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T here are many methods of stimulation
of the heart in case of cardiac arrest.

To define our subject, we believe it is suf-
ficient to mention the principal methods:
(1) Stimulation of the heart by means of
electrodes placed externally on the chest.’
This method is very painful to the patient
because of contraction of the skeletal
muscles and irritation of the skin under
the electrodes. (2) Direct stimulation of
the heart by means of electrodes placed
near or on the heart.2  In this case the elec-
trodes can be connected with a stimulator
placed externally or in the patient’s ab-
dominal wall. (3) Stimulation of the heart
by means of an electrode mounted on the
tip of a catheter that is placed in the right
ventricle, with the other electrode in a
thoracic subcutaneous position.3  The stim-
ulator is in an external position. This is
the method used in our experiments.
(4) Stimulation from a source that is lo-
cated in an external position on the chest
and connected inductively with an op-
posed coil which, with a rectifier, is sutured
subcutaneously and connected by means
of platinum wires to the myocardium.4
The advantage of this method is that
quantities such as frequency rate and cur-
rent curve amplitude, in milliamperes,
can be controlled and tested; this, of
course, also applies to the first three meth-
ods mentioned.

The life of the batteries, infections, and
mechanical defects still pIay  a role of im-
portance in these methods, so that further
investigation and improvement are neces-
sary. Artificial stimulation of the heart,
however, has yielded methods entirely
practicable from the point of view of
physics,

Nevertheless, it must be borne in mind
that a feature which is common to all
these methods is their serious effect on
the patient.

Some physical principles
A critical analysis of heart stimulation

may be useful, because there are indica-
tions of a degree of misapprehension in
regard to the physical quantities involved
in stimulation.

a. The passage of a current through the
organism is associated with ion transport.
Certain membranes in the body, when in
the resting state, are passed more readily
by K than by Na. At the passage of a
current, a change in ion concentration can
occur on one side of a membrane, and this
may give rise to a physiologic action, such
as muscle contraction. It can be main-
tained in general that, in the case of a
direct current, the physiologic influence
is dependent on the local density of current
7, which is defined as the charge passing,
per unit of time, through a surface area
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Fig. 1. Current stabilization circuit with the patient
in the circuit.

of 1 square centimeter perpendicular to
the lines of flow, and on the duration r
of the current passage.

Under a given intensity of current be-
tween the electrodes, even if its duration
is unlimited, no reaction occurs (rheobase).
Of course, the intensity of current during
the time should be reproducible and con-
trollable, that is, it should not depend on
various impedance variations in the tissue.

It is clear that, for the purpose of heart
stimulation, a reproducible stabilized in-
tensity of current between the electrodes
should be applied during a time of the
order of magnitude of a time characteristic
of the heart, e.g., chronaxy. Rheobase
and chronaxy of the myocardium will be
discussed later. With a view to the spatial
problems encountered in heart stimulation,
the density of intramyocardial current is
the essential physical quantity (not, as
is often indicated in various publications
and on instruments, the height of the
pulse in “volts”). The latter may have
dangerous consequences for the patient
and must be rejected,

b. Obviously, stabilization of current is
required in order to prevent distortion of
the current curve in the tissue. Therefore,
the internal resistance of the pacemaker
must be high relative to the patient’s
impedance and variations in impedance.
The internal resistance of the pacemaker
can be made high, say, by including in the
patient’s circuit a series resistance, which
is very high relative to the patient’s varia-
tions in impedance. This, however, is an
energy-consuming method.

A high, effective, dynamic Ri can be
ensured by the transistor circuit shown in
Fig. 1. As an example, it can be stated that,
at a rectangular current pulse amplitude
of 10 mA.,  and with a patient’s resistance
varying from 100 Q to 1 k 9, the Ri of this
current amounts to 2 X lo5  z;2.  The ampli-
tude can be regulated by means of poten-
tiometer X2. A current curve with an

Fig. 2.  Upper  curve: Voltage with sensitivity 1 V./cm.
Lower curve: Current with sensitivity 10 mA./cm.
Time scale : 1 msec./cm.  With current stabilization.

