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Preface

This book was motivated by the need to consolidate and review
information on tissue injury in victims of electrical trauma so that the
pathophysiology and clinical manifestations might better be understood
and integrated. The physiological manifestations of electrical trauma range
from the simple to the complex and from the innocuous to the fatal. This
variation relates to large differences in victim exposure to many factors,
including contact voltage, contact duration, presence of clothing in the
current path, and the direction of the circuit path through the victim. These
differences along with a limited knowledge of the pathophysiology
contribute to the present state of confusion that exists among medical staff
caring for victims of electrical shock. As a result, progress toward a rational
approach to electrical trauma has been relatively slow.

Over the past half-century, survival following major trauma has steadily
improved as the capability to perform vital physiologic support has
increased; however, little progress has been made in improving the survival
of damaged tissue. Limb amputation rates among victims experiencing
direct electrical contact are quite high and have remained at a near constant
level over the past several decades. At least 85% of victims who survive this
ordeal are left disabled. We hold the view that rational therapy to salvage
damaged tissue must be based on a detailed understanding of the
responsible cellular derangements which ultimately lead to arrest of cell
function. Thus, the first purpose of this book is to review the underlying
physicochemical mechanisms responsible for tissue damage in electrical
injury victims.

We believe this to be the first comprehensive book on electrical trauma.
We have organized this multi-authored text in a fashion to make it most
useful. Subjects covered in this book range from molecular biophysics of
thermal and pure electrical membrane damage to the cellular pathophysio-

xiii



Xiv Preface

logic consequences to potential strategies for the clinical management of
these injuries. An up-to-date review of research in electrical trauma is also
presented with the goal of providing sufficient background to those
entering the field to facilitate a rapid assimilation of existing knowledge.
This book is intended for both clinicians and laboratory scientists
interested in electrical trauma. Unfortunately, it was impossible to avoid
the problems created by combining information from one intellectual
discipline with information from another without sacrificing comprehen-
siveness. Undoubtedly, some clinicians may not be able to interpret some of
the mathematical statements, and conversely some physical scientists will
not fully conceptualize all of the clinical aspects. None the less, considerable
effort has been made to present this information in an interpretable
manner.
R.C. Lee
E.G. Cravalho
J.F. Burke
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Electrical burns: a historical review

THEODORE BERNSTEIN

The medical practitioner who is interested in electrical trauma should have
an understanding of the engineering aspects of the system which caused the
injury. It is also important that the electrical parameters which determine
the severity and consequences of the shock also are understood.

History

Prior to Edison’s development of the electric lamp in 1879, electrical shock,
except from lightning, was a rare phenomenon because there were few
electrical devices available which could provide a shock. The explosive
growth in the use of electrical systems from 1880 to 1900 led to many cases
of electrical shock and to subsequent studies as to how electricity kills or
causes injuries. Some of these studies were applied in designing the electric
chair for the first legal electrocution at Auburn Prison, New York, in 1890.
By about 1900, it was finally determined that the usual mode of death in
electrocution was ventricular fibrillation.

All electric chairs used for electrocuting criminals use a head and calf
electrode. The application cycle for the electricity is not standardized
between states. In Alabama, a 60 Hz sinusoidal voltage is applied as
follows: 1800 V for 22 seconds, a voltage reduction to 700 to 800 V in 12
seconds, an increase in voltage to 1800 V in 5 seconds, and then the power is
turned off. There is a current of about 7 A when the 1800 V is applied.

Electrical terminology

There are various electrical terms which must be understood in order to
follow any discussion of the engineering aspects related to the cause of
electrical trauma.
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Voltage

Voltage, with the units of volts, is a measure of the electrical potential
difference between any two points. It isimportant to note that the voltage at
a point must always be measured with respect to some other point. One
cannot express the voltage at a point without expressing or implying a
second point from which this voltage is measured. The voltage is important
because it is the voltage difference between two points that is a factor in
determining the current that will be in a given electrical path between these
points. As an example, the voltage on a bare conductor might be 7200 V
with respect to ground; a squirrel running on the conductor or a bird on the
conductor would not be shocked because each of its feet is at the same 7200
V with respect to ground, while the voltage difference acrossits body is zero.

The voltage also determines whether the electricity will break down
insulation between the two points. The higher the voltage between points,
the thicker is the given insulating material required to prevent dielectric
breakdown. Thus, voltage determines insulation requirements and the
magnitude of the current in a given circuit.

Current

The current in a conductor is measured in amperes and is a measure of the
rate of motion of charge carriers in the conductor. Current is important in
thatitis related to conductor heating and determines the required size of the
conductor, whereas the circuit voltage determines the insulation required
for the conductor. The continuous current rating, ampacity, for a
conductor depends on the temperature rise permitted for the conductor and
its insulation since heat in a conductor is related to the square of the current
in the conductor.

Frequency

The current and voltage supplied by power companies are usually
alternating sinusoidally. The current or voltage alternates between positive
and negative peak amplitudes in a regular fashion at a rate of 60 cycles per
second. The unit of cycle per second is called the hertz and is abbreviated as
Hz. The usual frequency supplied by power companies is 60 Hz in North
America and 50 Hz in Europe.
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Resistance

The resistance of a given circuit, measured in ohms, is used to determine the
current in a circuit for a given voltage difference across the circuit. For
direct current circuits, such as from a battery, or alternating current circuits
with resistance loads, dividing the voltage difference across the circuit by
the circuit resistance gives the current in the circuit. This relationship is
called Ohm’s Law.

The resistance for a given size conductor is inversely proportional to the
conductivity of the conductor material. This conductivity has a very large
range of values from about 107 S/m (siemens per meter) for copper, 1 S/m
for the human body, 1073 S/m for earth, and 1074 S/m for porcelain
insulators. The human body has about the same conductivity as saltwater
or a semiconductor such as silicon or germanium.

Power

The power, measured in watts, is related to the product of the current in a
circuit and the circuit voltage. For a resistance load, power exactly equals
the product of current and voltage. Heating of a device is related to the
power since power is the rate of energy use or dissipation, joules per second.
The higher the power, the greater is the rate of energy use or dissipation.
For a given power transmission, raising the voltage will reduce the required
current. This explains why power transmission lines operate at high voltage
so that the current in the lines will be reduced and smaller diameter
conductors can be used for the long distance transmission.

Heating

It is easiest to understand the relationship between power dissipation and
heating by an example. Suppose the power dissipated is 100 watts. If this
power were dissipated in a volume smaller than that of a 100-watt lamp, the
smaller volume would tend to be higher in temperature than if the power
were dissipated in the volume occupied by the 100-watt lamp. If 100 W were
dissipated in a volume larger than that for the 100-watt lamp, the volume
would tend to be cooler than that of the 100-watt lamp; so the heating effect
is a function of the power dissipation, the volume in which the dissipation
takes place, and the cooling action within or around the volume.
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Grounding

The earth itself has a low conductivity, but it has such large physical
dimensions that there is practically a zero resistance for currents in the
earth. There can be considerable resistance at the grounding electrode
where the current has to enter the earth through the relatively small area of
the buried conductor in contact with the earth.

Power electrical circuits used for transmission, distribution, and in
homes and plants, are usually grounded. This means that one conductor in
the circuit is connected to an electrode buried in the ground. One reason for
grounding is to provide a path to ground for lightning currents. The usual
connection to the earth is provided by connection to a system of buried
conductors, with as much surface area as possible in contact with the earth
to reduce the resistance of the grounding electrode. Some common
grounding electrodes are a buried municipal water system or multiple
ground rods.

The normal electrical currents in a grounded circuit are not in the
grounding electrode or earth, as the currents are in the metallic circuit
conductors. There will be currents injected into the ground when lightning
strikes the circuit or if there is a connection between one of the ungrounded,
energized conductors and the earth as when a crane resting on the ground
contacts a power-line.

The electric arc

The electric arc can be a cause of severe burns. The temperature of an
electric arc is on the order of 2000 °C to 4000 °C (3600 °F to 7200 °F).

The breakdown strength for air that can initiate an arc through air
depends on the shape of the electrodes and the waveshape of the applied
voltage. A typical value used is 30 kV/em or 76.2 kV/in (1 kV = 1000 volts).
This means that there must be a voltage difference of 30 000 volts for each
centimeter of gap length or 76200 volts for each inch of gap length to
initiate an arc through air. There is a fundamental property relating to arc
initiation that, no matter how small the air gap is made between
conductors, there can be no breakdown across an air gap if the voltage is
below approximately 300 volts. After the arc is initiated, only 20 V/cm or
50.8 V/in is required to maintain the arc; thus, once the arcis initiated it will
be maintained over a much larger air gap length than the original initiation
distance. The arc voltage is practically independent of arc current and
primarily depends on the arc length.
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As an example using arc properties, an arc welder with 80 V open circuit
voltage cannot initiate an arc across an air gap; but, when the electrodes
touch and are separated, an arcis initiated by the spark at separation so that
the output voltage, with load, of 40 V can now maintain an arc about an
inch long. Another example helps refute the assertion that sometimes is
made that a crane was a foot or two away from a 7200 V line when the
electricity arced through air to the crane; the crane had to be within 0.1 inch
of the line or more likely touched the line and the arc came about when the
crane boom pulled away and the arc was initiated by the separation of the
contact.

Arcs can be initiated at lower voltages across insulating material, well
below 300 V, when there is current tracking across a surface or through the
material. This can heat the material and allow an arc to be initiated. Other
arcs can be initiated at low voltages when a worker bridges energized
conductors with a screwdriver or metal tape.

Burns are caused by arcs when the individual is in the current path and
the electricity arcs to his body. Another type of burn occurs when thereisa
large arc in some equipment and the worker is burned by the intense heat of
the arc near his body.

Electrical shock parameters

The electrical parameters important in electrical injury depend on the
waveform of the electrical source, such as alternating current, direct
current, pulse, or lightning discharge. Alternating current shock effects
depend on the magnitude, frequency, and duration of the current with the
voltage only being important in determining the current. For 60 Hz
sinusoidal currents, the approximate thresholds are 0.5 mA for startle
reaction, where a shock may be perceived but there will be no severe
muscular reaction; 5 mA for let-go current, where current through a hand
and arm may cause the hand to involuntarily close and remain closed so
that the energized conductor cannot be released; and 500 mA for shock
durations less than 0.2 second or 50 mA for shock durations longer than
two seconds for ventricular fibrillation. For alternating current frequencies
above 1 kHz or for direct current, the current thresholds for a given effect
are higher than for 60 Hz. Direct current shock thresholds are about three
times higher; however, there doesn’t seem to be a let-go phenomenon. An
individual can let go of an energized circuit if he or she is willing to suffer the
intense shock when the circuit is broken. With lightning or pulse type
shocks, it is the energy in the shock and the timing in relation to the heart
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cycle that is significant. Pulse shocks during the T wave of the heart cycle
can lead to ventricular fibrillation and are most hazardous. Pulse shocks
with an energy content of 50 J can be lethal while shocks below 0.25 J are
disagreeable but probably not hazardous. The annoying electrostatic shock
produced when walking across a carpet is of the order of 10 mJ.

The voltage of the electrical system involved in an accident case is
important as the voltage and resistance or impedance in the path of the
shock will determine the current. The human body has a minimum
resistance of about 500 to 1000 ohms hand-to-hand or hand-to-foot if skin
and contact resistance are neglected. The actual resistance will be larger
depending on the type of contact, area of contact, and condition of the skin.
Low voltage, shocks below 600 V, lead to ventricular fibrillation. Burns can
occur, though not always, depending on the type of contact, current, and
duration of the shock. Higher voltage shocks with currents over one ampere
will usually cause burns, particular if arcing is involved. The mode of death
for these higher current shocks is often asystole rather than ventricular
fibrillation. Unlike ventricular fibrillation, a blow or fall may convert
asystole to a normal heart rhythm in some cases. It is not surprising to find
that a lineman may survive after a high voltage, high current shock with
serious burns while another person is dead, because of ventricular
fibrillation, with no burn marks on the body after a low current, 120 V
shock. Lightning, with its high, brief peak median current of 30 000 A, can
also cause asystole.

The 60 Hz transmission and distribution system

Power is often generated by utilities at voltages of 10 to 20 kV as three
phase, 60 Hz power, The term three phase indicates that there are three
conductors associated with the system with the nominal voltage indicated
being the rms voltage between any two of the three conductors. The
effective or root mean square, rms, voltage is the usual value read on an ac
voltmeter and is used for circuit calculation. It is the peak value of the
voltage divided by the square root of 2. When a value is given for a
sinusoidal, alternating voltage or current, it is usually the effective value
and not the peak value. Thus, a 12.47 kV, three-phase system has an
effective alternating voltage of 12.47 kV between any two of the three
conductors. The reason this is called three phase is that there is a time
difference between the times when each of the three possible alternating
voltages between conductors reaches a peak — the peaks do not occur at the
same instant. A voltmeter which reads the voltage between any two of the
three phases would not show this time or phase difference between the
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phases. The phase conductors usually are not grounded. Many systems use
a 'Y connection with a fourth wire, the neutral, grounded so that the voltage
between any phase conductor and ground is the phase to phase voltage
divided by the square root of 3. A 12.47 kV, three-phase system has a
voltage of 7.2 kV to ground. Three phase is used to provide more efficient
transmission of larger powers. Large motors run more smoothly and with
greater efficiency when they are operated from three phase.

The utilities may generate electricity at voltages of 10to 20k V. The upper
limit on voltage is determined by insulation requirements in the generator.
Lower generated voltages would require larger conductors in the generator.
This voltage is raised, using transformers, to three-phase line-to-line
voltages, such as 69, 115, 138, 230, 345, or 500 kV for transmission over
great distances where the lower currents required for transmitting power
allow the use of smaller conductors. The voltage is then stepped down to
voltages, such as 4.16, 12.47, 13.2, 24.94, or 34.5kV line-to-line, or 2.4, 7.2,
7.62, 14.4, or 19.9 kV line to ground for distribution. The conductors that
supply the transformer that reduces the distribution voltage for final use are
called the primary conductors. Common primary voltages in rural or
residential areas are 7.2 or 2.4 kV, line to ground, the latter used for older
systems.

The primary conductors are frequently involved in accident cases. These
conductors are usually bare, without insulation, and obtain their insulation by
insulators at the power poles or by air. It is these bare, primary conductors
that are involved in cases when a crane contacts a power-line, or someone
with a television antenna or aluminum ladder contacts the primary
conductor. It is the phase voltage to ground that is important in power-line
contact accidents because the current path is from a phase conductor to
ground. The phase conductor to ground voltage determines the current that
will be in a given ground fault resistance.

An accident that occurs frequently is one which results when a child
climbs a tree in which there is a power-line. The power-line, supplying a
transformer for nearby homes, is usually a primary conductor with a
voltage to ground of 7200 or 2400 volts. The child either contacts the
primary feeder directly or pushes a limb onto the bare feeder. The current
then goes from the conductor through the child and tree to ground either
through the living tree which is a fair conductor or through a bare,
grounded conductor also in the tree foliage.

A child climbing on a power tower can contact the power-lines and the
tower at the same time to provide a path between the line and grounded
tower through his body.

In boom or ladder contacts to power-lines, the boom or ladder is
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energized with the line-to-ground voltage so that arcing can occur at any
point where there is some failure of insulation between this voltage and
ground — such as the tire of a truck upon which the boom is mounted.
Persons, standing on the ground, contacting a crane, that, in turn, is
contacting a power-line can be electrocuted as the crane is at the same
voltage as the line. The crane operator on the metal crane, however, is rarely
injured as there is negligible voltage drop across any part of the crane, so he
is like a bird on a power-line with high voltage on his body to ground, but
little voltage difference across his body.

The circuit protection for the power-line cannot prevent injury to
persons contacting the line or damage to equipment as the protection can
only protect the power-lines and power system from damage by the excess
current caused by a fault. Because of the high resistance at the contact to
earth, the current in an object contacting the line and the earth will usually
be limited to a value below the line circuit current protection setting. If the
current path to ground is through a person, the currentis further reduced by
the body resistance. It would be virtually impossible to have a functioning
power system that could prevent injury or damage to any object that faults
the power lines. The operating values for circuit protection devices are well
above the human hazard level.

The 60 Hz, 120/240 V electrical system

Single-phase power enters a premises utilizing a three-wire system, with one
of the conductors being grounded at the service entrance. The three-wire
system is called the secondary wiring as it comes from the secondary of a
transformer supplied by the high voltage primary conductors. The
grounded secondary conductor, also called the neutral conductor, always
has a white colour for its insulation when routed inside the premises. The
other two conductors, called the ungrounded conductors, have an
insulation colour other than white or green — often black or red. The voltage
between the ungrounded conductors, used for larger loads, such as electric
ranges or clothes dryers, is nominally 240 V. The voltage between either the
ungrounded conductor and the neutral or ground is 120 V. The nominal
120 V is sometimes referred to as 110 Vor 115 V.

Plugs and receptacles

Wall outlet receptacles rated 120 V, 15 A or 20 A, installed after 1962 are of
the grounding type with sockets for the two parallel blades and a grounding



Electrical burns: a historical review 11

pin on the attachment plug. The larger parallel blade socket is connected to
the white, grounded conductor at silver or white coloured terminals. The
smaller parallel blade socket is connected to the ungrounded conductor at
brass or copper coloured terminals. The grounding pin socket is grounded
by a green insulated wire, a bare wire, or by the grounded conduit.

The three-prong attachment plug used to energize equipment provides
120 V power between the two parallel blades when plugged into a
receptacle. The equipment grounding pin on the plug is connected, by a
green wire, to all exposed metal parts on the equipment. Under normal
operating conditions, there is no current in this third, equipment grounding
pin. In the event of an insulation failure in the equipment such that the
exposed metal parts of the equipment are energized, the equipment
grounding conductor provides a path for electricity so that there will be
sufficient current to actuate the fuse or circuit breaker protecting the
ungrounded conductor. The equipment is then de-energized because of the
fault. The equipment grounding conductor carries no current and plays no
part in the normal operation of the equipment, but is an important safety
feature. Without the equipment grounding conductor, a fault in the
equipment that energizes the exposed metal case, may, or may not, cause
the circuit breaker of fuse to operate depending on whether there is a
sufficiently low resistance path to ground from the exposed metal parts.
Equipment with such a fault resting on a wooden table would not have
sufficiently low resistance path to ground from exposed metal parts to cause
the overcurrent protection to operate. The equipment could continue to
function normally with its exposed metal parts at a voltage of 120 V.
Someone touching both this exposed energized metal and a grounded
object such as a faucet or grounded tool could provide a path for current
and receive a lethal shock. The equipment grounding pin can be considered
something like a safety valve and its function should never be defeated by
breaking off the equipment grounding pin or using an adapter for
conversion from a three-prong to two-prong plug without properly
grounding the adapter to the grounded screw in the receptacle face plate.

Fuses and circuit breakers

The conventional 120 V system is energized by an ungrounded and a
grounded conductor with 120 V between these conductors. The
ungrounded conductor is protected by a fuse or circuit breaker that
primarily protects the wires in the wall from overheating because of
overcurrent. The rating of the fuse or circuit breaker depends on the current
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carrying capacity of the wire it is protecting. The fuse or circuit breaker is
designed so that it will operate in the event there is excessive current in the
ungrounded conductor such that the wire insulation will be overheated. It is
important to note that a fuse or circuit breaker has an inverse current—time
operating relationship. This means that the higher the current, the more
rapid the operation. A fuse or circuit breaker protecting an outlet is
designed to protect the wiring in the wall from being overheated. The fuse
or circuit breaker will carry its rated current indefinitely. A 15 A or 20 A
circuit breaker will actuate in less than 1 hour at 125% of rating and in less
than 2 minutes at 200% rating. At 300% breaker rating, the usual trip time
is 5 to 35 seconds.

