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The relationship of the electrocardiogram (EKQ) to the
charge distribution in the heart provides an interesting
example of electrostatics for a general physics course. The
qualitative features of the EKG can be explained by a
simple electrostatic model which ignores the electrical con~
conductivity of the body. This model is developed and used
to explain some EKG patterns.

INTRODUCTION

In physics courses which are taken by pre-
medical or biology students, it is a simple matter
to extend the discussion of electrostatics to provide
qualitative understanding of the electrical activity
of the heart. If electrical conduction within the
body is ignored (see Appendix), Coulomb’s law
can be used to show that the electrocardiogram
(EKG) measures the potential distribution of a
set of dipoles within the heart. This approxima-
tion is sufficient to explain the qualitative features
of both normal and abnormal electrocardiograms.
The EKG is seldom discussed in general physics
courses because physicists usually are not familiar
with it, although laboratory experiments based on
it are becoming popular.!? When the EKG is
presented in medical school on the other hand,
the simplicity of its relation to electrostatics is not
considered. This paper will develop the electro-
static model relating the EXG to the electrical
activity of the heart. It will also introduce the
EKG to physics teachers and show how the model
can be used to explain one example of a patho-
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logical change in the EKG. The arguments will be
developed in sufficient detail so that a physics
student can use the paper for self-study. Calculus
notation will be used, but the discussion can be
adapted for a noncalculus course.

DIPOLE LAYERS

Nerve and muscle cells are very similar in their
electrical behavior.? A dipole layer on the cell
wall is an important feature of each. In a muscle
cell, changes in this layer precede contraction; in
a nerve cell, similar changes occur as the nerve
transmits a signal. Such nerve and muscle cells
are cylindrical, with diameters ranging from
2X10~%m to 5X10~* m. Lengths range up to 1 m.
The wall of each cell is an insulating layer about
5X 107 m thick. In the resting state the cell is
polarized, with a charge of +9X10™* C/m?
distributed on each side of this layer. The potential
inside the cell is about —90 mV with respect to
the outside. As a nerve cell transmits a signal or a
musecle cell prepares to contract, a wave of
depolarization sweeps the length of the cell,
causing the wall to become temporarily permeable
to positive ions. These ions migrate into the cell,
making the interior potential zero or somewhat
positive.

The simplest model to consider for approxi-
mating the electrostatic properties of the cell is
two infinite, plane, parallel double layers of
charge (see Fig. 1). Each double layer consists of
layers of uniform charge density +o¢ and —o
separated by a distance a. Application of Gauss’
law shows that the electric field in the wall has
magnitude o/e and that the potential in the
region between the double layers is therefore!
—oa/e. Similar relationships can be derived for
spherical or cylindrical double layers.®

Let us now consider the dipole approximation
to the potential from a double layer. Consider a
dipole of moment m, consisting of charges £g
separated by a distance a, as shown in Fig. 2(a).
The field for r>>a is

V= (1/4re) (m-1/73) = (1/4meo) (m cosb/r?). (1)



Consider next a dipole consisting of surface charges
of density =g, spread over area dS and again
separated by distance o [Fig. 2(b)7]. The dipole
moment is

dm=cadS=1dS
and the potential is

dV = (ca/4me) (dS cosd/r?)

= (r/47er) (dS cosb/r?). (2)
Recalling the definition of a solid angle, dQ=
dS cosf/r?, we can write this as

dV =1dQ/4re. 3)
As long as we are a large distance from the double
layer compared to its thickness, we can use this
equation to calculate the potential by integration.
The dipole moment need not be constant, but
may vary over the surface. We must remember
that there is an algebraic sign associated with dQ,
which is the sign of m-r.

