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D e f ib r i l la t io n  was first produced, with 
the use of a discharging capacitor, by the 
Frenchm en, Prevost and Batelli, in 1899.8 
K ouwenhoven4 has conducted extensive ex­
perim ents employing capacitor discharges 
to produce defibrillation. He concluded that 
capacitors defibrillated in an unpredictable 
way. R. S. M acKay,6 in 1960, made the 
im portant observation that the presence of 
a one-henry inductor in series with a capaci­
tor would roughly halve the required en­
ergy for defibrillation. This suggested to us 
that the design of the inductor might be the 
critical element for capacitor defibrillation 
and not just the watt second charge on the 
capacitor.

Method

Fig. 1 is a circuit diagram of the method 
employed to study the wave forms generated 
when a capacitor discharge is effected 
across the heart with a closed or an open 
chest. Closing of the switch permits the 
charge which has accum ulated on the ca­
pacitor “C ” to pass through inductor “L ” 
and then through the electrodes, returning 
to ground through a one-ohm resistance.
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Fig. 1. C ircu it used to m easure sim ultaneous cu r­
rent (Ipt) and voltage (Ept) generated through and 
across electrodes by capacito r C  discharging 
through inductance L.

By the use of a dual-beam  oscilloscope,* 
it is possible to measure simultaneously the 
current through the body and the voltage 
imposed across the electrodes. From  this, 
one can determine the exact inter-electrode 
resistance by the use of O hm ’s Law, E  =  
I x R. Certain well-established relationships 
are known in an arrangem ent such as this. 
The energy which accumulates on the ca­
pacitor prior to its discharge is equal to 
½  CV2, where C is the capacitance in 
farads and V is the voltage. This energy 
stored on the capacitor may be expressed 
as watt seconds (w. s.), or joules, both 
units being interchangeable. The DC pulse 
defibrillator so used consists of capacitor 
C in series with inductance L, discharging 
through the patient electrodes.

Using the circuit of Fig. 1 with the dual­
trace oscilloscope for measuring and photo­
graphing the discharging wave forms, vari­
ous com binations of capacitance and in­
ductance were used across the chest. For 
internal defibrillation on the dog, electrodes
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2 inches in diam eter were employed. Ex­
ternally, the same electrodes were used, 
with the impulse applied between the supra­
sternal notch and over the apex of the heart 
on the left lower chest. W hen electrodes 
other than 2 inches in diam eter are used, 
it will be so stated. In patients so defibril­
lated, the internal electrodes employed were
3 inches in diameter.

Results

In our initial experim entation, we at­
tempted to reduplicate the work of MacKay 
which indicated that the introduction of an 
inductor in series with the discharging ca­
pacitor could reduce the am ount of energy 
required by one half. We, therefore, took 
a one-henry inductor and placed it in series 
with a 16-microfarad capacitor and dis­
charged this across a dog’s chest. This 
initial experim ent nearly resulted in our 
abandoning the experiment. Massive body 
response occurred to the animal, manifested 
by his breaking the restraining ropes to his 
forepaws. V iolent respiratory movement en­
sued along with ventricular fibrillation 
which had to be corrected by a thoracotomy 
and internal defibrillation with a conven­
tional 60 cycle AC internal defibrillator. 
At that time the oscilloscope used to visu­
alize the wave form had a limited response 
time and the configuration of the wave form 
could not be determ ined with certainty. We 
then obtained our present oscilloscope and 
repeated the experiment with the same re­
sults, which again caused fibrillation. The 
current wave form so generated is shown 
in Fig. 2. This shows that an initial very

Fig. 2 . C  —  16 ufd; L  =  1 Henry, 10 watt sec­
onds. Curren t  wave form  shows 40 milliseconds 
ringing which produces violent muscle jerk and 
frequently ventricular fibrillation.

sharp current peak occurred, followed by 
ringing (oscillation above and below the 
base line) of the current for a period of 
40 milliseconds. M ore careful analysis of 
the wave form reveals that the inductor 
saturated at approximately one ampere of 
current density. This produced the sharp 
current spike which then, returning to one 
ampere, resulted in continuous ringing pro­
ducing the ventricular fibrillation and the 
violent body response described. Sufficient 
discharges of this type were produced to 
dem onstrate the extreme undesirability of 
such a wave form, as manifested by fre­
quent production of ventricular fibrillation 
and massive m uscular contraction.