Because of the high values for operating current, fuses or circuit breakers
offer no primary protection from electrical shock.

Ground fault circuit interrupter

A device that can prevent lethal electrical shocks is the ground fault circuit
interrupter (GFCI). The GFCI operates as a device to interrupt power in
the event there is an accidental low current path to ground other than
through the grounded conductor. Most electrocutions occur when an
individual contacts energized defective equipment and a ground, other than
the grounded conductor. The GFCI detects the low current ground fault
and opens the circuit.

Currents of the order of 0.1 A can be hazardous to humans. A
conventional circuit breaker operating at 15 to 20 A could never provide
any protection for such low current shocks, while a GFCI can provide
protection as it can trip at currents to ground as low as 5 mA. The GFCI
compares the current in the ungrounded lead to that in the grounded
conductor for conductors routed to receptacles. If there is a difference in
current of 5 mA, the circuit for that line is opened. The basic concept is that
the unbalance in current is caused by a ground fault —an unintended path to
ground. This ground fault could be a person touching the energized
conductor. The 5 mA level was determined as the level of shock which
might cause an individual to be ‘frozen’ to the circuit and not be able to let
go of an energized conductor.

Double insulation

Double insulation, when referring to electrical tools and appliances, implies
that the insulating system between internal energized conductors and any
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possible point of external contact consists of both a functional and
protecting insulation, with the two physically separated. The protecting
insulation must survive the functional insulation and protect against
electric shock in case the functional insulation fails. The functional
insulation is insulation necessary for the proper functioning of the
appliance, such as the winding insulation of a motor or transformer. The
protecting insulation is an independent insulation that provides protection
in case of failure of the functional insulation. An enclosure of insulating
material is an example of protective insulation.

Double insulated appliances are identified as such on the nameplate.
They have and only require a two-bladed plug. Any exposed metal parts
have protecting insulation inside; for example, an exposed metal chuck ona
drill has protecting insulation, such as internal insulating material, isolating
the metal chuck from the metal parts of the motor which might become
energized because of a fault.

Intended or expected electrical shocks

The design of most electrical equipment ensures that an individual should
rarely contact energized parts and be subjected to electric shock. For such
equipment, electrical safety is provided primarily by insulation or guarding
to prevent contact and by suitable grounding. Any contact with energized
parts is considered hazardous. There are other equipment where, even
though it may not be intended, contact with energized parts is expected;
electrical safety must be provided by ensuring that any possible electric
shock will not be hazardous or lethal. Examples of such electrical devices
are the electric fence, gun, welder, cattle prod, and fly electrocuter. Safety is
provided by limiting the current output or by using frequencies for the
current that will be in the safe range.

Lightning
A lightning stroke has a unidirectional current that peaks in about 10
microseconds and decays in about 100 microseconds. Peak currents have
been measured up to 270 kA, though the median peak current measured is
about 30 kA. This current is a more or less constant current, which means
the resistance in the path has no effect on the current. Very large voltages
are developed when the current passes through a high resistance such as a
tree or person. An individual struck by lightning often is injured by the
arcing across his body produced when the high voltage across his body
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exceeds breakdown levels. The high current pulse can cause asystole rather
than ventricular fibrillation in some cases.

Most people are killed or injured by lightning when outdoors. Standing
next to a tree is foolhardy, since the probability of being struck by lightning
is related to the square of the height. The tree’s height increases the
probability of its being struck while its high resistance causes a large voltage
to be developed by the lightning current along the trunk. This voltage can
cause sideflash to an individual standing near the trunk.
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Industrial electrical accidents and their
complications observed by Electricité de
France (EDF)

JEAN CABANES

Passage of an electric current through a living organism releases a certain
amount of energy which may have two effects: a transient change in the
physiology of an organ or of the entire body translated either by a reaction
of inhibition or by excitation; heating, the extent of which is defined by
Joule’s law.

Three clinical situations arise as a result of the first process: inhibition, an
acute and transient event, commonly referred to as ‘electrical shock’;
respiratory arrest; and especially, circulatory arrest, usually related to
ventricular fibrillation which is the basic cause of immediate fatalities.

Electrical burns are the result of the second process, and their
topography, extent and later consequences are related to the pathway of the
electric current through the body and to the parameters in Joule’s equation:
voltage, intensity and the duration of passage of the current.

Electrical accidents observed at Electricité de France, the national
electric company which is virtually the sole producer, transporter and
distributer of electricity in France have been the object of continuous study
by the Committee on Medical Studies of EDF for almost 40 years. Its
statistical and clinical results have been published in many papers 1716,

The latest statistical analysis involved a ten-year period and 1231
accidents, representing an average of 125 accidents per year in a total work-
force of some 120 000 employees.

As in previous studies, the present study was made possible solely
through a collaborative effort by all of the medical departments of EDF: on
the one hand, with the Department of Occupational Safety and on the other
hand, with the Department of Medical Assessment which provided the
majority of medical information.

For investigation of sequelae, reports were provided by the Medical
Committee on Disabilities, which is in charge of determining the medical
and social cost of sequelae.

15
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Finally, with respect to the technical aspect of an accident, information
was provided by the Department of Prevention and Occupational Safety of
the EDF which completed the technical data: voltage, intensity, and
especially duration of passage of the current through the body.

General characteristics of electrical accidents

First a few general characteristics relating to electrical accidents are
discussed.

Etiology

Electrical accidents primarily affect young male workers on the job;
electrical linemen appear to constitute the most exposed group of workers.
The causes of these types of accidents are dominated by human error;
equipment failure is less to blame because of continuing vigilance by the
Department of Prevention and Safety.

Immediately caused death

In 29 cases out of 1231 accidents (2.4%), electrical injury caused immediate
death of the victim. Cases where the victim died immediately were, in the
majority of instances, caused by passage of an electrical current through the
body and most probably result from ventricular fibrillation; in only one
case was death caused by trauma. Ventricular fibrillation, which is not
spontaneously reversible in man, can only occur under very specific
conditions of current intensity and duration of passage of the current.

The curves defined by the International Electrotechnical Commission in
publication No. 479, provide the probabilities for this incidence according
to these two parameters (Fig. 2.1). Curve ¢, gives the limit (probability 0),
curve ¢, defines a 5% probability, and curve c¢; provides a 50%
probability.

Apparent death: intensive care

Out of 1202 accidents which were not immediately fatal, victims lost
consciousness in 86 cases (7.2%). These cases of apparent death are related
to inhibition of major bodily functions: respiration, consciousness, but
usually they did not involve cardiovascular arrest. This type of inhibition is
an acute and transient event which, clinically, is generally referred to as
‘electric shock’. Respiratory arrest may be caused either by contracture of
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Fig. 2.1. Curves taken from publication 479 of the LE.C. showing
thresholds of action of 50-60 cycle alternating current, according to
intensity and duration of passage of the current.

Zones | Physiological effects

Zone | | Usually no reaction effects.

Zone 2 | Usually no harmful physiological effects.

Zone 3 | Usually no organic damage to be expected. Likelihood of
muscular contractions and difficulty in breathing, rever-
sible disturbances of formation and conduction of
impulses in the heart, including arterial fibrillation and
transient cardiac arrest without ventricular fibrillation
increasing with current magnitude and time.

Zone 4 | In addition to the effects of Zone 3, probability of
ventricular fibrillation increasing up to about 5% (curve
¢;), up to about 50% (curve c¢;) and above 50% beyond
curve c;. Increasing with magnitude and time, patho-
physiological effects such as cardiac arrest, breathing
arrest and heavy burns may occur.

Notes

current which flows in the path ‘left hand to feet’.

2. The point 500 mA /100 ms corresponds to a fibrillation probability in the
order of 0.14%.

1. As regards ventricular fibrillation, this figure relates to the effects of
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muscles involved in respiration, or by inhibition of central nervous system
centres which control respiration when contact with cerebral structures
occurs. Respiratory arrest and loss of consciousness are reversible if
intensive care measures are instituted before development of irreversible
lesions in the nerve control centers occurs with subsequent cardiovascular
arrest. In this study involving 58 cases (67%), intensive care was
administered spontaneously. In 28 other cases, intensive care measures
resulted in a favourable outcome, which suggests that these cases involved
respiratory arrest alone without cardiovascular arrest. If these 28 cases
which had a favourable outcome are compared with the 29 cases where
death occurred immediately, it appears that intensive care measures were
effective in about half of the cases, a figure which corresponds to results
observed in previous investigations and to those reported in many similar
studies in other European countries.

Initial lesions

Apart from immediate fatalities and loss of consciousness, electrical
accidents cause initial lesions and a certain number of progressive
complications. Initial lesions observed may be summarized as consisting
primarily of trauma and electrical burns. Trauma was observed in 70 cases
(6% of accidents). It involved mainly head injuries and traumatic injuries of
the spinal cord and limbs. Burns are certainly the most frequently observed
type of lesion observed, since these were reported in 1142 cases (93% of
accidents).

Arc burns

Arc burns are the most frequently observed burns (77%). Most often they
involve a very small area (less than 1% of body area) and are caused by low-
voltage shock. Small burns occur on the hands or face in the vast majority
of cases. Intermediate size burns (1 to 10% of body surface) occur less
frequently but involve the same areas of the body as small burns. Extensive
burns, which sometimes are exacerbated because the victim’s clothing
catches fire, are more often the result of accidents involving high voltage.
Lastly, ocular burns, or ocular arc injuries, account for one-third of arc
burns. They are most often caused by low voltage. Frequently occurring
alone, ocular burns may also be associated with other types of burns,
especially of the face.



Industrial electrical accidents and their complications 19

Fig. 2.2. Electric mark on the pad of the ungual phalanx of the index
finger. (Photograph Lebeaupin)

Electrothermal burns

Electrothermal burns caused by passage of an electric current occur more
rarely (15% of burns). They too, often have a very limited extent and occur
as the result of low-voltage shock. The most extensive burns occur rarely
(10% of electrothermal burns) but may be serious because of the depth of
tissue involved along the pathway where the current flowed.

Mixed burns

Mixed burns which associate the two processes are the least frequent of all:
6% of burns. They most often are caused by high-voltage shock. Unlike the
preceding types, they often are extensive, with multiple sites of involve-
ment. This category includes the majority of serious burns with severe,
progressive effects and which cause major sequelae (Figs 2.2-2.7).
Although burns involving the lips and tongue occur primarily in children
and are never observed in the industrial setting, photos of these are also
presented (Figs 2.8, 2.9).
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Fig. 2.3. Electrothermal burn, of middle finger on right hand. (Photo-
graph Lebeaupin)

Clinical course — delayed-onset fatalities

The clinical course of electrical injuries often involves the onset of
cardiovascular, neurological and especially renal complications which play
a major role in the development of sequelae and are the cause of eventual
fatal outcome. Fatalities which occurred later on were observed in 12 cases.
In seven cases, fatal outcome was caused by the extent of the burns
complicated by kidney failure. Three cases which resulted in eventual
fatalities were due to trauma; two other deaths appear to have been caused
by onset of cardiovascular disorders. If these 12 delayed-onset deaths are
added to the 29 immediately caused fatalities, there is a total of 41 deaths,
with an overall mortality rate of 3.3%. This mortality is slightly less than
that observed in the last investigation where overall mortality was 3.9%,
but it is very much lower than in previous investigations where mortality
exceeded 5%.
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Fig. 2.4. Burn on right hand with large lesions on the middle finger that
will require amputation. (Photograph Lebeaupin)

Fig. 2.5. Electrothermal burns on the foot with multiple contact points
(hobnailed shoe). (Photograph Lebeaupin)
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Fig. 2.6. Serious high-voltage electric accident involving multiple burns.
Appearance of upper left arm with deltoid contact point and strong deep
lesions along the entire limb which will necessitate its amputation.
(Photograph Lebeaupin)

Sequelae

Sequelae resulting from electrical injuries are frequent and differ from one
patient to another. Indeed, they have been observed in 290 cases or 24% of
non-fatal accidents. Occasionally occurring in combination in the same
victim (408 sequelae in 290 patients who developed sequelae), they often are
the source of partial disabilities (21% of non-fatal accidents).

Sequelae caused by burns

The most frequent sequelae are those resulting from electrical burns. They
have been observed in 231 cases or 19% of non-fatal accidents. Most often
they involve ugly and/or disabling scars (212 cases) and as for burns, these
scars are located on the upper limbs primarily, in particular on the victims’
hands. In 13 cases or 1.1% of nonfatal accidents, one or more amputations
had to be performed because of the effects of deep electrothermal burns
caused by passage of the electric current.
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Fig. 2.7. Composite burn on the nape and on the neck. (Photograph
Lebeaupin)

Neurological and psychological sequelae

87 accident victims (7.3%) experienced neurological and/or psychological
sequelae. These sequelae include headache, dizziness, physical or psycholo-
gical lassitude, mood and personality disturbances. In 11 cases, there were
dissociated cerebral sequelae (incomplete post-concussional syndromes)
(Table 2.1).

In those cases where post-concussional syndrome was subtle or
incomplete, headache and dizziness were the most frequently observed
symptoms. The electroencephalogram was normal in most cases.

In 12 cases, true post-concussional syndrome was observed, which was
similar to that reported following head injury (Table 2.2). In a third of
cases, psychological and neurotic symptoms were observed in combination.
In almost half of cases, the electroencephalographic tracing was abnormal.
Finally, tests of vestibular function were disturbed in half of cases. Possibly
these post-concussional syndromes are the result of passage of the electric
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Fig. 2.8. Burn on lower lip resulting from sucking on a live extension cord.
(Photograph by Dr Marchac)

current, but more probably they may be trauma-related, since, in almost
half of cases, head injury was noted or they may be due to initial anoxia
since here too, in close to half of cases, the victim initially appeared to be
dead.

Psychological or neurovegetative sequelae These occur more rarely than
cerebral sequelae and only involved about 1% of cases. Symptoms and
their intensity were highly variable (Table 2.3). In three cases, there were
true neurotic disturbances. Electroencephalographic abnormalities
occurred more rarely than in the case of post-concussional syndromes, and,
on an aetiological basis, head injury may only have played a part in a third
of cases.

Peripheral neurological sequelae These sequelae were noted in 51 cases orin
4.3% of victims. They consisted primarily of sensory, motor, vasomotor
and trophic disturbances and involved the upper limbs in particular.
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Fig. 2.9. Tongue burn resulting from sucking on a live extension cord.
(Photograph by Dr Marchac)

Spinal cord injuries Only a single case was observed: this involved sensory-
motor paraesthesia, perhaps resulting from the direct effect of
electrocution.

Sensory sequelae (ocular and auditory)

Sensory sequelaec were observed in 43 cases or in 3.6% of nonfatal
accidents. Ocular sequelae were of two types: effects of ocular arc injuries
and cataracts.

Ocular arc injuries Sequelae of these were the most frequent (25 cases) or
close to 8% of arcinjuries observed (300). Most often these involved simple
cases of chronic conjunctivitis. More rarely, effects of corneal burns (four
cases) or burns of the retina (four cases), both may cause decreased visual
acuity.

Cataracts These occur rarely. Only three cases were observed. One case



Table 2.1. Dissociated cerebral sequelae

Voltage Pathway Type of post-concussional Vestibular
Case Age  (volts) of current HI LC sequelae EEG tests
1 41 15000 LUL-RUL - + Headache N
2 50 10000 RUL-LLL + - Headache N
3 23 15000 Arc + - Headache, dizziness N Abnormal
4 35 220-380 Arc - + Headache, dizziness ?
5 30 220 RUL-? + + Headache, dizziness N
6 50 220-380  Head-LUL- - + Headache, memory and sleep N Abnormal
disturbances, lassitude
7 33 10000 RUL-RLL - + Headache, sleep disturbances
irritability, lassitude
8 43 ? Arc - - Headache, memory disturbances N
9 49 380 RUL-? + + Disturbances of balance, memory and behaviour  Abn.
10 31 6600 Arc - - Dizziness, post-traumatic neurosis N
11 46 220-380 Head-RUL + + Headache, irritability, depression Abn.
Notes:

RUL =right upper limb; LUL = left upper limb; HI = head injury; RLL =right lower limb; LLL =left tower limb; N = normal;
Abn=abnormal; LC =loss of consciousness.



Table 2.2. Post-concussional syndrome

Voltage Pathway Type of post-concussional Vestibular
Case Age (volts) of current HI LC sequelae EEG tests
1 26 ? Arc - - post-concussional syndrome N
2 39 20000 RUL-LLL + + post-concussional syndrome Abn Abnormal
3 42 ? Arc - - post-concussional syndrome ? Abnormal
4 21 ? RUL-? + + post-concussional syndrome ?
5 25 lightning ? - - post-concussional syndrome Abn
6 26 380 RUL-LUL - - post-concussional syndrome N
7 25 63000 ? + - post-concussional syndrome Sub-Nor. Abnormal
8 43 ? Arc + - post-concussional syndrome N Abnormal
9 44 ? RUL-RLL-LLL - - post-concussional syndrome, Abn
neurosis
10 35 ? RUL-? + + post-concussional syndrome, N Abnormal
neurosis
11 48 lightning ? - + post-concussional syndrome, N Abnormal
neurosis
12 43 15000 Head—RUL- + + post-concussional syndrome, Abn
LLL-RLL neurosis
Notes:

RUL =right upper limb; LUL = left upper limb; RLL =right lower limb; LLL =left lower limb; HI=head injury; LC = loss of
consciousness.



Table 2.3. Psychological and neurovegetative sequelae

Voltage Pathway Description of psychological and
Case Age (volts) of current HI LC neurovegetative sequelae EEG
1 42 20000 RUL-LLL- - - Depression
RLL-LLL
2 31 135000 RUL-LLL - + Memory disturbances, mixed neurotic Sub-N
disturbances
3 29 90000 RUL-LLL - - Insomnia, lassitude, joint pain, neurotic ?
disturbances
4 37 15000 RUL-RUL - + Disturbances of memory and
concentration
5 47 15000 Arc + - Insomnia, nervousness Abn
6 23 63000 RUL-? + - Personality disturbance, anxiety, ?
intolerance to noise
7 32 20000 RUL-LUL + + Memory disturbances ?
8 34 150 LUL-RUL + + Intolerance to noise Abn
9 22 ? ? - + Nervousness N
10 50 20000 Arc - + Memory disturbances, slowed N
cognition, anxiety
11 32 ? RUL-RLL - + Fainting, anxiety
12 50 1000 LUL-RLL - + Neurovegetative dystonia, causalgia ?
13 40 127-220 ? - + Sensation of suffocation upon exertion, N

paraesthesia
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corresponding to the conventional description of electrical-injury catar-
acts: an accident caused by electrical contact with the head, with
development of a cataract 6-8 months after the accident. The second case
followed phototrauma alone without passage of the current, similar to the
type we published a description of 17. The third case is less certain regarding
the causal relationship with the electrical accident, although possible.

Auditory sequelae These were observed in 15 cases or in 1.3% of accidents.
Most often (12 out of 15 cases), these involve cochlear lesions in
combination with vestibular disturbances. In a few cases, there was
vestibular damage alone (Table 2.4). The history of head injury was a rather
frequent finding (6 out of 15 cases); that of electrical contact with the
victim’s head was noted in three cases. Arc-induced explosion injuries are
sometimes the sole cause of auditory damage.

