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Current density and electrically induced ventricular
fibrillation. Med. Instrum. 7: 158-161, 1973. Ventricular
fibrillation was electrically induced in dogs and hu-
mans. Current density (Js) at the electrode surface was
calculated, and relative magnitudes of current density
(J;) within the heart were approximated from meas-
urements of fibrillatory currents and voltages, respec-
tively. Variations in Js and J; were compared in order
to determine which better defined the fibrillation
threshold in electrically induced ventricular fibrilla-
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tion. When applying fibrillatory current with varying
sized electrodes, the current density (J5) at the surface
of the heart which induced fibrillation increased with
decreasing electrode size, while the approximate in-
ternal current density (J;) inducing fibrillation re-
mained virtually unchanged. That internal current
density remains practically constant and thus deter-
mines the current threshold of ventricular fibrillation
is compatible with the concept that a critical number
of myocardial cells or critical mass of tissue must be
excited in order to maintain fibrillation.

heart; electric shock

Editor’s Note: Drs. Starmer’s and Whalen’s article, published in
the January-February 1973 issue of Medical Instrumentation,
contained errors that developed during the publication process.
The microampere symbol appeared in several places where the
milliampere symbol should have been used, which altered the
measurements of this significant article. The article is correctly
reprinted here with the apologies of the Managing Editor and his
editorial staff.

Introduction

EVERAL INVESTIGATORS (2,3) studying the effects of electric

current on the heart have suggested that the current density
or concentration of current in the heart is one of the primary de-
terminants of the threshold of electrically induced ventricular fib-
rillation. However, little has been done to explore and substanti-
ate these suggestions.

Current density, J, can be considered as a measure of the con-
centration of current. While current is the movement of electri-
cal charges per unit time, current density is the concentration of
these charges as they move through a region. In order to evalu-
ate the role of an applied current density as a determinant of ven-
tricular fibrillation thresholds, two current densities can be de-
fined. The first current density, [, exists at the surface where the
electrodeés contact the heart. This current density is expressed as:

Js =174 1
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where A is the electrode surface area in contact with the heart and
I is the current “‘crossing” this area.

The second current density, f;, is a current density existing
within the heart and may be expressed as:

Ji =0E @)

where ¢ is the electrical conductivity within the heart and E is the
electric field intensity within the heart. Because the electric field
intensity (E) cannot be readily measured in the intact functioning
heart, the average current density within the heart (/;) can be
more usefully described by the approximation:

Ji=0oV/D 3

where V' is the voltage applied to the conducting media and D is
the distance between the two electrodes where the voltage is ap-
plied.

In order to evaluate the role of current density in defining ven-
tricular fibrillation thresholds and to determine the most appro-
priate concept for understanding the role of current density, ven-
tricular fibrillation was electrically induced in dogs with varying
sized electrodes placed on the heart. Fibrillatory currents and volt-
ages were measured and current densities at the electrode surface
(fs) were calculated. Analysis of voltages associated with the on-
set of fibrillation permitted a comparison of current densities
within the heart (J;). Similar studies were then performed in
humans during open heart surgery. These parallel studies were
also designed so that human and dog ventricular fibrillation
thresholds could be compared under similar conditions.

Methods and Results

Dog studies. Six mongrel dogs ranging in weight from 13 to 20
kg were anesthetized with intravenous pentobarbital sodium (30
mg/kg of body weight). After endotracheal intubation, respira-
tion was maintained with a positive pressure respirator. The fem-
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oral artery was cannulated and arterial pressure was recorded by
means of a Statham P23Db pressure transducer coupled to an
Electronics for Medicine photographic recorder, which was also
used for continuous electrocardiographic monitoring.

After a right thoracotomy was performed, the pericardium was
opened to allow the application of various sized electrodes to the
heart. Three pairs of stainless steel disc electrodes 2 mm thick
(large = 5.06 ¢cm?, medium = 1.13cm?,small = 0.05 cm?) were used
to apply current to the heart. These were placed as matching
pairs near the cardiac apex and the right ventricular outflow tract.

Tx T,

Fic. 1. Circuit for applying and measuring fibrillatory voltages and cur-
rents. Transformer 7, isolates the apparatus from the power lines. 7y
is a variable autotransformer used to adjust the voltage applied to the
heart. The timer controls the time duration of current flow. The voltmeter
V7 measures the voltage across Ry, from which the applied current is de-
termined. V7 measures the voltage across the heart.

