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Figure 9.2. Typical concentrations in moles per liter of K*, Na*, CI", and large
protein ions (A"} inside and outside a cell. The inside of the cell is more negative
than the outside by about 60 to 90 mV. The electric field is shown as E.

is less concentrated (Fig. 9.3a). The KCl in solution forms K* ions and
Cl- ions. We assume that the membrane permits K+ ions to pass through
it but does not permit the passage of the ClI- ions. The K* ions diffuse
back and forth across the membrane; however, a net transfer takes place
from the high concentration region H to the low concentration region L.
Eventually this movement results in an excess of positive charge in L and
an excess of negative charge in H. These charges form layers on the
membrane to produce an electrical force that retards the flow of K ions
from H to L. Ultimately a.condition of equilibrium exists (Fig. 9.3b).
Qualitatively, the resting potential of a nerve exists because the mem-
brane is impermeable to the large A- (protein) ions shown in Fig. 9.2 while
it is permeable to the K*, Nat, and Cl~ ions. .

Figure 9.4 shows schematically how the axon propagates an action-
potential. Graphs of the potential measured between point P and the
outside of the axon are also shown. This axon has a resting potential of
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Figure 9.3. A model of the resting potential. (a) A membrane selectively permeable

to K™ ions initially separates two KCl solutions of different concentrations; + and —

represent the K* and CI™ ions, respectively. The K* ions diffuse from side H to side
L, producing a charge difference (dipole layer) across the membrane and hence a
potential. (b) The dipole layer provides an electrical force that tends to keep K* ions
on side H. An equilibrium condition is produced when the K* ion movement due to
diffusion is balanced by the ion movement due to the electrical force from the dipole
layer. The dipole layer is equivalent to a resting potential across the membrane.

about —80 mV (Fig. 9.4a). If the left end of the axon is stimulated, the
membrane walls become porous to Na* ions and these ions pass through
the membrane, causing it to depolarize. The inside momentarily goes
positive to about 50 mV. The reversed potential in the stimulated region
causes ion movement, as shown by the arrows in Fig. 9.4b, which in turn
depolarizes the region to the right (Fig. 9.4¢, d, and e). Meanwhile the
point of original stimulation has recovered (repolarized) because K+ ions
have moved out to restore the resting potential (Fig. 9.4c, d, and e). The
voltage pulse is the action potential. For most neurons and muscle cells,
the action potential lasts a few milliseconds; however, the action potential
for cardiac muscle may last from 150 to 300 msec (Fig. 9.5).

An axon can transmit in either direction. However, the synapse that
connects it to another neuron only permits the action potential to move
along the axon away from its own cell body.

Examination of the axons of various neurons with an electron micro-
scope indicates that there are two different types of nerve fibers. The
membranes of some axons are covered with a fatty insulating layer called
myelin that has small uninsulated gaps called nodes of Ranvier every few
millimeters (Fig. 9.1); these nerves are referred to as myelinated nerves.
The axons of other nerves. have no myelin sleeve (sheath), and these
nerves are called unmyelinated nerves. This is a somewhat artificial
classification; most human nerves have both types of fibers. Much of the
carly research on the electrical behavior of nerves was done on the
unmyelinated giant nerve fiber of the squid (Fig. 9.4). Myelinated nerves,
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Figure 9.4. The transmission of a nerve impulse along an axon. The graphs show the potential at pointP. (a) The axon has a resting
potential of about — 80 mV. (b) Stimulation on the left causes Na* ions to move into the cell and depolarize the membrane, (c) The
positive current flow on the leading edge, indicated by the arrows, stimulates the regions to the right so that depolarization takes
place and the potential change propagates (d and e). Meanwhile K* ions move out of the core of the axon and restore the resting
potential {repolarize the membrane). The voltage pulse moving along the nerve Is the action potential.
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Figure 9.4. The transmission of a nerve impulse along an axon. The graphs show the potential atpointP. (a) The axon has a resting
potential of about — 80 mV. (b) Stimulation on the left causes Na' ions to move into the cell and depolarize the membrane. (c) The
positive current flow on the leading edge, indicated by the arrows, stimulates the regions to the right so that depolarization takes
place and the potential change propagates (d and e). Meanwhile K* ions move out of the core of the axon and restore the resting

potential (repolarize the membrane). The voltage pulse moving along the nerve is the action potential.
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Figure 9.5. Waveforms of the action potentials from (2) a nerve axon, (b) a skeletal
muscle cell, and (c) a cardiac muscle cell. Note the different time scales.

the most common type in humans, conduct action potentials much faster
than unmyelinated nerves.

Myelinated axons conduct differently than the unmyelinated axon
shown in Fig. 9.4. The myelin sleeve is a very good insulator, and the _
myelinated segment of an axon has very low electrical capacitance. The
action potential decreases in amplitude as it travels through the myeli-
nated segment just as an electrical signal is attenuated when it passes
through a length of cable. The reduced signal then acts like a stimulus at
the next node of Ranvier (gap) to restore the action potential to its original
size and shape. The conduction in the gap is the same as shown in Fig.
9.4. This process repeats along the axon; the action potential seems to
jump from one node to the next, that is, it travels by saltatory conduction. -

Two primary factors affect the speed of propagation of the action
potential: the resistance within the core of the membrane and the capaci-
tance (or the charge stored) across the membrane. A decrease in either
will increase the propagation velocity. The internal resistance of an axon
decreases as the diameter increases, so an axon with a large diameter will
have a higher velocity of propagation than an axon with a small diameter.

