 Bioelectricity
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Th1§ ehaptez: is an introduction to the faseinating and complex subject
of bioelectricity. Voltages are ereated by almost ail types of anijma]
cells and are largest in nerve and muscle cells. In fact, a surprising]

large fraction of the energy used by cells, and hence a l’arge fractiongosli

goes toward the ereation and maintenance of bioelectricity

Cell potentials may remain constant for long periods of tin.rze but can
also be{ changed by various internal or external stimuli. Changes in cell
Dotentials can amount to voltage pulses (nerve impulses, for examplea),

with effects that depend on the type of cell involved. Nerve cells use

these voltage pulses as commutieation signals for i
poses, inchiding gland control, vision, an&gmuscig cjn;“i?egef\fep;i
tgntmls are sometimes measured in individual nerves, indicating a spe-
cific type of nerve activity. The combined activity of many cells is also
E{;&gﬁgd, bsuc.h as'ir‘l an electroencephalogrom {EEG), a recording of
e 111;3 ag;ﬁt$1llzens of nerve cells) that is used as a gross indiea-
Changes in cell potentials can cause muscle cells to
potentials are sometimes Ineasured to diagnose mus;cle ?cﬁi?tc; rSr:;i;}t}
often for the heart in recordings called eleetrocardiograms (EC’GS}
Th‘ere are many other examples of bioelectricity, The infamo.us
electric eel stuns its prey with eleetrical shocks. Some fish use electric
ﬁelds te detect objects around them. Another example is that the hea)
ing To}f]' b;;o‘ke;r; bones may involve elactric currents, )
€ oriel treatment of bicelectricity in this cha ter ¢ :
txjvo of 1ts: major aspects, The first is the generationpand tiﬁiiﬁfsfsiii O(Jrf}'
b1oele9tr1¢1ty at the cellular level. The second is the detection of bi
electricity and its use as a diagnostic indieator. ”

13.1 GENERATION AND TRANS
OF BIOELECTRICITY HISSIoN

Generation: the Resting Potential

Bioelectricity is a eellular phenomenon. Although the fluids insi
outsuie'celis are essentially neutral, there are (%fference;dfnli)srllf: ci?f
centrations that resuit in an electric botential across cell boundaries
Those cells that create electric potentials (most living cells in animaié
do) generate a thin layer of positive charge on their outside surface and
a thin layer of negative charge on the inside surface of their boundary—
a membrane (see Figure 13.1). Taken together, these two layers of
chargf_e are calied & dipole layer. The two factors to be considered in
explaining the creation of cell potentials are
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1. the diffusion of ions across a semipermeable® membrane (the
cell boundary);

2. the Coulomb force, in which like charges repel and unlike
charges atiract.

Differences in Ionic Concentirations and Semipermeability of
the Cell Boundary There are many types of ions in the fluids inside
and outside cells. The most important of these in creating cell poten-
tials are Na™, K*, and Ci” lons. There are large differences in the
concentrations of these ions inside and cutside cells, as Figure 13.2(a)
shows. Negative ions other than C1~ are designated as A™. Note that
the total charge inside and out is zero; that is, the fluids are electrically
neutral, ’

Fo see how the cell potential is established, consider what happens
in the example of an initially neutrai cell membrane having the ionic
concentration differences shown in Figure 13.2(z). The cell membrane
is normally permeable to K* and CI™ ions; it is about 100 times less
permeable to Na™ and is highly impermeable to other ions.-Only K*
and C1™ diffuse across the cell membrane in significant numbers. As
usual, the direction of net diffusion is from regions of high coneentra-
tion to regions of low eoncentration. Therefore, K* and Ci~ ions dif-
fuse in opposite directions, as shown in Figure 13.2(b). The K* and Cl-
fons have oppoesite charges, so there Is a very strong attractive Cou-
lomb force between them that causes them to form two thin layers of
charge right on either side of the cell membrane, as seen in Figure
13.2(h).

Diffusion of K* and Cl™ continues until both attractive and repul-
sive Coulomb forces stop it. As the charge layers build up on the cell
membrane, the Coulomb forces grow. The attraction of unlike charges
acts to pull K* and C1™ ions back to their regions of high concentration.
Furthermore, the repulsion of like charges acts to keép further ions
from moving out of their regions of high concentration. A balance is
guickly reached between diffusion from high to low eoncentration and
the oppesing Coulomb forces. Onee this balance is reached, the cell is
in its resting state. If more K* and C1™ ions diffuse across the cell
membrane, the Coulomb forces grow and move some ions back. The
net transfer is zero and the equilibrium is thus stable.