In each dog a series of at least five determinations of the current
(60 Hz) and the voltage required to induce ventricular fibrillation
with each pair of electrodes were obtained. The order of appli-
cation of the different sized electrodes was randomized. Currents
and voltages were applied and measured utilizing the apparatus
illustrated in Figure 1 and described in previous reports. Hew-
lett-Packard model 403-B voltmeters and a model W-2 Variac

were used. Alternating_current was applied through the elec-
trodes placed on the myocardial surface. The duration of cur-
rent application was fixed at 2 seconds so that the fibrillation
threshold measurement would occur at the approximate diastolic
excitation threshold (10). This measurement would then approxi-
mate the lower limit for the ventricular fibrillation threshold.

Multiple episodes of ventricular fibrillation were induced in
each dog and immediately converted to normal sinus rhythm by
an internal DC countershock. At least 5 minutes elapsed between
fibrillation episodes in order to allow the heart to stabilize.

Immediately following the terminal fibrillation in each dog, the
conductivity of the heart was measured. The four-electrode meth-
od was used (8) and a mean value of 3.80 x 10~3 ohm—! cm—!
+.02 (£1 SD) was determined from the six dogs.

Table 1 indicates the mean fibrillatory currents (J), voltages
(V), and current densities at the heart surface (/) in each of the
six dogs using the three different pairs of electrodes. The thresh-
old currents and electrode surface areas were used for calculating
Ji. The current necessary to induce ventricular fibrillation in-
creased with the electrode size. The trend of increasing current
with increasing electrode size was confirmed statistically by ana-
lyzing the threshold current for varying electrode sizes utilizing
the analysis of variance and the Scheffe test of contrasts (9) (large
vs. medium, P<.05; large vs. small, P<.0001; medium vs. small,
P<.0001). There was very little overlap in the threshold current
data for different sized electrodes in any one dog. The same
threshold current for different sized electrodes was noted only
nine times during the course of 175 fibrillations.

Although the mean threshold current changed nearly tenfold
(.34 milliamperes (mA) for small electrodes to 2.99 mA for large
electrodes), the threshold voltages within each dog remained al-
most constant regardless of electrode size. This pattern of large
differences in current and small differences in voltage is empha-
sized in Figure 2, which summarizes the data from dog No. 3.

TasLE 1. Currents, voltages, and current densilies at the heart-electrode surface associated with veniricular fibrillation in dogs

Large Electrode (5.06 cm?) Medium Electrode (1.13 em?) Small Electrode (0.05 cm?)
Current Current Current
density density density
Dog Voltage Current at surface Volhage Current at surface Voltage Current at surface
v mA mA/cm? v mA md/cm? v mA mA/cm?
1 505+.123 3.464+1.00 .683 609+.156 1.574.35 1.21 4364.133 .303+.030 6.10
2 485+.113 333+ 75 .658 438+.081 1.494 .41 1.15 430+.211 7254.206 14.50
3 .3934.036 291+ .67 575 .394+£.052 1.124.13 86 3654071 207 £.079 4.10
4 .351+.060 229+ .87 453 3.47 +.042 .95+.06 73 .3004.024 1174015 3.50
5 .3244.023 267+ 20 527 4734.036 1.334+.07 1.02 407 4.060 .2844.031 5.72
6 438+.111 325+ 86 642 5564:.132 1.29+.60 1.00 .334+.081 340+.116 6.71
Mean 416 2.99 593 469 1.29 995 378 340 6.73
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face of the heart (/) associated with ventricular fibrillation varied
inversely with the electrode size, i.e., the larger the electrode, the
smaller the current density (J;) needed to induce fibrillation.
There was a tenfold change in current density (/) between large
and small electrodes.

Human studies. To facilitate the repair of intracardiac lesions,
ventricular fibrillation was purposely induced in patients duririg
open heart surgery as suggested by Glenn et al. (1) and Levy and
Lillehei (4). The same apparatus used in the animal studies was



used to induce ventricular fibrillation and measure the required
voltage and current levels. One pair of electrodes identical in size
and shape to either the small, medium, or large dog electrodes
was placedat the cardiac apex and right ventricular outflow tract.
All patients were on total cardiopulmonary bypass and under
moderate hypothermia (30 to 34C®). A total of eight patients were
fibrillated with the large electrodes (5.06 cm?), six with the me-
dium electrodes (1.13 cm?), and six with the small electrodes (0.05
cm?). The need to minimize delay in the operative procedure and
the desire to avoid repeated defibrillations made multiple de-
terminations of the current and voltage thresholds in each patient

impractical.

