mulating electrode 
is considered under di rect transmission w ith transthoracic and trans
venous electrodes and ind irect transm ission by means of inductive 
coupling. Conduction leads and stimulation catheters themselves are 
discussed . 

The stimulator, itself, is then considered in detai l .  Investigations 
into the optimal i mpulse form show ed that of 5 \\ ave form!> the rectan
gular impulse gave the low est current threshold and the triangular im
pulse the low est charge th reshold ; the optimal impulse duration ap
peared to be between 1 and 2 .  5 msec!> . '' hen the parameters of charge 
threshold ,  the energy threshold and the safety margin are used . The 
i mpulse frequency is examined w ith reference to i ts haemodynamic effect 
and battery l i fe, the optimum lying between 6o and 7 5 ppm. Some 
pacemakers a l low frequency variation after implantation, '' hich is 
sometimes des irable ,  either by percutaneous adjustment or by magnetic 
relay switching to a second frequency of ± 9 5  ppm . Pacemaker man
ufacture, based on these cri teria, is d iscussed and reference is also 
made to the electronic c ircuit, sources of po\\ er, insulation and electrode 
connections . 

The operation of basic pacemaker c ircuits ,  pu lse forming (blocking 
osci l lato r and multivibrator) and output c ircuits (vol tage and current) , 
is described w i th such mod ifications as the current l im i ted vol tage pace
maker. The development and operation of P-\\ ave triggered and R
wave contro l led pacemakers are d iscussed . 

In considering the cl inical appl ication of the electrical card iac pacemaker, 
the ind ications for pac ing are d iscussed and the procedure for pacemaker 
insertion is described . Patient fol low -up is covered in  deta i l  \\ ith parti
cular reference to the new method of photo analysis fo r stimulation unit 



assessment, as wel l  as pulse and ECG monitoring and X-ray technigues . 
In photo ana lysis the pacemaker impulse is d isplayed on an osc i l lo

scope screen using standard ECG (Einthoven) leads. The wave Form is 
photographed and analysis may then be made of the shape, duration ,  
ampl itude and slope of the impulse. As a result oF these measurements , 
i t  was possible to detect timely the development of defects in  stimulation, 
especial ly w ith unipolar vo ltage and current l imited voltage pacemakers, 
a l lowing operative intervention w ith sti l l  satisfactory stimulation in most 
cases. Moreover, using this technigue, defects can be loca l ized in the 
stimulator i tself (e .g. battery voltage or  electronic c i rcuit) or  in  the 
electrode c i rcuit (e.g. i ncreased resistance, imminent fracture of a 
conduction lead or insulation defects) , a l lowing the appropriate inter
vention to be made. The technigue is described fu l ly and examples of 
defect patterns are given . 

Attention is d rawn to the danger of connection of more than one 
mains powered monitoring or stimulation apparatus to a patient. 

The future possibi l i ties of electrical card iac stimulation are d iscussed . 

No attempt has been made in this manuscript either from personal 
investigations or from a study of the l i terature to advocate a standard 
stimulation methods .  It is intended , ho\\ ever, to enable the reader from 
the description of the great variety of possibi l i ties ,  to choose for each 
patient, the optimal method oF appl ication of this new electrothera
peutic measure - the artificial card iac pacemaker .  



Sa men vatting 

De electrische prikkelbaarheid van organen van het mensel ij k  l ichaam 
werd reeds meer dan 1 so j aar gel eden onderzocht. Een van deze or
ganen was het mensel ij k  hart. Dit proefschrift tracht de ontwikkel ing 
van de electrische hartstimulatie weer te geven, benaderd vanuit een 
med isch-physisch standpunt. Speciale aandacht wordt  daarbij besteed 
aan de verschi l lende facetten van de kunstmatige gangmaker van het hart, 
d ie  zijn toepassing v indt  bij patienten met een hartblock ten gevolge van 
een gestoord geleid i ngssysteem . 