The Coulomb foree is quite strong, and only about 1 out of 100,000
of the K™ and C1™ tons move across the membrane. This is such a small
fraction that the overall ion concentrations are not altered. In addition,
the fluids inside and outside the cell remain essentially neutral al-
though some charge has been separated. That small separation of
charge is very important, however, beeause it is the source of bioelec-

*For other effects caused by the semipermeability of membranes, see Section 7.2.
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Figure 13.1 {a) Animacl cell with o layer
of positive charge on is exderior surface
and o laver of negallve charge on iis
interior surface. (b) Enlarged view of
seclion of cell membrane with its layers
of positive and negative charges. The
membrane itsel consists of a lipid bi-
leyer sandwiched between iwo layers of
profein molecules. Not shown are holes
through the membrane and large pro-
fein molecules thal may penetrate the

membrane.
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Figure 13.2° {a) Jon concentradions out-
side and inside o cell. Posilive ion con-
cenirations are graphed above the line
and negaiive ion concentrations helow
o help Hustrate thaot the fiuids are elec-
frically neviral. (Adapted from John R.
Cameron and James G. Skofronick, Med-
ical Physics, Wilsy-Interscience, 1978, by
permission.) (b) The membrane is per-
meabie to K* and Ci~ fons, which diffuse
in opposiie directions as shown. Small
arrows indicate that the Coulomb force
resisis the conlinued diffusion of both K+
and C1” ions. ¥ the membrane becomes
permneabie o Na® ions, both the diffu-
sion gradient and the Coulomb force act
fo move Na™ into the cell.

triei?y. The inside of cells is at a potential 70-90 mV less than the
outside, being about 90 mV in nerve and muscle celle. The outside of
the cell is usnally taken to be at 0V, so the interiors of nerve and
muscle cells have a resting potentiol of about 90 mV,

@.pantitcziive Description of Potential Due io Conceniragtion
D1tfergnces: The Nernst Equation The balance between the con-
centraztmn gradient and the Coulomb foree is also an energy balance.
Electrical potential energy just balances the potential energy due to
the c‘oncentration difference—that is, the ability of the concentration
grad@nt to do work by moving ions against the electric potential, The
equation describing this energy balance is the Nernst equation. The
Nerns.t equation gives the voltage that will be ereated by = concentra-
tion difference, but it does so only for 4 membrane that is completely

permeable to one type of ion and completely impermesble to all others.
Under those circumstances the Nernst equation is

kT
Vi=Vip = Vo = ”230".""27'6—'(10g Cin — log Cope) {13.1)

where V is the potential difference (inside minus outside}, ¢y, and €

are the concentrations of the ion to which the membrane is permem]oijgt
k is the Boltzmann constant, T is the absolute temperature, and Ze is,,
the charge on the fon in muitiples of electron charge (7 is the valence of
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the ion). The minus sign indicates that an excess of diffusable positive
jons in the neutral fluid inside a cell produces a negative voltage inside
the cell. The most important feature of the Nernst equation is that the
potential difference is proportional to the concentration difference.

Now, using the concentrations given in Figure 18.2(2), we can cal-
culate what potential each type of ion would create if the membrane
were permeable to it alone. For Na* the result is an inside potential of
+59 mV. Since the actual potential in nerves is about —90 mV, thig
indicates that the membrane is not very permeable to Na*. For K*
and C1~ the results are —88 and ~70 mV, respectively. These are close
o actual values in many types of cells, but that does not necessarily
imply the membranes are permeable to K* and Cl". It only implies
that if the membranes are permeable to them, then there wili be tittie
movement under resting conditions,

Fffect of Resting Potential on Membrane Structure The strue-
ture and characteristics of membranes are topics of intense research
efforts. Much is as yet not understood, but it ean be stated-with cer-
tainty that the resting potential must have a major infleence on mem-
brane structure and characteristics. Although the resting potential is
only 90 mV, it exists across membranes averaging only 8 nm thick.
The voltage per meter is thus extremely large—on the order of 11 MV
per meter. Such large voltages per meter can align molecules and have
effects on pores and membrane permeability. For exampie, if the po-
tential across a membrane is reversed, the permeability of the mem-
brane changes drastically, suddenly becoming about 1000 times more

“ permeable to Na* than it had been. No one understands exactly why

the permeability changes, but one reason is the effect of the potential
on the structure of the membrane. Nature has found a way to use stich
permesability changes o transmit bivelectrical signals:™

" Transmission of Bioelectrical Signals:

The Action Potential

Depolarization and Repolarization The ability of nerve cells,
also called neurons, to transmit bioelectrical signals is, of course, cru-
cial to life in higher animals. When a neuron fires, it sends out & bio-
electrical signal that consists of a temporary reversal in the potential
across the neuron membrane. This reversal in potential starts in some
localized region of the neuron and propagates along the cell membrane
to other locations. The reversal in potential is called depolarization.
The cell potential soon returns toits normal or resting polarity of nega-
tive inside and positive outside. The return to the resting state is thus
ealled repolarization.
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Figure 13.3 shows the structure of 2 neuron. 1t is notable for its
very long tail, called an axen or nerve fiber. Axons, whieh may be as
long as 1 m, carry bioelectrical signals or nerve impulses away from
the cell body to muscles, glands, or other neurons. Dendrites can also
be long and tend to transmit signals from sensors inward to the body of
the neuron. Several types of stimuli can trigger & neuren to fire and
transmit a nerve impulse to some other location. Among these are
pressure, temperature changes, electrical signals from other neurons,
externally applied electric currents, and chemicals sent across june-
tions between neurons (called synapses). ‘

The process by which a nerve fires and propagates s nerve signal
can be understood in terms of the same two factors considered above
to describe the resting potential of cells: namely, diffusion through a
semipermeable membrane and the Coulomb force. In addition, active
transport processes must be included to maintain the cell potential
over long periods of time,

When a stimulus causes a nerve to fire, it does 0 by greatly in-
creasing the permeability of the cell membrane to Na*, The cell mem-
brane becomes about 1000 times more permeable to Na* than normal,
making it about 16 times more permeable to Na™ than K. Because of
the large concentration difference of N a*, arapid diffusion of Na* ions
into the cell now oceurs. The infiux of Na* makes the interior of the
cell positive instead of negative. The potential inside the cell goes from
its resting potential of ~90 mV to about +40 mV. This is depolariza-
tion, the first step in the entire process. It is illustrated in Figure
13.4(a). The dipole layer on the membrane hag essentially reversed,
but only a small fraction of the ions need move to reverse the potential.