The greater the stored charge on a membrane, ‘the longer it takes to
depolarize it, and thus the slower the propagation speed. Because of the
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low capacitance, the charge stored in a myelinated section of a nerve fiber
is very small compared to that on an unmyelinated fiber of the same
diameter and length. Hence the conduction speed in the myelinated fiber
is many times faster. The unmyelinated squid axons (~1 mm in diameter)
have propaganon velocities of 20 to 50 m/sec, whereas the myelinated
fibers in man (~10 um in diameter) have propagation velocities of around
100 m/sec. This difference in conduction speed explains why the signal
appears to jump from node to node in myelinated nerves.

The advantage of myelinated nerves, as found in man, is that they
produce high propagation velocities in axons of small diameter. A large
number of nerve fibers can thus be packed into a small bundle to provide
for many signal channels. For example, 10,000 myelinated fibers of 10 pm
in diameter can be carried in a bundle with a cross-sectional area of 1 to 2
mm?2, whereas 10,000 unmyelinated fibers with the same conduction speed

- would require a bundle with a cross-sectional area of approximately 100
cm?, or about 10,000 times larger.

9.3. ELECTRICAL SIGNALS FROM MUSCLES—THE
ELECTROMYOGRAM

One means of obtaining diagnostic information about muscles is to mea-
sure their electrical activity. In this section we briefly trace the transmis-
sion of the action potential from the axon into the muscle, where it causes
muscle contraction. The record of the potentials from muscles during
movement is called the electromyogram, or EMG.

A muscle is made up of many motor units. A motor unit consists of a
single branching neuron from the brain stem or spinal cord and the 25 to
2000 muscle fibers (cells) it connects to via motor end plates (Fig. 9.6a).
The resting potential across the membrane of a muscle fiber is similar to
the resting potential across a nerve fiber. Muscle action is initiated by an
action potential that travels along an axon and is transmitted across the
motor end plates into the muscle fibers, causing them to contract. The
record of the action potential in a single muscle cell is shown schemati-
cally in Fig. 9.6b. Such a measurement is made with a very tiny electrode
(microelectrode) thrust through the muscle membrane.

Single muscle cells are usually not monitored in an EMG examination
because it is difficult to isolate a single fiber. Instead, EMG electrodes
usually record the electrical activity from several fibers. Either a surface
electrode or a concentric needle electrode is used. A surface electrode
attached to the skin measures the electrical signals from many motor
units. A concentric needle electrode inserted under the skin measures
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Figure 9.6. (a) Schematic of a neuron originating at the spinal cord and terminating
on several muscle cells. The neuron and connecting muscle cells make up a motor
unit (dashed line). (b) Instrument arrangement for measuring the action potentialin a
single muscle cell. The reference electrode is immersed in the fluid surrounding the

cell.
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single motor unit activity by means of insulated wires connected to its
point. Figure 9.7 shows typical EMGs from the two types of electrodes.
A typical arrangement for recording the EMG is shown in Fig. 9.8. The
muscle’s electrical signals can be displayed directly on one channel of an
oscilloscope, and the signals can be integrated and displayed on a second
channel. The signals can also be passed through an amplifier and made
audible by a loudspeaker. The integrated record (in volt seconds) is a
measure of the quantity of electricity associated with the muscle action
potentials. Figure 9.9 shows the EMG and its integrated form for different
degrees of voluntary muscular contraction. More forceful contractions
lead to greater action potential activity. It is easier to evaluate the inte-
grated form of action potential activity because it is a smooth curve. In the

Muscle fibers

N

Skin

Concentric needie
electrode

{measures single
motor unit activity)

Surface electrode

{measures activity of
many motor units)

Figure 9.7. Electromyograms obtained with a concentric needle electrode and a
surface electrode. :
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Figure 9.8. Instrument arrangement for obtaining an EMG.

clinic, the audible EMG and the integrated form are often used to deter-
mine the condition of a muscle during contraction.

The EMG can be obtained from muscles or motor units that are stimu-
lated electricaily, and this method is often preferred to the voluntary
contraction. A voluntary contraction is usually spread over about 100
msec because all the motor units do not fire at the same time; also, each

Single motor unit action potential

Mitd voluntary contraction {volts}

3

(a)

11 X 10~% valt seconds
(integrated form)

Forceful voluntary contraction (volts)

(b) i

43 X 1075 volt seconds
T {integrated form)

—=|  }=—40 msec

Figure 9.9. Electromyograms for (a) minimal contraction showing the action potential
from a single motorunit and (b) maximal contraction showing the action potentials from
many motor units. Note a and b have different scales. (Adapted from P. Strong,
Biophysical Measurements, Tektronix, Inc., Beaverton, Ore., 1970, p. 183, by permis-
sion of Tektronix, inc. All rights reserved.)
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motor unit may produce several action potentials depending upon the
signals sent from the central nervous system. With electrical stimulation,
the stimulation time is well defined and all the muscle fibers fire at nearly
the same time. A typical stimulating pulse may have an amplitude of 100 V
and last 0.1 to 0.5 msec. :

An EMG obtained during electrical stimulation of a motor unit is shown
in Fig. 9.10. The action potential appears in the EMG after a latency
period (the time between stimulation and the beginning of the response).
Sometimes the EMGs from symmetrical muscles of the body are com-
pared to each other or to those of normal individuals to determine whether
the action potentials and latency periods are similar.

In addition to electrically stimulating the motor units, it is possxble to
excite the sensory nerves that carry information to the central nervous
system. The reflex system can be studied by observing the reflex response
at the muscle (Fig. 9.11). At low stimulating levels some of the sensitive
sensory nerves are activated but the motor nerves are not and no M

_response is seen (Fig. 9.11). The action potentials of the sensory nerves
move to the spinal cord and generate the reflex response that travels along
the motor nerves and initiates a delayed H response at the muscle. As the
stimulus is increased, both the motor nerves and the sensory nerves are

" Pickup
electrode

Stimulator.