Na een overzicht van de indel ing van d i t  manuscript in het eerste 
hoofdstuk, worden in hoofdstuk II de anatomie en phys iologie van het 
geleidingssysteem besproken. Onder meer wordt de vascularisatie van 
het geleidingssysteem geanalyseerd , daar aandoeningen van de coronair
vaten een van de belangrijkste oorzaken van het hartblock vormen . Dit 
bl ij kt u i t  het tweede deel van hoofdstuk I I ,  waar de aetiologie van het 
A-V block wordt  behandeld .  Naast de structurele beschacl igingen van 
het geleidingssysteem, waaronder bovengenoemde oorzaak wordt ge
rangsch ikt, worden nog abnormale parasympaticus i nvloed , storingen in 
de electrolyt-huishouding en i ntoxicaties onderscheiden. Deze oor
zaken komen echter minder frequent voor. 

Na een bespreking van de k l inische kenmerken van het A-V block 
worden in het laatste deel van hoofclstuk I I  de  versch i l lende therapeuti
sche mogel ijkheden besproken. De medicamenteuze therapie maakt, 
afhangend van de aetiologie, onder meer gebruik  van sympatico-mimetica 
(Epinephrine, Norepinephrine, Ephedrine en vooral Isoproterenol )  en 
corticostero"iden. Het effect van de behandel ing, d ie  d i kwij l s  sympto
matisch is, is afhankel ijk van de aetiologie en neemt in verloop van de 
tijd af. Ook pogingen om met chirurgische i ngrepen (vagotomie en 
homo- of autotransplantatie van de sinusknoop) het hartblock te be-
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strijden geven geen goed resultaat te zien. Aan de derde therapeutische 
mogel ijkheid, de physische therapie in de vorm van de elektrische gang
maker, zijn de volgende hoofdstukken gewijd . 

De eerste succesvol le stimulering van het mensel ij k  hart werd , post
mortem,  bereikt door Vassal i ,  Giu l io en Rossi in Turijn aan het einde 
van de 1 8e  eeuw .  In de daaropvolgende tijd werden door versch i l l ende 
onderzoekers meer of minder geslaagde pogingen ondernomen, zoals 
in hoofdstuk III wordt beschreven. Het duurde tot 1 9 3 2 voordat 
Hyman in New York een apparaat ontw ikkelde '' aarmee bij patienten het 
hart effectief gestimuleerd kon worden. Aangezien h ij d i t  apparaat als een 
vervanging van de natuurl i jke gangmaker van het hart beschouwde 
noemde Hyman zijn 7 , 2  kg zware toestel 'de kunstmatige gangmaker van 
het hart ' . 

Mede door de vooruitgang op het gebied der electronica slaagde men 
erin het principe van deze gangmaker in steeds vervolmaakter versies toe 
te passen . Deze ontw ikkel ing nam vooral na 1 9 50 een grote vlucht. Dit 
le idde tot de ontwikkel ing van versch i l lende gangmakers en electroden . 

In hoofdstuk IV \Varden 1 o verschi l lende stimu leringsmethoden door 
ons onderscheiden, welke ontstonden door versch i l len in het stimu
leringsapparaat (uit\\ end ig of implanteerbaar), de impulsoverdracht 
(di rect of ind i rect) , de eigenl ijke stimulering (hu id-, oesophagus
transthoracale- , transveneuze- en humorale electroden) en de stimu
l eringsprincipes (asynchrone, P-top getriggerde en R-top gestuurde 
stimulering) . Van elke methode worden het principe, het d ierexperi
menteel onderzoek en de kl inische toepassing behandeld, waarbij tot 
slot van elke methode de voor- en nadelen ten opzichte van de andere 
methoden worden besproken . 

De analyse van de stimuleringsmethoclen was het resultaat van l i tera
tuur studie en de resultaten van het eigen dierexperimenteel - en patien
tenonderzoek . De opzet van het d ierexperimenteel onderzoek wordt in  
hoofdstuk V behandeld . Voor dit onderzoek werd gebruik  gemaakt 
van proefd ieren (honden) ,  \\ aarbij via een hemi-thoracotomie een hart
block werd gemaakt door l igering van de bundel van His .  Bij deze d ieren 
werden verschi l lende typen electroden, geleidingsdraden en stimulatoren 
onderzocht, waarbij onder meer de stimuleringsdrempel als parameter 
fungeerde. Voor het bepa len \ an de parameters en voor het controleren 
van de hartactiviteit werden een aantal apparaten ontworpen, die in het 
laatste dee! van het hoofdstuk " orden behandeld .  Onder meer worden 
besproken de Cardiotest, voor de bepal ing van de stimuleringsdrempel 
en de effectieve weerstand van het electrodenc ircu it ; de Vasophon, voor 