The-reversal of potential across the cell membrane {depolarization)
apparently alters membrane structure in such a way that two further
changes in permeability take place. First, the permeability to Na*
returns to normal (very small), and second, permesbility to K* in-
creases tetporarily by a factor of 80. This first change cuts off further
influx of Na*, and the second change allows a rapid ontward diffusion
of K*. The membrane potential is thus returned to its normal resting
value; that is, it is repolarized. The dipole layer has been reestablished
with only a small net loss in the concentration gradients driving the
system. Finally, permeabiity to K* returng to normal, ending the
process. These events are illustrated in Figure 13.4(a), and a graph of
the permeability of the membrane to Na* and K+ as a function of time
is shown in Figure 13.4¢b). Although the changes in permeability are
known to oceur as deseribed, their exaet cause is not well understood.

The change in cell potential from negative to positive and back
during depolarization-repolarization amounts to a voltage pulse. This
voltage puise is the nerve impulse and is called the action potential. It
is graphed for a nerve in Pigure 13.4(a). The action potentizl can oeccur
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in most animal eells, but it has some of its most intere_sting effe(;ts in
nerve and muscle cells. Neurons can transmit the action potential to
other locations, crealing a variety of responses. In n_luscle ceilfs %,E?e
action potential causes a musele contraction. The ‘a‘ctlon potgntlal in
musele cells, as in neurons, can originate in the cell itself or be indueed

by an outgide source.

The Sodivm-Potassium Pump Each time a cell fires th_ere ig anet
loss of Na* and K* ions from their respeetive regions of high concen-
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Figure 13.4 (a) Action polentic ct? a
fixed locotion on a nerve. Vollage 1n§1de
the nerve is plolied as a function of lime.
Ropid movernent of jons iakes place
only during depolarization and repolari-
zation. Active transport is used over the
long ierm o mainiain concenimpon grat-
dienfs. (b} Associaled changes in mern-
brane permeability during the action
potential. Note the logarilhmic scale for
permeability,
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tration. However, it is important to note that the number of these ions
crossing the cell membrane during each firing is a very small fraction
of those available. Remember that only one in 106,000 of the available
Na™ and K* ions are needed to create the resting potential, and a
similarly small fraction moves across the cell membrane during each
firing. Nerves can thus fire rapidly and repeatedly (many hundreds of
times) before the coneentrations of Na* and K* are depleted enough to
make a difference.

Over the long term the cell must find a way to move Na* out of its
interior and K* back into its interior to maintain the concentration

differences that ereate the resting potential and drive the action poten--

tial. It must utilize active transport to do this (see Section 7.2) because
it is moving both Na* and K* against their concentration gradients
and Na™ against the Coulomb force (see Figure 13.2). Tracer studies
have shown that the cell moves one Na* ion out for every K* ion it
moves in. The active transport doing this is thus called the sodium—
potassium pump. Active transport reguires energy and a sizeable
fraction of a cell's metabolism is devoted to maintaining the resting
potential and driving the action potential.

Active transport is not needed to maintain the concentration gradi-
ent for C1™ in neurons. Neuron membranes are very permeable to C1~
and the Coulomb force moves it back and forth across the membrane
during depolarization-repolarization. There is thus a smail influx of
CI"™ when the interior becomes positive during depolarization and a
similar outflux of CI™~ when the interior returns to negative.

Propagation of the Action Potential The description of the action
potential and the graphs in Figure 13.4 tell what happens at a fixed
location on 2 cell membrane. How is the action potential transmitted to
other locations? The answer is that the voltage change during depolar-
ization of one region is sufficient to change the permeability and
thereby depolarize adjacent regions of cell membrane, The depolariza-
tion—repolarization process shown in Figure 13.4 is thus stimulated in
adjacent cell membrane & short time after starting at some point.
These adjacent regions in turn stimulate additional cell membrane far-
ther away, and the action potential is propagated along the cell mem-
brane as shown in Figure 13.5. Of course, the propagation of action
potentials is not limited to the cell in which they originate. Neurons
can transmit them to other neurons, glands, and muscles. The brain is
an extreme example of complex interconnections of neurons.

Myelinated and Unmyelingied Axons Figure 13.8 shows the
axon of a nerve cell with segments covered by myelin sheaths and
small gaps between the myelin sheaths called nodes of Ranvier. The
axon in Figure 13.3 is myelinated; a bare axon without the sheaths is
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calied unmyelinated. Myelinated axons have certain advantages over
unmyelinated axons. The myelin sheath electrically insulates the axon
from being fired by other axons. This allows bundles of nerves to carry
signals without “cross talk” between axons of different nerves. The
speed of propagation in myelinated axons is much higher than in unmy-
elinated axons-—as high as 180 m/sec versus as low as 0.5 m/sec in
some unmyelinated axons. Furthermore, the energy required to send
& signal down a myelinated axon is much less than for an unmyelinated
axon, Both types of axons exist throughout the body, and it has been
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Figure 13.5 Propagation of an action
potential ciong a membrane, A simulus
changes the permeablity of the mem-
brane to Na* ions, triggering the action
potential. This in turn changes the per-
meability of uadjacent membrane, and
lhe aclion poteniial propagates outward
from the starting point as shown.
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Figure 13.6 Propagation of ¢ nerve
impuise down G myelincied axon. The
nerve impuise travels very fast in the
myvelinaited regions bul loses voliage. It
is regeneraled in each gap.
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speculated that the development of the myelin sheath was an impor-
tant evolutionary step.