Cardiovascular sequelae

Cardiovascular sequelae occur rarely; eight such cases were observed: four
dysrhythmias associated with conduction disturbances; two cases of ECG
changes which may correspond to myocardial damage; and two cases of
sequelae of phlebitis.

We did not observe any coronary artery disturbances such as those
previously reported!?.

Trauma-related sequelae (excluding head injuries)

These sequelae corresponded to various clinical manifestations and were
observed in 23 cases or in 2% of accidents.

Permanent disabilities (PD)

Sequelae were the cause of permanent types of disability in 253 cases, or in
21% of non-fatal accidents. Figure 2.10 lists the distribution of permanent
disabilities according to their percentage impairment. Rates for permanent
disabilities most often were less than 10%. If the 41 fatalities are added to
these 253 cases of permanent disability, the figure of 294 serious accidents
or 24% is obtained. The same percentage had already been observed in each
of the three previous investigations.
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Table 2.4. Auditory sequelae
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Fig. 2.10. Distribution of the number of cases of permanent disabilities

(PD) according to their percentage impairment for 253 cases out of 1190
non-fatal accidents.
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The pathophysiology and clinical
management of electrical injury

R.C. LEE

Introduction

It is estimated that 4% of all United States hospital burn unit admissions
are for electrical trauma’. High-voltage electric shock can produce
devastating damage that often leaves the survivor with permanent injuries.
More than 90% of these injuries occur in males between the ages of 20 and
34 and are work related. Mortality rates from electrical trauma range from
3% to 15%, more than 1000 deaths per year in this country alone.

These injuries are generally quite complex. Extensive skeletal muscle,
neural and vascular tissue injury is characteristically scattered in its
distribution along the current path. Major limb amputation rates have been
reported to be as high as 71%2. These statistics represent several thousand
injured young adults each year. An incomplete understanding of the
pathophysiology of tissue injury and an inability to accurately diagnose the
extent of electrical injury at the time of admission seriously impede effective
clinical management. Furthermore, the variable circumstances of acciden-
tal electrical shock make it nearly impossible to formulate valid empirical
guidelines for predicting the extent of tissue damage.

Over the past two decades, the clinical outcome for the electrical trauma
victim has not improved substantially. To some extent, this has resulted
from the slow progress in understanding the underlying pathophysiology of
tissue injury. Unfortunately, fundamental misconceptions about the nature
of electrical trauma, arising from the complex interdisciplinary nature of
the underlying pathophysiology of electrical injury, have obscured the
basic issues and have complicated the problem. In order to understand this
subject fully, the physics of joule heating, thermal damage to cells, dielectric
breakdown of materials, electroporation, in addition to cellular and
organismal physiology must be taken into account. The standard practices
of surgical debridement and early reconstruction could also be enhanced by
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promptly applying appropriate therapy designed to reverse the damage to
fatally injured although transiently viable tissue. This therapy must,
however, account for all of the complex pathophysiological interactions
which accompany electrical shock.

Electric fields established in tissues during high voltage electrical shock
produce cell damage either through joule heating of tissue to supraphysio-
logical temperatures!-3, cell membrane breakdown by strong electrical
forces (electroporation)** or some combination of the two. The role of
joule heating in damaging tissue has long been recognized®, but only
recently has its direct electrical effect on the cell been identified*. The
relative contribution of these two mechanisms must be determined because
each carries important implications for the pattern of injury and, hence,
treatment* . Moreover, the kinetics of joule heating in humans still has not
been measured, a shortcoming which must be remedied if appropriate
therapeutic strategies are to be developed”’.

This introductory chapter is a concise overview of the present state of the
biophysical and clinical understanding of electric trauma; the following
chapters contain considerable additional detail. The complexity of the
subject is clearly reflected by the divergent opinions expressed by the
various authors represented in this book. Clearly, many questions remain
to be answered.

Relevant biopbysics and physiology

Electrical conduction (ohmic)

By definition, electrical current arises from the flux of electrical charges; the
type of the charge carrier (electron or ion) depends on the material.
Although current in metallic conductors is carried by electrons, the charge
carriers in aqueous solutions are ionized salts. During electrical shock,
electrons are converted to ions by electrochemical reactions across the
metal-skin interface (Fig. 3.1), a process with a rate dependent on the
magnitude of the potential drop across the interface®. These reactions
generate heat and toxic chemical by-products which may alter tissue
oxygen and pH and may contribute to local tissue injury.

Pure water is ten thousand times more resistive than physiological saline
to electric current. The presence of salts provides mobile ions which raise
the conductivity of saline to approximately 1 siemens (S)/m. 1 siemens= 1/
Q(ohm), 1 V (volt)=1 A (ampere) x 1Q. Because saline is such a good
electrical conductor, the human body in contact with a 60 Hz power source
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Fig. 3.1. Sketch of some of the effects of the electrochemical conversion at
the body surface during electrical shock.

behaves like a pure resistive load, which means that almost all current flow
results from ion movement rather than from oscillating electric fields (i.e.
displacement or capacitative current).

When current passes through the human body, the epidermal layer and
metal-skin surface contact impedances dominate the initial electrical
impedance. In most areas, the epidermis is a 100 to 500 um layer of fused,
squamous epithelial cells which cover the body surface, forming a thin,
electrically insulated, closed shell. Depending on the state of epidermal
hydration, the resistance of 1 sq. cm of epidermis may range from 5 x 104 to
5 x 10 Q. In the palms of the hands and the soles of the feet, the epidermis
can build up to double or triple that thickness, resulting in two to three
times greater resistance. There is little difference in the measured resistance
between adjacent fingers on one hand and between two fingers on opposite
hands because the epidermis dominates the electrical resistance to current
passage throughout the body.
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Current conduction within subcutaneous tissues is affected by the
density, shape, orientation and size of cells. Because cell membranes are
good insulators, electrical current tends to pass around and between them,
effectively diminishing the tissue area available for ion flux, and makes
tissues less conductive than physiologic saline. Resistance to current flow
generally increases with cell density, but as cell size increases the membrane
has less influence on cellular electrical properties because the membrane
itself does not change. Cell orientation and shape also mediate current
conduction. Thus, the conductivity of muscle parallel to the long axis of the
muscle cells is greater than the conductivity perpendicular to the major axis.
As a cell becomes larger than its space constant Ay, its properties are
dominated by the cytoplasm, resembling those of physiologic saline. Table
3.1 lists the electrical conductivity of the most abundant human tissues.

Dielectric breakdown: ‘arcing’

When the electric field strength within a material exceeds the critical value
above which the field pulls the electrons out of their orbital shells, the
material becomes ionized and highly conductive. This event is called
dielectric breakdown and is manifested by a bright flash (arc) as electrons
give off photons; lightning is a common example. The dielectric strength of
a material is the maximum electric field strength a material will withstand
before breakdown. Air’s breakdown strength is approximately 2 x 10° V/
m; values for other materials appear in Table 3.2. However, no matter how
small the air gap, dielectric breakdown generally will not occur unless there
isatleasta 300 V potential difference across the gap. Nevertheless, the exact
arc initiation voltage depends on the temperature and the geometry of the
two charged surfaces and, after an arc is initiated, only 2 x 10° V/m is
required to maintain the arc.

Arc burns frequently occur on the skin of high voltage shock victims.
However, even though temperatures for arcs range between 2000 and
4000 °C, a brief arc transmits only enough heat energy to cause a super-
ficial (partial thickness) skin burn because the density of air is only slightly
greater than that of water (0.001). At the time of contact with a power
source, more than 95% of the imposed voltage drop initially occurs across
the insulating epidermis. Thus, a typical 10 kV contact would generate an
electric field of 10° to 10® V/m within the epidermal layer. As a result, the
epidermal layer instantly reaches temperatures in excess of 1000 °C and
vaporizes almost instantaneously. Consequently, for exposure times
greater than the epidermal breakdown time (perhaps 1 ms), the body
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Table 3.1. Typical tissue values

Symbol Parameter Units Value Reference
r Frequency factor in damage integral 1/s 3.1x10°% 14
2.9x10%7 22
9.09 x 103% 19
B Energy of activation J/mole 628,000 14
244,000 22
249,000 19
h Empirical heat transfer coefficient  W/°C 1074 52
Ch Specific heat of blood joule/°C 3.3x10% 65
cp Heat capacity joule/m3 °C 51,66,67
(a) skin 3.4 %10
(b) fat 1.98 x 10°
(c) muscle 4.14 x 10°
(d) bone 4.14 x 10¢
o Electrical conductivity S/m 8,17,51
(a) skin 3.8x1074
(b) fat S5x 1074
(c) muscle 4x1073
(d) bone 1x1073
wy Blood flow in tissues ml/6 kg s 68,69
(a) skin 9.8
(b) fat 3.75
(c) muscle 271
(d) bone 1.35
k Thermal conductivity W/m°C 51,65,67
(a) skin 0.36
(b) fat 0.2
(c) muscle 0.385
(d) bone 1.1
T, Temperature of blood K 310
T, Temperature of ambient air K 298

behaves as a 500 to 1000 Q resistive load®*:19, Since voltage is equal to the
current multiplied by the resistance, it is reasonable to expect that a 10 kV
contact would produce peak currents between 10 to 20 A0,

Sensory and neuromuscular responses
Many cells, such as muscle and nerve, utilize electricity as a control signal,

producing cellular effects which are unrelated to joule heating. Applying
weak fields from a non-physiologic source can, therefore, interfere with cell
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Table 3.2. Breakdown strength
(Emax) of a few materials

Material E,.x (V/m)
Glass 9 x 10¢
Nylon 19 x 106
Polyethylene 18 x 10¢
Air (at STP) 2x 10

function!? or, if the field is strong enough, cause direct cell damage. As the
current passing through tissues is increased, several distinct thresholds may
be observed which are frequency dependent. These thresholds are
compared in Table 3.3 and are valid for fields with frequencies below 1 kHz.
At the commercial power frequency of 60 Hz (US), the threshold for human
(male) perception of current passed hand-to-hand is approximately 1.0
mA. If the current is raised to 16 mA, the muscles in the forearm are
stimulated to contract, causing involuntary spasms. Because the flexors are
more powerful, the hand assumes the closed fist position and the person
cannot voluntarily let go of an object in the palm. This is called the ‘let-go’
threshold and represents a physiological response to the induced trans-
membrane potential depolarization by the applied current. At a current of
60 mA, the heart in 30% of victims will begin to fibrillate in 30 s. Based on in
vitro studies, a current of 1500 mA is required to produce skeletal muscle
cell damage solely by electrical forces (no heat-inflicted damage).

Joule heating

Current flux in a material dissipates energy in the material as moving
charges collide with the molecules of the material. This energy dissipation is
measurable as heat. Heating via electrical current is called joule heating.
The heat energy dissipation in a unit volume of material per unit time is the
power dissipation density (P, watts/m?) of the material. Mathematically, it
is equal to the product of the current density (J, A/m?) and the electric field
strength (E, V/m), that is,

P=JE. Q)]

Because Ohm’s law states that the current density is related to the electric
field by the conductivity of the material (o), that is,
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Table 3.3. Thresholds for effects of commercial electrical power

Response Threshold current*
Perception 1.0 mA (M9)
0.5 mA (F)
‘Let-go’ 16 mA (M)
11 mA (F)

Cardiac: Arrhythmia 60 mA

Ventricular fibrillation 100 mA
Disruption of skeletal muscle membranes 1500 mA [20]
Notes:

* Assumes current path in the upper extremity.
§ (M): Males, (F): Females.

J=GE, @))]

and thus we can express the power dissipation density in the form of joule
heating as:

P=c|E|2. 3)

This expression can be used to calculate the rate of temperature rise in
tissues when the electric field or current density distribution is known. If the
duration of current passage and the thermal properties of the tissue are also
known, the temperature rise itself can be calculated.

The biological significance of joule heating in electrical trauma can be
estimated by first determining the tissue temperature as a function of time.
Lee and Kolodney#, and later Tropea and Lee!2, numerically simulated the
joule heating response using a finite element method to solve the bioheat
balance equation!3. This equation states that the heat energy entering a

point in the tissue (pcdg—gt)) is equal to the sum of the heat energy diffusion

into the point («V27(¢)), the heat energy carried by blood flow
(pvcvwn(Th— T(2)), the heat energy generated by cellular metabolism (g,,)
and the heat energy generated by joule heating (P). This ‘bioheat’ equation
is written:

dT()

peg, = <V 2T+ pucsorn(To — (1)) + g+ o2 “

where p is the tissue density, ¢ is the heat capacity, « is the thermal
conductivity (Table 3.1), Ty is the blood temperature, py, is the blood specific
density, ¢ is the heat capacity of blood, and w, is a constant proportionally
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Fig. 3.2. Single barrier model of a two-state rate process representing heat
damage to tissue. The rate of conversion from normal to heat damaged
tissue is k. The process is not spontaneously reversible.

related to the tissue perfusion rate per gram of tissue (Table 3.1). For the
range of temperatures which appear to be relevant to subcutaneous tissue
injury the dependence of ¢ on temperature is negligible.

Cellular response to supraphysiological temperatures

Cells can respond to supraphysiological temperatures in many ways; the
precise nature of the response, however, depends on temperature and heat
kinetics. The probability of cell injury depends on the duration of the
exposure to temperatures above 43 °C, making the process of injury rate
dependent. Thus, thermal injury can be modeled using a damage rate
equation based on the concept of activation energy'4. The activation
energy (B) for a reaction is the critical amount of energy required for the
reaction to take place (Fig. 3.2). Therefore the reaction rate will be
proportional to the fraction of the system constituents which have an
energy at least equal to the activation energy. From the Maxwell-Boltzman
energy distribution law, this fraction is e “#R7, where R is the gas constant
and T is the temperature in Kelvin. For the case of a population of cells
exposed to supraphysiological temperatures, the rate of cellular damage
accumulation (k) can be defined by the activation energy (B) and the rate of
damage accumulation (I') as temperature (7) approaches infinity, as
indicated by:

k=Te BIRT )

For convenience, we can define a damage parameter X which is the fraction
of the cell population which is heat damaged. As indicated above, the rate
of damage accumulation d X/d¢ is equal to k. Because Xis a function of ¢ we
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write X(¢). The statistical function X can meaningfully vary from 0 to 1,
representing a range from no cellular injury to all cells damaged,
respectively. Thus, the damage in the region of interest is completed when
X=1. The Arrhenius relation can be integrated to predict the lethal damage
time (LT) for arbitrary temperature elevations 7(¢):

_. B
X()=\|'T Ie” ®10d; (6)

Several experimental studies have demonstrated that thermal damage
accumulation in biological systems can be described by Equation (6). In one
of the earliest studies, Moritz and Henriques!*® performed experiments on
pig skin by directly exposing the surface of the skin to a rapidly flowing
stream of hot liquid (water or oil) at temperatures ranging from 44 to 100 °C
for durations of between 1 s and 7 h. Exposures were designated as
subthreshold or suprathreshold based on whether or not they were
sufficient to cause complete transepidermal necrosis. Similar exposures
were made on medical student volunteers. Moritz and Henriques’ results
indicated that there is little or no quantitative difference in the susceptibility
of human and porcine skin to thermal injury. Furthermore, they
demonstrated that the probability of significant tissue damage depended on
temperature and duration of exposure. Figure 3.3 compares their data with
that predicted by the model based on Equation (6); the similarities between
the shape of the two curves is convincing. By fitting the experimental data to
the Arrhenius equation, Henriques estimated the activation energy for
damage to the epithelium to be 150 kcal/mole. By comparing this value to
the known activation energies of several biological processes, he concluded
that the mechanism of damage was probably thermal alteration to proteins.

Henriques'® also observed that the earliest histological signs of skin
damage (first-degree burn) corresponded to an X=0.53 and that the
epidermis was completely damaged (second-degree burn) when X=1.0 at
the skin surface. Separately, Diller and Hayes'® and Palla!” coupled this
mathematical description of cellular heat damage kinetics, Equation (5),
with a multidimensional numerical solution of the bioheat equation to
predict the distribution of burn injury to skin and subcutaneous tissues
caused by heating the skin surface. These applications provided important
insight into the parameters which govern the severity of burns.

To gain insight into the energetics of heat injury to cells, Mixter ez al.18
studied the effects of elevated temperatures (between 45 and 65 °C) on
human fibroblasts. Cells bathed in a nutrient solution containing eosin Y
stain were subjected to a prescribed temperature exposure regime. Since
eosin Y stains necrotic cells, they measured damage by counting the stained
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Fig. 3.3. The time-temperature dependence of thermal injury as predicted
by Equation (6) is sketched (a) above and agrees with the measurements of
heat tolerance in human epidermis'’ as shown in the graph (b) below.

cells. The time required for 50% of the cells to die (X=0.5, hereafter
referred to as LT,) at a given temperature was set to the Arrhenius
equation, yielding an activation energy for fibroblast necrosis of approxi-
mately 80 kcal/mole, a value that is substantially less than that for intact
epithelium.

The effects of elevated temperatures on human fibroblasts were studied
later and independently by Moussa et al.'®, using the appearance of
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irreversible morphological changes in the cells (blebs) to indicate cell
damage. Using constant temperature protocols for values between 44 and
68 °C, they calculated the activation energy to be 59.5 kcal/mole. Moreover,
for temperature protocols involving a linear rate of heating, the lethal
damage time could be predicted using Equation (6). Further studies by
Moussa et al.2® addressed the rate of haemolysis of red blood cells exposed
to elevated temperatures. They performed experiments similar to the earlier
fibroblast experiments using temperatures between 44 and 60 °C. Two
models were used to examine the data. The first method assumed that the
damage kinetics involved two first-order processes, a double energy barrier
model, consisting of a reversible alteration followed by irreversible damage.
The first step was found to have an activation energy of 60 kcal/mole, and
the second, 31 kcal/mole. The second approach assumed that the number of
cells damaged at any given time was normally distributed. This statistical
model fitted the data better, but the kinetic model provided more practical
information about the damage energetics which could readily be used in a
conceptional model such as Diller’s!®.

Most important to our understanding of the pathophysiology of heat
injury to cells, Gershfeld and Murayama?! addressed the mechanism of red
blood cell lysis at supraphysiological temperatures. Noting that haemolysis
can occur at even slight temperature elevations above the physiological
level, they proposed that different mechanisms govern haemolysis at
different temperatures because the processes commonly thought to be
involved (denaturation of structural proteins, inactivation of enzymes) do
not occur below 45 °C. They postulated that haemolysis occurring below
this temperature took place because the membrane lipid bilayer was
transformed. Gershfeld and Murayama have also shown that this bilayer
lipid assembly occurs spontaneously only at a critical temperature: the
growth temperature of the particular cell. The critical temperature is a
function of the types of phospholipids forming the membrane and thus
varies among membranes of different compositions. Above the critical
temperature, a certain amount of instability in the lipid membrane occurs.
In this instance, assuming cell surface area remains constant and no lipid
synthesis occurs, regions of the membrane are transformed, becoming lipid
deficient, and resulting in leakage. These types of membrane transforma-
tion, in turn, can nucleate cell lysis.

In the Gershfeld and Murayama study, haemolysis was studied for the
temperature range of 4 to 50 °C. Below 37 °C, no significant haemolysis
occurred, but above 45 °C, haemolysis occurred with an activation energy
of about 80 kcal/mole, which is consistent with the activation energies
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required to denature protein. Between 38 and 45 °C, haemolysis also
occurred, but with a lower activation energy of 29 kcal/mole, a value
considered too low to enable protein denaturation. However, this activa-
tion energy was sufficient to allow bilayer lipid membrane transformation.