Consider the application of this equation to the
two double layers of Fig. 1. If we are at point 4,
m-r is negative. Since 7 is uniform throughout
the layer and an infinite sheet subtends a solid

+
|
q

o —-0 +o

+ - -+

+ - -+

+ - -+

+ - -+

+ - A -+ B

+ - . -+ K

+ - -+
-+

+ -

T - -+

+ - -+

+ - -+

+ - -+

— 4 - - 0 -

m
—+
S

]

_.__
1
|a
]
x

/ x

Fig. 1. Electric field and potential for two infinite,
parallel, double layers, with charge 4-¢ per unit area and
separation a.
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Fie. 2. Dipole of moment m: (a) consisting of two point
charges, (b) consisting of double layer of area dS.

angle 2w, the potential due to the left hand double
layer is

Vi=—2rr/47¢.

For the right hand layer m-r is also negative and
one gets a like contribution. Thus the potential at
point A is

=—r/eg=—0a/e, 4)
which is in agreement with the earlier calculation.
For point B, m-r is negative for the left hand
double layer and positive for the right hand layer.
Thus the potential at B is zero.

Whenever we have a uniform double layer of
charge on a closed surface, the exterior potential
will be zero. This can be seen from Fig. 3. As long
as the surface is closed, for any region dS1 which
contributes to the potential there will be a
corresponding region dS., subtending the same
solid angle, for which m-r will have the opposite
sign.

Consider now a nerve or muscle cell. We will
neglect the fact that it is in a conducting medium
and assume that it is in empty space. (The
essential features of the results are unchanged by
this assumption as discussed in the Appendix.t)
In the quiescent state the cell may be regarded
electrically as a long cylindrical double layer.
As a signal passes along the cell, the cell wall
becomes permeable to the positive charge on the
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Fic. 3. The potential at an exterior point due to a
uniform charged double layer on a closed surface is zero,
due to cancellation of contributions for dS; and dS..

outside. These charges rush in and cause the
potential difference te become zero or positive.
This wave of depolarization sweeps along the cell
at a velocity which is characteristic of the cell. It
is about 0.3 m/sec in heart muscle, and 4 m/sec in
some nerves in the heart.”# Consider a cell which
is depolarized for part of its length, as shown in
Fig. 4(a). We wish to find the potential at some
exterior point, due to the charges to the right of
plane AA. The charge distribution in Fig. 4(a)
is a superposition of those shown in Figs. 4(b)-
(¢). That in Fig. 4(b) will have no exterior
potential; thus the desired potential is that due
to the double layer ‘‘cap” of Fig. 4(c).

ELECTRICAL ACTIVITY OF THE HEART

The heart is an interesting example of a free-
running relaxation oscillator.® If a heart is removed
from an animal and bathed in a nutrient and
oxygen supply, it will continue to beat spontane-
ously. Before a muscle cell contracts, a wave of
depolarization sweeps over it. The contraction of
the heart is initiated by spontaneous depolariza-
tion of some specialized nerve fibers located in the
right atrium and called the sino-auricular node
(SA node). The SA node acts like a free-running
relaxation oscillator whose rate is accelerated by
the sympathetic nerves to the heart (which
release noradrenaline) and slowed by the para-
sympathetic nerves (which release acetylcholine).?
Once the SA node has fired, the depolarization
sweeps across both atria. There are interconnec-
tions between adjacent musele cells, as well as a
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network of faster nerve fibers which allow the
depolarization to spread rapidly over the entire
atrium.’* The muscles of the atria are separated
from those of the ventricle by fibrous connective
tissue which does not transmit the electrochemical
impulse. The only connection between the atria
and ventricles is some nerve tissue called the afrio-
ventricular node (AV node). (There 1s some con-
troversy as to whether the AV node is stimulated
by the adjacent atrial muscle or by direct pathways
from the SA node.’?) After passing through the
AV node the depolarization spreads rapidly over
the ventricles on bundles of nerve cells on the
inner wall of the ventricles. The parts of this net-
work are called the common bundle (or bundle of
His), the left and right bundles, and the fine
network of Purkinje fibers. The AV node will
undergo free running relaxation oscillations at a
rate of about 50 beats/min; it usually does not
free-run but is triggered by the more rapid beating
of the atria. However, in well-trained athletes,
the resting pulse rate may be low enough to allow
the AV node to fire spontaneously, giving rise
occasionally to what are known as nodal escape
beats. These are physiologic and no cause for
concern.