The reason that myelinated axons conduct signals at larger speeds
and using less energy has to do with the insulating properties of mye-
lin. Consider Figure 13.6, which shows the propagation of a nerve
impulse along a myelinated axon. When the nerve impulse or action
potential reaches the myelin sheath, it does not cause many ions to
cross the axon membrane because the myelin sheath separates the
axon from the fluid outside. The action potential travels along the mye-
iin sheath much as any voltage pulse would travel through an ordinary
resistor, losing voltage as it goes along (veeall that V = IR is the volt-
age drop in a resistor) but moving very rapidly.

The voltage pulse would eventually become too small {0 stimulate
anything at the end of the axon, so it is periodically regenerated in the
nodes of Ranvier. When the voltage pulse reaches a node of Ranvier, it
is still large enough to stimulate the depolarization—repolarization
cycle, generating a full voltage action potential that is sent on down
the axon to be regenerated at each successive gap. The nodes of Ran-
vier act as small amplifiers along the sxon. The energy-consuming
sodium—potassium pump does not have to work as hard to maintain the
concentration gradients, because so few charges cross the axon mem-
brane in the myelinated regions. The speed of propagation is larger
than in unmyelinated axons because most of the axon is covered with
myelin. In fact, the speed in the myelin sheaths is so large compared to
the gaps that the action potential seems almost to leap from one gap to
the next. Such propagation iz called saltatory propagation.

Both the generation and propagation of bioelectricity are complex
processes involving several simultanecusly occurring physical phe-
nomena, such as diffusion, Coulomb forces, and active transport. Nev-
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13.2 DETECTION OF BIOELECTRICITY AND (TS5 USE IN MEDICAL DIAGNGOSTICS

ertheless, many of the basic properties of bioelectricity on the cellular
level can be understood in terms of principles of physics. Of course, a
detailed understanding requires a great deal of chemistry and biology
and a dollop of more advanced physics, but some features arve still
mysterious.

132 DETECTION OF BIOELECTRICITY AND
ITS USE IN MEDICAL DIAGNOSTICS

Action potentials ereated by individual cells can be measured using
very small probes. This usually is done for research purposes, such as
investigating the function of a particular bundle of nerve fibers. It also

can be done for therapeutic purposes. For example, such measure-

ments can help determine which nerves an artificial eye shouid stimu-
late to be most effective. Coordinated electrical activity of enfire sys-
tems of cells, as in the brain or heart, can also be measured.
Large-scale electrical activity is much easier to observe than that of
individual cells and is consequently more commonly measured.

Measurement of Biogleciriciiy in Individugl Cells

Nerve Cells Action potentials in nerve cells appear as graphed in
Figure 13.4(z). To obtain such data a tiny probe is inserted into the

. interior of the nerve cell and another is placed in the fluid between

cells. The potential difference between these probes is graphed in Fig-
ure 12.4(a), with the exterior probe taken to be at zero volts. Care must
be exercised that the probes themselves do not alter the behavior of
the cell they monitor. For example, one variety of probe inserted into
cells is filled with a conducting solution of potassium chloride (KCY, =0
that ion concentrations inside the cell are not disturbed. Many early
measurements of nerve potentials were made on axons removed from
squids because those axons are exeeptlonaily large. Today it is possible
to measure individual nerve potentials in other animals, including
humans, and it is not necessary to remove the nerves from the
organism.

A variety of information has been gained by monitoring individual
nerves. For example, the response of nerves in the hand has been
investigated by monitoring nerve bundles carrying signals from the
hand to the brain. It was found that some nerves respond to touch,
rub, or pinch, others to temperature changes. Some of this information

“was expected because of earlier, less direct measurements, but meas-

wretnent of individual nerves provides invaluable direct evidence.
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Firing characteristics of nerves are found to differ. Some nerves
fire eontinuously while stimulated, and others fire only when stimula-
tion starts or stops; in some the firing rate is proportional to the
strength of the stimulus, Alternatively, the probe can be used to stim-
ulate specific nerves electrically and have the subject relate what he or
she feels. And, as has been mentioned, the basie characteristics of
nerve action potentials, graphed in Figure 13.4(a), were determined
from observations of individual nerves.

Muscle Cells Action potentials in 'inéividual muscle cells exhibit

some important differences from action potentials in nerve cells, De- .

pending on the type of muscle cell, the action potential may last much
Ionger than in nerve cells—from a few milliseconds to as long as sev-
eral hundred milliseconds. A representative pulse for one type of heart
cell is shown in Figure 13.7. Permeabilities of muscle cell membrane to
various ions differ from those in nerves, and the details of action-po-
tential generation in muscle cells are not as well knewn. However, one
major characteristic is the same. An action potential consists of depo-
larization of the cell membrane followed by its repolarization.

