
An experimental study of 

the electromotive forces of the heart 

Ernest W. Reynolds, Jr., hd.D.* 

Daniel A. Weller, M.D.** 

Ann Arbor, Mich. 

P rogress in understanding the relation- 
ship between differences in potential 

measured in a lead and the electromotive 
forces of the heart has been closely related 
to the improved understanding of the 
nature of these forces and the develop- 
ment of the concepts of the lead vector’ 
and lead field.2 The latter concepts permit 
us to explain how the electromotive forces 
of the heart produce voltage in leads in 
finite and nonhomogeneous media. With 
regard to the electromotive forces them- 
selves, the studies of Craib and Canfield 
and Wilson* replaced the crude bipole 
model proposed by Waller,5 in 1589, with 
a more sophisticated picture of the heart’s 
electrical activity as generated by a com- 
plex of electromotive surfaces located at 
the junction between active and resting 
muscle. At any instant of time this junc- 
tion constitutes a continuous layer within 
the confines of the heart, with its positive 
side toward resting tissue and its negative 
side toward active tissue. A single element 
of this surface produces an electrical field 
equivalent to that produced by a dipole 
consisting of a point source and point sink 
of current, of equal size and close to one 
another. 

The potential equation for an electro- 
motive surface consisting of two layers 

placed in a resistive, linear, and isotropic 
media of infinite size is: 

Edw+C 

where V is the potential at a point in the 
media, E is the difference in potential 
across a single element of the electromo- 
tive surface, and dw is the solid angle sub- 
tending a single element of the electro- 
motive surface. The constant, C, used 
when evaluating a single potential dis- 
appears when evaluating the difference in 
potential between two points in the media. 
If E is constant for every element of elec- 
tromotive surface, then integration yields: 

v=*?p+(: 

where fi is the solid angle subtending the 
boundary of the entire electromotive sur- 
face. The fact that the surrounding medium 
is nonhomogeneous and finite does not 
substantially detract from the usefulness 
of this equation, since it is usually approxi- 
mately true even for finite nonhomogene- 
ous conducting media. 

In the special case of a closed electro- 
motive surface of any shape, the difference 
in potential between any point inside the 
closed surface and any outside point is 
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simply equal to the difference in potential, 
E, across the electromotive surface. The 
difference in potential between any two 
points outside a closed electromotive sur- 
face is zero, provided that the difference 
in potential across the electromotive sur- 
face is uniform. In the special case under 
consideration these conclusions are appli- 
cable even in a nonhomogeneous conduct- 
ing media. 

The relations developed for an electro- 
motive surface apply at a single instant 
of time for a propagated wave; thus, the 
situation must be analyzed from instant 
to instant, treating each position of the 
wave as static. The dimensions of a real 
wavefront are finite. Durrer’s6 measure- 
ments indicate that the wavefront in the 
outer three fifths of the myocardial wall 
is sharply bounded and regular in form. 
The distance between the sources and sinks 
of the activation wave in these layers is 
ordinarily less than 1 mm. 

The present study is an attempt to 
measure the external field associated with 
propagated activity which should, in 
theory, produce a closed electromotive 
surface. The value of this type of experi- 
ment is that it provides evidence that a 
propagated wavefront has a uniform dif- 
ference in potential across its surface. 

Methods 

Ten dogs were anesthetized with pento- 
barbital, 50 mg. per kilogram, intubated, 
and maintained with an alternator type of 
respirator. The chest was opened long 
enough to permit implanting the stimulat- 
ing and recording electrodes. Since one 
requirement of the study was to permit 
simultaneous stimulation and recording 
from the same intramural site, ordinary 
electrical methods of stimulation which 
tend to block the recording amplifiers 
cannot be used. To remedy this, mechanical 
stimulation was used, since this method 
produces less stimulation artifact. Early in 
this study a simple wire probe placed in- 
side a hypodermic needle which was in- 
sulated except at the tip was used to me- 
chanicallv stimulate the heart at a known 
depth.’ The wire probe was simply tapped 
by hand until by chance the mechanical 
stimulus so produced fell after the refrac- 
tory period and produced a propagated 