Fig. 3. Upper cume:  Voltage with sensitivity 1 V./cm.
Leer CZMDE:  Current with sensitivity 10 mA./cm.
Time scale : 1 msec./cm.  Without current stabi!iza-
tion,



amplitude  of 20 mA. is stabilized  for 100
per cent at a load of 1 1; Q.  This circuit,
therefore, affords a high degree of stabili-
zation to prevent distortion of current con-
figuration.  The direct  voltage used to
supply the transistors is 28 volts. Of course,
there are other arrangements to produce
a high source impedance.

Fig. 2 shows a photographic record with
the patient in the circuit, with application
of current stabilization. The current curve
configuration is indeed rectangular.

Fig. 3 shows the distortion of the current
curve with the patient in the circuit when
no current stabilization is applied. Here,
the current pulse had become a sport of
the processes in the tissues. There is no
longer any question of a reproducible
charge per rectangular pulse.

The intensity of current of every pace-
maker can be studied as a function of load
impedance.

Fig. 4 shows such a relation plotted for a
commercial pacemaker with, as parameter,
the intensity of current in milliamperes at
100 CL.  The stabilization of current is seen
to he insufficient at greater load impedance.

c .  As we pointed out ,  the method of
Furman and Schwede13  was  used in  our
experiments and applications. By elec-
tronic means the relation between current
and voltage can be made visible on the
screen of a cathode-ray oscillograph while
the patient is in the circuit. The quotient
indicates the resistance (Ohm’s law). When
this method is used, the patient’s resist-
ance, measured between the electrodes is

Fig. 4. Current intensity in milliamperes as a func-
tion of the load impedance.

Fig. 5. Electrodes n  .lnd  b are suppliers of current.
Electrodes c and dare I oltage electrodes.

Fig. 6. Upper curve:  Voltage measured between
electrodes c and d. Middle curve: Voltage measured
between electrodes a and b. Lower czkrve:  Current
measured between electrodes a a11d  b. Sensitivity
0.2 V./cm. Time scale: 1 msec./cm.

found to fluctuate between 100 and 200 62.
With the implantable method of stimula-
tion the initial resistance is 400 0, and in
some cases this  increases within a few
months to a few k 9s.  This confirms the
importance of stabilization of current.

It is clear that the initial resistance in
the implantable method must exceed that
in the Furman catheter method, in view
of the fact that the resistance “of” a spheri-
cal electrode placed in an electrolyte or in
tissue is given by-the equation

in which R = the resistance “of” a spherical
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electrode placed in electrolyte or tissue,
p = the specific resistance of electrolyte
or tissue, and r = the radius of the elec-
trode.

When an electrode is placed in electro-
lyte or tissue, the resistance is determined
chiefly by the radius r of the electrode.
The maximum resistance is near the elec-
trode, and it is inversely proportional to
the electrode radius; this explains the high
initial resistance with the implantable
method on the basis of the small r. More-
over, p tissue N 350 D cm. > p blood N
145 Q cm.

d. It is worth while to note that a polari-
zation effect on voltage occurs near the
electrodes. To demonstrate this, we used
the so-called four-electrode method in our
experiments. As Fig. 5 indicates, four elec-
trodes of V2A steel were inserted. Elec-
trodes a and b are the suppliers of current;
voltage is measured between electrodes
c and d. The electrodes have a diameter of
1 mm. The voltage measured over c and d
can be compared with the voltage meas-
ured between a and b. The experimental
arrangement is shown in Fig. 5. The meas-
urements were made on the right ven-
tricle of the porcine heart, postmortem.

The results of the measurements, photo-
graphed from the oscillograph screen, are
shown in Fig. 6. The middle voltage curve
was measured over a and b, simultaneously
with the lower (current) curve, which has
been stabilized. The voltage curve clearly
demonstrates the influence of the polari-
zation of the electrodes.

Fig. 7. Diphasic stabilized current curve. Upper
curve: Voltage with sensitivity 0.2 V./cm. Lower
curve: Current with sensitivity 5 mA./cm. Time
scale: 1 msec./cm.

e. When a direct current passes through
an electrolyte, substances are deposited
on the electrodes. Faraday’s law states
that the quantity of substance deposited is
exclusively dependent on the intensity of
current, the time, and the nature of the
substance. In artificial heart stimulation,
we are also dealing with electrolysis. To
date, little information is available in
regard to the influence which electrolysis
at the electrodes exerts on the tissue. Work
on this subject has been done by Dittmar,s
who studied the nature of the electrode

Fig. 8. Response of the canine heart with block to
variations in curve duration and amplitude. Fre-
quency rate: 110 per minute. Position of electrodes:
Inside right ventricular apex and subcutaneously
in the thorax.