We then removed the inductor completely 
from the circuit and observed wave forms 
generated by the capacitor alone discharg­
ing through the electrodes. Such a wave 
form is shown in Fig. 3. U nder these cir­
cumstances it was noted that the rise time 
was virtually instantaneous (in the order 
of 5 microseconds). An exponential decay 
of the current resulted which was a func­
tion of the inter-electrode resistance and 
the capacitance. It is to be noted that the 
instantaneous rise time with exponential 
decay is the type of wave form which M il­
nor7 and K ouw enhoven4 investigated so 
thoroughly.

M ilnor, in studying the response to trans­
thoracic capacitor discharge in the dog, 
used capacitors of 25 or 50 microfarads. 
The threshold for inducing ventricular 
tachycardia and atrioventricular block re­
lated more to peak voltage than to the en­
ergy levels of the capacitor. The level for 
inducing such arrhythm ias was 2,000 volts, 
even though at any given voltage on the two

Fig. 3. Thirty  watt second capacitor discharge 
through dog's chest shows current wave form.



capacitors, the energy on the larger would 
be twice the smaller. The threshold for in­
ducing ventricular fibrillation was 2,700 
volts and again related more to the voltage 
than to the energy level of the capacitor. 
Since the inter-electrode resistance of the 
large 4 inch by 6 inch electrodes used was 
fixed between 37 and 55 ohms, the peak 
current would also relate to the induction 
of the arrhythmias.

Kouwenhoven, in his prior work, ob­
served no effect on the heart when dis­
charges below 50 watt seconds were dis­
charged through the chest of the dog with 
the use of the same large electrodes, and 
200 watt seconds were required to defibril- 
late. In our own studies, 50 watt seconds 
discharging from a 25 microfarad capacitor 
through a 24 millihenry inductor3 (A of 
Fig. 4) is more than enough energy to de­
fibrillate consistently; all of this shows 
simply the importance of the design of the 
inductor in the DC pulse-type defibrillator.

The body may be viewed as a resistance 
and capacitance in parallel, an analogy 
which has been very well docum ented by 
Schwann,9 as long as frequency is also 
stated. The two wave forms cited can be 
analyzed in this way. With the use of a 
simple capacitor, during the first interval 
most of the current flows into the body 
capacitance and little into the resistance. 
An inductor placed in the circuit permits 
a proportionately higher portion of the cur­
rent to affect the body resistance. This sug­
gests that there must be some desirable 
level of inductance which will slow the 
rising current wave forms sufficiently to 
perm it a cellular response and yet not pro­
duce ringing with the undesirable side ef­
fects of massive muscle response and the 
production of ventricular fibrillation. Using 
a simple capacitor, we, as Kouwenhoven, 
observed that defibrillation was produced 
in an extremely irregular and unpredictable 
way.

Fig. 4. N om ogram  takes into consideration  the four im portan t variables relating to D C  
pulse defibrillation. T hese are the capacitance o f the condcnsor in m icrofarads, the value of 
the  inductance in m illihenries, the critical inter electrode resistance in ohm s, and current 
tim e to m axim um  in m illiseconds.



Given a certain frequency to be repro­
duced by a com bination of inductance and 
capacitance, it is quite true that an infinite 
num ber of com binations are obtainable. 
However, if one further qualifies this state­
ment so that in the circuit consisting of 
capacitance, inductance, resistance in series 
(body impedance) is added such that the 
wave form generated should not ring or be 
overdamped, but should be just critically 
damped; then for any given one value of 
critical external dam pening resistance and 
a given rise time only one value of capaci­
tance and inductance will fulfill this require­
ment. This concept is illustrated in the 
nomogram of Fig. 4 .11 It is significant that 
any DC pulse-type defibrillator employing 
an inductor and capacitor in series may be 
represented by a single point on this nom o­
gram.

Fig. 5A illustrates a wave form generated 
by a capacitor and inductor com bination 
chosen to produce a small am ount of ring­
ing and represented by point B of the 
nomogram. Note that this type of wave 
form does not ring for longer than 6 milli­

Fig. 5A . C u rren t (Ipt) noncritically  dam pened 
wave form  generated during  external dog de­
fibrillation a t 100 w att seconds. L  =  93 m h, 
C  =  16 m fd. Ringing 22.50 per cent.