CRT l
~1 mV Time
reference
| ) for CRT
Lat ——Time
Ga ency -—t— Action potential
msec 7 msec

-

Figure 9.10.  Instrument arrangement for obtaining an EMG during electrical stimu-
lation of a motor unit.
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stimulated and both the M and the H responses are seen (Fig. 9.11c). At
large stimulating levels only the M response is seen (Fig. 9.11d).

The velocity of the action potential in motor nerves can also be deter-
mined. Stimuli are applied at two locations, and the latency period for
each response is measured (Fig. 9.12). The difference between the two
latency periods is the time required for an action potential to travel the
distance between them; the velocity of the action potential is this distance
divided by this time.

The conduction velocity for sensory nerves can. be measured by
stimulating at one site and recording at several locations that are known
/ distances from the point of stimulation (Fig. 9.13). Many times nerve
damage results in a decreased conduction velocity. Typical velocities are
40 to:60 m/sec; a velocity below 10 m/sec would indicate a problem.

Electpémyograms made during multiple stimulations are used to deter-
mine fatigue characteristics of muscles. The major muscles in humans can

be. re/s’timulated at rates of between 5 and 15 Hz. Normal nerves and
mus¢les show little change during prolonged restimulation as long as the
ratg’ of stimulation allows for a relaxation period of about 0.2 sec between

/,
/
’/

Recording Stimulus Stimulus
electrode 2 1

N

Stimulus

-

F_B msec

" Figure 9.12. Method of measuring the motor nerve conduction velocity. The latency
: period for the response to stimulus 1 is 4 msec longer than that for the response to
stimulus 2 (At = 4 x 1072 sec). The difference in distance Ax is 0.25 m; therefore, the
" nerve conduction velocity v = Ax/At = 0.25 m/4 x 1073 sec = 62.5 m/sec.
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Figure 9.13. The sensory nerve conduction velocity can be determined by stimulat-
ing at one location and recording the responses with electrodes placed at known
distances. The response traveled the 0.25 m from 1 to 2 in 4.3 msec; the conduction
velocity is 0.25 m/4.3 X102 sec = 58 m/sec. The conduction velocity from 2 to 3 is
0.20 m/4 x 10-3 sec = 50 m/sec.

pulses. A patient with the relatively rare disease myasthenia gravis shows
muscular weakness when carrying out a repetitive muscular task. The
EMG of such.a patient shows that in repetitive stimulation the motor
nerve to muscle transmission fails.

9.4. ELECTRICAL SIGNALS FROM THE HEART—
THE ELECTROCARDIOGRAM

In Chapter 8 we discuss the heart as a double pump. It has four chambers
(Fig. 9.14); the two upper chambers, the left and right atria, are syn-
chronized to contract simultaneously, as are the two lower chambers, the
left and right ventricles. The right atrium receives venous blood from the
body and pumps it to the right ventricle. This ventricle pumps the blood
through the lungs, where it is oxygenated. The blood then flows into the
left atrium. The contraction of the léft atrium moves the blood to the left
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Figure 9.14. The human heart. Note the sinoatrial node, or the pacemaker, and the
atrioventricular node, which initiates the contraction of the ventricles.

ventricle, which contracts and pumps it into the general circulation; the
blood passes through the capillaries into the venous system and returns to
the right atrium.

The rhythmical action of the heart is controlled by an electrical signal
initiated by spontaneous stimulation of special muscle cells located in the
right atrium. These cells make up the sinoatrial (SA) node, or the pace-
maker (Fig. 9.14). The SA node fires at regular intervals about 72 times
per minute; however, the rate of firing can be increased or decreased by
nerves external to the heart that respond to the blood demands of the
body as well as to other stimuli. The electrical signal from the SA node
initiates the depolarization of the nerves and muscles of both atria, caus-
* ing the atria to contract and pump blood into the ventricles. Repolariza-
tion of the atria follows. The electrical signal then passes into the atri-
oventricular (AV) node, which initiates the depolarization of the right
and left ventricles, causing them to contract and force blood into the
pulmonary and general circulations. The ventricle nerves and muscles
then repolarize and the sequence begins again.

The nerves and muscles of the heart can be regarded as sources of
electricity enclosed in an electrical conductor, the torso. Obviously it is
not practical to make direct electrical measurements on the heart; diag-
nostic information is obtained by measuring at various places on the
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Figure 9.15. Schematic of an action potential moving down the wall of the heart.
Some of the ion current, indicated by the circles, passes through the torso, indicated
by the resistor. The potential on the chest wall is due to current flow through the

resistance of the torso.

surface of the body the electrical potentials generated by the heart. The
record of the heart’s potentials on the skin is called the electrocardiogram
(ECQG). A

The relationship between the pumping action of the heart and the
electrical potentials on the skin can be understood by considering the
propagation of an action potential in the wall of the heart as shown in Fig.
9.15. The resulting current flow in the torso leads to a potential drop as
shown schematically on the resistor. The potential distribution for the
entire heart when the ventricles are one:half depolarized is shown by the
equipotential lines in Fig. 9.16. Note that the potentials measured on
the surface of the body depend upon the location of the electrodes.

The form of the potential lines shown in Fig. 9.16 is nearly the same as
that obtained from an electric dipole.* The equipotential lines at other
times in the heart’s cycle can also be represented by electric dipoles;
however, the dipoles for different moments in the cycle would differ in
size and orientation. The electric dipole model of the heart was first
suggested by A. C. Waller in 1889 and has been modified by many others
since.