An action potential in a muscle cell causes it to contract. Muscle
action potentials may be generated inside a cell or triggered from the
outside, such as by a nerve or another muscle cell. Large-scale muscle
contraction sometimes occurs because there is good electrical contact
among cells within a group of cells. The action potential of one musele
cell in a group ean thus be transmitted from cell to cell within the
group,

Measurement of Bioelectricity in
Large Collections of Cells

Muscle Activity: The Electromyogram It is easy to measure elec-
trical activity associated with muscle action by inserting probes into
the muscle or by placing probes (often ealled electrodes) on the skin.
This is because the coordinated action of many thousands of individual
muscle cells is involved. Such a recording is called an eleciromyogram
(EMG). One use of an EMG is to train a person to use diseased or
injured muscles. Because the EMG is very sensitive to musele move-
ment, patients can determine whether they are successful in moving a
muscle by watching the EMG output. Athletes are sometimes trained
to develop specific museles by using an EMG.

Electromyograms are used in a variety of research areas. Because
the EMG is more sensitive than touch or vision in determining which
muscles are used in a particular activity, they are useful in kinesiol-
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ogy, the study of human motion. Electrical stimulation of muscle
movement is aiso used in conjunctior: with EMGs to diagnose damaged
muscles, to determine which muscles are controlled by which nerves,
or to explore the tiring rate of muscles.

The Elecirocardiogram  The most common and most important of
all measurements of bicelectricity is the recording of electrical signals
from the heart, called an electrocardiogram (ECG). A great deal can
be determined about the heart from ECGs; however, the electrical
nature of the heart is complex, and its electrical signals are not simple.
(A detailed treatment.of ECGs can easily oceupy an entire book.) Only
the basies of how the ECG is measured and some of its implications are
discussed here. )

First, it is important to note that electrical activity can start in one
part of a muscle and spread out like & wave on a pond. This is particu-
larly true of the heart. An array of electrodes on the skin of a person
can determine the timing, magnitude, and direction of metion of these
electrical patterns. Figure 18.8 shows how this is done and how the
addition of more electrodes gives more complete information. In Fig-
ure 13.8(a), depolarization of the muscle has started at the top of the
muscle and is moving downward. When cells depolarize (the first step
in the action potential), their exteriors go from positive to negative.
Electrode B is therefore positive compared to electrode A; that is, the
potential difference between B and A is positive. Conversely, if the
potential difference hetween B and A is positive, then the depolariza-
tion is moving toward B.

The exact direction of the electrical wave is not determined by two
electrodes. Only the component of the arrow representing the magni-
tude and direction of the electrical wave (a vector) is determined. Add-
ing a third electrode, as in Figure 13.8(b), helps because the compo-
nents of the vector along three directions are observed. Vector
addition is used to gain further information. However, three points
determine a plane and the muscle is three-dimensional, so more elec-
trodes are necessary to obtain complete information.

Standard ECGs are measured using a triangular configuration of
electrodes like that in Figure 13.8(b). This configuration is called the
Einthoven triangle after Willem Einthoven, a Duteh physiologist who
pioneered its use at the beginning of this century. The electrodes
sometimes are placed on the right and left arms and the left leg and are
traditionally labeled RA, LA, and LL. The potential differences be-
tween the three pairs of electrodes are traditionally labeled I, IT, and
Iil, as shown in the figure. All three are usually recorded, and the
measurements are often called leads I, II, and 111, (Eaech lead is the
potential difference between two electrodes.) It is now common in a
detailed ECG to have six additional electrodes attached across the
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figure 13.8(a) Wave of depolarization
spreqading acress the hearl is repre-
sented by an arrow pointing in the di-
rection of motion of the wave and hov-
ing a length proporlional io the sirengih
of the wave {a vecier). An elecirode
placed at B wiil be pesilive compared
with an elecirede at A. (b} The Ein-
thoven triangle configuration of eleg-
tfrodes for measuring elecincal signals
from the heart in an ECG. Each pair of
elecirodes measures one component of
the voilage wave, '



338

SA node

Bundle
of His
(conducting
fibers)

(e}f Purkinje ® e

Figure 13.9 In (a)--(c¢), depolarization
begins in the SA node and sweeps
across the atria, producing the fecture
labeled P in Figure 13.10. () The AV
node 5 friggered. (e) Depolarization is
fransmitted down the middle of the
hearl. ), () Depolarization moves up
the sides and back of the hearl. Depo-
larizadion of the veniricles in {(d)—

(g) produces the feqiure labeled QRS in
Figure 13.10. (Adapted from Hobbie,
Intermed. Phys, for Med. and Biol,
Wiley, 1978, by permission.)
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chest of the subject to give three-dimensional information. Typically,
skin potentials on the order of 1 mV are observed.

Figure 13.9 shows how electrical patterns spread out on the heart.
Each heartbeat starts with the right and left atria pumping blood into
the right and left ventricles. The ventrieles then pump blood through
the lungs and the rest of the body. The electrical signal that starts this
sequence of events orginates in an arvea of the upper left part of the
heart called the sinoatrial or 8A node. This wave travels across the
atria, depolarizing muscle cells and causing the atria to contract. See
Figure 18.9(a)-(c).