beat. To obviate the difficulties caused by 
the refractory period of the heart, a method 
of synchronizing the mechanical stimulus 
to the cardiac electrical cycle was devel- 
oped. This was accomplished by driving 
the atria at a constant rate with an elec- 
tronic stimulator. A second stimulator 
synchronized to the first by a variable 
delay drove a relay, which, in turn, actu- 
ated a solenoid to deliver the mechanical 
stimulus. The solenoid, shown in Fig. 1, 
contained 25 turns of No. 22 copper wire 
wound around an iron core. On the appli- 
cation of a 20-msec., 6-volt D.C. pulse 
from the relay, the self-contained stylus- 
plunger descended sharply 1 mm. beyond 
the tip of the hypodermic needle affixed 
to the base of the solenoid. In actual use 
the needle was inserted to a depth of from 
2.5 to 6 mm. into the myocardium, and 
the solenoid was sewn to the surface of the 
heart. This arrangement permitted the 
automatic delivery of the mechanical 
stimulus at any time in the cardiac cycle 
desired. The base of the solenoid and the 
tip of the needle acted as recording elec- 
trodes. In addition, other plunge elec- 

Fig. 1. The solenoid stimulator for producing a 
mechanically stimulated intramural ectopic beat 
(closed electromotive surface). The plunger that 
produces mechanical stimulation is contained within 
the hypodermic needle. The tip of the needle serves 
as central (intramural) recording electrode, and 
the round silver disk mounted flush with the plastic 
base is the surface recording electrode. 



58 Reynolds und Weller 

trodes were placed near the endocardial 
surface and at various depths within the 
myocardium, lateral to but within a radius 
of approximately 10 mm. from the tip of 
the stimulator. After the electrodes had 
been sewn in place, the dog’s chest cage 
was closed. 

To record accurately the small time dif- 
ferences involved, the electrograms were 
recorded on a Hathaway oscillograph hav- 
ing a paper speed of 1,130 or 620 mm. per 
second. The mirror type of coil galvanom- 
eters used were driven by Tektronix Type 
122~Sl preamplifiers, so that the over-all 
frequency response was 0.04 to 210 c.p.s. 
The voltage was reduced 36 per cent at 
the latter frequency. 

Twenty-four experiments were carried 
out in 3 dogs, using the hand-operated 
wire-probe stimulator, and 80 experiments 
were carried out in 7 dogs, using the sole- 
noid. The results were similar with both 
methods of mechanical stimulation, al- 
though fewer artifacts were seen with the 
hand-operated stimulator. Synchronous re- 
cordings were made from the tip of the 
needle, called the central lead, and one or 
more of the electrodes, placed around the 
central lead point, usually the adjacent 
ventricular surface, and occasionally from 

one of the electrodes located on the endo- 
cardium or at the same depth in the myo- 
cardium but lateral to the central lead 
point. Xo special advantage is attributed 
to one of these recording sites, and the 
surface electrode was the simplest to use, 
since the distance between the central tip 
and the surface electrodes was fixed and 
could be measured accurately. The right 
leg was used as the reference voltage. 

Results 

The central lead showed an initial nega- 
tive deflection in all 24 of the hand-oper- 
ated mechanical stimulator experiments, 
and in 58 of 80 solenoid experiments. In 
the latter, unpredictable artifacts were 
produced in the central lead, and in 26 
of these a small initial positive deflection 
preceded the main negative deflection. 
Since the intervals between the onset of 
electrical activity in the central lead and 
nearby surface or intramural sites were 
similar in both sets of measurements, and 
the isoelectric interval in the surface lead 
was not disfigured by these artifacts, the 
results obtained using the solenoid tech- 
nique were retained. Electrical activity as 
measured by any displacement of the base 
line as recorded at the central electrode 