The electrical (cardiac) potential that we measure on the body’s surface
is merely the instantaneous projection of the electric dipole vector in a
particular direction. As the vector changes with time, so does the pro-

*An electric dipole is produced when equal positive and negative charges are separated from
each other. It can be represented by a vector. )
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Figure 9.16. The potential distribution on the chest at the moment when the ventri-
cles are one-half depolarized. Electrodes located at A, B, and C would indicate the
potentials at that moment.

jected potential. Figure 9.17 shows an electric dipole vector along with the
three electrocardiographic body planes.

The surface electrodes for obtaining the ECG are most commonly
located on the left arm (LA), right arm (RA), and left leg (LL), although
the location of the electrodes can vary in different clinical situations;
sometimes the hands or positions closer to the heart are used. The
measurement of the potential between RA and LA is called Lead I, that
between RA and LL is called Lead II, and that between LA and LL is
called Lead III (Fig. 9.18). This configuration was pioneered at the turn of
the century by Willem Einthoven, a Dutch physiologist, and these three
leads are called the standard limb leads. Usually, all three standard limb
leads are used in a clinical examination. The potential between any two
gives the relative amplitude and direction of the electric dipole vector in
the frontal plane (Fig. 9.19).

Three augmented lead configurations, aVg, aV,, and aVy, are also
obtained in the frontal plane. For the aVy lead, one side of the recorder is
connected to RA and the other side is connected to the center of two
resistors connected to LL and LA (Fig. 9.20). The other two augmented
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Figure 9.17. Electrocardiographic planes and an electric dipole vector. RA, LA, RL,
and LL indicate electrode locations on the right and left arms and legs.

leads are obtained in a similar manner: for the aV, lead, the recorder is
attached to the LA electrode and the resistors are connected to RA and
LL; for the aV lead, the recorder is attached to the LL electrode and the
resistors are connected to RA and LA.

Each ECG tracing maps out a projection of the electric dipole vector, or
the electrical activity of the heart, through each part of its cycle. Figure
9.21 shows schematically the Lead II output with the standard symbols for
the parts of the pattern. The major electrical events of the normal heart
cycle are (1) the atrial depolarization, which produces the P wave; (2) the
atrial repolarization, which is rarely seen and is unlabeled; (3) the ven-
tricular depolarization, which produces the QRS complex; and (4) the
ventricular repolarization, which produces the T wave (Fig. 9.21).

Figure 9.22 shows the six frontal plane ECGs for a normal subject. Note
that in some cases the waveform is positive and in other cases it is
negative; the sign of the waveform depends upon the direction of the
electric dipole vector and the polarity and position of the electrodes of the
measuring instrument.

In a clinical examination, six transverse plane ECGs are usually made
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Figure 9.18. The electrical connec-
tions for Leads, I, I, and Ill. The
usual polarities of the recording in-

LL Lead III  strument are indicated for each
Lead I lead. 2

in addition to the six frontal plane ECGs. For the transverse plane mea-
surements the negative terminal of the ECG recorder is attached to an
indifferent electrode at the center point of three resistors connected to
RA, LL, and LA (Fig. 9.23a), and the other electrode is moved across the
chest wall to the six different positions shown in Fig. 9.23. Figure 9.24
shows typical transverse plane ECGs.

ECGs are usually interpreted by cardiologists, who.can quickly deter

RA

Electric
dipole
vector

Figure 9.19. Schematic of the electric dipole of the heart projected on the frontal
plane. For electrical purposes the three electrodes (RA, LA, and LL) can be thought
of as the points of a triangle, the Sinthoven triangle. The potential in Lead | at any
moment is proportional to the prr ection of the dipole vector on the line RA-LA; the
potentials in Leads Il and 11l are propomonal to the projections on the other sides of
the triangle.
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Figure 9.20. An augmented lead is ob-
tained by piacing a pair of resistots between
two of the electrodes. The center of the re-
sistor pair is used as one of the connections
and the remaining electrode is used as the
second connection. The arrangement for the
aVr augmented lead is shown.

mine if the patterns are normal and if arrhythmias (thythm disturbances)
exist. However, computers can also be used to analyze ECGs (see Chap-
ter 20). In intensive care areas and during surgery the ECG is usually
continuously monitored and displayed on the CRT of an oscilloscope (see
Chapter 10, p. 227).

An ECG shows disturbances in the normal electrical activity of the
heart. For example, an ECG may signal the presence of an abnormal
condition known as heart block. If the normal SA node signal is not
conducted into the ventricle, then a pulse from the AV node will control
the heartbeat at a frequency of 30 to 50 beats/min, which is much lower

" Potential

Time (sec)

Figure 9.21. Typical ECG from Lead Il position. P represents the atrial depolariza-
tion and contraction, the QRS complex indicates the ventricular depolarization, the
ventricular contraction occurs between S and T, and T represents the- ventricular
_repolarization.




image24.png
.M—-—M-"’P Lead 1
Y

1 mv

MY YT
1 sec T ’

l. k,. ‘,. h,i_eadll aVF‘ I h I

e b JKNiewm v, .

Figure 9.22. Six frontal plane ECGs for a normal subject.
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Figurg 9.23. Transverse plane ECG positions. (a) Frontal view. (b) Top view.
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Figure 9.24. Six transverse plane ECGs for a normal subject.

than normal (70 to 80 beats/min). While a heart block like this cdﬁld make
a patient a semi-invalid, an implanted pacemaker could enable him to live
a reasonably normal life (see Chapter 10, p. 231).