Fig. 9. Response of the canine heart with block
upon variation of current curve duration and ampli-
tude. Frequency rate: 110 per minute. Position of
electrodes: Outflow tract of right ventricle and
subcutaneously in the thorax.
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material in relation to its influence on
adjacent tissue.

The quest ion now arises  whether  the
use of a diphasic current pulse would not
be advisable. We did some experiments
with the current curve shown in Fig. 7.
The zero level of the curve is adjustable
throughout the curve’s ampli tude.  The
diphasic current curve can be varied in
duration, amplitude, and frequency rate,
and, of course, has been stabilized. But a
choice such as that shown in Fig. 7 virtu-
ally lacks compensation of polarization.

The experiments were carried out on
canine and calf hearts in situ.

As a result of our observations, we can
say that the heart in all cases showed a
strong tendency to fibrillate; further in-
vestigation into the configuration of this
curve is, therefore, desirable.

f. The hemodynamic consequences of
st imulation open further avenues of in-
vestigation. The mode of contraction of
the heart  under the influence of a rec-
tangular current pulse with adjustable
duration and amplitude should be studied.
The movements of the cardiac wall should
be studied with the aid of electrokymo-
grams. A study of the stroke volume of the
heart could be made with the aid of an
ultralow-frequency ballistocardiograph or
by the dye injection method.

Stimulation of the canine heart in
situ with block
At this time, the question of why the

heart contracts under the influence of a
rectangular current pulse of given ampli-
tude and duration cannot yet be answered.
Experiments on the canine heart in situ
with block,  however,  can teach us how
contraction or noncontraction depends on
current i and duration 7. For our experi-
ments, A-V block was produced in a canine
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heart in the manner described by Meyler
and associates.6

In our experiments we have attempted to
answer the question whether it is possible
to obtain a chronaxy-rheobase diagram
of the heart. For this purpose an electronic
unit  was designed which is  capable of
supplying stabil ized current  pulses of
rectangular configuration and adjustable
amplitude, duration, and frequency rate.

The duration of the current pulse can
be varied from 20psec  to 1 second.  I ts
amplitude can be varied from 20~ A to
100 mA. The frequency rate can be varied
from 30 to 180 pulses per minute.

With a spherical electrode of V2A steel
(4 2  mm.) on the tip of a catheter in the
apex of the right ventricle ( - electrode)
and another spherical electrode ( C$  2 mm. )
placed subcutaneously in the thorax, ex-
periments with varying pulse duration and
amplitude yielded the result recorded in
Fig. 8.

The measuring points marked (x) indi-
cate that the heart followed completely,
whereas the measuring points marked (a)
indicate that the heart  followed partly,
the imposed frequency rate.

With one electrode in the outflow tract
of the right ventricle and the other im-
planted subcutaneously in the thorax, we
obtained the result shown in Fig. 9.

The measurements warrant the following
conclusions:

1. The values of chronaxy and rheobase
are largely determined by the position of
the electrode in the right ventricle. With
the electrode in the outflow tract ,  the
chronaxy was 2 msec. It was 0.8 msec.
when the electrode was si tuated in the
apex of the right ventricle. Fig. 8 shows
that the rheobase was 0.5 mA. with the
electrode in the apex of the right ventricle;
in the other location (Fig. 9), the rheobase

Fig. 10. Partial following of the imposed frequency rate in a canine heart with block in situ. Paper
speed of 25 mm. per second. Lead VS.
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was 9 mA.  It is clear that the rheobase is
a function of the electrode position. The
measurements were repeated in 3 different
dogs with heart block, and results were
found to be reproducible with a 5 per cent
variation.

2. Changes in the position of the thoracic
electrode within a radius of 15 cm. proved
to exert  no influence on the results  of
measurement.