TapLe 2. Currents, voltages, and current densities at the heart-electrode
surface associated with ventricular fibrillation in humans

Current

Density

Patient at the

Electrode Size Number . Voltage Current Surface (J5)
v mA mA/em?

Large (5.06 cm?) 1 .24 1.50 296
2 50 2.10 415

3 .40 2.60 513

4 1.25 4.00 .790

5 1.00 4.00 .790

6 1.60 6.00 1.180

7 — 4.00 790

8 — 2.30 454

Mean .83 3.31 653
Medium 9 .60 1.80 1.353

(1.13 cm?)

10 .80 1.10 827

1 — 1.10 827

12 40 75 564

13 40 .80 .602

14 — 1.50 1.128

Mean .55 1.18 .883

Small (0.05 em?) 15 .50 25 4.940
16 .10 18 3.550

17 75 .40 7.900

18 .62 .30 5.390

19 .89 24 4.740

20 27 .20 3.950

Mean .52 .26 5.080

Comparison of the threshold currents from Table 2 indicates
that the same trend observed in the dog studies were present in
the human studies. There was a decrease in threshold current
with a decrease of electrode size. This trend was also confirmed
statistically. The differences in the current thresholds for the
various electrode sizes were all highly significant (P<.0001). As
noted in the animal studies, the current density (/) that was as-
sociated with ventricular fibrillation varied inversely with the elec-
trode size. A comparison of voltage levels noted with electrodes of
different sizes is of questionable value because each voltage de-
termination was made in a different heart under different con-

ditions.

Comparison of the human thresholds with the dog thresholds
indicates comparable fibrillation thresholds regardless of electrode
size. With the large electrodes the average level for inducing ven-
tricular fibrillation in humans was 3.31 mA compared to 2.99 mA
in dogs. The medium sized electrodes required an average of 1.18
mA in humans compared with 1.29 mA in dogs. The small elec-
trodes required an average of .26 mA in humans and .34 mA in
dogs.

Discussion

Several investigators have stated that the density of current in
the myocardium may determine the current threshold for ven-
tricular fibrillation. If current density is a critical determinant of
the current threshold for fibrillation, it should remain the same if
electrodes of varying sizes are used to apply the current to the
heart. Within the limits of this study, current density may be con-
sidered in terms of either a current density (/) calculated at the
electrode surface or an internal current density (J;) calculated
within the heart.

If the current density necessary to induce ventricular fibrilla-
tion is determined by the formula for current density at the elec-
trode surface (/; = I/A), this current density should remain the
same, while the applied current should decrease when electrodes
of decreasing sizes are used to apply the current to the heart. This
was not the case in the present studies. In the animal studies,
even though the current did decrease with decreasing electrode
size, there was a tenfold increase in surface current density be-
tween the large electrodes and the small electrodes. Essentially,
the same results were noted in the human studies.

If the internal current density (J; = o V/D) is the critical factor
for determining the current threshold of fibrillation, J; should re-
main constant when electrodes of varying sizes are used to apply
the current to the heart. The present studies indicate that such
is the case. Although repeated measurements of the electrical con-
ductivity of the media (0) could not be made because of the com-
plexity of the measurement in the living heart, a reasonable ap-
proximation of J; can still be obtained. It can be assumed that for
any one dog, 0 does not change appreciably. Every effort was
made to maintain the same electrode separation (D) in each indi-
vidual dog. Thus, in any one dog, 0 and D are approximately
constant, and the internal current density (/;) becomes a function
solely of the applied voltage (V). If there is no change in voltage
regardless of the electrode size, there has been no change in in-
ternal current density. Analysis of the voltages in Table 1, which
are a reasonable approximation of internal current density, indi-
cates that in four of six dogs the voltage thresholds for different
sized electrodes in an individual dog were essentially the same.
Thus, despite large differences in fibrillating current and surface
current density (/;), the approximate internal current density
(J;) was the same for different electrodes. In the remaining two
dogs (1 and 6), there was a slightly greater variation. In all six
dogs, the major component of the variation ‘in voltage could rea-
sonably be attributed to small changes in the electrode separa-
tion (D) during the repeated determinations of fibrillation thresh-

-olds.