de controle van de perifere pu lsaties ; de Autocard iotest, een combinatie 
van beide voorgaande apparaten met de mogel ijkheid van automatische 
d rempelmetingen ; de Vasoalarm, een combinatie van de Vasophon en een 
waarschuwingsapparaat en tenslotte de Monitor, voor een eenvoud ige 
en rechtstreekse controle van bepaalde geimplanteerde stimulatoren . 
De resultaten van deze onderzoekingen worden in de volgende hoofd
stukken besproken . 

De eigenl ij ke electrode vormt het onderwerp van hoofdstuk V I .  
Onderzoek naar de invloed van de polariteit van de  electroden leerde 
dat bij monopolaire stimulering de drempel voor de stroom (uiteraard) 
bepaald wordt door de hartelectrode, zowel bij kathoda le als bij anodale 
stimulering, waarbij de kathodale stimulering lagere d rempelwaarden 
voor de stroom en spanning Ievert. Vercler b l ij kt dat bij bipola i re stimu
lering de drempel voor de stroom gel ij k is aan de kathodale drempel voor 
de stroom van de negatieve electrode bij monopolaire stimulering, be
halve in die geval len waar de anodale stroom-drempel van de positieve 
electrode lager is, zoals in het geval van een veel grotere negatieve 
electrode of als zich rond de negatieve electrode een relatief grotere 
weefselreactie, bijvoorbeeld een ontsteking, heeft ont\\ ikkeld . De po
sitieve electrode bepaa lt  dan de stroomdrempel van de bipolaire stimu
lering. Verder bleek dat de bipola i re drempel voor de spanning niet is 
gecorreleerd met een van de monopolaire drempelspanningen . Als 
derde punt werd gevonden dat de stroomdrempel niet afhangt van de 
p laats van de electroden op het hart, mits de electroden in intact hart
spierweefsel werden aangebracht. 

In het derde cleel van hoofdstuk VI " orden de verschi l lende electroden 
besproken, volgens de indel ing epicardiale, intramurale en endocard iale 
stimu leringselectroden en indifferente electroden . De voor- en nadelen 
van de verschi l lende u itvoeringen worden geanalyseerd , waarbij in het 
laatste deel van de paragraaf de e lectrolyse, de weefsel reacties rond de 
electroden en de thrombusvorm ing bij endocard iale stimulering apart 
worden behancleld . 

In het laatste dee! van hoofdstuk VI wordt het electrodenc ircuit be
sproken. Analyse van de stroomdrempel leert dat deze wordt bepaald 
door de stroomd ichtheid in het intacte hartspierweefsel rondom de 
electrode, waaruit volgt dat bij een bepaalde stimuleringswijze en polari
teit, de stroomdrempel afhangt van de vorm en afmetingen van de elec
trode, de weefsel reactie rond de electrode en de prikkelbaarheid van het 
i ntacte hartspierweefsel . Hoewel b ij constante stro01n de grootste 
stroomdichtheid bij een zo kle in mogel ijke electrode wordt bereikt, 



is een dergel ijke electrode toch niet optimaal , daar h ij een grate e lec
trische weerstand in  het electrodenci rcu it  oplevert. Dit  b l ijkt u i t  de 
weerstandsbepal ingen in het electrodenci rcuit .  Deze Ohmse weerstand 
is opgebouwd u it  de weerstand van de geleidingsdraden en electroden, 
de weerstand van het overgangsgebied electrode- l ichaamsweefsel en de 
weerstand van het transportgebied tussen beide e lectroden . De tweede 
"' eerstand is bij benadering omgekeerd even redig met de afmetingen van 
de electrode .  