We have measured the energetics of heat damage to skeletal muscle cell
membranes?2. Skeletal muscle cells were loaded with a fluorescent dye,
fluorescein diacetate, which is split by cellular enzymes to pure fluorescein
which is membrane impermeable. Dye leakage out of the cell following the
application of electric pulses was used to determine the extent of membrane
damage at different temperature levels. These studies demonstrated that
supraphysiological temperatures damaged membranes at a rate which was
temperature dependent. The data, presented in Fig. 3.4, indicate that, when
cells are at supraphysiological temperatures, cell membrane lysis is
probably the initial destructive event.

Electroporation

Two types of membrane electrical breakdown have been experimentally
demonstrated?325 to result from applied electric fields. The first, mem-
brane rupture by electroporation, occurs in bilayer lipid membranes when
transmembrane potentials between 200 to 500 mV are applied for longer
than 0.1 ms. In the other, a breakdown process similar to dielectric
breakdown appears in pure bilayer lipid membrances when transmem-
brane potentials exceed 800 mV1'?. For dielectric breakdown to occur the
membrane voltage must be raised to the breakdown potential more rapidly
than pores can form?3. Dielectric breakdown manifests itself through a
transient drop in the electrical resistance of the membrane.
Electroporation is thought to occur when strong electrical forces drive
polar water molecules into molecular scale defects in the lipid bilayer
component of the cell membrane (Fig. 3.5), causing the defect to
enlarge’-25. If the pores become large enough, they continue to expand until
the membrane ruptures. This process can happen in less than 100 us?5.
Rupturing a soap bubble by pricking it with a pin is a familiar example of
this?¢. However, in cell membranes, large proteins may act to stabilize the
lipid bilayer and prevent the spread of pores beyond specific lipid domains
of the membrane. This may explain why quasistable defects can be
produced in cell membranes which spontaneously reseal soon afterwards.
Taylor and Michael?®, in a classic report, suggested that axisymmetric
holes in thin sheets of fluid where surface tension forces predominate will
expand if their initial radii are larger than the thickness of the sheet, while
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Fig. 3.4. Results of time delay until irreversible morphological changes in
the cell occur. Mixter!® used staining of damaged cells to indicate damage
while Moussa et al.1® used the appearance of the first bubble on the cell
membrane. The damage criterion for the muscle cells experiments
performed in our laboratories, as reported by Gaylor,?? was the change in
permeability of the cell membrane to fluorescein.
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Fig. 3.5. Electric current lines are sketched as the current density increases
in the aqueous pores of the cell membrane. The electric field is strongest in
the pore. Water molecules are drawn into the pore from both sides because
they are bipolar.
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holes with radii smaller than that will close. This effect reflects the
interfacial tension, which reduces the surface area. An applied ¥, lowers
the critical pore radius to the point beyond which mechanical forces at the
pore’s edge cannot restrain the pore from expanding until the membrane is
ruptured.

Several investigators have developed theories which use similar assump-
tions to explain electroporation. Powell and Weaver2* based their model on
the work of Litster?7, who introduced the idea that the Brownian motion of
molecules in the membrane caused transient molecular defects or pores to
form in bilayer lipid membranes. These defects are restrained by the
interfacial forces at the pore’s edge. The energy A¢ needed to create a pore
of radius r is the increase in energy associated with the creation of the edge
of the defect minus the eliminated surface area. If the defect was cylindrical,
then:

AL=2myr — mfr? N

where i is the interfacial energy per unit area of the membrane and y is the
strain energy per unit length of the membrane pore edge. Powell and
Weaver then added a term to this energy equation to include electrostatic
energy effects which are associated with the transmembrane potential V;:

AL=2myr —ar?(p+alV?y) (®

where a is a positive parameter dependent on the dielectric permittivity of
the membrane and the intracellular and extracellular fluids and on the
membrane thickness 8,. Thus V,, tends to decrease the stability of the
membrane against thermal fluctuations by decreasing the amount of energy
required to form a pore.

Induced transmembrane potential by electric fields

Normally, the intracellular and extracellular fluids have nearly equal
concentrations of mobile ions and thus their conductivities are very similar.
Cell membrane conductivity, however, is characteristically 10°-10% fold
less than the intracellular fluid. The cell can therefore be viewed as an
insulating shell with a highly conductive interior. Because of the structure
and electrical properties of cells, the magnitude of the transmembrane
potential imposed by an electric field is dependent on cell size and shape.
Consequently, currents established in the extracellular space by such low-
frequency fields are shielded from the cytoplasm by the electrically
insulating cell membrane. This shielding leads to large, induced transmem-
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brane potentials in certain membrane regions. For a nonspherical cell, the
maximum induced transmembrane potential depends on the cell’s orien-
tation with respect to the electric field. The largest induced potentials are
reached in the ends of the cell when the major axis of the cell is parallel to the
direction of the electric field. To predict the tissue electric field strength that
puts a cell at risk of electrical breakdown, the induced transmembrane
potential as a function of tissue field strength must be known.

Major electrical trauma frequently involves the upper extremities, setting
up electrical current pathways as qualitatively depicted in Fig. 3.6. In such
instances, the long axes of most skeletal muscle cells are oriented
approximately parallel to the direction of the electric field lines. The
potentials induced in the ends of these cells are significantly larger than
those experienced by skeletal muscle cells in any other orientation or
experienced by smaller cell types such as fibroblasts (Fig. 3.7). Thus,
skeletal muscle is expected to be particularly susceptible to damage by the
mechanism of membrane electroporation. The same argument holds for
peripheral nerves which are also long, cylindrically shaped cells. In
addition, cells that are surrounded by other cells can be expected to be more
vulnerable than cells on the muscle surface because they experience a larger
imposed transmembrane potential (see Chapter 4 p. 86). Similarly, it is
plausible that muscle damage adjacent to cortical bone is explained by the
higher resistivity of cortical bone.

Pathogenesis of tissue injury

The extent of tissue injury manifested in electrical trauma victims is highly
variable, dictated primarily by the circumstances of injury. For those who
survive the possibility of cardiac arrhythmia, the remaining damage can
range from a minimal skin contact burn with some transient neurological
damage (Fig. 3.8) to extensive vaporization and charring of tissue (Fig. 3.9).
The goal of this section is to interpret the clinical manifestations of
electrical shock in terms of the previous discussion of the biophysical
mechanisms associated with electrical trauma.

The extensive amount of muscle damage frequently manifested in victims
of major electrical trauma has been likened to a crush injury3®37. Over the
past two decades, considerable evidence has accumulated suggesting that
rhabdomyolysis and peripheral nerve injury are important distinguishing
features of electrical injury. The characteristic release of myoglobin from
muscle cytoplasm? into the circulation of shock victims is well documented
and is compelling evidence of rhabdomyolysis. However, the pathogenic
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Fig. 3.6. Illustration of the current path through the upper extremity
during electrical contact. The expanded view demonstrates electric field
lines around muscle cells when the cells are almost parallel to the major
axis of the skeletal muscle cells.
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Fig. 3.7. The relative size of a single skeletal muscle cell versus that of a
fibroblast can be appreciated from this photomicrograph of an 800 wm-
long rat skeletal muscle cell adjacent to a 25 um-diameter fibroblast in cell
culture.

mechanisms responsible for rhabdomyolysis and neurolysis have not been
specifically demonstrated by clinical studies. Joule heating had been
commonly believed to be the only cause of tissue injury in electrical trauma;
this has recently been called into question because the shock victim so often
presents few external signs of thermal injury despite extensive underlying
muscle and nerve damage3®8. Additionally, Lee and Kolodney? postulated
that electroporation may contribute to rhabdomyolysis in electrical trauma
victims.

The relative role of thermal versus nonthermal effects

Many high voltage contacts establish electric fields between 1 and 10 kV/m
in tissues. Examples include the field in the lips of a child who has bitten into
a 110 V power cord and that in the upper extremity of a utility lineman in
contact with a 10 kV power line. But in order to weigh the relative
importance of membrane electrical breakdown and joule heating to the
cellular damage occurring in electrical trauma, the magnitude and time
dependence of the electric field and temperature exposures must be known.



Fig. 3.8. 37 year-old electrician who briefly touched a 208 V line with the
right index finger while his right leg brushed against grounded pipe. (@)
Illustration of the skin contact point on index fingers and area of sensory
loss in radial sensory nerve distribution. (b) Contact point on right leg.
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Fig. 3.9. 18 year-old college student who grasped a fallen tree limb which
had come to rest on a power-line. (a) Remaining right arm which had been
mostly vaporized from prolonged contact. (b) Loss of left hand and left
forearm. (¢) Forearm and hand prosthesis in place after amputation at the
shoulder of the right upper extremity was performed.
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Usually, only the voltage contacted by the victim is known accurately;
statistics from the Edison Electric Institute3® indicate that contacts in the
range of 6000 to 10000 V are the most common cause of nonfatal injuries.
The duration of the contact usually can only be estimated. Hence, the
spatial distribution of both the electric field and the temperature attained in
affected tissues are very difficult to determine. However, a few experimental
and theoretical studies have been performed to attempt to address these
issues.

Chilbert et al., from the Medical College of Wisconsin, performed
experiments on hogs to measure the amount of current flowing into various
tissues during simulated electrical trauma+°#!. They found that, while the
artery and nerve exhibit the largest current densities because of their high
conductivity, muscles carry the highest percentage of current due to their
large cross-sectional area. They also noted that, because of its high
resistivity, bone passes the least amount of current.

A second research group, Zelt et al. from the Microsurgical Research
laboratories of Royal Victoria Hospital in Montreal, developed a high-
voltage electrical injury model which used primates*?43. A computer-
controlled system applied a predetermined amount of energy hand-to-
hand, and the temperature, current, and voltage drop were monitored
at various locations throughout the arm. In agreement with Sances’
results*?, this group of researchers found that the muscle carried the highest



Pathophysiology and clinical management of electrical injury 53

percentage of the current. However, they measured a significantly larger
current in the bone than the Sances team. The highest temperatures were
measured in the muscles with the smallest cross-sectional area and at the
wrists and elbow, where highly resistive bone predominates. Also of interest
was the observation*? of a ‘central core of damage’ in the muscles, even
though measured voltage drops varied little over the muscle
cross-section*#.

In a subsequent investigation, Chilbert et al.*> passed electrical current
through the hind limbs of dogs until the temperature of the gracilus muscle
reached 60 °C. The muscle was removed and both electrical impedance
measurements and cellular histology analysis were performed. Their results
indicated a strong correlation between increases in the extent of cellular
damage and decreases in electrical impedance. While this study clearly
demonstrated that rhabdomyolysis was an important component of
electrical trauma, it was not designed to discriminate between thermal and
nonthermal mechanisms of injury.

To address the question of whether electroporation could account for the
type of muscle disruption demonstrated by Chilbert et al.#3, a series of in
vitro studies were performed?# using rat biceps femoris muscle. Electric field
pulses between 30 V/cm and 150 V/cm that lasted between 0.1 to 10 ms were
applied to a muscle preparation consisting of intact 2 cm long muscles
placed parallel to the applied field. The impedance of the muscle was
measured after 0, 10, 30 and 60 field pulses (Fig. 3.10), which were spaced
30 s apart to allow thermal relaxation. The exposure chamber and muscle
tissue were kept at 10 °C for the entire duration of the two hours of the
experiment. The maximum temperature rise for the largest combination of
pulse width and electric field amplitude was 8 °C, a clearly nonpathologic
temperature peak (<20 °C).

Consequently, it was found that muscle cell disruption and the resulting
drop in impedance was caused solely by electroporation. The probability of
the muscle cell membrane rupture by electroporation was found to increase
with the square of the electric field strength?# and to be proportional to the
duration of cell exposure to the field. Field strengths greater than 60 V/cm
and field exposure durations greater than 0.1 ms were required to cause
membrane damage. Experiments indicated that membrane rupture was
caused directly by the imposed transmembrane potential and was not
spontaneously reversible. Furthermore, it was demonstrated that the
histological pattern of skeletal muscle disruption characteristic of electrical
shock could be reproduced in this model of electroporation injury (Fig.
3.11); scanning electron microscopy also revealed membrane damage (Fig.
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Fig. 3.10. Muscle impedance drop caused by exposure to short duration (d), high-intensity electric field pulses (E). Pulses were separated by
10 seconds. Impedance measurements were normalized to the initial value before field pulses were applied. Each point represents the mean
and standard error of the mean for five muscle samples.
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Fig. 3.11. Scanning electron micrograph (SEM) showing organization of
control (above) and field-exposed (below) skeletal muscle explants. Each
photograph is of a split view showing calibrated (80x) (/ef?) and magnified
(right) views. The magnified view corresponds to the white box on the
calibrated view. Note the twisting of the muscle cell bundle (larger arrow)
and the loss of parallel organization in the field-exposed cells, indicating
cellular disruption. The control did not receive electric shock.



Fig. 3.12. High magnification (2000x) SEM view of the muscle surface in
control (above) and shocked (below) muscles. Note the structural defects
in the membrane of the shocked muscle cell. The crack (large arrows) may
represent a coalescence of smaller defects (small arrows). Arterioles in the
control view (curved arrow) are not to be confused with muscle cells.
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3.12). It is entirely possible that the cellular disruption found by Chilbert et
al. was due to electroporation. Human cells can be expected to be even more
susceptible because they are characteristically larger than the muscle cells
used in these experiments.

In order to address the specific questions relating to the contribution of
heat injury, a better understanding of heat kinetics is needed. To
accomplish this, Tropea and Lee!? undertook a computer simulation of
electrical shock involving the upper extremity. This work is presented in
Chapter 3, p. 36. The simulation is based on data accumulated by the
Edison Electric Institute3? indicating that the majority of contact voltages
for surviving electric utility linemen range from 1 to 10 kV. The data
emanated from that model provide some useful insights into the tissue
temperature dynamics in major electrical trauma victims. From this, it was
apparent that the duration of contact was the most important parameter
governing the mechanism of tissue injury.

Duration of contact

The most meaningful insight into the pathogenesis of tissue injury in
electrical trauma can be gained by evaluating the predictions of the damage
accumulation expression equation (6), given the tissue temperature—time
curves calculated by Tropea and Lee!2. For the distal forearm, more than
0.5 s are required before most of the cells are heat damaged when the hand-
to-hand contact voltage is 10 kV. However, another response is important
to consider. Within 10 to 100 ms (the excitation—contraction response time
of human skeletal muscles), muscles located in the current path will
contract. Depending on the relative hand-conductor position, this can
either induce the victim to improve the mechanical contact by grasping the
conductor or propel the victim away from the contact. Judging from
eyewitness reports, the latter is more common, perhaps because most
victims experience generalized muscle contractions. Under these circum-
stances it therefore seems reasonable to predict contact durations on the
order of 100 ms or less. The most abundant information regarding duration
of contact for accidental electrical shock is from eyewitness reports,
although this is probably the least reliable source. The most common report
is that the victim was instantly ‘blown’ or ‘knocked’ away from the contact.
Until more precise clinical data are available, the relative role of heating
versus electroporation cannot be answered. Additional cellular pathologi-
cal studies may be the only way to address these issues.
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Central role of the cell membrane

The results from the author’s research as well as that by others indicate that
both heat and electroporation damage the cell membrane. This evidence
suggests that the loss of normal integrity of the cell’s plasma membrane
appears to be the most important event in the pathogenesis of electrical
trauma. While supraphysiological temperatures can lead to denaturation of
macromolecules throughout the cell, the weight of the evidence indicates
that the cell membrane is the structure most susceptible to
damage!8-21:22.54_ Of course, under conditions relevant to this discussion,
electroporation only takes place at the cell membrane. In Fig. 3.13,
experimental data from the experiments?? is presented which illustrate
leakage of membrane impermeable dye from rat skeletal muscle cells. The
cell membranes were permeated either by exposure to supraphysiological
temperatures or by exposure to strong field pulses and the amount of dye
remaining in the cytoplasm measured and plotted. These experiments
document that skeletal muscle membrane damage can be caused either by
exposure to supraphysiological temperatures or by electroporation.

Clinical manifestations and treatment guidelines

As a consequence of the confusion regarding the mechanisms of electrical
injury, many empirically established guidelines exist. While major improve-
ments in survival following electrical trauma over the past two decades have
resulted, primarily from advances supporting organismal physiology in
trauma victims in general, few advances have been made towards reversing
tissue necrosis. The goal of this section is to place the foregoing discussion
of electrical trauma and our experimental results into a clinically relevant
context. In addition, an effort will be made to provide some insight into the
rationale for treatment.

Classification of injury

The prevailing practice is to classify electrical injuries as ‘high voltage’ if the
contact voltage was 1000 V or more, or ‘low voltage’ if the contact voltage
was less than 1000 V. This classification is irrelevant to the pathophysiology
of electrical injury because it is the electric field (the spatial gradient of
voltage) which is the significant parameter. The difference between the
electric cord injury to an infant’s lips and a lineman in contact with 10 000 V
is not the field strength or pathophysiology of tissue injury, it is the volume
and site of tissue injured.
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Fig. 3.13. Results from two experiments conducted in one laboratory??
demonstrating that either electroporation or exposure to supraphysiolo-
gical temperatures could damage adult rat skeletal muscle cell mem-
branes. Rapid loss of fluorescein dye from the cytoplasm indicated injury.
(left) Plot of intracellular dye content before (I,) and after (/) the
application of electric shocks to muscle cells oriented perpendicular to the
applied field. (right) Before and after step temperature changes from 37 to
45 °C. The increased rate of dye loss reflects membrane damage. The fact
of perpendicular orientation explains the magnitude of the field strength
required to produce damage.



60 R.C. Lee

Because the vast majority of injuries are caused by contact with
commercial electrical power, no attempt has been made to discuss the role
of frequency as an influential parameter. In practice this becomes a problem
only when injuries from lightning are discussed. With respect to the
charging time of cells, the duration of lightning pulses is very short (< <1
©s), meaning that lightning should be considered as a very high frequency
current. These currents are not amplified by the cell membrane, since the
membrane is no more vulnerable to electrical breakdown than are other
cellular structures. With respect to lightning injury, it is very unlikely for
someone to survive a direct strike by lightning. The heat and mechanical
stress from thermo-acoustic effects are strong enough to split trees.
‘Survivors are usually those who were near a strike and most of their
resultant injuries lie on the skin surface and resulted from complex
electromagnetic interactions.

General considerations

Following current practice, victims of major electrical trauma should be
admitted to a hospital intensive care unit staffed by a multidisciplinary
team. Factors such as the length of contact, the contact voltage, the circuit
paths, clothing worn, and protective circuitry give important insight into
the severity of the injury and should be recorded as accurately as possible;
often the victim sustains a fall after contact which can cause major skeletal
and internal organ injuries as well. It is crucial to evaluate the patient for
blunt trauma before concentrating on the treatment of electrically injured
tissue. Also, because of tetanic contractions induced by electric current,
skeletal fractures and joint dislocations are common. Cardiac arrest can
also be caused by the electric current. Since a victim may have suffered from
cardioversion in a fall, cardiac injury should be suspected in all electrical
accident survivors.

While the current path in electrical shocks are predictable, in very high
voltage shocks (i.e. voltage<50 kV), several entry and exit points are
possible since current paths are established through multiple arcs.
Moreover, standard commercial current (60 Hz ac) reverses direction 120
times a second; a skin contact therefore can simultaneously serve as both an
entry and exit point. That this is not readily understood explains the
common mistake of trying to classify all skin wounds on victims injured by
commercial electric power as either entrance or exit wounds.