Let us now consider how the dipole moment of
the heart changes with time. Initially all the heart
cells are completely polarized and have no net
dipole moment. The cells begin to depolarize at
the SA node and this wave sweeps across the
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Frg 4. (a) A partially depolarized nerve or muscle cell.
The charge distribution on the cell and the potential at
any point may be regarded as a superposition of the closed
double layer (b) and end cap (¢) of opposite polarity.



atria. For each muscle cell, we can imagine a
double-layer dise, perpendicular to the cell as in
Fig. 4(c), with the dipole moment pointing
towards the part of the cell which is still polarized.
These discs for all the cells being depolarized con-
stitute an advancing wave front.

We will now assume that we are far from the
heart and neglect the fact that different dipoles

(@) 2

Fi1c. 5. Wave of depolarization sweeping over the heart.
Atrial and ventricular muscle are not connected and
confribute separately: (a) Depolarization beginning at
SA node. (b) Atria nearly depolarized. (¢) Atria com-
pletely depolarized. There is no net dipole moment. This
state persists while the AV node conducts. (d) Beginning
of depolarization of left ventricle. (e), (f) Continuing
ventricular depolarization. (g) Ventricular depolarization
nearly complete.
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Fia. 6. Locus of the total dipole moment during the
cardiac cycle.

are different distances from the point of observa-
tion. Then we may speak of the instantaneous
total dipole moment as the vector sum of the
dipole moments for each cell. This total dipole
moment is often referred to in the medical litera~
ture as the ‘‘electric force vector’’ or the ‘‘activity”
of the heart. Figure 5 shows how this net dipole
moment changes as the myocardium depolarizes.

The wave of depolarization first travels over the
atria as shown in Figs. 5(a) and (b). When the
atria are completely depolarized [Fig. 5(c)] they
have no net dipole moment. After passing through
the AV junction, the depolarization spreads out
rapidly on the inner walls of the ventricles [Fig.
5 (e)—(f)] and finally travels out through the wall
of each ventricle. ,

Repolarization of the muscle does not spread
as an electrochemical wave; rather it is a diffusive
process which has not been studied as well as the
depolarization process.!?

The locus of the tip of the net dipole moment m
in a typical case is shown in the perspective draw-
ing of Fig. 6. The # axis points to the patient’s
left, the y axis towards his feet, and the z axis
from back to front. The small loop labelled P
occurs during atrial depolarization, QRS during
ventricular depolarization, and 7 during ventric-
ular repolarization. Atrial repolarization is masked
by the ventricular depolarization. A plot of the
x, ¥, z components of m as functions of time is
shown in Fig. 7. These components are typical;
there can be considerable variation in the direction
of the various loops of Fig. 6.
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Fi1g. 7. The three components of the dipole moment as a
function of time.
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ELECTROCARDIOGRAM

Let us now consider how electrocardiographic
measurements are made. We will continue to use a
model in which conduction within the torso is
neglected, and in which we can speak of a net
dipole moment. The potential at position P due
to the dipole moment m is then given by Eq. (1).
The potential difference between two pointslocated
at r; and r; each a distance r from the dipole is then

V(t,—11)=m- (t2—11)/4mweor?

=m-R/4wer.

Thus the potential difference between two elec-
trodes separated by a displacement R and
equidistant from the dipole will measure the
instantaneous projection of m on R.

The standard EKG involves simultaneous
measurement of twelve potential differences using
9 electrodes. This, of course, provides redundant
information but does allow fairly simple interpreta-
tion. Recent work on vector electrocardiography
has been direeted towards finding a suitable set of
leads to measure three mutually orthogonal
components of m and to display the results in a
way which can easily be interpreted.”