9.5. ELECTRICAL SIGNALS FROM THE BRAIN—
THE ELECTROENCEPHALOGRAM

If you place electrodes on the scalp and measure the electrical activity,
you will obtain some very weak complex electrical signals. These signals
are due primarily to the electrical activity of the neurons in the cortex of
the brain. They were first observed by Hans Berger in 1929; since then
much research has been done on clinical, physiological, and psychological
applications of these signals, but a basic understanding is still lacking.
One hypothesis is that the potentials are produced through an intermittent
synchronization process involving the neurons in the cortex, with differ-
ent groups of neurons becoming synchronized at different instants of
time. According to this hypothesis the signals consist of consecutive short
segments of electrical activity from groups of neurons located at various

places on the cortex. .
The recording of the signals from the brain is called the electroen-

cephalogram (EEG). Electrodes for recording the signals are often small
discs of chlorided silver. They are attached to the head at locations that
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depend upon the part of the brain to be studied. Figure 9.25 shows the
international standard 10-20 system of electrode location, and Fig. 9.26
shows typical EEGs for several pairs of electrodes. The reference elec-
trode is usually attached to the ear (A, or A, in Fig. 9.25). In routine
exams, 8 to 16 channels are recorded simultaneously. Since asymmetrical -
activity is often an indication of brain disease, the right side signals are
often compared to the left side signals.

The amplitude of the EEG signals is low (about 50 V), and interfer-
ence from external electrical signals often causes serious problems in EEG
signal processing. Even if the external noise is controlled, the potentials
of muscle activity such as eye movement can cause artifacts in the record.

The frequencies of the EEG signals seem to be dependent upon the
mental activity of the subject. For example, a relaxed person usually has
an EEG signal composed primarily of frequencies from 8 to 13 Hz, or
alpha waves. When a person is more alert a higher frequency range, the
beta wave range (above 13 Hz), dominates the EEG signal. The various
frequency bands are as follows:

Delta (8), or slow 0.5to 3.5 Hz
Theta (6), or intermediate slow 4to7 Hz

Alpha (o) 8 to 13 Hz .
Beta (B), or fast greater than |3 Hz

The EEG is used as an aid in the diagnosis of diseases involving the

Mastoid

Figure 9.25. International standard 10-20 system of electrode location for EEGs.
Lettered electrodes are located at intervals of 10% and 20% of the distances be-
tween specific points on the skull. The inion is the bony protuberance at the lower
back of the skuli and the mastoid is that behind the ear. ’
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Figure 9.26. Normal EEGs. See Fig. 9.25 for the location of the electrodes. The
reference electrode is connected to the ear (A1 or A2).

brain. It is most useful in the diagnosis of epilepsy and allows classifica-
tion of epileptic seizures. The EEG for a severe epileptic attack with loss
of consciousness, called a grand mal seizure, shows fast high voltage
. spikes in all leads from the skull (Fig. 9.27a). The EEG for a less severe
attack, called a petit mal seizure, shows up to 3 rounded waves per
second followed or preceded by fast spikes (Fig. 9.27b).

The EEG aids in confirming brain tumors since electrical activity is
reduced in the region of a tumor. Other more quantitative methods for
locating brain tumors involve x-ray or nuclear medicine techniques (see
Chapters 16 and 17).

The EEG is used as a monitor in surgery when the ECG cannot be used.
It is also useful in surgery for indicating the anesthesia level of the patient.
During surgery a single channel is usually monitored. ’

Much research on sleep involves observing the EEG patterns for vari-
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v Figure 9.27. Electroencephalograms for two types of epilepsy: (a) grand mal and (b)

.. petit mal.

f ous stages of sleep (Fig. 9.28). As a person becomes drowsy, particularly
§ with his eyes closed, the frequencies from 8 to 13 Hz (alpha waves)
L dominate the EEG. The amplitude increases and the frequency decreases
[ as a person moves from light sleep to deeper sleep. Occasionally an EEG
' taken during sleep shows a high frequency pattern called paradoxical
sleep or rapid eye movement (REM) sleep because the eyes move during
b this period. Paradoxical sleep appears to be associated with dreaming.

f Besides recording the spontaneous activity of the brain, we can mea-
| sure the signals that result when the brain receives external stimuli such
E as flashing lights or pulses of sound. Signals of this type are called evoked
t responses. Figure 9.29a shows three EEGs taken during the early stages
E of sleep with a series of 10 sound pulses (noise) used as an external
- stimulus. The EEGs show responses to the first few pulses and the last
i two pulses. The lack of responses in between is called habituation.

@ WWMWMW

I:7 _T3

—1 sec 100 pV
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"Fagure 9.28. Electroencephalograms for two stages of sleep: (a) early steep and (b)
:deep (delta wave) sleep. (Courtesy of Dr. Lloyd F. Elfner, Director, Psychoacoustics

I.aboralory, The Florida State University, Tallahassee.)
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Eigure 9.29. (a) An EEG taken during early sleep.wi
(b) Evoked response averaged for 64 sound stimuli.
Director, and D. Gustafson, Psychoacoustics Laboratory,

sity, Tallahassee.)
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Because the evoked response is small, quite often the stimulus is
repeated many times and the EEG responses are averaged in a small
computer. Random signals such as normal EEG signals tend to average to
zero and the evoked response becomes clear. Figure 9.29 shows an
evoked response averaged for 64 stimuli.

9.6. ELECTRICAL SIGNALS FROM THE EYE—THE
ELECTRORETINOGRAM AND THE ELECTROOCULOGRAM

The recording of potential changes produced by the eye when the retina is
exposed to a flash of light is called the electroretinogram (ERG). One
electrode is located in a contact lens that fits over the cornea and the other
electrode is attached to the ear or forehead to approximate the potential at
the back of the eye (Fig. 9.30). )

An ERG signal is more complicated than a'nerve axon signal because it
is the sum of many effects taking place within the eye. The general form of
an ERG is shown in Fig. 9.3]1. The B wave is the most interesting
clinically since it arises in the retina. The B wave is absent inthe ERG of a
patient with inflammation of the retina that results in pigment changes, or
retinitis pigmentosa.