Fig. 2. The normally propagated beat seen at the left shows synchronous onset 
of electrical activity, but in the intramural ectopic beat at the right there is a 
12.1-msec. period in which the left ventricular surface lead is isoelectric with 
respect to the intramural lead located inside the closed double layer. The elec- 
tromotive surface penetrated the epicardial surface first in this instance, since 
the left ventricular surface lead is negative. The upper trace is part of a study 
of open electromotive surfaces and shows that a lead over the right ventricle is 
insensitive to the early changes over the left ventricle because of the great 
distance involved and the small size of the electromotive surface at this time. 
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preceded that at the adjacent surface re- 
cording by a mean value of 10.6 msec. in 
the hand-operated stimulator experiments 
where the stimulator tip was placed at a 
depth of 5 mm. in the myocardium. Thus, 
the mean conduction velocity for the 
S-mm. distance separating the two record- 
ing electrodes was 470 mm. per second in 
this group of experiments. Fig. 2 is an ex- 
ample of the propagated wave reaching 
the epicardial surface first as indicated by 
a negative deflection in the left ventricular 
surface lead. The period between the onset 
of electrical activity at the central lead 
and the onset of electrical activity at the 
left ventricular surface lead is 12.1 msec., 
and during this interval the difference in 
potential produced in the left ventricular 
surface lead is negligible. Recordings made 
from these electrodes during the produc- 
tion of extrasystolic beats at many other 
sites or during normal activity showed 
electrical activity which was considered 
to be synchronous; i.e., the onset of the 
deflection in the several leads was within 
1 or 2 msec. as compared with the 5 to 
23 msec. for the intramural beat described. 
An example of a normally propagated beat 
is shown on the left-hand side of Fig. 2. 

In one instance illustrated in Fig. 3, 
propagat.ion reached the endocardial sur- 
face first, as shown by the positive deflec- 
tion in the left ventricular surface lead. 
The isoelectric interval between the onset 
of electrical activity at the central elec- 
trode and the left ventricular surface lead 
was 23.2 msec. This interval is almost 
twice as long as that observed in the other 
experiments and suggests that propagation 
to the endocardium pursued a tangential 
course. :In this example, as in all of the 
others, t.he external field produced by the 
propagated wave is negligible until the 
wave reaches the ventricular surface. 
Table I gives a summary of all of the meas- 
urements made over the anterior and 
posterior walls of the left ventricle and 
the anterior wall of the right ventricle. 
The column on the right which gives the 
calculated depth of stimulation serves as 
a check on the positioning of the electrode 
tip. The measurement I to S is the duration 
of the isoelectric interval. The variations 
in voltage during this interval were of the 
same order of magnitude as shown in 

Fig. 3. Synchronous recordings with exploring elec- 
trodes located 5 mm. apart and using the right leg 
as a common reference. The intramural electrode 
located at the point of origin of the propagated beat 
records an initial negative voltage, whereas the 
surface lead remains isoelectric for 23.2 msec. Acti- 
vation must have penetrated the endocardial surface 
first, since the surface lead is positive, and the solid 
angle subtended at the surface point by an open 
electromotive surface would then face the positive 
side of the open electromotive surface. 

Figs. 2 and 3. The sensitivity of the record- 
ings was 10 mv. = 1 cm., which is con- 
sidered to be adequate for direct leads. 

Discussion 

It is assumed in this study that propa- 
gated wavefronts which do not present to 
either the epicardial or endocardial sur- 
faces are temporarily closed electromotive 
surfaces. Since the external field produced 
by these closed electromotive surfaces is 
negligible, even when measured by ex- 
ternal electrodes placed a few millimeters 
distance from the wavefront, this strongly 
suggests that the difference in potential 
across these closed electromotive surfaces 
is uniform, or otherwise such self-cancel- 
lation would not occur. Certainly, the 
small variations in potential observed dur- 
ing the isoelectric interval as depicted in 
Figs. 2 and 3 would not be measurable 
at the body surface. 

It is reasonable to assume that propa- 
gated wavefronts have similar charac- 
teristics whether they are closed or whether 
they have boundaries on the epicardial 
or endocardial surfaces of the heart. There- 
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Table I. Summary qf’ measureme&s of the duration oj’ the isoelectric period j’ron~ the onset oJ’ 
electrical activity at the central stimulating electrode (I) to the supeqjacent surjhce electrode (S) 

Depth of electrode 
tip (mm.) Number of measurements 

1 Mean duration Calculated depth oj 
I to S (msec.) ’ stimulation* (mm.) 

Anterior wall of left ventricle 
4 24 Solenoid 
5 24 Hand stimulated 

Posterior wall of left ventricle 
2.5 27 Solenoid 
6 6 Solenoid 

Anterior wall of right ventricle 
2.5 16 Solenoid 
5 7 Solenoid 

8.5 4.2 
10.6 5.3 

7.4 3.0 
8.3 4.1 

7.5 3 7 
8.4 4.2 

*Assuming linear propagation in the outer layers of 500 mm./sec. x (I-S interval) = calculated depth. 

fore, the present studies would also suggest form. One may visualize a quadripolar 
that a uniform difference in potential distribution of electromotive forces where 
exists across all propagated wavefronts in the external field would not be zero but 
normal ventricular muscle. would be very small. 