The first three electrodes are placed one on
each wrist and one on the left leg. The limbs in
this case serve as conductors, so the three points
between which the potential differences are meas-
ured are the points where the limbs join the body.
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The potential differences between these points
correspond to projections of m on Ry, R;, and Ry
(assuming the 3 points are equidistant from the
heart) as shown in Fig. 8 (a). These projections of
m are labelled I, I, and ITI, respectively, and are
called the limb leads. If the three electrodes are
assumed to measure the potentials at the vertices
of an equilateral triangle, then these three com-
ponents have been measured along axes which are
120° apart. It is often convenient to know the
components along three more axes midway
between these. They are linear combinations of the
first three. The reference vectors which are tradi-
tionally used are shown in Fig. 8(b). The signal
which is called eV (augmented V) is the pro-
jection of m on a vector pointing 30° above the
horizontal. (It is called aV;, because the projection
is in the direction of a vector from the center of

ave

(b)

Fic. 8. (a) Position of the limb electrodes on the body,
showing vectors R;, Re, and R, along which the dipole
moment is projected for tracings I, IT and III, (b) Direc-
tion of primary projections I, II and III and derived pro-
jections aVz, aVg, and aVr.



the equilateral triangle to the left shoulder.)
Since I is proportional to m-R;, ete., aVy. is
(I—II)/2. The other two augmented limb leads
are aVg and aVp. Their directions are shown in
Tig. 8(b). All six of these leads measure projec-
tions of m on a plane parallel to the chest and back,
called the frontal plane.

The other six leads are placed across the chest
in front of the heart and are called precordial
leads. The reference potential for these leads is the
sum of the potentials of the three limb electrodes,
which corresponds to the potential at the center of
the equilateral triangle of Fig. 8(a). Hence they
measure very nearly horizontal components of m.
They are labelled V1V, as shown in Fig. 9. Since
these leads are in some cases rather close to the
heart, our assumption of constant  in the integral
of Eq. (3) is not satisfied. These leads are in-
fluenced most strongly by those portions of the
myocardium closest to them. Waveforms for the
leads of a typical normal EKG are shown in Fig.
10. The six limb leads measure components of m
every 30° in the zy plane of Fig. 6. In particular,
I is the x component and aVr is the ¥ component.
(The graph of aVr in Fig. 10 is not identical to m
in Fig. 7 because they are for different patients.)
When m has its greatest magnitude it is nearly
parallel to II. Thus II has the largest spike, and
aV 1, which is perpendicular to it, has the smallest.
The projection of m on aVp is negative.

The precordial leads nominally measure com-
ponents in a nearly horizontal plane, although the
effect of 1/r? is important. The vector is strongest
in the direction of V4 and V5. V; and Ve are nearly
in opposite directions and have opposite signs. In
all leads the repolarization spike follows much in
the same course as the depolarization, although
the amplitude and duration are different.

BACK

F1a. 9. Location of precordial leads and the direction of
components they measure.
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Fig. 10. Normal electrocardiogram. Large divisions are
0.5 mV vertically and 200 msec horizontally.

CHANGES IN THE ELECTROCARDIOGRAM

A detailed discussion of abnormalities in the
electrocardiogram and the related pathology is
beyond the scope of this paper. However, some
changes can be mentioned as illustrative of the
general principles involved.

The detailed shape of the QRS spike is de-
pendent on the instantaneous vector sum of the
moments in the left and right ventricles. If the
right side of the heart has to pump against an
abnormally heavy load for a long period of time,
this exercise causes enlargement of the myo-
cardium, a condition known as right ventricular
hypertrophy. The electrocardiogram for a patient
with right ventricular hypertropy is shown in
Fig. 11. We see that I now has a negative spike
because of the changed direction of m. In this case
aVr shows that there is very little vertical com-
ponent of m. The precordial leads show the
strongest signal in Vy and V,, because the right
ventricle faces the front-right side of the body.
(The extra lead VR is often recorded in such
patients. It is symmetrical with V,; but on the
right side of the body.)