When this depolarization wave reaches the bottom of the atria, it

stimulates an area called the atrioventricular or AV node. The AV
node then fires and begins the depolarization of the bundie of His,
which carry the depelarization to the Purkinje fibers, a special con-
ducting system of muscle fibers. These muscle fibers have lost the
ability to contract and act as a rapid conduction system, bringing depo-
larization to ali parts of the ventricles nearly simultanecusly and caus-
ing their contraction [see Figures 13.9(d)~13.9(g)].

After the heart muscle has depolarized and contracted, it repolar-
izes and is then ready for the next beat. The SA node is the natural
pacemaker for the heart and will cause it to beat sbout 72 times a2
minute without outside stimulation. However, there are nerves lead-
ing into the SA node that can adjust the heart rate in response to
bodily needs such as during exercise, anxiety, or sleep.

Figure 13,10 shows an ECG trace for lead II (the potential differ-
ence between the left leg and right arm) and a graph of the correspond-
ing arterial blood pressure. The major features of the BECG are labeled
P, Q, R, S, and T. The P wave corresponds to the depolarization and
eontraction of the atria. The QRS complex accompanies the depolariza-
tion and eontraction of the ventricles. The T wave is the repolarization
of the ventricles to prepare them for the next contraction. Repolariza-
tion of the atria occurs earlier and is not observed because it is masked
by the large QRS complex.

Traces from other pairs of electrodes differ from the lead IT trace
shown, because they get different components of the electrical waves
moving across the heart. Taken together, the several traces (three to
twelve} of an ECG can give very detailed information on the funetion-
ing of the heart. For example, dead regions of the heart, ealled in-
farcts, reflect the electrical waves. In an ECG such reflections
can be observed, and the affected parts of the heart sometimes can be
identified.

An AV block can also be observed in an ECG. In an AV block the
depolarization wave from the atria is blocked by dead or searred tissue
from resching the AV node. In terms of the ECG this means the P
wave has trouble triggering the QRS complex. This can appear a3 an

132 DETECTION OF BIOBLECTRICITY AND ITS USE IN MEDICAL DIAGNOSTICS

Systolic

ot
[=3
t

168

80 - Diastolic

Arterial blood
pressure (mm Hg;}

60 | I} | t i I
0.5 1.0 1.5 1 {sec)

Lead I voltage
(mV)
o —
fan ] i f)
1 T
> ;
i

1.5 1 {sec)

abnormally lohg time between the P wave and the QRS complex. A
severe AV block prevents triggering of the ventricles by the electrical
wave from the atria. The AV node then takes over, and acts as its own
pacemaker, but the heart rate becomes unacceptably low. The remedy
is the implantation of an artificial pacemaker. The artificial pacemaker
has an electrical connection to the ventricles and stimulates them to

- contract at an aceeptable rate. Artificial pacemakers are rather com-

mon and enable many people to lead nearly normal lives instead of
being greatly incapscitated.

Another heart problem easily diagnosed with an ECG is ventrien-
lar fibrillation, a malfunctioning of the signals from the AV node to the
ventricles that causes the ventricles to contract chaotically and ineffec-
tively. It is fatal within minutes if uneorrected, so ECGs are useful in
detecting ventricular fibrillation only when a patient is slready being
monitored, as during surgery or in intensive care, An ECG taken dur-
ing ventricular fibrillation, such as that in Figure 13.11, shows com-
plete distortion of normal P, QRS, and T features, The remedy is elec-
trical defibrillation by passing a large current through the heart. This
apparently completely depolarizes the heart muscle, so that the heart
is often able to restore its normal electrical patterns. Defibrillators are
now constructed with microcomputers that initiate defibrillation at the
time of a QRS, if any are observable. It is also interesting that some
artificial pacemakers have built-in defibrillation capabilities. These
pacemakers use a microcomputer to recognize when the heart is fibril-
lating and to administer the defibrillating shock.
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Figure 13.10 An ECG with correspond-
ing blood pressure. The P wave is the
depolarizalion of the airic. The QRS
complex is the depolarization of the ven-
Iricles, followed shorily by veniricuiar
contraction osindiccied by the subse-
gquenl maximum in blood pressure. The
T wave Is the repolarizadion of the ventri-
cles to ready them for the next beal. See
also Figure 7.14,

Figure 13.11 An ECG loken during ven-
fricular fibrilation. showing complete
disiortion of the normal hecari signals,
The viclim is unconscious and without a
pulse. :
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Figute 13.12 An EEG for d norndl pa-
tient. The letiers on the lefl identity the
locations of electrodes. The voliage and
{ime scales are given in the lower right.
(From K. Kool R, Tucker, and R. Mar-
shall, Fundamentals of Electroencepha-
lography. 2nd ed. Harper & Row, 1978,
by permission.)
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The interested reader is referred to the voluminous literature on
ECGs. A few such references appear at the end of this chapter,

Brain Activity: The Eleciroencephalogram  Eleetrodes placed on
the scalp can deteet complex electrical patterns associated with nerve
activity in the cortex of the brain. The recording of these pofentials is
an electroencephalogram (EEG) and is a valuable tool both in re-
search and in medical diagnostics.