Although the absolute value of E, the 
difference in potential across the electro- 
motive surface, could not be measured 
accurately in the present study, it is obvi- 
ous from inspection of Fig. 3 that E has a 
value of the order of one sixth to one fourth 
of the transmembrane resting potential to 
which it is related. This reduction in volt- 
age is believed to be related to the physical 
separation of cardiac fibers by interstitial 
spaces containing capillaries and produc- 
ing holes in the electromotive surface, as 
well as the shunting effects of interstitial 
fluids, and by other factors as discussed by 
Scher.8 If these holes were uniformly dis- 
tributed, the closed electromotive surface 
would still be self-cancelling, but would 
show a reduced voltage across its surface. 

Some consideration should be given to 
the possibility that the data as derived 
from this study are subject to other in- 
terpretations. The mass of tissue involved 
in the spread of activation which follows 
intramural stimulation may be too small 
to give a recognizable deflection in the 
adjacent ventricular surface lead, whether 
the electromotive surface is uniform or 
not. The other possibility is that the ob- 
served voltage cancellation which occurs 
in surface leads is the result of a peculiar 
distribution of electromotive forces across 
the electromotive surface which may cause 
cancellation, but which is far from uni- 

It is thought that these objections are 
not serious, since the variations in po- 
tential observed in leads located as close 
as 2.5 mm. to the centrally stimulated 
point were no greater than those observed 
in more distant leads. The possibility of 
cancellation occurring as a result of an 
unusual distribution of electromotive forces 
on the electromotive surface is thought to 
be small, since the large number of meas- 
urements of the right, left lateral, and 
diaphragmatic portions of the heart should 
exclude this from occurring by chance. 
In addition, other measurements using dif- 
ferential electrodes point to the fact that 
the spread of activation during these 
experiments was not concentric or sym- 
metrical, but generally followed the direc- 
tion of cardiac fibers. Since the closed 
electromotive surfaces produced were not 
of symmetrical shape, it is difficult to 
believe that the observed cancellation 
could be produced by any but a uniform 
distribution of electromotive forces. 

Examples of closed electromotive surfaces 
in heart muscle. The resemblance between 
the cardiac resting cell and a closed elec- 
tromotive surface is well known. In this 
instance the cell has a uniform difference 
in potential of 90 mv. across its membrane, 
and no difference in potential is measurable 
outside the resting cell, even when elec- 
trodes are adjacent to the cell. DurreP 
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postulates that the inner layer of the 
myocardium is laced with rapidly con- 
ducting Purkinje fibers which give rise 
to an activation wave in the epicardial 
direction and also to the endocardial di- 
rection. If this is the case, such activity 
would be an example of a closed electro- 
motive surface, and thus would not be 
measurable by any combination of exter- 
nally applied leads. Another example would 
be extrasystoles which arise wholly within 
the myocardium. Initially, they would 
not have boundaries on the epicardial or 
endocardial surfaces, and until propagated 
to the ventricular surface would not be 
recorded in external leads. 

Summary 

Propagated wavefronts were produced 
by mechanical stimulation at points lo- 
cated deeply within the myocardium, and 
the external field so produced was meas- 
ured by electrodes located within a radius 
of 10 mm. from the centrally stimulated 
point. In 104 experiments in 10 dogs the 
external field so produced was negligible 
until propagation reached either the epi- 
cardial or endocardial surfaces. If it is 
assumed that propagated intramural ac- 
tivity is temporarily a closed electromotive 
surface, then the data presented suggest 

that there is a uniform difference in po- 
tential across this surface. Since there is 
no fundamental difference in the wavefront 

characteristics of closed electromotive sur- 

faces and those which present boundaries 

on the epicardial or endocardial surfaces, 
these data strongly suggest that there is 

a uniform difference in potential across all 
propagated wavefronts in normal ven- 
tricular muscle. 
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