Fig. 5B. C ritically  dam pened 30 w att second dis­
charge externally  defibrillating a  dog shows cu r­
rent (top) and voltage (bottom)  wave form s.

seconds. Critical external dampening with 
such a system is approximately 156 ohms. 
The inter-electrode resistance was less than 
this am ount and produced 22.5 per cent 
ring. Ringing is expressed as the per cent 
of overshoot after the initial wave form. 
This wave form is currently and very ef­
fectively being used for cardioversion by 
Low n.5 Fig. 5B (point A on the nomogram) 
is the critically dam pened wave form  used 
by us and on the 16 patients to be subse­
quently cited. Such a wave form is capable 
of producing a consistent defibrillation in 
the dog with external settings of 20 to 30 
watt seconds and internal settings of less 
than 5. As such, the am ount of energy re­
quired to externally defibrillate the experi­
mental anim al is only 10 per cent the 
am ount necessary with the use of only a 
capacitor and represents a considerable in­
crease in efficiency. The inductor, of course, 
primarily influences the rise time of the 
current wave form as can be seen by mere 
inspection of the wave forms described.

Theory of defibrillation

The exact mechanism by which a defibril­
lator operates is not known. Kouwenhoven 
set down well-accepted rules regarding the 
60-cycle defibrillators in which high cur­
rents (greater than one ampere) internally 
would defibrillate; however, smaller 
am ounts of current would paradoxically 
cause fibrillation internally. Externally, the 
values of current were m ultiplied by a fac­
tor of three to ten times.

Some light might be shed on how a de­
fibrillator functions by examining an in­
dividual cell in the ventricle, observing its 
action potentials as the heart spontaneously 
reverts into ventricular fibrillation. Such an 
occurrence is illustrated in Fig. 6. H ere we 
see the action potentials developed by a 
single cell in the ventricle— as the ventricle 
spontaneously goes into ventricular fibrilla­
tion. The animal was m aintained on total 
heart-lung bypass at 26° C. and then the 
PH was gradually elevated, by means of 
sodium hydroxide, until spontaneous fibril­
lation occurred.2 These recordings were



Fig. 6. Action potential recorded from within a 
single cell o f  the ventricle while ventricular fibril­
lation produced by gradual elevation of blood pH 
at an esophageal temperature of 26° C.

made in our laboratory by Dr. John Lee 
and M r. Sam Kirk after a technique de­
scribed by Dr. J. W. W oodbury.10 Note 
that (A) the depolarizing action potential 
of a single cell is approximately 120 milli­
seconds’ duration, corresponding to the nor­
mal Q-T interval. This interval is prolonged 
by hypotherm ia in which the heart becomes 
m ore vulnerable to fibrillation. Surprisingly, 
the circus movement theory of fibrillation 
would predict that, by prolonging the action 
potential, the incidence of ventricular fibril­
lation should be less. In this respect, the 
increased incidence of ventricular fibrilla­
tion at reduced tem peratures directly con­
tradicts the circus movement theory of ven­
tricular fibrillation. Increasing the blood pH

during hypotherm ia increases the suscepti­
bility to fibrillation, as is illustrated from 
“ B” to “E .” Spontaneous fibrillation occurs 
at a pH  of 7.51 and the action potential 
duration within the individual cell shortens 
to approximately one third the pre-fibrilla­
tion duration. The action potential ampli­
tude decreases by one half.

In Fig. 7, the duration of the impulse 
from a pulse defibrillator is com pared with 
the 0.25 second duration of a conventional 
60-cycle defibrillator. This tracing is inter­
esting in several respects. It diagram m ati­
cally shows that the pulse duration from a 
DC pulse defibrillator is approximately 1 
per cent as long as that of a conventional 
AC defibrillator. The extremely short dura­
tion of the DC pulse defibrillator impulse 
suggests that with this wave form the status 
of any individual cell in the heart must not 
be im portant. Considering the millions of 
cells that are fibrillating within a ventricle, 
such a short duration would find the ran­
dom -oriented cells in all phases of fibrilla­
tory action. In regard to a conventional 60- 
cycle defibrillator, it has often been stated 
that the duration of the impulse should be 
0.25 seconds for maximum efficiency. It 
can be seen that a defibrillating impulse of 
this duration encompasses more than one 
of any single cell action potential and, as 
such, it may be im portant that the cell be 
defibrillated in some phase of the action

Fig. 7. Upper trace is intracellular action po­
tential (same as V-F) produced by fibrillating cell 
in ventricle to show time base in relation to de ­
fibrillating impulse duration.



Table I. Internal pulse defibrillation*

potential which is less refractory to defibril­
lation, although this exact point is not 
known. The mechanism for pulse defibrilla­
tion may then differ from  that of the con­
ventional 60-cycle defibrillator.