Any organ in the current path can be damaged by the joule heating and/
or electroporation resulting from electric shock. In the majority of cases,
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Table 3.4. Basic clinical management principles

Initial Support vital organ systems
Access other injuries: fractures, haemorrhages, etc.
Correct pH and electrolyte imbalances
Fluid volume resuscitation

Early Fasciotomies
Operative debridement Second look procedure:
Urine alkalysation _— { biological dressing or
Treat cardiac muscle primary wound closure
damage

Intermediate Begin surgical reconstruction

Nutritional support

Correct electrolyte disorders
Musculoskeletal splinting
Neurophysiological studies

Late Rehabilitation
Manage neurological sequelae

the clinical picture is dominated by direct injuries to skin, nerve, skeletal
muscle, bone and organs in the cardiovascular system. While secondary
problems often develop in the lung and kidney, this essay focuses on the
organs which are primarily affected in electrical trauma.

Hunt et al. reviewed the widely practised management guidelines for
electrical trauma victims in 1980%°. These have not changed significantly
since they were first published. These guidelines are summarized in
Table 3.4. Because of the variation in deep or occult tissue damage, and our
inability to predict accurately the amount of tissue loss, standard fluid
management guidelines based on the surface wound size cannot be
established. Intravenous fluid requirements are often massive and the
volume of resuscitation fluid should be guided by the urine output and the
presence of myoglobulinuria. Thus, maintaining adequate perfusion
pressure and monitoring acid—base balance are important. While these
guidelines provide for the initial overall management of the patient, they
are not specific to preventing ongoing tissue loss nor reversing myonecrosis.

Cutaneous injury

The high-voltage electrical trauma victim usually presents with charred
skin craters at the contact sites and an adjacent area of inflamed,
oedematous skin (Fig. 3.14). However, there is no correlation between the
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Fig. 3.14. Sharply demarcated wound on the knee of a shock victim who
was kneeling during contact.
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size of the contact skin injury and the actual total extent of all injuries. The
total extent of injury to the victim is nearly always more extensive than is
apparent. Frequently, there is charred tissue surrounding the skin craters
which requires debridement. Flame burns are frequently found in
association with electric shock because clothing was ignited by an arc.
Several clinical reports list electrical injury victims according to the
percentage of the skin surface area burned. Clearly, there is not much value
in this other than to record the extent of flame burn as a comorbid factor.

As stated above, an ambient air temperature of a 3000 °C electrical arc is
enough to cause substantial skin injury, even when no current actually
passes through the victim. The depth of such a burn is related to the
duration of exposure and may be predicted from models published by
Diller'® and Palla!’. Occasionally, injured victims will arrive at the
emergency room covered by a black coating. This can result from the
metallic contacts being vaporized by the arc, followed by metal condensa-
tion on the epidermis (Fig. 3.15), an effect which can give the illusion of an
eschar. The most important concept to realize is that victims of arc burns do
not suffer the same injuries as those whose injuries result from current flow
through the body. Instead, arc burns should be treated as thermal burns.

Nerve injury

When the victim makes direct contact with a current, acute peripheral and
central nerve damage almost invariably occurs and must be identified. Even
when the victim has experienced relatively minor trauma, some peripheral
nerve injury is common (Fig. 3.8). In fact, in many instances where only a
brief shock without other system injuries had occurred, peripheral nerve
dysfunction is often the only manifestation of the injury. The relatively high
vulnerability of nerves is consistent with the fact that their space constant
(An>1 mm) is quite large compared to the small size of other cells. Thus,
theoretically, peripheral nerves should be highly vulnerable to damage by
electroporation.

Peripheral nerve damage may be manifested by paraesthesia, dysaesthe-
sia or anaesthesia, or as a motor nerve dysfunction. If abnormalities are
found on physical examination, nerve conduction measurements of
peripheral nerves must be made to assess quantitatively the extent of
damage and precisely localize the conduction blockade. Patients with
peripheral nerve damage may regain sensory and motor functions
spontaneously in a matter of several weeks if the surrounding tissue is
healthy and if there has not been a large thermal component in the injury.
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Fig. 3.15. The left upper extremity of an electrician whose wrench
contacted two conductors in a circuit breaker box. The wrench was
partially vaporized, leaving a black coating on the burned epidermis. The
skin received mostly partial thickness burns.
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These clinical findings support our theoretical hypothesis that peripheral
nerves are the tissues most vulnerable to injury. Therefore, repeated clinical
and neuro-physiological examinations are essential for establishing a
prognosis as well as for guiding the therapeutic course.

Particularly in cases in which nerve injury is the only form of damage
(other than with skin contact burns), the evidence points to electroporation
as the prominent mechanism of injury. It is unlikely for the peripheral nerve
to reach substantially higher temperatures than surrounding tissues,
although the relative susceptibility of nerves to heat injury is not clinically
established. However, it does not seem likely that peripheral nerve
membranes would be more vulnerable to heat injury than other mamma-
lian cell membranes. If contact duration is long enough to produce high
temperatures, heat injury will also be a factor. The conductivity of
peripheral nerve tissue is between 20 and 50% higher than surrounding
tissues. Because the rate of joule heating is proportional to the conductivity,
as shown in Equation (4), the temperature change in nerves could be
somewhat higher than in the surrounding tissues. But since nerves are
usually less than 1 ¢cm in diameter, heat conduction to surrounding tissues
will buffer this effect.

Skeletal muscle injury

Injury to skeletal muscle tends to dominate the clinical picture of electrical
trauma3¢37, Fixed, contracted muscle in the rigor state is one of the clinical
hallmarks of major electrical trauma, resulting, as it does, from muscle cell
disruption. By virtue of their large size, skeletal muscle cells are certainly
more vulnerable to injury than smaller cells in other tissues (with the
exception of peripheral nerves). Although it seems unlikely, they may also
be more vulnerable to injury from exposure to supraphysiological
temperatures, for reasons discussed on pp. 34-614-15.18.22,

The importance of this is underscored by the common finding of
nonviable muscle covered by viable fascia, tendons, and other subcuta-
neous tissues. In fact, muscle layers adjacent to bone seem to be more
vulnerable to electrical injury than more superficial muscles. This certainly
could not be predicted by the temperature dynamics shown in the chapter
by Tropea and Lee!#. The findings of Zelt ef al., increased injury in the
central core of muscles, are also enigmatic in light of this data. The
inconsistency between the pattern of injury and that predicted by the
solution to the bioheat equation suggests that an alternate mechanism of
injury, such as electroporation, may be acting synergistically.

Because of the nonuniform pattern of damage to skeletal muscle and
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because of the inability to detect visually changes in electroporated muscle
tissues, methods for localizing the damaged muscle are needed. The
resistivity of electrically injured muscle decreases proportionately to the
extent of cell membrane lysis?4#5. Thus, identifying instances of this
damage is crucial if we are to distinguish between apparent and actual
viable muscle tissue. We have found that technetium-99m stannous
pyrophosphate (Tc-PYP) radionucleotide scanning is useful in localizing
nonviable muscle in electrical trauma victims because it is sensitive enough
to map large areas of damaged muscle®®. The isotope is administered
intravenously and the scan is performed 2 h later.

Compartment syndrome and compression neuropathies are other
common manifestations of an electrically traumatized extremity. Within
minutes after injury, tissue oedema begins to increase due to increased
vascular permeability and release of intracellular contents into the
extracellular space. If peripheral sensory nerves are intact, pain with passive
flexion and extension may, if present, be useful as an early finding of
compartment syndrome. The most common compartments affected are
those of the forearm and the leg which have two and four compartments,
respectively. When one compartment is damaged, the adjacent ones also
must be decompressed.

Escharotomy and fasciotomy may be required anywhere on the body and
should be performed even if compartment syndrome is only slightly
suspected (Fig. 3.16). Tense compartments may be recognized by palpa-
tion, and compartment pressures should be documented. Compartment
fluid pressures in excess of 30 mm Hg are abnormal and indicate the need
for fasciotomy. However, measurements of fluid pressures in smaller
compartments, such as the intrinsic muscles of the hand, are notoriously
unreliable, and fasciotomy should be performed empirically whenever the
high voltage trauma involves the hand.

Releasing of intracellular muscle contents into the circulation can cause
significant electrolyte derangements. Elevated temperatures lyse red blood
cells in the current path, releasing nephrotoxic-free haemoglobin in the
serum and acute anaemia. Blood assays including haematocrit, haemoglo-
bin, serum electrolytes (Na*, K*, C1~, HCO,~ and Ca2?™"), and arterial
blood gases should be obtained immediately. Additional studies including
blood and urine myoglobin, plasma-free haemoglobin and isoenzymes of
creatinine phosphokinase levels should also be obtained to guide therapy.
Peripheral pulses and arterial pressures should be accurately determined by
Doppler assay to rapidly diagnose significant vascular compromise. We
have found arteriography to be only rarely helpful; moreover, Clayton et
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Fig. 3.16. Wide forearm fasciotomy in a male electric shock victim. Note
the bulging muscles and the widely gaping skin edges. The muscle appears
viable at this point, approximately 4 hours after injury. Several days later,
some forearm muscle was debrided before final skin grafting.
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al.5® have found in a large study that major arteries usually remain patent
after electric shock.

After initial resuscitation, patients with high-voltage electrical injuries
requiring decompression of their extremities should be taken to the
operating theatre without delay. Escharotomies may be performed at the
bedside, whereas fasciotomies should be performed in an operating room
environment. Decompression of compressed compartments is one of the
most important steps for treatment. Fasciotomy may salvage an otherwise
moribund muscle group. The superficial and deep muscle compartments
must be opened and frequently it is helpful to release the epimysium which
may also cause constriction. Frequently, the release of a muscle compart-
ment is followed by massive bulging of muscle and a readily observed
increase in tissue perfusion. When the electrical current path is through the
hand, the intrinsic muscles of the hand should be similarly decompressed.
Similarly, the nerves must be released from any potential sites which may
cause compression, i.e. carpal tunnel, Guyon’s canal and the cubital tunnel.
Well-fashioned splints are essential to maintain joints in a position of
function and to protect vascular perfusion.

Deciding at the initial operation what muscle tissue is irretrievably
injured and requires debridement is a difficult problem. Electrically
damaged muscle is often normal in appearance at initial exploration, unless
there has been severe heat exposure. Even muscle which incorporates Tc-
PYP may appear normal on first inspection. The most widely practised
surgical approach is to reinspect the wound and debride obviously necrotic
tissue every 48 h. Between debridements, allograft is applied to decom-
pressed, exposed viable muscle, and mafenide (Sulfamylon) is applied to
marginal tissue every 6-8 h. Mafenide is the topical antimicrobial of choice
due to its penetrating power and its action against Clostridium perfringens.
Closure should wait until a wound is in bacteriological balance and free of
all dead and/or marginal tissue. Whether the recognition of additional
nonviable tissue at each of the serial debridements represents ‘progressive
necrosis’ or ‘progressive recognition’ of fatally damaged tissue remains an
unresolved question.

Skeletal injury

Skeletal injury often accompanies major electrical trauma. Cortical bone
has a much higher heat capacity than surrounding soft tissues; conse-
quently, it takes tonger to cool. Because the periosseus muscles are more
vulnerable to injury than more superficial muscle groups, it is commonly
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believed that joule heating is responsible for the bulk of heat damage to the
surrounding tissue. This explanation would only be valid in circumstances
where both bone and muscle are electrically in series rather than in parallel.
The latter seems to be most prevalent. Based on our theoretical model, we
have shown that the temperature of muscle rises more quickly than bone.
Thus, the belief that muscle injury results from bone heating is unlikely.
The most common skeletal injuries are related to powerful tetanic
contractions by the muscle which lead to long bone fractures, joint
dislocations and cervical spinal features. These should be managed
according to standard procedures. Management of electrically damaged
bone obeys rules for other types of skeletal trauma of which the basic tenets
are debridement and early coverage with vascularized soft tissue. Pro-
longed exposure and subsequent drying should be carefully avoided. Late
problems such as heterotopic ossification of tissues and skeletal growth
disorders in injured adolescents often require surgical correction.

Rehabilitation

Sensory and motor functions in injured extremities may be severely
impaired, requiring extensive postoperative therapy and functional recon-
struction including tendon transfers and nerve grafting. The decision to
salvage an electrically injured extremity should be carefully weighed against
the potential for significant morbidity and mortality, especially when a
cold, insensate, stiff extremity will be less useful to a patient than a
functional prosthesis. This decision should be made as soon as possible to
minimize the risks as well as the physical and psychological effort invested
in salvaging an extremity that will be amputated eventually.

The late sequelae of electrical injury are generally the consequence of
acute tissue loss or damage; the extent of tissue damage may not be
recognized immediately. Neuromuscular problems usually result from
muscle fibrosis and peripheral neuropathies, coupled with loss of tissue
from debridements and joint stiffness. Sensorimotor neuropathies, paraes-
thesias, dysaesthesias, and reflex sympathetic dystrophy may persist long
after the wounds have healed. Cold intolerance may persist for 2 to 3 years,
and growth disturbances producing skeletal deformities in children are
frequent long-term sequelae.

The aetiology of many of the late sequelae of electrical trauma is
unknown. Cataracts occur in 1-2% of victims even though the current path
obviously did not involve the head or the neck. A full spectrum of central
neurologic disorders has been described as late sequelae of electrical
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shock®!. Paraplegia and tetraplegia have been reported to appear even 5
years after the injury’. Subtle mental status and personality changes may
severely affect the patient’s motivation and participation in the rehabili-
tation programme that is crucial to regaining optimum function.

Horizons in management

The weight of existing evidence suggests that the underlying pathophysio-
logy of electrical trauma is concentrated at the level of the cell membrane.
This is of paramount importance. Conceptually, if the cell membrane is
resealed soon after rupture, the cell may survive. In fact, cells are known to
survive transient membrane permeabilization. Electroporation has been
used for two decades in research involving the exchange of proteins between
cells and for inducing a membrane impermeable agent into the cytoplasm
during research. Mechanical disruption of cells by scraping them from the
culture plate is another widely used technique for loading fluorescent
probes into cells. However, these techniques are successful only if the cell
survives. Many investigators report informally that cells survive transient
permeabilization that lasts for up to 45 minutes. Whether cells in vivo will
survive transient membrane permeation requires further investigation.

Several years ago, we began studies designed to identify physiologically
tolerable agents which can seal permeated cell membranes. Recently several
synthetic macromolecules were found that appear to fulfill this objective.
Among these agents, a water soluble, electrically amphipolar poloxamer
188 (an 8 kD reverse tri-block co-polymer may be useful clinically in
reversing areas of tissue loss.

In a series of cell culture experiments utilizing poloxamer 188, adult rat
skeletal muscle cells were harvested as described above3S and maintained
under standard culture conditions. The cells were then loaded with the
fluorescent dye carboxyfluorescein diacetate. Cytoplasmic enzymes cleave
the diacetate groups which render the dye membranes impermeable. Next,
cells were subjected to a single, 4 ms duration, 400 V/cm electric field pulse
while under epifluorescent imaging. The amount of dye remaining in the
cytoplasm was measured by video image analysis. The effect of the co-
polymer on membrane integrity was measured by adding 8 mg/ml of the co-
polymer to one group of cells 3 min after the shock while the control group
received phosphate-buffered saline instead of the co-polymer. Data from
individual control and co-polymer treated cells are shown in Fig. 3.17 and
indicate that the presence of the co-polymer reversed the membrane
damage. Preliminary results from a second series of experiments suggest
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Fig. 3.17. Normalized intracellular carboxyfluorescein content before and
after delivery of a single 400 V/cm, 4 ms duration electric field pulse while
the cell is oriented perpendicularly to the field. Note the effect of adding
PBS (the control, represented by open circles) or the R-21 co-polymer
(treated cells, closed circles) 3 minutes after applying the electric field on
the rate of dye loss.

that the co-polymer will reseal cell membranes damaged by exposure to
temperatures up to 50 °C. Further study of this effect is currently in
progress. Pre-incubating cells in media containing the co-polymer also
seems to stabilize the membrane against electroporation injury®2.

Other potential strategies for resealing the membrane include using
naturally occurring fusagenic proteins (Table 3.5) and relatively unstable
lysosomes comprised of lyso-phospholipids and either DMSO or choles-
terol (Fig. 3.18)%3. Another approach for improving cell survival is the use
of pharmacologic agents to block ion channels on the remainder of the
intact membrane. Research along both of these possibilities is progressing.

Summary and conclusions

The pathogenesis of electrical injury is more complex than was once
thought. The cellular membrane damage evidenced by myoglobin release
may occur by either heating or electroporation. The relative contributions
of heat and electroporation depend on the duration of electric current



72 R.C. Lee

Table 3.5. Bilayer lipid membrane fusion promoters

Promoter Source

Synexin Membrane intercalating—calcium binding
protein ubiquitous in secretory cells

Calelectrin From the electric organ of electric fish

Lectins (a) Wheat germ agglutinin

(b) Ricinus communis agglutinin
(c) Soybean agglutinin

Clathrin Ubiquitous protein in almost all cells
Sperm proteins (a) Bindin
(b) Lysin

passage, the orientation of the cells in the current path, their location and
other factors. If the contact time is brief, nonthermal mechanisms of cell
damage will be most important but when contact time is much longer, heat
damage predominates. The time before heat damage becomes significant is
a function of the electric field strength in the tissue. When heat damage
predominates, the injury may no longer be limited to the plasma membrane
alone. If other intracellular membranes are involved, damage is likely to be
irreversible. These parameters also determine the pattern of injury.
Damage by joule heating is not known to be dependent on cell size, whereas
larger cells are more vulnerable to membrane breakdown by electropo-
ration. Cells do survive transient plasma membrane rupture under
appropriate circumstances. So, if electroporation is the primary mechanism
of damage, then injured tissue may be salvageable and the challenge for the
future is to identify a technique to promptly reseal the damaged
membranes.

Current therapy requires a fully staffed and well-equipped intensive care
unit, available operating suites and the full range of available medical
specialists. Major teaching hospitals are usually the prime candidates for
operating an electric trauma unit. After the initial resuscitation, efforts
should be directed primarily towards preventing additional tissue loss
mediated through the compartment syndrome, compressive neuropathies
or the presence of necrotic tissue. Renal and cardiac failure due to the
release of intracellular muscle contents into the circulation must be
prevented. Attention can then be directed towards maximizing tissue
salvage and preventing late skeletal and neuromuscular complications.
Finally, complex reconstructive procedures are needed to optimize the
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Fig. 3.18. Spontaneous resealing of electroporated plant protoplasts by
the addition of Lyso-PC lysosomes (vesicles) to the bath as demonstrated
by Nea et al.%3

functional value of the remaining tissue. These goals should be borne in
mind throughout the acute care of the patient.