Uit  de  weerstandsmetingen volgde verder dat een verandering van 
de stimuleringsdrempel voor de stroom niet gepaard hoeft te gaan met 
een w eerstandsverandering in het electrodencircuit, aangezien de 
weefsel reactie rond de electrode vrij wel geen invloed heeft op de Ohmse 
weerstand van het electrodenci rcuit .  Behalve de Ohmse weerstand, d ie  
berekend kan worden u it  de spannings- en de stroomimpuls, kan men 
met behulp van de Cardiotest ook de effectieve weerstand van het elec
trodenci rcuit bepalen. Deze substitutieweerstand bl ijkt grater te zijn 
dan de reele Ohmse weerstand , hetgeen een gevolg is van de polarisatie 
welke tijdens de stimuleringsimpuls aan de electroden optreedt .  Deze 
polarisatie, die in hoofdstuk VI wordt besproken, resulteert in een 
e .m . k .  tegengesteld aan de impulsspanning, d ie  gedurende de impuls 
toeneemt, waardoor de effectieve weerstand in  het electrodenc ircuit 
toeneemt. De polarisatiespanning bereikt tenslotte practisch een max i 
mum,  dat afhangt van de aard van de electrode en het omringende 
weefsel ,  waarbij de snel heid waarmee het maximum wordt bereikt 
bepaald wordt door de stroomdichtheid aan het electrodenoppervlak. 

De spanningsdrempel , d ie niet a i leen door de stimu leringselectrode 
maar ook door de rest van het e lectrodenc ircuit wordt bepaald , hangt 
onder meer af van de effectieve weerstand in het e lectrodenc i rcuit .  
Aangezien deze effectieve weerstand varieert bij verschi l lende i mpuls
stromen vormt de spanningsdrempel geen goede parameter voor een 
vergel ijkend onderzoek naar de prikkelbaarheid .  Hetzelfde geldt voor 
de stimuleringsd rempel voor de energie. Beide stimuleringsdrempels en 
de invloed van wijzigingen in  het electrodenc ircuit daarop worden in 
hoofdstuk VI  besproken. 

Behalve de stimuleringsclrempels onderscheiclen we ook de werk
waarde van een stimuleringseenheid . Onder de werkwaarde voor de 
stroom resp. spanning worden die stroom resp. spanning verstaan welke 
door een functionerende pacemaker aan het weefsel worden toegediend. 
In d i t  opzicht cl ient onderscheid gemaakt te \\ arden tussen stroompace
makers , waarbij de werkwaarde voor de stroom constant b l ijft gedurende 
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de i mpuls en waarbij de werkspanning afhankel ij k  is van deze stroom en 
de weerstand in  het c i rcuit en spanningspacemakers, waarbij de werk
stroom afhangt van de effectieve weerstand in het electrodenci rcuit en de 
in  het c i rcuit (nog) beschi kbare spanning. Tussen beide pacemakertypen 
zijn overgangsvormen mogel ij k .  De verhouding tussen de stimulerings
d rempel en de werkwaarde Ievert een ind icatie op over de vei l igheids
marge. Wij drukken deze uit in de relatieve drempel welke gel ij k  is aan 
het quotient van stimuleringsdrempel en werkwaarde. Deze relatieve 
d rempel vormt een i nd icatie voor de keuze van de stimuleringscombina
t ie indien meerdere electroden zijn aangebracht en geeft verder een 
inzicht in het verloop van de veil igheidsmarge bij langdurige stimulering 
ind ien de waarden steeds worden vastgelegd bij b .  v .  vervanging van de 
pacemaker. 

Het zevende hoofdstuk is gewijd aan de impulseoverd racht van de 
sti mulator naar de stimuleringselectrode .  De d i recte impulsovercl racht 
met transthoracale of transveneuze electroclen en de ind i recte i mpulse
overdracht met incluctieve koppeling worden behandelcl ,  waarbij tevens 
d e  verschi l lende gele icl ingsdraden en stimuleringscatheters worden 
besproken. 

Het laatste deel van de stimuleringseenheicl ,  de eigenlijke stimulator 
vormt het onderwerp van hoofdstuk VII I .  Bij een onderzoek naar de 
optimale impulsvorm bl ij kt uit een 5-tal impulsvormen de rechthoek
puls de laagste stroomdrempel en de driehoekpuls de laagste lad ings
drempel op te l everen . De optimale i mpulsduur bl ij kt tussen 1 - 2 , 5  
msec te l iggen ,  u i tgaande van een drietal parameters n l .  de lad ings
drempel ,  de energiedrempel en de vei l igheidsmarge . De i mpu lsfre
quentie wordt geanalyseerd aan de hand van de haemodynamische ver
houdingen en de l evensduur van de batterijen. De basisfrequentie b l ij kt 
dan 6o-7 5 imp/min .  te zijn ,  waarbij sommige pacemakers de mogel ij k
heid van een, i n  bepaalde geval len wensel ij ke ,  frequentievariatie of een 
tweede extern i nschakelbare frequentie van ± 9 5  impjmin .  bezitten. 