The electrooculogram (EOG) is the recording of potential changes due
to eye movement. For this measurement, a pair of electrodes is attached
near the eye (Fig. 9.32a). The EOG potential is defined as zero with the
eye in the position shown in Fig. 9.32a fixed on the reference spot labeled
0°. Figure 9.32b shows the EOG potential change for horizontal move-

ment of the eyeball.

Photostimulator

Electrode

Reference Contact le
ns
efectrode "N i

Figure 9.30. The placement of elec-
trodes for obtaining an ERG. The refer-
ence electrode is on an ear or the
forehead.
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Figure 9.31. Schematic of an ERG. The letters identify portions of a normal ERG.

Electrooculograms provide information on the orientation of the eye,
its angular velocity, and its angular acceleration. Some studies have been
done to determine the effects of drugs on €ye movement and the eye
movement involved in sleep and in visual search. Electrooculography is
seldom used in the routine practice of medicine.

9.7. MAGNETIC SIGNALS FROM THE HEART AND
BRAIN—THE MAGNETOCARDIOGRAM AND
THE MAGNETOENCEPHALOGRAM

Since a flow of electrical charge produces a magnetic field, a magnetic
field is produced by the current in the heart during depolarization and
repolarization. Magnetocar;.»7iography measures these very weak magnetic
fields around the heart. Th.. recording of the heart’s magnetic field is the
magnetocardiogram (MCG).

The magnetic field around the heart is about 5 x 101! tesla (), or about
one-millionth of the earth’s magnetic field. (The cgs unit for magnetic
fields is the gauss; | T = 10¢ gauss.) To measure fields of this size it is
necessary to use magnetically shielded rooms and Very sensitive magnetic
field detectors (magnetometers). One such detector, called a SQUID
(Superconducting QUantum Interference Device), operates at about 5°K
and can detect both steady (dc) and alternating magnetic fields as small as
10~ T. The SQUID is so sensitive that it can detect the changing
magnetic field caused by someone walking past a horseshoe magnet 400 m
(0.25 mile) away from it!

Figure 9.33 shows a typical arrangement for obtaining an MCG. The
magnetic detector probe in the low-temperature dewar almost touches the
subject, and various points on the chest are measured by moving the
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Figure 9.32. (a) For obtaining the EOG an electrode is mounted on each side of the

eye. The visual angle is indicated. (b) The change of potential is plotted as a function
of visua! angle.
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Figure 9.33. Arrangement for obtaining MCGs. The walls of the octagonal roor

contain five layers of magnetic shielding (only three are shown). All magnetic mate

rial such as zippers (pants) are removed from the subject. (From D. Cohen an
D. McCaughan, Amer. J. Cardiol., 29, 1972, p. 680.) ’

dewar. The output of the magnetic detector is recorded at a statior |

outside the shielded room. The total time involved for each MCG &
usually less than 1 minute. .

The MCG gives information about the heart without the use of elec
trodes touching the body. Since the MCG and the ECG arise from the

same charge movement they have similar features and can be compared |

Figure 9.34 shows MCGs taken at different locations on a subject’s ches

wall along with his ECGs. A close look at the MCGs reveals considerabl !

differences in magnetic fields between location H5 and location H7 due t«
differences in current flow in the heart.

The MCG provides information not available in an ECG because i “

measures magnetic fields due to direct currents, which occur in injurex ;
muscle and nerve tissue. This information may be useful in diagnosis if

for example, injury currents exist in the heart prior to a heart attack

Further research must be done to determine the usefulness of MCGs.
The SQUID magnetometer has also been used to record the magneti
field surrounding the brain. The recording of this field is called the mag

netoencephalogram (MEG). During the alpha rhythm, the magnetic fiel
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Figure 9.34. MCGs and the standard 12 lead ECGs (above) for a male subject. Each
MCG is shown at the chest location where the magnetometer was situated for the
recording. The recordings were made 5 cm apart, and H5 is at the tip of the

breastbone. The outline of the heart was determined from x-rays. (From D. Cohen
and D. McCaughan, Amer. J. Cardiol., 29, 1972, p. 682.)
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from the brain is about 1 x 10~!3 T. This is almost one-billionth of the
earth’s magnetic field.

The MEG, like the MCG, can measure the fields resulting from direct
currents. It is esséntially impossible to obtain this information with the
EEG. Figure 9.35 shows both normal and abnormal simultaneously ob-
tained MEGs and EEGs. Note that the MEGs and EEGs are different.
The MEG needs further study before 1ts clinical usefulness can be estab-
lished.

Not all magnetic fields produced within the body are due to ion cur-
rents; the body can be easily contaminated with magnetic materials. For
example, asbestos workers inhale asbestos fibers;, which contain iron
oxide particles. The size of the magnetic field from the iron oxide in a
worker’s lungs can be used to estimate the amount of inhaled asbestos
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Figure 9.35. Simultaneously obtained MEGs and EEGs. (A) The alpha rhythm from
the brain of a normal subject is clear in both the MEG and the EEG. For the initial
period (head away), the magnetometer was taken away from the head. For the MEG
the magnetometer was located at position 0y of Fig. 9.25; the EEG lead was also
located at this position. (B) Large events from the brain of an epileptic subject were
induced by hyperventilating. The magnetometer was located at the right temple. The
three EEG leads were located (a) at the right temple, (b) above the right ear, and (c)
‘at the back of the head. One difference between the MEG and the EEGs is that the
5-Hz waves, present in all three EEGs, are largely missing from the MEG. (From
D. Cohen, Science, 175 (4022), p. 665. Copyright 1972 by the American Association
for the Advancement of Science.)
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dust. Typical magnetic fields from asbestos workers’ chests are about
one-thousandth of the earth’s magnetic field (5 x 108 T) Figure 9.36
shows scans of persons with magnetic contamination.