More than twenty electrodes are placed on the scalp to record a
detailed EEG. Potential differences between various pairs of elec-
trodes are recorded, and a reference electrode is attached to one ear.
Signals from the left and right sides of the brain are often compared
becanse agymetry in brain activity is frequently an indication of brain
disease. '

Voltages of about 50 pV are typically observed on the sealp. These
are small eompared to the millivolt potentials found on the skin associ-
ated with muscle movement. Eleetrical signals from eye movements,
heart activity, and noise from electrical devices in the room are probie-
matic but can be overcome. Figure 13.12 shows a typical EEG for a
normal subject.

Electroencephalogram traces are obviously mere complex and ap-
pear to be less regular than BCG traces. This is not surprising, to say
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REVIEW: CONCEPTS AND EQUATIONS

the least, since hundreds of millions of newrons are involved and their
activity is neither as simple nor as coordinated as that of heart musele
cells. Analysis of EEG traces shows that there are certain basic fre-
guencies present in the electrical signals. The presence or absence of
certain frequencies is strongly correlated with certain types of brain
activity. Consequently, frequency ranges are given the names listed in
Table 13.1. A skilled observer can detect the presence of the various
brain waves, as they are called, in an EEG. The advent of computers
has made that task somewhat easier.

Mental alertness is one thing that can be detected with an EEG.
Beto waves become dominant during concentrated mental activity.
Alpha waves decrease and disappear as a person falls asleep and some-
times are monitored to determine the depth of anesthesia during sar-
gery. Delta woves are indicative of deep sleep and become dominant
for 2 person in a coma. Lack of brain activity as indicated by an EEG is
sometimes used as a criterion for determining when a person is dead.

Certain brain disorders, such as epilepsy, and diseases that affect
brain function can be detected with an EEG. The presence of brain
tumors can be determined because there is less brain activity in the
region of the tumor. In fact, any disease that affects blood flow or
glucose supply to the brain, as do sielde-cell anemia and hypoglycemia,
may cause an abnormal EEG. The presence of eertain psychoactive
drugs also causes an abnormal EEG.

The correlation between BEG and specific brain activities or mal-
functions is not perfect. For example, a significant percentage of epi-
leptics, depending on the type of seizure they suffer, have normal
EXEGs between seizures. BEG technology is still in the developmental
stage, partly because the brain itself is so poorly understood and
partly because so many hundreds of millions of neurons are involved.
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TABLE 13.1 / BRAIN WAVE
FREQUENCY RANGES

REVIEW: CONCEPTS AND EQUATIONS

Bioelectrieity Axons
Cell Potential Myelin

Cell Membrane Permeability Nodes of Ranvier
Dipole Layer Hlectromyogram
Resting State Electrocardiogram

Action Potential Einthoven Triangle

Depolarization P, QRS, T Waves.

Repolarization SA Node, AV Node
Sodium~Potassium Pomp ¥lectroencephalogram
Neurons Brain Waves

Band Freguency Range (H2)
Pelta (5) 0.5-4
Theta (8) 4-8
Alpha {(a} 8-13
Beta (B) 13-22
Gamma (v} 22-30
Vo= Vm b Vout =

in

= log Cow) (13.1)




342

QUESTIONS

13.1.  Are the concentrations of the following jons great-
est inside or outside of eells: Na*, K™, C1I™? What
process is used to maintain the concentration gradi-
ents of Na* and X* ions ever long periods of time?

13.2.  In what way is energy expended to create bioelec-
tricity? -

13.3. Note that in Figure 13.2(b) both the concentration
gradient and Coulomb force tend to move Na* ions
into the cell. What prevents significant amounts of
Na™ from moving into the celi?

13.4.- If the cell membrane is permeable to both K* and
Cl™ ions, why don't they diffuse zcross the mem-
brane uniil their concentrations are equal on either
“side?

13.5. How can a cell (and the flwid arcund it) be electri-
cally neutral and still ereate a potential difference
across the cell membrane?

13.6. Explain why a large concentration of K* ions inside
& cell causes it to become negative inside.

13.7. Define depolurization, repolarization, and action
potential.

13.8. Describe the sequence of events oceurring in an
action potential in terms of diffusion, the Coulomb
force, and membrane permeability. °

13.5. Why can 2 cell fire many times before needing ze-
tive transport to maintain K" and Na* concentra-
tion gradients?

13.10. Explain why there is a minimum time interval be-
tween firings of a cell. Does that minimum time
depend on the type of cell—such as nerve or mus-
cle?

13.11. Estimate the maximum firing rates for neurons and
for heart cells. Hint: Consider the graphs of their
action potentials.

13.12. 'What is the relationship between the maximum fir-
ing rate of nerves and the hearing mechanism as
discussed in Chapter 97 Shvilarly, what is the rels-
tionship between the maximum firing rate of heart,
cells and the maximum heart rated

PROBLEMS

The Nernst eguation {equation 18.1) gives the membrane
potential that would result from the concentration gradient
of a single type of ion in the presence of a membrane per-
fectly permeable to it. The purpose of the following three
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13.13. Note in Figure 13.4(a) that the potential in a nerve
cell overshoots a bit when it returns to its resting
potential, briefly becoming —110 mV, Explain this

overshoot in terms of the increased permeability of

the membrane to K¥ ions graphed in Figure
13.4(b).