In het tweede dee! van hoofdstuk VIII worden de factoren, we lke bij 
de fabricage van de pacemaker, u i tgaande van bovengenoemde norm en, 
van belang zijn ,  besproken. Achtereenvolgens worden behandeld het e
lectronisch c ircuit ,  verschi l lende vonnen van energievoorziening, de 
isolatie en de aans lu i ting van de electroden. 

Het derde en laatste dee! van hoofdstuk VIII behandelt de samenstel l ing 
en werking van de verschi l lende basis pacemaker c ircuits en de variaties 
daarop aan de hand van diagrammen. Onder meer w orden het puls
vormend-c ircuit (blocking osc i l lator en mu l tiv ibrator) en het u i tgangs-
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c ircuit (spannings- en stroomci rcuit) behandeld en hun modificaties, 
waaronder de stroombegrensde spanningspacemaker. Als laatste worden 
de ontwikkel ing en de werking van de P-top getriggerde en de R-top 
gestuurde pacemaker besproken . 
Het voorlaatste hoofdstuk is gew ijd aan de kl inische toepassing van de 
electrische gangmaker van het hart .  Na een u i teenzetting van de ind icatie
ste l l ing en de werkwijze bij implantatie van een pacemaker, \\ ordt het 
belangrijkste deel van het hoofdstuk besteed aan de controle van de pace
maker patient. Behalve het kl inische onderzoek van de patient zelf, 
" orden de mogel ij kheden van controle van de stimuleringseenheid be
handeld . Op d i t  gebied bestaan naast de polscontrole ,  ECG analyse en 
de soms toepasbare Ri:i control e  grote mogel ijkheclen in de nieuwe photo 
analyse . 

B ij deze laatste methode worden de pacemakerimpulsen met behulp 
van de normale ECG afleicl ing volgens Einthoven zichtbaar gemaakt op 
een osc i l lograaf. Deze impulsen worden vervolgens photografisch vast
gelegcl . U i t  het verloop van de impulsvorm ,  waarbij o .m .  de impulsduur, 
-ampl i tude en -hel l ing w orden bepaalcl ,  is het vooral bij monopolaire 
spannings- en stroombegrenscle spanningspacemakers mogel ij k  gebleken 
zich ontw ikkelende clefecten in de stimulering tijdig te herkennen. Deze 
clefecten kunnen zowel gelocal iseercl zijn in de stimulator zelf (laclings
toestancl van de batterijen, werking van de electronisch c ircuit) als in  het 
electroclencircuit (verhoogcle weerstancl , cl reigencle draaclbreuk, isolatie 
clefecten) en bleken in  de meeste geval l en met de methode tijd ig bij een 
nog intacte stimulering te herkennen. De werkwijze en voorbeelclen 
van de voorkomende defecten worden u i teengezet. Aan het slot van 
hoofclstuk IX wordt nog gewezen op het gevaar van het aanslu i ten van 
meerclere bewakings- en stimuleringsapparaten aan een patient. 

Het hoek bes lu i t  met een korte beschouwing over de mogel ijkheclen 
van de electrische therapie in  de toekomst. 

Aan het slot van deze samenvatting cl ient te worden opgemerkt, clat 
het niet de becloel ing is gew eest in  clit manmcript aan de hand van eigen 
onderzoekingen en l i teratuurstud ie een standaard stimuleringsmethode 
en stimuleringseenheicl aan te w ijzen . Veeleer is getracht een inzicht te 
geven in de electrische stimulering van het hart, om de l ezer ,  aan de 
hand van de besproken grote verscheiclenheicl van toepassingsmogel ij k
heclen zijn  eigen keuze te Iaten maken, om zocloencle voor i eclere patient 
tot een optimaal gebrui k  te komen van d i t  nieuwe electrotherapeuticum , 
de kunstmatige gangmaker van het hart. 
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