A review of studies describing the prerequisites for developing
sustained atrial fibrillation offers an explanation as to why in-
ternal current density seems to be a more critical determinant of
ventricular fibrillation thresholds than surface current density.



Moe and his co-workers (5-7) have postulated that in order to
maintain sustained atrial fibrillation, a critical mass or number of
cells must be fibrillated. If a mass of fibrillating atrial tissue is de-
creased in size by progressively cutting pieces of atrial tissue
away from the main mass, atrial fibrillation will cease. It has been
suggested that as the mass of fibrillating tissue is progressively
decreased in size, the chance of developing a single, coordinated,
depolarizing wave that would terminate fibrillation is markedly
enhanced.

Extension of this concept of a critical mass for sustained fibril-
lation from atrial to ventricular tissue offers an explanation as to
why internal current density (J;) rather than surface current den-
sity (/) is important in defining fibrillation thresholds. Current
density at the electrode surface defines the current density in only
a small area and a relatively small number of cells immediately
beneath the stimulating electrodes, whereas internal current
density describes the current density within an electrical field en-
compassing the entire heart and thus incorporates at least a crit-
ical mass of cells.
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Fic. 2. The white and black bars indicate the relative changes of the cur-
rents and voltages associated with ventricular fibrillation in dog 3. For the
three sizes of electrodes used, the voltage is almost constant, while the cur-
rent changes by a factor of 10.

Equally important in interpreting the fibrillation-threshold
data presented are the relationship between these levels of cur-
rent and the levels of current required to induce ventricular
fibrillation previously presented in the literature, and their rela-
tionship to the development of safety standards. Using the small-
est electrodes (.05 cm?® area), average currents of 260 pA for
humans and 340 UA for dogs were measured. Using a similar ex-
perimental method in dogs, Weinberg (11) reported mean fibrilla-
tory current values of 205 uA (n=20) for a current pathway be-
tween an electrode catheter in the right ventricle and a 15 cm?
EKG electrode on the chest, and 162 yA (n=16) for a current
pathway between an electrode catheter in the left ventricle and an
EKG electrode on the chest. Minimum values of 60 and 40 uA
were measured respectively. Weinberg’s left ventricular data with
a mean of 162 uA and a standard deviation of 30 MA indicates
that approximately 95% of the observations occurred between 100
and 220 pA. His right ventricular data indicates a mean value of
205 A and a standard deviation of 158 uA. This mean value
4 2 SD creates an interval falling below 0 gA. One must interpret
this as indicating the observations were not normally distributed

about the 205 uA mean value. Because the lowest measurement
made with his right ventricular catheter-chest electrode path was
60 pA, many observations exceeding 205 A must have been ob-
tained in order to create a large apparent standard deviation.
Whalen (12) reports a mean current of 258 yA (n=215) using the
same experimental method in dogs. The current path was be-
tween an electrode catheter in the right ventricle and a 15 cm?
EKG electrode on the chest. The range of his data was between
20 and 800 uA.

Although measurements of 20, 40 and 60 uA were occasionally
observed in the above studies, these occurrences were rare and the
vast majority of the current thresholds were in the 200 to 300 uA
region. Whalen’s mean of 258 is comparable to the 340 pA level
in dogs using the .05 cm? electrodes reported in this study. Be-
cause Whalen’s sample size exceeds Weinberg’s by a factor of 10,
it represents a better estimate of the average fibrillation threshold.

Because a relationship between electrode size and fibrillation
current threshold was documented in this study, one might ask
whether lower thresholds could be observed with smaller elec-
trodes. The answer is probably yes, but the relationship of this
to the problem of electrical safety standards should be questioned.
Electrode catheters provide the usual vehicle for delivering elec-
trical current to the heart. Most of these catheters have a contact
area of approximately 2 X 2 mm, yielding an area of .04 cm?.
Therefore, one would expect the current required to induce ven-
tricular fibrillation with an electrode catheter to be comparable
with that obtained from the .05 cm? electrodes used in this study.
The catheter data presented by Weinberg (11) and Whalen (12)
would seem to support this conclusion. Therefore, average current
thresholds in the 200 to 300 M A range measured in both animals
and man would seem the logical point around which to design
standards.
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