13.14. Draw a cell membrane as it would appear if the se-
quence shown in Figure 13.5 is carried one step fur-
ther. -

13.15. What is the function of the nodes of Ranvier, and
why are these gaps between myelin sheaths neces-
sary?

13.16. Explain the advantages of myelinated nerves in
terms of the insulating properties of myelin.

13.17. Give an example of an action potential that origi-
nates inside a cell. Give another example in which
an action potential is trafismitted to another celt,
causing it to fire.

13.18. How can the direction in which 2 depolarization
wave moves across a muscle be measured?

13.19. Why are more than three electrodes needed in an

ECG to obtain three-dimensional information about

the heart?

13.20. Explain in terms of efficfent use of a musele why
simultaneous depolarization of all parts of the vens
tricles is desirable.

13.21. Depolarization of a musele cel causes it to contract

a few fenths of a second Jater. Is this consistent

with Figure 13.107 Explain.

13.22. What physical quantities (e.g., current, voltage, |

resistance, veloeity, tithe, mass, ete.) are actually
measured in EMGs, ECGs, and EEGs?

13.23. Which yield more specific types of information,
ECGs or EEGs? Explain why.

13.24. Why do altered blood flow and.blood glucose ievels
affect EEGs?

13.25. What is the physical distinction between the vari-
ous types of brain waves (alpha, beta, etc.) meas
ured in BEEGs? '

problems is to verify the potentials given for K*, Na*, and
C1” jons in the text. The vaiue of Boltzmanr’s constant is =

k=138 x 10"% J/K, A temperature of 310K (87°C) is as-
sumed.

3.1. (I} Show that the membrane potential for K ions

is —88 mV, given the coneentrations of K* ions to be
140 mol/m® inside the cell and 5 mol/n® outside.

3.2, (II) Show that the membrane potential for Na*

ions is +59 mV, given the concentrations of Na™ ions
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QUESTIONS

13.1.  Are the concentrations of the following ions great-
est inside or outside of cells: Na‘*, K, C1™? What
process is used to maintain the concentration gradi-
ents of Na™ and K* ions over long periods of time?

13.2. In what way is energy expended to create bioelec-
tricity?

13.3. Note that in Figure 13.2(b} both the concentration
gradient and Coulomb force tend to move Na* ions
into the cell. What prevents significant amounts of
Na* from moving into the celi?

18.4, Tf the cell membrane is permeable to both K* and
Cl™ ions, why don't they diffuse across the mem-
brane until their concentrations are equal on either
‘side?

13.5. How can a cell (and the {fluid around it) be electri-
cally neutral and still create a potential difference

_ across the cell membrane?

13.6. Explain why a large concentration of K* ions inside
a cell causes it to become negative inside.

13.7. Define depolarization, repolarization, and action
polentiol.

13.8. Describe the sequence of events occurring in an
action potential in terms of diffusion, the Coulomb
force, and membrane permeability, B

13.%. Why can a cell fire many times before needing ac-
tive transport to maintain K* and Na* concentra-
tion gradients?

13.10. Explain why there is a minimum time interval be-
tween firings of a eell. Does that minimum time
depend on the type of cell—such as nerve or mus-
cle?

13.11. Estimate the maximum firing rates for neurons and
for heart cells. Hint: Consider the graphs of their
action potentials,

13.12. What is the relationship between the maximum fie-
ing rate of nerves and the hearing mechanism as
discussed in Chapter 97 Similarly, what is the rela-
tionship between the maximum firing rate of heart
cells and the maximum heart rate?

PROBLEMS

The Nernst equation (equation 13.1) gives the membrane
potential that would result from the concentration gradient
of a single type of ion in the presence of a membrane per-
fectly permeable te it. The purpose of the following three
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13.13. Nate in Figure 18.4(a) that the potential in & nerve
cell overshoots a bit when it returns to its resting
potential, briefly beeoming —110 mV. Expiain this
overshoot in terms of the increased permesbility of
the membrane to K* ions graphed in PFigure
13.4(b}.

13.14. Draw a cell membrane as it would appear if the se-
quence shown in Figure 13,5 is earried one step fur-
ther.

13.15. What is the function of the nodes of Ranvier, and
why are these gaps between myelin sheaths neces-
sary?

13.16. Explain the advantages of myelinated nerves in
terms of the insulating properties of myelin.

13.17. Give an example of an action potential that origi-
nates inside & eell. Give another example in which
an action potential is transmitted to another cell,
causing it to fire.

13.18. How can the direction in which a depolarization
wave moves across & muscie be measured?

13.19. Why are more than three electrodes needed in an
ECG to obtain three-dimensional information about
the heart?

13.20. Explain in terms of efficient use of a muscle why
simultaneous depolarization of all parts of the ven-
tricles is desirable.

13.21. Depolarization of 2 muscle cell causes it to contract
a few tenths of a second later. Is this consistent
with Figure 18.107 Explain.

13.22, What physical quantities (e.g., current, voltage,
resistance, velocity, time, mass, etc.) are actually
measured in EMGs, ECGs, and EEGs?

13.28, Which yield more specific types of information,
ECGs or EEGs? Explain why.

13.24. Why do altered blood flow and blood glucose levels
affect EEGs?

13.25. What is the physical distinction between the vari-
ous types of brain waves (alpha, beta, etc.) meas-
ured in EEGs?

problems is to verify the potentials given for K*, Na*, and
C1™ ions in the text. The value of Boltzmann’s econstant is
k= 1.88 x 107% J/K. A temperature of 310K (37°C) is as-
sumed.
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