For further details on the interpretation of
EKG tracings, the reader may consult many
texts."1> Some general principles may be men-
tioned. A fault in the conduction bundle, called a
bundle branch block, means that the depolariza-
tion wave travels through the myocardium rather
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V4R V1 Vo V3 V4 V5 Vg
Fi1G. 11. Electrocardiogram of patient with right venfric-
ular hypertrophy.

than the bundle. Since the velocity in the myo-
cardium is low, the depolarization pulse is wider
than usual. In a heart attack or myocardial
infaret, a portion of the myocardium is dead and
the cells neither depolarize nor repolarize. There-
fore one may regard the dipole moment as being
the normal one minus the dipole moment of the
destroyed area. The exact nature of the changes
will depend on the location of the infarct; in fact
some very small infarcts are undetectable on the
EKG.

SUMMARY

A simplified model of the heart suspended in a
nonconducting medium has been used to relate
EKG tracings to the charge distribution within the
myocardium. This material is suitable for inclusion
as an application of Coulomb’s law in the general
physics course, or as collateral reading for a
laboratory experiment on the EKG. It provides a
basic physical picture of the process, from which
one can go on to include such effects as tissue
conductivity. The model is used to correlate one
example of an abnormal EKG pattern with the
underlying pathological process.

ACKNOWLEDGMENTS

I wish to thank James Moller, M D, for supply-
ing the elctrocardiograms used in Figs. 10 and 11.
I am grateful to W. Albert Sullivan, MD, Assistant

830 / June 1973

Dean of the University of Minnesota Medical
School, for making the facilities of the Medical
School available to me during the past two years.

APPENDIX

It may at first seem surprising to use an
electrostatic approximation for the human body,
which one usually thinks of as a eonductor. An
average value for its resistivity o is 5 ohm-m.b
However, in a medium for which the current
density Jis related to the electric field by J=E/o,
the potential in source free regions still satisfies
Laplace’s equation.’® Including sources gives

V2V=wV-L-

where J; is the source current. This problem has
been discussed in detail.® One finds that, if the
resistivity inside and outside the eell is uniform,®

V= (4r)"1[VrdQ,

where V7 is the potential difference across the cell
membrane (Vouside— Vinside). Lhis is identical to
the expression in the electrostatic case, which can
be obtained by combining Egs. (3)-(4). The
charge sheets of our model are replaced by sources
and sinks of current. The formalism for solving the
problem in detail, considering the difference in
resistivity between the cell and its membrane, is
discussed in Ref. 6.
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Described in this article is an apparatus, attachable to a
linear air track, for recording the continuous motion of one
or two carts over several transits of the track. The records
thus produced allow one to determine the motion charac-
teristics of the cart(s), such as velocity change during transit
versus lime, to an accuracy of about one percent. Also
discussed are various experiments, such as acceleration due
to gravity, force versus acceleration, simple harmonic
motion, and collisions which have been performed using

this apparatus, as well as an analysis of the basic accuracy
of the data.

INTRODUCTION

The recording of the motion of carts on a linear
air track has been approached by various methods,
such as strobe photography® and forms of spark
timing.2 While strobe photography yields records
that are excellent for viewing qualitative effects,
the record, because of its small size, does not lend
itself to detailed quantitative measurements. The
apparatus described below allows the experi-
menter to make his measurements from a record
approximately the length of the track itself, and
has the important additional feature as well that
many successive transits of the cart back and
forth along the track can be analyzed by the
experimenter.

DESCRIPTION OF THE APPARATUS

In order to achieve the continuous record
mentioned above, an apparatus was designed and
built to mount on an existing air track. The
apparatus consists of two cylinders made of 24-in.
diam aluminum tubing, approximately the length
of the track, mounted parallel to the track by
means of plastic supports on each end. The
center lines of the cylinders are about level with
the top of the track. Figure 1 shows a photograph
of one of the plastic supports. The cylinder on the
right is rigidly attached to the support, while the
cylinder on the left is made rotatable by mounting
a slow motor (-2 rpm, Model C, Hurst, Prince-
ton, Ind.) concentric with it. The cart, as shown in
Fig. 1, has a needle mounted on a small piece of
plastic to insulate it from the metal of the cart.
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