3. Above and to the right of the drawn
curve (Figs. 8 and 9), the heart completely
followed the imposed frequency rate. The
form of the drawn curve is:

i=?+b,
t

in which i is the intensity of current in
milliamperes, and t is the duration of the
current curve in milliseconds, while a and
b are constants. (This can be verified in
the usual physical way by plotting i X t
versus t.)

4.  Between the continuous and the
interrupted curves the heart partly follows
the imposed frequency rate.  In this re-
spect, the phase which the heart is in when
the current pulse begins plays a role. The
heart is more sensitive to a stimulating
impulse the longer ago was the previous
spontaneous contraction. This can be dem-
onstrated by triggering on the QR flank
of the QRS complex in a dog with a normal
cardiac rhythm or with heart block, and
allowing a current pulse to arrive after an
interval adjusted by electronic means.

Fig. 10 illustrates this. The peaks indi-
cated by arrows represent the stimulating
pulses.

We also observed a pronounced differ-
ence in QRS duration between the pro-
voked beats and the spontaneous beats.
The relation between chronaxy and rheo-
base, on the one hand, and phase, on the
other, should be studied in more detail.
Important work in this respect has been
done by Van Dam and associates.7

Summary
1. In artificial heart stimulation, the

essential quantity is the density of current,
c in the intramyocardial wall. Dosage of
the pulse ampli tude in volts  can have
serious consequences for the pat ient .

Curve indications in volts on pacemakers
and in publicat ions and records must ,
therefore, be rejected.

2. Hence, the pacemaker should supply
stabilized current pulses even while the
load impedance is increasing.

3. The distortion of the voltage curve
at stabilized current is an electrode effect.

4. Separate measurement and registra-
tion of the physical quantities involved in
stimulation is advisable. The values ob-
tained in every individual patient warrant
conclusions as to the method of choice.
It is recommended that one start with the
Furman and Schwedel method, i.e., with
one electrode in the right ventricleand the
other placed subcutaneously in the thorax
(a noncritical location).

5.  Measurements on the canine heart
in situ with block, carried out with cur-
rents pulses of rectangular configuration,
revealed that, when the Furman method
is used, chronaxy and rheobase of the myo-
cardium are dependent on the position of
the electrodes.

6. The phase which the heart is in when
the current pulse is supplied is a factor
of importance for the heart’s following of
the imposed frequency rate.

I wish to thank Professor J. Wieberdink, M.D.,
and G. T. Meester,  M.Sc.,  for the surgical contri-
bution to this study, and Messrs. H. G. Govaerts,
M.J. de Jager, and W. A. van Beek for electronic
and technical assistance.

1.

2 .

3 .

4 .

5 .

6

R E F E R E N C E S

2011,  P. M., Linenthal, A. J.,  Norman, L. R.,
Milton, H. P., and Gibson, W.: Treatment of
unexpected cardiac arrest by external electric
stimulation of the heart, New England J.
Med. 254541, 1956.
Zoll, P. M., Linenthal, A. J., Frank, H. A.,
Zarskil, R., and Bilgard, A. H.: Long-term
electric stimulation of the heart for Stokes-
Adams disease, Ann. Surg. 154:330,  1961.
Furman, S., and Schwedel, J. B.: An intra-
cardiac pacemaker for Stokes-Adams seizures,
New England J. Med. 261:943,  1959.
Eisenberg, L., Mauro, A., and Glenn, W. W. L.:
Transistorized pacemaker for remote stimula-
tion of the heart by R-F transmission, I.R.E.
Transactions on Biomedical Electronics, Vol.
B.M.E. 8th Oct., No. 9.
Dittmar, H. A.: Zum Thema der langfristigen
elektrischen Reizung des Herzens, Ztschr.
KreisIaufforsch., Heft 21/22,  Band 50,  No-
vember, 1961.
Meyler, F. L., Wieberdink, J., and Durrer, D.:
L’Importance  de la position des electrodes



634 Srhncidrr

stimulatrices au tours  du traitement d’un
bloc auriculo-ventriculair post-opkratif  total,
Arch. mal. coeur 55:690,  1962.

7. Van Dam, R.Th.,  Durrer, D., Strackee, J.,

and Van der ‘l‘weel,  L. II.: l‘he  excitability
cycle of the dog’s left \,entricle  determined by
anodal, cathodal  and bipolar stimulation,
Circulation Res. 4:196,  1956.