In the future, new guidelines for treating electrical trauma will be based
on a clearer picture of the relevant pathophysiology. These strategies will
rely on improved diagnostic imaging and on reversing the fundamental
problem of cell membrane damage. Moreover, complex biochemical and
organ system pathophysiologic interactions will have to be carefully
managed®*. Research is presently directed towards improving understand-
ing of these basic issues. If successful, these efforts should tremendously
improve the prognosis of victims following electrical trauma.
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Nomenclature

Terms

X = arbitrary damage accumulation function
7.= duration of tissue exposure to damaging supraphysiologic
temperatures
o= electrical conductivity
= electrical potential function
A= electrical space constant of the cell membrane
= energy required to open a membrane pore
¢ = interfacial energy per unit area of cell membrane
p= mass density
$,,= membrane thickness
o= proportionality constant
&)= pulse for 1, seconds
= rate of cell membrane damage at temperature equal to infinity
= resistance in ohms
= gpatial derivative
«= thermal conductivity
wp= volume rate of perfusion
= amperes
= energy of activation barrier height
¢= specific heat
¢ = membrane capacitance per unit length of cell
= electrical field
= capacitance in farads
G.= conductance of a portion of the membrane at the end of the cell
g = membrane conductance per unit length of cell
= empirical heat transfer coefficient
= total current
J= current density
= forward reaction rate constant
= cell half-length
LT,,= contact time needed to cause injury to 50% of a population of cells
P= power distribution density
¢ = heat metabolism
¢,= heat flux at skin—air interface
= universal gas constant
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ri= cytoplasmic resistance per unit length of cell
r,= extracellular space resistance per unit length of cell
S'= siemens (mho)
t= time
T= tissue temperature in K
T, = temperature of the air
T, = temperature of blood
T,= temperature of surface skin
u(t) = step function
V= volts
V.= voltage drop across the full length of cell
V= transmembrane potential
W= watts
x,y= Cartesian coordinates of transverse cross-section
z= longitudinal coordinate

Subscripts
air= air
b= blood

¢= conduction
h= heating phase
m= membrane
n= node

s= surface

t= tissue
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Part I1:

Clinical manifestations and
management
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Soft tissue patterns in acute electric
burns

JOHN L. HUNT

As regards the United States of America where electricity is very extensively
employed, I have been unable to find any statistical records. One must remember
that in America life is held very cheap, and that safeguards and protective
legislation tend to be regarded as undue restrictions upon industry and commerce.
Jex-Blake (1913). Death by electric currents and lightning. British Medical
Journal, 3.

Electric burns represent a unique form of thermal injury. While flame burns
have obviously occurred since antiquity, commercial electrical injuries are
relatively recent in origin. Prior to the introduction of commercial
electricity in the later part of the nineteenth century, lightning, no doubt,
was responsible for the morbidity and mortality associated with electricity.

In 1982, in the United States, lightning was responsible for approxima-
tely 250 deaths, more than by any other natural disaster!-2. Lightning
injuries account for very few admissions to burn units: there have been only
seven patients, ages ranged from 11 to 35 years with a mean total body
surface area (TBSA) of 12%, admitted to the Parkland Memorial Hospital
(PMH) burn unit. No patient required a burn operation, and there were no
deaths.

Electrical burns constitute approximately 5% of ail admissions to major
burn units in the United States3. At the PMH burn unit, 463 patients were
admitted with an acute electric burn over a 13-year period, including 75
patients whose injury was due to an electric arc and therefore no flow of
electricity through the body. The other 388 patients had electricity enter
and leave their body. The mean age of the latter group was 28 years with a
range of less than 1 year to 82 years (Fig. 4.1) and their average total body
surface area burn was 11% (range 1-68) (Fig. 4.2). The injury most often
involved a white male (only 7% were females), usuaily over 20 years (77%),
often injured while at work (85% of all high-voltage injuries), with contact
sites on one or more extremities (85%), and often on the dominant
extremity. The mean hospital length of stay was 21 + 24 days, range 1-196,
and amode of 1 day, significantly greater than for all nonelectric burns with
a similar mean burn size — 12 days. Of 302 operative procedures, performed
in 101 patients, the mean was 3 with a range of 1-10. Seventy-one patients
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Fig. 4.1. An analysis of electric burns with age (Parkland Hospital 1975—
1988). 388 patients.

had fourth-degree (involving muscle) burns and twenty-five patients had
multiple amputations. Once discharged, intensive physical and occupatio-
nal rehabilitation was required in many patients with high-voltage injuries.
The ultimate result was often unsatisfactory because of functional
impairment (contractures, amputations, neurologic impairment, catar-
acts), cosmetic disfigurement and psychological disability. The majority of
victims with a major amputation did not return to their previous
occupation#,

A number of factors, both electrical and physical, interact when the
victim comes into contact with electricity>~7. In order to diagnose and treat
the variety of soft tissue patterns associated with electric burns, a basic
understanding of the relationships between amperage, voltage and tissue
resistance is important. In most accidents, only the voltage is known,
amperage and resistance are virtually impossible to determine. Both the
length of time and the area of contact with the electrical source are
important determinants of the depth and extent of the injury®. Although
skin resistance at the contact sites initially acts as a barrier to the flow of
current, it does so for only a short time, and once resistance is overcome,
current flows. The thick skin on the palm of the hand and sole of the foot or
wet surfaces such as the lips are examples of local wound conditions that
affect current flow. For practical purposes, contact sites in high-voltage
accidents offer no significant barrier to the flow of current.

There is no longer controversy as to whether only heat is responsible for
the tissue necrosis in electrical burns; recent experimental studies have
identified high concentrations of various metabolites of arachidonic acid,
specifically thromboxane A2 and prostaglandins, in areas of muscle
necrosis®. Lee ef al. presented experimental evidence that cell damage is
caused by short-term nonthermal effects of electric fields!®11.
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Fig. 4.2. An analysis of electric burns in 50 patients 1975-1988.

Electrical injuries are arbitrarily divided into high and low voltage, the
former being any injury due to more than 1000 volts'2. Electrical burns are
caused by one or both of the following mechanisms: either the current
passes through the body or the electricity arcs'3. The former causes
cutaneous and deep tissue injury both locally and distant from the contact
sites. An arc is composed of ionized particles which heat the surrounding
gasses to as high as 3000 °C.'* A cutaneous burn occurs and, if the clothes
are ignited, a large surface area may be burned deeply. Local deep soft
tissue will be burned because of the very high temperature, but no remote
muscle damage occurs.

Amperage plays an important part in the pathophysiology of the injury,
and this will be discussed in more detail in a subsequent chapter. Current of
less than 0.2 mA evokes a startle reaction from the victim. While this does
not result in any cutaneous injury, it may cause the victim to lose balance
and fall thereby sustaining associated physical trauma. If 0.6 mA is
contacted, the victim usually is not able to let go of the electrical source.
This produces a very painful experience, but no major tissue damage. A
current of 100 mA causes respiratory paralysis presumably due to a direct
effect on the respiratory centre in the brain. As little as 1.5 A causes
ventricular fibrillation and sudden death, often with no evidence of a
cutaneous burn.
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Low-voltage accidents usually occur in and around the home and are
often associated with young age-groups!®. Only 5% of patients below the
age of 19 and less than 2% under the age of 10 sustained a high-voltage
injury in the PMH series of patients admitted to the hospital. Electric burns
occurring in the home are usually from 120 volts 60 cycle current, and
usually result in minor cutaneous burns and minimal-to-no soft tissue
damage. There are some home power tools and industrial machines that use
220 and 440 volts; although not classified as high voltage, they are none the
less capable of causing significant superficial and deep tissue burns. A
notorious low-voltage household injury that can cause serious functional
and cosmetic sequelae occurs when the victim, usually less than 5 years of
age, bites on an electrical cord!%-!7. Contact points typically occur at one or
both angles of the mouth and result in coagulation necrosis of the oral
commissure (Fig. 4.3). The gum and tongue may be burned, and, if the
latter is severe, rapid intra-oral oedema can cause airway compromise early
after the injury. Conservative therapy is recommended with close follow-up
for 6 to 10 days after the accident because spontaneous haemorrhage may
occur from the coagulated branch of the facial artery or vein. Various
devices and techniques are used to minimize scarring. The contracture often
results in some degree of microstomia!® and reconstruction is delayed until
the scar is mature.

Direct-current injuries are infrequent, but include encounters with
lightning, automobile batteries (very high amperage and low voltage),
electroplating, and the power supply for some public transportation
systems. There were no patients admitted with direct current injuries in the
PMH series.

When electrical energy is converted to thermal energy, coagulation
necrosis of tissue occurs at the point(s) of contact. Electric contact sites are
typically areas of third or fourth degree burns, have discrete borders, and
very often are not surrounded by second degree burn!® (Fig. 4.4). The
central part of the contact is depressed, brown—black, charred, dry and
insensate.

In the medical literature, and in the clinical environment, contact areas
are referred to, and often incorrectly, as entrance and exit sites?®. The exit
wound corresponds to the site where the current left the victim. Clinically,
this often represents the worse area of tissue destruction. In high-voltage
electrical burns, this contact site often appears as a ‘blowout’ type of wound
because it appears as if the electric current ‘exploded’ from skin. Skin and
subcutaneous tissue may be destroyed exposing thrombosed vessels,
nerves, fascia, bones or joints (Fig. 4.5).
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Fig. 4.3. Low-voltage electrical burn sustained when child bit on bare wire
of electrical cord. Lip, gum and tongue burned. Tip of tongue was cut in
half (see black arrow). Massive intra-oral oedema necessitated airway
intubation in first 24 hours of injury.
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Fig. 4.4. Contact site on sole of foot from high-voltage electrical burn.
There was no surrounding second-degree burn.

Gross inspection of the cutaneous injury does not give the examiner any
indication as to the extent of involved underlying tissue. Electrical burns
have been compared to icebergs. Deep or ‘hidden’ tissue damage may be
present with a minor cutaneous burn. For practical purposes, the most
common tissue injured is muscle. The ‘hidden’ tissue damage accounts for
the greatest morbidity, functional impairment and cosmetic disfigurement
associated with electric burns.

Oedema occurs in the skin, subcutaneous tissue and muscle when
electrical current travels through the tissue. While the oedema is usually
greatest around the contact sites, it extends for a considerable distance
proximally and distantly and is worst in the first 24 hours after the burn. If
compartmental pressure exceeds about 30 mm of mercury, muscle
perfusion pressure is exceeded and ischaemia occurs, initially lymphatic,
then venous, and finally arterial flow ceases. Oedema formation is
accelerated by the rate and volume of resuscitation fluid administered. The
presence of oedema does not imply that nonviable muscle is present, but the
possibility certainly exists. The most common muscle compartments
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Fig. 4.5. A typical contact site referred to as ‘blow out’ injury. Often
identified incorrectly as an exit wound.

affected are in the forearm and calf, where each has muscle compartments
separated by two bones with tight, investing fasciae and intermuscular
septa. The forearm and calf have two and four compartments respectively;
all must be decompressed. The anterior and lateral compartments of the leg
are most susceptible to increased pressure and manifest signs of ischaemia
earliest. The physician treating an electrical burn must maintain a high
index of suspicion because failure to recognize and decompress the
compartments will result in additional muscle, often of the entire
compartment, requiring extensive debridement and even amputation. In
the PMH series, 90% of the fasciotomies were performed within 4 to 6
hours of injury; the rest were later because patients were transferred major
distances to the unit.

The presence of any of the following physical signs or symptoms
mandates immediate re-examination and appropriate therapeutic interven-
tion: poor capillary refill, absent or diminished pulses, tight muscle
compartment to palpation, paraesthesias, numbness, tingling, a cold
extremity, and pigment in the urine. Although pigment indicates either
haemoglobin or myoglobin, the latter is the common haemochromogen in
electrical burns. It is noteworthy that nonviable muscle can be present in an
extremity with palpable pulses and haemochromogens absent from the
urine.
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Myoglobinuria is characterized by pink to port wine coloured urine. The
colour of the urine is directly proportional to the pigment load which is
related to the volume of muscle damaged: the darker the colour of the urine
and the greater the pigment load. Anyone either suspected of having muscle
necrosis or involved in an accident with sufficient voltage to injure muscle
must have the urine examined. The first urine sample obtained may be clear
because it represents the volume in the bladder prior to the injury. Once
fluid resuscitation commences, the urine may quickly change colour. Low-
voltage household accidents are rarely accompanied by myoglobinuria.
Regardiess of the type of electrical accident, if myoglobin is present, both
the rate and volume of the resuscitation fluid must be increased, and the
need for fasciotomy determined.

A fasciotomy is both diagnostic and therapeutic?!. While nonviable
muscle may be identified through the fasciotomy sites, muscle may be
ischaemic from hypoperfusion and hypovolaemia, or as a result of vascular
compression from oedema in a tight muscle compartment. Once the
intravascular volume and peripheral perfusion are restored, muscle
perfusion improves, and clinical assessment of muscle viability is easier and
more accurate (Fig. 4.6(a), (b)).

X-rays of the soft tissue surrounding the entrance and exit sites on rare
occasions reveal free air. The air entered through the wound at the time of
electric shock, and does not indicate the presence of an anaerobic infection.
Soft tissue X-rays should be obtained if there is any reason to suspect
skeletal injuries such as fractures and dislocations.

If the victim is thrown against something, or falls from a height,
associated trauma is possible. Common injuries include: cerebral concus-
sion/contusions, fractures, dislocations, especially vertebral, and bleeding
from solid organ trauma. In the PMH series, there was one each of a
traumatic rupture of a spleen, and bladder associated with a fall, and each
patient required emergency laparotomy on the day of injury. Careful
evaluation of the patient for the presence of blunt trauma is an integral part
of the acute management.

Clinical examination of an extremity with a high-voltage contact point
often reveals no evidence of muscle damage. Even at the time of fasciotomy,
an accurate identification of the proximal and distal extent of necrosisis not
possible. There is usually no sharp demarcation between the viable and
nonviable muscle. Necrotic muscle is most prevalent under, and adjacent
to, the contact sites, and the more distant the muscle from the contacts, the
less the muscle necrosis. This is explained partially by visualizing an
extremity as a volume conductor®. The current, and thus the heat produced



Fig. 4.6(a). High-voltage burn with a contact site on left foot. Clinically, there were no pulses in the foot and the anterior
and lateral muscle compartments in the calf were swollen and tight to palpation. Note the dark urine indicative of
myoglobin.



the medial fasciotomy incision.
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Fig. 4.7. This muscle was excised from an area with grossly viable muscle.
Note, in the lower half of the section, the muscle has nuclei and there are
muscle striations, indicating viable muscle. In the upper half, the muscle
appears pale, and is without nuclei and striations, indicative of nonviable
muscle.

at the time of injury, is concentrated at contact sites, the volume of the
extremity increases proximally and decreases distally, explaining why tissue
injury becomes less severe proximally and often worse distally. The classic
clinical example of this is when a contact site is over the wrist. The hand and
most of the upper forearm may be spared, but significant tissue damage
exists at the wrist.

The phrase ‘progressive muscle necrosis’ is a term frequently used by
surgeons when describing the phenomenon of having to subsequently
debride muscle that had grossly appeared viable only several days before?2.
Whether this muscle was irreversibly injured at the time of the burn, yet
grossly appeared normal at surgery, or was in fact initially uninjured and
then subsequently died, still remains a mystery. This can be explained to a
certain extent if muscle is biopsied and examined histologically (Fig. 4.7). In
areas of grossly viable muscle, it is common to identify significant amounts
of nonviable muscle. The clinician is simply not able to see microscopic
areas of viable and nonviable muscle with the naked eye.

Because the clinical identification of nonviable muscle is difficult both
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acutely when the skin is intact, and even when the muscle is exposed, this
may be a problem a number of days after the injury. Various tests have been
proposed. The following three offer insight into the pathophysiology of the
injury, but are not practical or useful in the clinical setting. Clayton et al.
used !'3'Xe washout technique to identify muscle ischaemia?3. A decrease
in muscle blood flow was felt to represent nonviable muscle. Hunt et al.
evaluated arteriography2*. The findings substantiate what was apparent
clinically, large calibre muscular vessels remain patent in areas with
extensive muscle necrosis. Unfortunately, current arteriographic tech-
niques do not provide sufficient resolution to allow visualization of the very
small intramuscular branches, which are the sites of vascular thromboses.
Typical vascular abnormalities noted in areas of injured muscle include
spasm, narrowing, ‘beading’, and occlusion. Because of the potential
nephrotoxicity of the dye when used in a hypovolaemic patient, as is often
the case of a patient with a severe electrical burn, it is not recommended in
the acute resuscitation period. Quinby et al. recommended using both
frozen and permanent histological evaluation of tissue debrided to
determine muscle viability?®. The authors felt this technique minimized
tissue loss and aided in the early closure of the burn wound. Unfortunately,
the technique is both time-consuming and expensive. It may be possibly a
valuable technique to guide debridement when cosmetic or functional
considerations are of highest concern, such as on the face or hand. It is
impractical when debriding large volumes of tissue in multiple locations.

Technetium-99m stannous pyrophosphate (Tc-PYP) scintigraphy was
first proposed as a noninvasive diagnostic study to identify infarcted
myocardial muscle?6. It has also proved useful to identify nonviable
skeletal muscle in electrical burns?7. The agent is injected 24 hours after
injury, and the suspected areas of muscle damage are scanned 2 hours later.
Increased uptake of Tc-PYP indicates binding with intracellular calcium in
irreversibly injured muscle. Blood flow must be intact to muscle for the
binding to take place. An additional diagnostic benefit is also provided. The
radioactive agent concentrates in viable bone after intravenous adminis-
tration?8. Lack of uptake in bone, under or adjacent to, contact sites
indicates poor perfusion and possibly damaged bone (Fig. 4.8(a), (b)).
Unfortunately, there is often overlying injured muscle which obscures the
uptake in the bone. Absence of blood flow is indicative of irreversibly
injured muscle and a ‘cold’ area is seen on scan (Fig. 4.9(a), (b)). Blood flow
to areas of nonviable muscle enables the Tc-PYP to bind with the calcium
that was released from the injured cells. These areas are identified on scan
by increased uptake of the Tc-PYP or ‘hot spots’ (Fig. 4.7). Because the



Fig. 4.8(a). Contact site on head. Bone is exposed, an associated C-spine dislocation present.
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Fig. 4.8(b). A Tc-PYP scan of the calvarium. The ‘halo’ represents absent
perfusion of the bone. A local scalp graft was rotated over the area on the
seventh postburn day.

sensitivity of the scan is high, and the resolution of the X-rays so limited,
care must be exercised when correlating scan-positive areas with the
corresponding area view grossly. The scan graphically demonstrates the
‘patchy necrosis’ of muscle that so characterizes electrical burns. Muscle
identified on scan as irreversibly injured may appear grossly normal, but,
when a biopsy of the muscle is viewed histologically, varying proportions of
viable and nonviable muscle are identified, the proportions depending on
the location of the biopsy from the contact site. Clinical assessment of
viability must always be the ultimate determinate as to whether muscle
needs to be debrided.



Fig. 4.9(a). A Tc-PYP scan of the right wrist demonstrating an area of nonviable muscle which has no blood flow and therefore a
‘cold’ spot surrounded by increased uptake ‘hyperaemia’ also indicative of nonviable muscle. The left hand is normal on scan.



Fig. 4.9(b). At exploration of wrist, the superficial flexor muscles were grossly viable, but the pronator was
nonviable (corresponding to the ‘cold’ spot on scan).
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Location Number of patients
Upper extremity

Above elbow 12

Below elbow 12

Hand 1

>1 digit 20
Lower extremity

Above knee 3

Below knee 11

Fig. 4.10. An analysis of amputation locations (49 patients).

The most serious soft tissue complication of an electrical injury is the loss
of part, or all, of a limb. Rarely, a traumatic amputation occurs at the time
of a high-voltage accident. In the PMH series, 49 patients required one
amputation and 25 of them had multiple amputations (Fig. 4.10). Their
mean TBSA was 20% and the number of operations ranged from 1 to 10
with a mean of 4. The mean postburn day for a major extremity amputation
was 5. The mean length of stay was 40 days with a range of 9 to 196. An
amputation was never performed unless the extremity was completely
insensate, or was deemed to be functionally useless after all necrotic soft
tissue was debrided. Surgical debridement was begun within 48 to 72 hours
of injury and continued every 2 to 3 days until the majority of the soft tissue
was debrided. Wound closure was usually accomplished within 10 days to 2
weeks. This virtually eliminated local and systemic sepsis originating from
the wound.