The am ount of current passed through

the heart is the im portant variable for 60- 
cycle defibrillation, according to all avail­
able reports. This appears not to be the case 
with the DC pulse defibrillator, although 
peak current may be im portant. Indeed, the 
watt second setting apparently is not the



absolute determining factor since a proper 
inductor will enable external defibrillation 
with 30 watt seconds in the dog and yet 
500 watt seconds may be required in the 
absence of an inductor. The rise time of the 
increasing current may well be the most 
im portant factor and one which we are cur­
rently investigating in our laboratory.

Clinical experience

Having determ ined in the laboratory that 
the DC pulse defibrillator was as efficient 
as the 60-cycle unit and our calculations 
indicating that considerably less energy was 
expended in the heart than with the con­
ventional 60-cycle unit, we began the clini­
cal application of the DC pulse defibrillator 
(Table I). This was first applied by us on 
Dec. 7, 1961, to a 10-year-old girl under­
going open repair for a cyanotic pulm onary 
stenosis with atrial septal defect. Table I 
shows that two 10 watt second impulses 
were applied at 32° C. without producing 
defibrillation. A third impulse at 20 watt 
seconds subsequently produced prom pt de­
fibrillation.

In the rem ainder of the patients, there 
was defibrillation in all maximum settings 
of 50 watt seconds. Of importance is the 
fact that in patients who are reoperated 
upon, in whom only limited mobilization 
of the heart is possible, defibrillation em­
ploying one blade on the heart and one 
blade on the chest wall can be a lifesaving 
measure, as shown by Case 16. In the first 
23 patients so defibrillated at tem peratures 
down to 27° C., defibrillation took place 
at settings between 15 and 50 watt seconds, 
in children and adults, respectively. R e­
cently, in a 61-year-old m an with mitral 
insufficiency undergoing open repair with 
blood pH  control,1 defibrillation was 
achieved with a single 10 watt second dis­
charge at an esophageal tem perature of 
28° C.

Comparison of 60-cycle and DC pulse 
defibrillator

The difference in construction of the DC 
pulse defibrillator gives it certain advantages

over the 60-cycle unit. The DC pulse de­
fibrillator will not blow O perating Room 
fuses since it draws a current under one 
ampere from the power line. Because of the 
small current drain and reduced weight, it 
may be used as a portable unit in an am­
bulance with a converter, should this be 
necessary.

A comparison of the electrical wave 
forms generated can be done in three dif­
ferent ways— by com paring the relative 
amounts of energy, power, and heating pro­
duced during an average defibrillation.

With respect to energy or work per­
formed during the defibrillation, this may 
be defined as Power × Time. An internal 
60-cycle defibrillator develops 110 volts 
across an average heart resistance of 50 to 
70 ohms, passing a current of greater than 
one ampere and usually about 2.2 amperes 
for 0.25 seconds (K ouw enhoven). Energy 
dissipated is thus:

( I 2R )  t =  ( 2 .2 ) 2 × 50 × 0.25 =  61 watt seconds.

The DC pulse defibrillator requires about 
10 to 30 joules (watt seconds) or about one 
sixth to one half as much energy to de­
fibrillate. Since heating is a direct function 
of energy or work expended, calories dis­
sipated in the heart by the DC pulse de­
fibrillator would also be one third to one 
half as much as a 60-cycle unit.

W ith respect to power, which may be 
defined as the T im e/R ate  at which energy 
is expended, in the 60-cycle unit, 61 joules 
are expended over 0.25 seconds, producing 
244 watts of power. The pulse defibrillator 
expends its energy of 30 joules in about 3 
milliseconds, producing about 10,000 watts 
of power during the short interval of the 
pulse expenditure. The DC pulse defibril­
lator, as such, develops forty-one times as 
much power as the 60-cycle unit while ex­
pending one half as much energy.

Discussion and summary

1. In 23 cases of congenital and acquired 
heart disease, internal DC pulse defibrilla­
tion, with the use of a critically dampened 
wave form, was effective at settings between



15 and 50 watt seconds in children and 
adults, respectively.

2. The first such defibrillation in a hum an 
being was on Dec. 7, 1961.

3. The DC pulse defibrillator, internally, 
expends one half to one third as much 
energy to defibrillate while developing forty- 
one times as much power as a 60-cycle 
defibrillator.

4. It is suggested that the superiority of 
this type of defibrillator will result in its 
eventual replacem ent of all 60-cycle de­
fibrillators.
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