9.8. CURRENT RESEARCH INVOLVING ELECTRICITY
IN THE BODY

Many electrical phenomena exist in the body, and our understanding of
them varies widely. In this section some of the phenomena currently
being explored are discussed. As our knowledge about electricity in the
body increases we should find more ways to use electricity in the diag-
nosis and treatment of diseases.

One life process that appears to be electrically controlled is bone
growth. Bone contains collagen, which is a piezoelectric material; when a
force is applied to collagen a small dc electrical potential is generated. The
collagen behaves like an N type semiconductor, that is, it conducts
current mainly by negative charges. Mineral crystals of the bone (apatite)
close to the collagen behave like a P type semiconductor, that is, they
conduct current by positive charges. At a junction of these two types of
semiconductors; current flows easily from the P type to the N type but not
in the other direction. (This is the basic idea of changing an ac signal to a
dc signal by rectification.) It is thought that the forces on bones produce
potentials by the piezoelectric effect and the PN junctions of collagen-
apatite produce currents that induce and control bone growth. The cur-
rents are proportional to stress (force per unit area), so mcreased mechan-

ical bone stress results in increased growth.
Another small direct current arises in an injured zone and is called the

injury current. The electrical potential at a site of injury is higher than that
in surrounding areas. This high potential is believed to be associated with
limb regeneration in animals like the salamander and with fracture and
wound healing in man. Stimulation of fracture sites with a direct current
of 1 to 3 nA has been found to promote healing of bone fractures and bone
conditions involving poor growth. It also enhances healing of burned
areas. ’
Although the autonomic nervous system is not generally under volun-
tary control, it can, as previously mentioned, be influenced by external
stimuli. One means of influencing the system that has been known for
some time is called biofeedback. Recently there has been renewed inter-
est in biofeedback. While early research on biofeedback has been promis-
ing, many aspects are still not understood. As we learn more about it we

may be able to utlhze it more in medicine.
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The concept of feedback was discussed in Chapter 1. If we want to use

- feedback to control the output of some dev1ce\, be it an amplifier or some
‘part of the body, we measure the output to see what is happening and then
‘we feed back this information to the input to affe ct the output in a desired
manner. Negative feedback produces a stable outpout and is involved with
tiie regulation of many body functions. We see nega tive feedback in the
decrease in the diameter of the iris when a person 1s swbjected to a bright
light. The brigiit: light increases the optic nerve s1gn‘a1 t'o the brain, and the
brain in turn dec¢reases the diameter of the iris, thus d‘ecreasmg the optic

nerve signal.

In biofeedback the individualNis consciously part of” the feedback cir-
cuit. Sensors that monitor a subject’s- skin temperaturfe “brain signals, or
nerve action provide signals that are amphﬁed ~site! Aresented to the
subJect who then tries through concentratlon to cause a change in his
body to obtain a desired effect. . :

Through - biofeedback body functions that are normally controlled by
the autonomic nervous system can be consciously controlled. For exam-
ple, EEG studies have shown that the alpha rhythm (8 to 13 Hz) indicates
a low-arousal or relaxed state of the body, a condition that is often sought
in biofeedback studies. If a subject finds that his EEG output changes
from alpha rhythm to beta activity (greater than 13 Hz) when a headache
is developing, he can, by mental relaxation, persuade his brain and body
to return to alpha rhythm, thus forestalling the headache. Muscle relaxa-
tion can also be achieved through biofeedback; in this case, the EMG
from a tense muscle is the signal presented to the patient. In addition,
biofeedback has been used to control high blood pressure, acidity levels in
the stomach, and irregular heart activity.
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REVIEW QUEST{ONS

1. List five electrical signals from the body that are sometimes recorded.

2. What is a phy;siatrist? :

3. What is the, zidvanidge of myelinated nerves over unmyelinated

nerv:es? , —

.. What is the typical resting potential of a cell?

S. What is the typical conduction velocity of the action potential in a
nerve axon? )

What important role is performed by the SA node of the heart?
Give the locations of the electrodes for the standard ECG limb leads.

. Sketch an augmented ECG lead. i
What electrical phenomenon in the heart produces the QRS complex
of the ECG?

10. What are alpha waves on an EEG? When would a person normally

have alpha waves in his EEG?

11. What is an evoked EEG response?

12. What is REM sleep?

13. What is the difference between an ERG and an EOG?

14. What is the difference between an MCG and an MEG?

15. What is biofeedback?

W
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CHAPTER 9

Electricity Within the Body

Physical phenomena involving electricity and magnetism have been ob-
served since ancient times. However, only in the last two centuries have
scientists begun to understand them. If you were born 200 years ago, you
would have had no contact with man-made electricity during your entire
life. The extraordinary developments in this area of science have been
applied to so many areas that it is now hard to imagine life without
electricity. } :

Electricity plays an important role-in medicine. There are two aspects
of electricity and magnetism in medicine: electrical and magnetic effects
generated inside the body, which are discussed in this chapter, and
applications of electricity and magnetism to the surface of the body,
which are discussed in Chapter 11. Chapter 10 covers cardiovascular
instrumentation.

A number of our modern concepts of electrical activity in the body date
back many years. Luigi Galvani made the first contribution in this field in
1786 when he discovered animal electricity in a frog’s leg. Since then
many years of research have been expended on a wide variety of experi-
ments dealing with electrical effects in and on the body. Basic research in
this area is called neurophysiology.