Although abnormalities in cardiac rate and rhythm are not uncommon
in the first 24 hours after an acute electrical burn, myocardial infarction is
very rare. In the PMH series, less than 1% of the patients sustained
myocardial damage?®. Telemetry monitoring is only recommended for
patients who received CPR after the accident, or had an abnormal 12 lead
electrocardiogram. Several studies investigated whether elevated creatine
kinase and specifically myocardial creatine kinase (MB-CK) were helpful in
diagnosing myocardial injury. Housinger et al. showed a poor correlation
between an increase in MB-CK, electrocardiographic abnormalities, and
myocardial damage3°. Most authors are of the opinion that elevation of
cardiac enzymes is nonspecific, and positive isoenzymes in the absence of
electrocardiographic findings should be interpreted with caution as to
whether myocardial damage has occurred3!. McBride et al. reviewed 36
patients with a high-voltage burn and concluded that cardiac injury is
unusual and skeletal muscle can be the origin of elevated CK-MB32, The
highest levels were found in normal skeletal muscle adjacent to the injury
site33. However, Kahn ef al. believed that an elevated CK-MB was
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indicative of myocardial injury and the magnitude of the elevation bore a
strong relationship to the extent and number of extremity amputations34.
Realistically, it may take 7 to 10 days for the surgeon to locate and debride
all nonviable muscle. Unfortunately, this is not true for bone, cartilage,
nerves, and tendons. It is often very difficult to assess the viability of these
structures weeks after the burn. This visual inexactitude, coupled with a
reluctance to debride tissue of such functional importance, leads to a very
conservative surgical approach. As a result, the wound frequently becomes
desiccated, bacterial colonization and local wound sepsis occurs, tissue
necrosis ensues and debridement of previously viable tissue is the end result.
Once all clinically obvious nonviable tissue is debrided, prompt wound
closure with a local or distant soft tissue flap is recommended?s. Even if the
underlying tissue requires further surgery, the flap is elevated and local
debridement continued. By following this management, all potentially
viable tissue is salvagable3°®.

Areas of the body with large cross-sectional diameters such as the
thoracic and abdominal cavities are frequently traversed by electric current,
but internal organ damage is very rare. Direct damage to the lungs or heart
is always associated with an overlying contact site and necrosis of
superficial tissue37.

The overall incidence of nonspecific gastrointestinal symptoms and
complications varies between 6 and 25%38. Nonspecific paralytic ileus
associated with nausea and vomiting is the most common complication.
Isolated cases of necrosis of the intestine, gall bladder, bladder and
pancreas have been reported3®. Even rarer are reports of intestinal
perforation without an overlying abdominal burn441,

While virtually any organ system may be affected acutely, others only
manifest complications weeks or months after the injury. Miscellaneous
delayed complications that have been reported include bone marrow
aplasia*?, and abdominal aortic occlusion*3.

An interesting and, as yet, unexplained delayed complication is the
appearance of cataracts**. Contact sites around the head, neck, and upper
thorax are often present in patients who later develop cataracts. The earliest
cataracts have been reported postburn is 3 weeks and the latest up to several
years.

Immediate and delayed neurological complications are frequently
encountered with electrical injuries. These may be temporary or permanent
and are reported to occur in up to 58 % of patients suffering from an electric
burn*’. Neurological disorders can involve the central nervous system,
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Fig. 4.11. Heterotopic calcification at distal margin of below-elbow
amputation. Stump revision was necessary.

spinal cord, peripheral and sympathetic nerves*°. When a patient
presents with a neurological defect on admission and the contact site is over
or adjacent to the involved nerve, there is a strong likelihood that the deficit
will be permanent. Of course, local oedema may be responsible for acute
neurologic deficits. A common example is a median or ulnar carpal tunnel
syndrome caused by oedema from a contact site on the forearm. Surgical
decompression of the carpal fascia must also include forearm fasciotomies.

An interesting delayed soft tissue complication, seen in some patients
after an amputation, is formation of heterotopic new bone at the distal end
of the stump®° (Fig. 4.11). While it is impossible to predict which patient
and what limb(s) will develop calcification, extremities requiring a major
amputation (above or below knee and elbow) are most likely to develop it.
Heterotopic calcification was not seen after minor amputations (finger or
hand). The average time from amputation to diagnosis of new bone was 38
weeks with a maximum of 110 weeks. Surgical removal of the new bone was
necessary because of skin breakdown at the stump, local pain or prosthetic-
related problems.
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The spectrum of electrical injuries

E.A. LUCE

History

The commercial development of electrical energy began almost 150 years
ago and was followed closely by the occurrence of serious injuries and
fatalities. The first death may have been in 1879 in Lyon, France!.

At present, over 1000 deaths occur each year in the United States, and
electrical burns account for about 4% of the admissions to burn units.

The spectrum of clinical problems that occur from injuries secondary to
electrical current span the household current injury of the oral commissure
in a child to superficial palmar burns from a higher-tension source to that of
a lethal high tension injury. Anatomically, high-tension electrical injury is
devastating regardless of the area involved, whether skull, abdomen, or
extremity.

Classifications of the type of electrical burns usually list three: thermal,
arc, and direct electrical injury. A division of high-tension electrical injury
into two subgroups, flash and ‘true’ has been found, by the author, to be
useful. This division is based on the observation that some patients,
although in contact with a high-tension source, actually sustained a flash
pattern of burns and have a clinical course substantially distinct from that
of the ‘true’ group. A ‘true’ high-tension electrical injury has the classic
clinical features of a well-demarcated leathery full thickness site of current
entrance and exit, although the distinction between entrance and exit
wounds is not always obvious?.

Initial assessment and resuscitation

The initial assessment of the electrically injured patient should consider
associated injuries sustained in a fall or other circumstances at the time of
the accident. Careful questioning about the circumstances at the time of
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injury is essential. The patient, for example, may have fallen a distance, yet
the historical fact may be lost in the concern with management of electrical
burns.

Prompt fluid resuscitation of the electrical burn patient is the cornerstone
for restoration of blood volume and prevention of acute tubular necrosis
and failure. The volume of fluids necessary to adequately restore the
intravascular volume and resuscitate the patient is much higher than in
thermal burns. In addition, the combination of inadequate blood volume
and the potential pigment load of myoglobin and haemoglobin pose a
threat to renal function if such pigments should precipitate in the renal
tubules. In the past, the use of agents such as mannitol, to increase renal
perfusion, and sodium bicarbonate, to avoid pigment precipitation in an
acid medium, have been a component of the resuscitation for electrical
burns. The use of high-volume crystalloid such as Ringer’s lactate without
the addition of either bicarbonate or mannitol is preferred by the author. If
the patient is adequately resuscitated, urine pH is either neutral or alkaline,
particularly if Ringer’s lactate is utilized.

In particular, the group of ‘true’ high-tension electrical burns required
substantially more fluids than those high-tension burns that were judged to
be more of a flash nature. Our experience, based on a retrospective review of
patients, indicated that approximately 9 ml/kg/%BSA burned is necessary
to adequately resuscitate a ‘true’ high-tension electrical burn.

Elderly patients, and those patients that have sustained both electrical
and thermal burns with a substantial body surface area involvement, may
require pulmonary artery catheterization to monitor cardiac function more
accurately during resuscitation.

Specific areas

Each anatomical region discussed: the skull, the trunk, and the extremities
pose some particular problems for the clinician. Some of these problems
have been successfully addressed with a distinct management plan. For
others, the solution is less clear and some questions remain unanswered.
The appropriate management of the electrical burn wound has engen-
dered considerable discussion and controversy. A dichotomy of opinion is
evident in early reports and investigative work between those who adhered
to a theory that high-tension electricity inflicts an injury with unique
characteristics, intrinsic and separate from that of thermal burns®. Others
attributed the injury to the heat of resistance generated by the passage of
current*. The former concept gave rise to the conclusion that progressive or
de novo necrosis occurred after the injury, possibly secondary to a delayed
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vascular phenomenon or occlusion from the current. Actually, experimen-
tal laboratory studies have not demonstrated evidence of the phenomenon
of delayed or progressive necrosis®. Yet, the concept of progressive
myonecrosis persists in many clinical discussions of the management of
electrical burns. These arguments do not rest on theoretical grounds alone
since, from this dichotomy, two different philosophies of the management
of the electrical burn wound have emerged. One approach is to perform
conservative, cautious debridement and delayed, even late, wound closure
because of the fear that premature coverage will risk infection due to the
incomplete removal of soft tissue that has become progressively necrotic.
The other approach is early debridement and definitive repair. The point of
difference is crucial because the final functional outcome may be
compromised considerably by fibrosis and stiff joints. The potential for
such complications is enhanced by prolonged closure of wounds, particu-
larly in the extremity. In addition, rapid wound closure is advantageous in
reducing pain, reversing the catabolic state, and hastening rehabilitation®.

The scalp and skull

The scalp and skull are frequently a contact or entry point in high-tension
electrical burns, and the method of management is dependent on the depth
of injury. The anatomical lesion has been described as saucer-like in
configuration” when viewed in cross section. The deepest point of burn at
the centre may expose cranium. With loss of the pericranium and exposure
involvement of the underlying skull, coverage becomes problematic. The
most conservative approach, now of historical interest only, was to leave
the calverium exposed for an indeterminate time, usually months, and
eventually the skull sloughed or was removed as a sequestrum. The
subsequent defect was closed either with split-thickness skin grafts or flaps.
The clinical course was often complicated by the occurrence of infectious
complications of meningitis and epidural abscess®. An alternative
approach, if performed sufficiently early in the postinjury period before the
exposed bone has developed secondary osteomyelitis, is to excise the outer
table and perform split-thickness skin grafts on the underlying diploic
cavity. Clearly, the diploic cavity must be viable and the injury to the bone
partial thickness only to obtain a vascularization of the split-thickness skin
grafts. Often, the long-term durability of these skin grafts is not good, and
the sequelae of recurrent ulceration and fibrosis may eventually dictate a
more durable coverage.

If the injury is full thickness and the diploic cavity is destroyed, then the
third option is early excision of the eschar and definitive flap coverage of the



Fig. 5.1(a). High-tension contact point of the scalp with exposure and
devitalization of underlying skull bone.

underlying exposed bone. Such an approach regards the devitalized bone as

an in situ bone graft that will prosper beneath well-vascularized tissue®. If

debridement and definitive coverage can be obtained before the bone

becomes osteomyelitic, this approach is uniformly successful (Fig. 5.1 (a—

d)). If the coverage defect is sufficiently large that the remaining uninjured

scalp is inadequate to cover the exposed bone, free microvascular transfer

of muscle or perhaps omentum is indicated.
Electrical burns of the scalp and skull raise several interesting questions:

1. What is the effect of high-tension electrical current on bone?

The occurrence of rarefaction, demineralization, and microfractures has

been described in the past, but most available evidence is anecdotal in

nature.

2. What is the physiological basis for the development of central nervous
system complications of paraplegia or quadraplegia on a delayed basis?
What is the physiological basis for the development of nonfocal
neurological signs and symptoms with problems with gait and balance,
speech, memory, personality changes, or seizures?
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Fig. 5.1(b). A large occipital-parietal scalp flap. The nose is at the top of
the figure.

Our experience with these complications has been limited to those patients
who have sustained an entrance or exit wound of the scalp and skull, and
this group seems at most risk. We have managed two patients with contact
injury of the neck who developed a delayed onset of difficulty with gait and
balance. Both of these patients had nonspecific neurological findings in the
lower extremities and did not improve with follow-up.

3. Why are the victims of high-tension electrical injury, particularly those
with a contact point on the skull, at risk for the development of premature
cataracts?

The first presentation is a complaint of decreased visual acuity of delayed

basis, usually 1 to 12 months postinjury, although the onset can be as late as

21 years postinjury!®. The occurrence is usually bilateral and the incidence

appears to be directly proportional to the magnitude of voltage exposure at

the time of injury.

Trunk, perineum

The primary concern in truncal electrical burns is injury to the intrathoracic
or intra-abdominal contents. Entry and/or exit wounds may be contact
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Fig. 5.1(c). The flap rotated into the defect.

points that conceal underlying damage to the thoracic or abdominal
viscera. Two patients who had sustained a broad contact point of the
anterior chest wall developed respiratory insufficiency in the early
postinjury period and a radiographic picture, not unlike that seen in ARDS
(adult respiratory distress syndrome), but the remaining lung paranchyma
was radiologically normal. Both patients recovered with ventilatory
support and positive end-expiratory pressure (PEEP). Injury to abdominal
viscera from high-tension electrical burns is attended by a significant
mortality!1-12. A valuable clinical finding is a contact point on the anterior
abdominal wall. The hypothesis is that a full-thickness injury of the
abdominal wall has occurred and the adjacent intestine is damaged as well
(Fig. 5.2). Perforation of the damaged intestine may occur on a delayed
basis, and this delay may be the factor responsible for the significant
mortality rate. The appropriate management of a high-tension contact
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Fig. 5.1(d). Patient four months post-operatively. Wound has healed and
no evidence of osteomyelitis is present.

burn of the anterior abdominal wall is immediate wound exploration and

debridement. Sequential debridement of eschar, subcutaneous fat, and

fascia and muscle, if indicated, is performed until viable tissue is
encountered. Obviously, if the level of debridement is to the peritoneum,
then an exploratory laparotomy is necessary to ascertain the status of the
abdominal contents. The loop of injured intestine may lic anywhere within
the abdominal cavity.

Full-thickness perineal injuries are managed optimally by early debride-
ment and excision and definitive coverage.

Electrical injury to the abdomen poses additional questions:

1. How do we explain the occasional case report of a patient who has
sustained gangrene of an intra-abdominal viscus in the absence of a contact
point on the abdominal wall?

Such injuries appear extremely uncommon, but their occurrence is well

documented?3.

2. What is the pathophysiology that underlies the high incidence of late
complaints of gastro-intestinal problems and dysfunction?
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Fig. 5.2. High-tension linear contact point of the anterior abdominal wall
as well as the mid-portion of the lower sternum.

Extremities

The extremities are the most frequent site of high-tension electrical burns to
injury, and have been the source of the most controversy in management.
When the injury involves the upper extremity, the extremity or a portion is
often lost. The eventual outcome in a group of such patients was dictated in
a large part by the status of the extremity on acute presentation!#. If the
extremity was ischaemic without pulse, anaesthetic and held in a flexed and
contracted position, amputation or salvage of a functionless part was a
distressingly frequent result, despite aggressive decompression and
debridement.

Virtually all such patients have been injured by grasping the line source
or the ground. They sustain a significant cutaneous burn of the wrist in
association with a palmar burn. The mechanism may be a tetanic
contraction of the digits, wrist, and possibly elbow and shoulder. Arc burns
occur at the flexion creases of the wrist, elbow, and axilla (Fig. 5.3).
Exploration of the wrist burn will reveal a coagulative necrosis of the
underlying structures, including muscle bellies, tendons, nerves, and most
significantly the radial and ulnar arteries. Pulsatile flow can be traced to the
level of the severe wrist burn and at that point the vessels are severely
charred and nearly indistinguishable as discrete structures.
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Fig. 5.3. Mummification of the distal one-half of the forearm and hand
with arc burns at the elbow and axilla flexion creases.

The arc burns of flexion creases at the elbow and axilla often conceal a
considerable amount of deep tissue necrosis. Additional areas of concealed
necrosis may occur in the periosseous muscle groups even proximal to the
level of the cutaneous burn (Fig. 5.4). Since bone is a poor conductor,
perhaps the increased heat of resistance is responsible for the peri-osseous
myonecrosis. These areas of myonecrosis also may be occult and
unsuspected (Fig. 5.5(a)—(c)). Lastly, necrosis is not uniform or predictable.
Patchy areas of necrosis of muscle can occur at the periphery of the central
zone and may not be readily evident at the time of injury. Questionable
muscle retained at early debridement provides the nidus for additional
tissue loss. The resultant contamination and desiccation can perpetuate a
cycle of compromised viability and diminished resistance followed by
further infection, hypoxia, and further compromise of the circulatory
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Fig. 5.4. Diagrammatic representation of the saucer-like configuration of
the soft tissue component of electrical burns, yet peri-osseous muscle
necrosis may be present proximal to the level of the most severe cutaneous
injury.

status. Adjacent muscle, although viable yet compromised, may be
adversely affected by the process and perpetuate the cycle.

Only early, aggressive, and complete debridement of devitalized skin and
muscle can prevent this cycle and provide the setting for definitive coverage.

Electrical injuries should be considered appropriately a burn. Patients
with high-tension injuries should have fasciotomy, usually in combination
with escharotomy, wound exploration, and debridement accomplished in
the first few hours postinjury. Debridement consists of the aggressive
excision of devitalized muscle as judged by colour and lack of contractility
to stimulation. Bleeding is often from larger vessels and does not represent
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Fig. 5.5(a). A high-tension injury of the base of palm and wrist and
forearm. The incisions for a forearm and hand fasciotomy are outlined.

Fig. 5.5(b). Following debridement of the sublimus muscle groups, the
underlying profundus tendons and muscle bellies were clearly viable.
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Fig. 5.5(c). After retraction of the volar structures, exposure of a clearly
necrotic pronator quadratus is evident. Presumably, the muscle was
damaged because of the peri-osseous location.

true nutrient flow to the muscle. Adequate debridement and exploration of
the skip burns at the flexion creases should be performed acutely and
particular attention directed to the deep and peri-osseous muscle groups
(Fig. 5.6(a), (b)). The use of ancillary measures such as technitium scans or
frozen-section microscopy has not gained widespread acceptance and
application because of the considerable logistical problems these tech-
niques present. Obviously, mummified extremities should be amputated at
this acute setting (Fig. 5.7). Debrided wounds are covered with biological
dressings of porcine skin or homografts.

The patients are returned to the operating room 24 to 48 hours later for a
second wound exploration and debridement. At this juncture, the periphery
of the zone of injury should be inspected carefully for areas of patchy
necrosis. Skin wounds may need to be extended for proper exposure.
Nerves and tendons are notable exceptions to this conceptual approach and
should be preserved even if they appear devitalised. Definitive coverage is
provided as rapidly as feasible. The systemic goals of pain relief,
enhancement of nutrition, and deterrence of sepsis as well as the extremity
rehabilitative goals of early motion and salvage of nerve and tendons are
enhanced by early coverage. Early coverage can only be obtained by
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Fig. 5.6(a). An inguinal crease arc burn.



118 E.A. Luce

Fig. 5.6(b). After debridement and extension of incisions to ensure
complete debridement, extensive defect is evident. In addition, the patient
required a mid-thigh amputation of the extremity.
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Fig. 5.7. Mummification of the lower extremity. Adequate debridement
will require an above-the-knee amputation.

aggressive and complete debridement. Coverage has been provided by

split-thickness skin grafts in the lower extremity and abdominal flaps or

groin flaps in the upper extremity. Split-thickness skin grafts have been used
on occasion on the upper extremity, but do not provide the stability of
coverage often required. The use of free flaps for definitive coverage of
upper extremity electrical injury wounds has been performed with some
success! 316, Microvascular free tissue transfer is an attractive option for
coverage of bone, tendon, and nerve, without the restrictive limitations of
more conventional pedicle flaps. The concern that recipient vessels have
sustained an occult injury that would contra-indicate free tissue transfer is
not justified, and this technique deserves much wider application in the
management of patients with electrical burns.