The electricity generated inside the body serves for the control and
operation of nerves, muscles, and organs. Essentially all functions and
activities of the body involve electricity in some way. The forces of
muscles are caused by the attraction and repulsion of electrical charges.
The action of the brain is basically electrical. All nerve signals to and from
the brain involve the flow of electrical currents.

181
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The nervous system plays a fundamental role in nearly every body
function. Basically, a central computer (the brain) receives internal and
external signals and (usually) makes the proper response. The information
is transmitted as electrical signals along various nerves. This efficient
communication system can handle many millions of pieces of information
at one time with great speed.

In carrying out the special functions of the body, many electrical signals
are generated. These signals are the result of the electrochemical action of
certain types of cells. By selectively measuring the desired signals (with-
out disturbing the body) we can obtain useful clinical information about
particular body functions. In this chapter we discuss some of these electrical
signals. The electrical potentials of nerve transmission and the electrical
signals seen in the electromyogram (EMG) of the muscle, the electrocar-
diogram (ECG) of the heart, and the electroencephalogram (EEG) of the
brain are the best known. We also discuss some of the less familiar
electrical signals of the body, such as those seen in the electroretinogram
(ERG) and the electrooculogram (EOG) of the eye, the magnetic signals of
the body as shown on the magnetocardiogram (MCG) of the heart and the
magnetoencephalogram (MEG) of the brain, and those signals associated
with bone growth and biofeedback.

Various medical specialists are involved in the diagnosis and treatment
of malfunctions of this internal electrical system. If the problem involves
any part of the nervous system it is diagnosed and treated by a
neurologist, an M.D. who has had three or more years of special training
in the study of the nervous system. If the problem requires surgery, it is
usually handled by a neurosurgeon, an M.D. who specializes in surgery of
the nervous system and has had three or more years of training in this area
of surgery. Since much of neurosurgery involves the brain, these
specialists are sometimes called brain surgeons. Neuroradiologists are
M.D.s who have taken a three-year residency in diagnostic radiology
followed by another year in neuroradiological specialization. Pediatric
neurology, a subspecialty of pediatrics, deals with nerve problems in
infants and children. Electromyogram tests are usually performed and
interpreted by physiatrists, M.D.s who have taken residencies in physical
medicine. Cardiologists, specialists in the study and treatment of heart
disease, deal with the electrical activity of the heart. Psychiatrists are
M.D.s who specialize in the diagnosis, prevention, and treatment E
emotional illness and neural disorders. They may use shock therapy and™
medication. Clinical psychologists are Ph.D.s who have studied behavior
and also specialize in the diagnosis and treatment of mental illness;
however, they cannot use shock therapy or treat with drugs.
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| 9.1. THE NERVOUS SYSTEM AND THE NEURON

The nervous system can be divided into two parts—the central nervous
system and the autonomic nervous system. The central nervous system
consists of the brain, the spinal cord, and the peripheral nerves—nerve
fibers (neurons) that transmit sensory information to the brain or spinal
cord (afferent nerves) and nerve fibers that transmit information from the
brain or spinal cord to the appropriate muscles and glands (efferent
nerves). The autonomic nervous system controls various internal organs
such as the heart, intestines, and glands. The control of the autonomic
nervous system is essentially involuntary. »

The brain is exceedingly complicated and not well understood. It is the
body’s most important organ and is given special protection. It is sur-
rounded by three membranes within the protective skull and because it
“floats”’ in the shock-absorbing cerebrospinal fluid (CSF), the 1500 g
brain has the effective weight of a 50 g mass. The brain is connected to the
spinal cord, which is also surrounded by CSF and is protected by the bone
of the spinal column. .

The basic structural unit of the nervous system is the neuron (Fig. 9.1),
a nerve cell specialized for the reception, interpretation, and transmission
of electrical messages. There are many types of neurons. Basically, a
neuron consists of a cell body that receives electrical messages from other
neurons through contacts called synapses located on the dendrites or on
the cell body. The dendrites are the parts of the neuron specialized for
receiving information from stimuli or from other cells. If the stimulus is
strong enough, the neuron transmits an electrical signal outward along a
fiber called an axon. The axon, or nerve fiber, which may be as long as 1
m, carries the electrical signal to muscles, glands, or other neurons.

9.2. ELECTRICAL POTENTIALS OF NERVES

The ability of neurons to receive and transmit electrical signals is fairly
well understood. In this section we discuss. the electrical behavior of
neurons. :

Much of the early research on the electrical behavior of nerves was
done on the giant nerve fibers of squid. The conveniently large diameter
(~ 1 mm) of these nerve fibers allows electrodes to be readily inserted or
attached for measurements.

Across the surface or membrane of every neuron is an electrical poten-
tial (voltage) difference due to the presence of more negative ions on the
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Figure 9.1. Schematic of a motor neuron.

inside of the membrane than on the outside. The neuron is said to be
polarized. The inside of the cell is typically 60 to 90 mV more negative
than the outside. This potential difference is called the resting potential of
the neuron. Figure 9.2 shows schematically the typical concentrations of
various ions inside and outside the membrane of an axon. When the
neuron is stimulated, a large momentary change in the resting potential
occurs at the point of stimulation. This potential change, called the action
potential, propagates along the axon. The action potential is the major
method of transmission of signals within the body. The stimulation may
be caused by various physical and chemical stimuli such as heat, cold,
light, sound, and odors. If the stimulation is electrical, only about 20 mV
across the membrane is needed to initiate the action potential.

We can explain the resting potential by using a model in which a
membrane separates a concentrated neutral solution of KCI from one that