Therapeutic questions raised in management of high-tension injury of
the extremities include:

1. Can a better functional result be obtained in severe injuries by acute
debridement and immediate coverage of damaged muscle with well-
vascularized tissue? Could such muscle ‘regenerate’ or at least retain some
Sfunctional capacity? Do we inflict additional injury by devascularization
and the inevitable contamination of exposure with debridement?
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2. What is the pathophysiological explanation for the late development of the
skeletal complications of heterotopic bone formation and bone cysts?
Although rarely reported in the past!7, the occurrence has been frequent in
the group of patients who have required amputation secondary to high-
tension electrical injury. Bone cysts have become inflamed secondarily and
have culminated in sinus tracts that required curretement, packing, and
secondary closure to obtain healing. Heterotopic bone formation has
produced areas of skin erosion, difficulty with the prosthesis, and limitation
of motion. The heterotopic bone formation is usually in the configuration
of bone spicules, some of substantial length and not necessarily peri-
articular in location. Does the passage of high-voltage current induce a

change at a cellular level that stimulates osteogenesis?

Summary

The traditional classification of high-tension injury is exposure to 1000
volts or greater. A further classification is possible based on the
circumstances and the type and distribution of injury. Flash burns behave
as thermal burns with a mixture of full- and partial-thickness injury without
characteristic entry or exit wounds. The voltage in ‘true’ high-tension injury
is usually considerably greater than 1000 volts. The subclassification of
patients along such lines is important clinically since virtually all severe
complications, including difficulty in resuscitation, amputations, and
reconstructive procedures are limited to the ‘true’ subgroup.

Since adoption of an aggressive approach to electrical burns that
includes acute exploration, early debridement, and definitive coverage, the
duration of hospitalization in the ‘true’ subgroup has been reduced nearly
by half (45.7 days vs. 23.1 days). Yet many questions still exist in the
management of these patients with such a devastating injury.
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Electrical trauma: pathophysiology and
clinical management

ROBERT H. DEMLING

Electrical burn injuries account for less than 5% of admissions to major
burn centres. However, the injury is much more complex than a skin burn
and the morbidity and mortality rate is considerably higher. The mortality
rate ranges from 3-15% with about 1000 deaths attributed to electrical
current in the US each year. More than 90% of injuries occur in males, most
between ages 20 and 34.

Electrical current tissue damage

Pathophysiology

The severity of injury to tissues is dependent on the amperage, i.e. the actual
amount of current, passing through the tissues. It is impossible to know the
amperage because of the variability of resistance and exposure time at the
accident, but one can infer amperage from the voltage of the source at least
as to high or low. A low-voltage source is capable of producing major
cardiopulmonary complications and death if a sufficient current passes
through the body (Table 6.1).

A high-tension source is usually required to produce the severe tissue
necrosis characteristically seen along the path of the current. The damage is
caused by both heat production and direct current damage. The initial
resistance to flow of current, namely, skin or clothing, is overcome by the
heat generated from the high voltage, and subsequent tissue necrosis occurs
with continued contact. A dry hand may have sufficient resistance to avoid
passage of current from a low-voltage source over a short time period.
However, the generation of several thousand degrees at the contact site
with a high-tension source will lead to an immediate local coagulation and

122
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Table 6.1.

Current in milliamps Effect

High-tension source Severe tissue destruction
5000 or more from heat and coagulation

Cardiopulmonary failure
Household source

60 Cardiac fibrillation
30 Respiratory muscle
tetany: suffocation
5 Pain
15 Muscle tetany

disruption of the electrical barrier. The current can now pass more readily
through the tissues with a high water content, as water is an excellent
conductor.

The mechanism of tissue damage itself is complex and not completely
defined. There is clearly an injury to nerves, blood vessels, and muscle from
the current itself, damaging the cells. Endothelial cell injury due either to
heat or current will result in loss of protection against local clotting and
microvascular thrombosis and tissue devascularization will result.

The resistance of tissues to passage of current is, in large part, dependent
on water content, water being a good conductor. Tissue resistance in
decreasing order from high to low is bone, fat, tendon, skin, muscle, vessels,
nerve. With high-voltage injuries, the current passes through tissues
indiscriminately.

The pathway of current can be somewhat unpredictable but, in general,
current passes from a point of entry through the body to a grounded site; i.e.
to a site of lower resistance to flow compared to air which is a poor
conductor. Extremely high-voltage sources usually exit in multiple areas in
an explosive fashion.

The severity of injury is also directly proportional to the duration of
current flow. However, even extremely brief exposures to high amperage
will produce massive tissue damage.

A vast array of injuries result from the electrical damage (Table 6.2).

Cutaneous injury

The determination that a current injury to underlying tissue may be present
is the finding of contact sites where the current enters and exits. Their
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Table 6.2.
Common complications
Ventricular fibrillation Muscle necrosis
Other rhythm abnormalities Fractures
Respiratory arrest Haemolysis
Seizures/coma Renal failure
Mental changes Haemorrhage
Hypertension Limb loss
Retinal detachment Anaemia
Cataract (delayed) Paresis/paralysis and other

neurological (delayed)

presence is pathognomonic of an electrical injury beneath the skin.

The heat generated at the skin surface is dependent on the local resistance
which, in the dry hand, can be sufficient to generate heat in excess of 1000 °C
with high-voltage sources. This will lead to local mummification at the
entrance. The skin appearance at the site of contact is often that of a well-
defined charred wound which is depressed due to loss of tissue bulk. The
latter is due to evaporation of local water content by the high temperature.
The wound may sometimes appear like a typical deep flame burn, except
that, in this case, the injury extends well below the dermis. The arc burn is
basically a very deep thermal burn caused by the intense heat generated
from the high-tension current.

Tissue appearance, at the site of current exit, varies considerably in
magnitude. The appearance is often that which would be expected from an
explosion, as pieces of cutaneous tissue are often absent, having been blown
out by the immense energy of the exiting current.

Muscle necrosis

Electrical burns more closely resemble a crush injury than a thermal burn.
The damage below the skin where the current passes is usually far greater
than the appearance of overlying skin would indicate. The immediate
damage to these tissues is caused by the heat destruction of cells which is
usually patchy in distribution along the course of the current. A massive
release of intracellular contents with cell lysis may in part be responsible for
the systemic toxicity evident early after injury. Fluid requirements are often
massive, suggesting a generalized alteration in vascular permeability in
injured tissues due to circulating inflammatory mediators. The second
process is that of an apparent devascularization caused by injured blood
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vessels which thrombose over a several-day period. The third process is that
of compartment syndrome with pressure necrosis especially prominent in
nervous tissue and muscle enveloped by a nonyielding fascial covering. The
fourth process is that of tissue infection.

There will be some immediate tissue death from heat coagulation. Dead
muscle has a pale red to white appearance due to release of myoglobin
content. The dead muscle is noncontractile and is often found near the
entrance and exit areas as well as along the bone. Local blood vessels in the
area are thrombosed. The immediate necrosis does not follow the anatomic
division of muscles but is very uneven, reflecting the uneven nature of the
current passage. Within minutes to hours of injury, the damaged, but still
perfused, muscles begin to swell as vascular permeability appears to be
altered. The release of intracellular osmotically active peptides may also
accentuate the tissue oedema. The finite boundaries of the fascial envelope
cause a rapid rise in tissue pressure which, when exceeding the 20-25 mm
Hg microvascular hydrostatic pressure, produces further local tissue
ischaemia as well as local compression nerve injury. A tissue pressure
exceeding 30 mm Hg is clearly abnormal and must be decreased to avoid
further damage. Oedema increases over the ensuing 24-48 hours.

Vascular thrombosis can occur immediately and over the ensuing 34
days due to initial current-induced vessel damage. The progressive
devascularization results in a further loss of muscle tissue. The combination
of endothelial cell damage and weakening of the vessel wall can lead not
only to local thrombosis but also to local tissue haemorrhage.

The combination of these processes, the uneven nature of the necrosis
and, in particular, the damage to muscles and nerves closest to bone, results
in severe functional impairment and a high rate of amputation (30-40%).
Eventual muscle atrophy, and replacement of injured muscle by fibrous
tissue, is another cause of subsequent dysfunction.

Cardiovascular

Immediate cardiac arrest is the most common cause of death after electrical
injury. The process is due to both the direct alteration of rhythm by the
current, leading to fibrillation, and to the depression of respiration, and
subsequent hypoxia. Both brain and chest wall muscle changes will occur,
leading to impaired ventilation. Hand-to-hand passage of a high-voltage
current has a reported immediate mortality of 60%. The initial cardiac
arrhythmia is often reversible, and cardiac resuscitation should be initiated
at the scene. Current-induced myocardial necrosis is rare, although
myocardial infarction can occur. The most common ECG changes seen
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other than fibrillation are sinus tachycardia and nonspecific ST-T wave
changes. Systemic hypertension is quite common with high voltage,
possibly due to a massive and sustained release of catecholamines.

A low flow state as a result of fluid protein and blood loss into the tissues
is characteristic and must be aggressively treated to avoid additional shock-
induced tissue damage. A crush-type injury invariably results in a massive
fluid loss into the injured tissue.

Major vessel thrombosis is well described as is delayed rupture of large
vessels with massive haemorrhage, even in the absence of surrounding
tissue damage indicating the low resistance to flow within vessels.
Aneurysms occurring weeks to months after injury, although uncommon,
must be anticipated with good follow-up measures. Treatment is specific to
the disease process.

Renal

Renal failure is reported in 10% or more of injuries. Renal damage is
caused by a multitude of processes. Myoglobin and haemoglobin released
from damaged muscle and RBCs can precipitate in the renal tubules
producing an acute tubular necrosis, ATN, picture. Myoglobin is
colourless in circulating plasma while free haemoglobin is, of course, pink
to red. Both, however, will produce pink to red urine. Myoglobin
precipitation is accentuated by an acid urine and decreased by an alkaline
urine. The muscle necrosis also produces a tissue injury very similar to a
crush injury with evidence of distant organ dysfunction. The kidney, i.e.
glomerulus, is a well-known target organ with this type of process. The low
flow state caused by hypovolaemia simply will aggravate the injury. Direct
renal vascular damage from the current also can result.

Pulmonary

The immediate pulmonary abnormalities are the result of a CNS-induced
hypoventilation or of chest wall neuromuscular dysfunction. Impairment
of respiratory center activity and severe CNS damage will lead to
hypoventilation which is frequently the cause of immediate death.
Impairment of muscle activity in the chest wall caused by a chest burn,
muscle damage, or second degree blunt traumatic injuries can impair
compliance markedly. Injuries to the diaphragm are uncommon. Later
pulmonary complications are comparable to those seen after thermal burn.
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Neurological

Both immediate and delayed neurological abnormalities are common.
Acute CNS dysfunction with coma, seizures, motor and, to a lesser extent,
sensory deficits are well described. Many of these abnormalities are
permanent. In addition, a number of delayed injuries occur including both
peripheral neuropathies and cord damage with paralysis.

Abdominal viscera

Hollow viscus damage is not common but certainly can occur. Many of the
injuries appear to be vascular in origin, although local heat-induced
damage to the intestine has been described. Peptic ulcers, cholecystitis and
gastro-intestinal bleeding can be seen. It is difficult, however, to sort out
whether these latter types of processes are due to a specific current injury or
simply a manifestation of severe trauma or the resulting shock.

Orthopaedic

The most common orthopaedic injury occurs as a result of the severe
immediate muscle spasm which is capable of producing long bone fractures
and dislocation at major joints. Heat necrosis of local peri-osteum with
subsequent production of nonviable bone and sequestrum formation is the
next most common process. Devascularization of bone due to the same
vascular injury affecting other tissues is less common.

Ocular-otic

Again, both immediate and delayed injuries are noted. Conjunctival and
corneal burns as well as ruptured eardrums are well described early
changes. Late changes (up to | year) include cataract formation, tinnitus
and decreased hearing.

Hematological

Acute anaemia due to haemolysis and blood loss in damaged muscle is a
characteristic finding. Clotting abnormalities, in particular, an initial
consumptive coagulopathy, are also common.
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Infection

Infection in the areas of tissue necrosis and ischaemia is a major problem
beginning several days after injury, particularly if a skin burn is also present
which will potentiate cross-contamination from wound to wound. Control
of the wound is much more difficult than with the skin burn, as topical
antibiotics will not be able to reach subsurface pockets of infection.

Hypermetabolism

A hyperdynamic, hypermetabolic state is seen characteristically beginning
hours to several days postinjury. The process, initiated and perpetuated by
inflamed injured tissue, leads to a marked increase in oxygen consumption
and carbon dioxide production as well as to muscle catabolism and
increased caloric demands.

General treatment principles

Monitoring

The first principle of treatment is making the diagnosis of an electrical
injury. Since there is absolutely no way of ruling out deep injury on initial
assessment, admission and observation are necessary. Cardiopulmonary
monitoring and supportive care are clearly necessary, given the high
incidence of cardiac arrhythmias and pulmonary dysfunction. An initial
urinalysis is essential not only to verify adequate renal perfusion but also to
check for myoglobinuria which if present will require special management.
Blood gases and acid—base balance are of particular importance in avoiding
an acidosis which will accentuate pigment deposition in the kidney.
Monitoring of peripheral perfusion and palpation of muscle compart-
ments is of particular importance because of the concern of the develop-
ment of compartment syndromes due to underlying muscle oedema.
Compartment pressure can be monitored using several types of available
systems. Determination of the need for fasciotomy are based either on the
absolute value of tissue pressure or on the relationship of tissue pressure to
blood pressure. Indications for an immediate fasciotomy include a tissue
pressure greater than 40 mm Hg or a tissue pressure within 30 mm Hg of
diastolic pressure. Usually the number itself is not used as an absolute
indication but is compared with any clinical evidence of nerve compression,
i.e. tingling, increased pain, or decreased sensation, or vessel compression.
Motor nerve dysfunction is more difficult to assess, given the fact that
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muscle damage may be impossible to distinguish from nerve damage.
Excessive tissue turgor is the single most useful sign of underlying muscle
damage and the need for fasciotomy.

Fluid management

The same basic principles apply as with a thermal burn alone. The primary
resuscitation fluid is Ringer’s lactate (or hypertonic lactated saline). There
is no formula, however, to assist in management due to the unpredictable
nature of the underlying tissue damage. In general, the fluid requirements
per percentage of burn are 1.5 to 2 times that of a skin burn alone, given the
nature of the added soft tissue injury. Colloid and blood are used more
frequently during the early resuscitation period than after thermal burn
alone due to haemolysis and to the increased whole blood losses into the
damaged muscle and other deep tissues. Excessive crystalloid may
accentuate muscle oedema and potentiate pressure necrosis even after
fasciotomy, as this procedure does not totally eliminate the problem.

The rate of fluid administration is based on the amount necessary to
maintain adequate perfusion using the same guidelines for burn shock
management. The exception is the presence of urine myoglobin or other
evidence of early renal impairment. If the urine is red or reddish-black, a
massive myoglobin release from muscle has occurred and an increased
washout of the tubular pigment is needed. A urine flow of 1 ml/kg/h or more
is needed until pigment load has decreased. Mannitol (12.5 g for 24 h) is
often required to maintain this level of output. In addition, sodium
bicarbonate is often needed to maintain urine pH equal to or greater than 7
50 as to minimize pigment precipitation. Loop diuretics may be needed,
beginning the next day, to maintain a high urine flow, if pigment persists.

Furosemide increases tubular fluid flow and lowers renal vascular
resistance. A similar approach at maintaining tubular patency is also
initiated if evidence of nonpigment load renal dysfunction is noted from
direct renal injury or that from disseminated intravascular coagulation
(DIC) or low flow state.

Fluid and osmotic agents are temporizing agents, however, and the
injured muscle, if a large amount is present, must be removed very early to
prevent renal shutdown. Subsequent fluid, electrolyte, nutritional support
and stress management follow the principles described for thermal burns.

Infection control

In general, infection control is obtained by wound debridement. Tetanus
prophylaxis is required in view of the risks of deep tissue necrosis in a
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relatively anaerobic environment. Broad spectrum antibiotics are not
indicated as a prophylactic measure. However, perioperative antibiotics are
indicated as with management of skin burns. The principal organism of
concern in the initial 2-3 days is Staphylococcus aureus. Coverage with a
cephalosporin or methicillin is appropriate. Later, organisms, such as
Pseudomonas aeruginosa which thrives in a low-oxygen environment, will
be the predominant organism. Topical antibiotics such as Silvidene and
Sulfamylon can be used on the skin burns where an eschar is present.

Escharotomy—fasciotomy

In general, if there is a circumferential deep burn and any evidence of
impaired distal perfusion, i.e. decreased pulses, an escharotomy is
necessary. If there is also a concomitant electrical injury to underlying
tissue and increasing compartment pressure, evidenced by increased
myoglobin, rigid muscle compartments, or of nerve or vessel compression,
fasciotomy is indicated. The underlying muscle can then be inspected to
determine viability. An electrocautery is often necessary with fasciotomy,
as opposed to escharotomy, as fascial and muscle vessels may well be
patent. The fasciotomy defect exposing the viable but injured muscle must
be covered preferably with a biological or synthetic skin substitute to avoid
desiccation. The escharotomy site and incisions through burn or nonviable
tissue can be managed with topical antibiotics. It is not necessary, and is
actually disadvantageous, to expose muscle groups which are not clearly
involved in a compartment syndrome. The exposure of muscle increases the
risk of colonization and infection.

Wound management

The spectrum of injuries which can occur makes definitive comments on
wound management difficult. In general, high-voltage burns with large
amounts of necrotic muscle must be treated aggressively with surgical
debridement, including early amputation of nonviable extremities, to
minimize subsequent organ dysfunction, infection, and eventual mortality.
An early aggressive surgical approach also maximizes the salvage of
marginal tissue which is very susceptible to infection. If gross myoglobi-
nuria is present for several hours or if there are large exit sites or
mummification of a large entrance wound, one can nearly guarantee that a
large amount of dead muscle is present.

Early excision of obviously dead muscle is performed as soon as
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hemodynamic stability is obtained, preferably in the first 1-2 days. Also the
risks of renal failure increase as long as a large amount of dead and dying
muscle is present.

The goal of subsequent surgical procedures is to conserve remaining
viable tissue while removing neighbouring dead tissue. The uneven nature
of the injury makes this approach difficult and very time consuming. Small,
scattered areas of injured muscle will be reabsorbed and replaced by fibrous
tissue. Physiological evidence of remaining infected dead tissue is often
manifested by a high fever and tachycardia. The tissue along the bone is
often the site of the necrosis.

Nutritional support

Early nutrition of adequate calorie and protein intake is essential to
minimize morbidity. The caloric requirements will be reflected in the degree
of increase in oxygen consumption, which usually means 1.5-2 times
normal calorie intake. Protein requirements with a major electrical burn are
about 1.5 g per kg body weight per day.

Managing contact sites

Entrance and exit sites of electrical injuries are more complex than a
standard skin burn. The problem is that devitalized tissue exists below the
burn especially at the exit site. Initial debridement to viable tissue should
follow the same principles as with a thermal burn. However, it is best to use
biological or synthetic temporary skin substitutes initially. Further necrosis
of tissues is expected. After 3-5 days, the temporary skin substitutes (or
moist dressings) can be removed, any residual necrotic tissue debrided and
wound closure begun either with skin grafts or skin flaps. Tissue defects at
entrance and exit may require tissue transfer. Initial closure with skin grafts
is often preferred with the larger procedures to be performed later in a more
stable patient.

Thermal burns to the skin

The heat generated by arcing (jumping) of a high-voltage current from a
high-tension wire toward the victim, will reach several thousand degrees as
air has a high resistance. The heat will produce a fresh skin burn
comparable to that of any explosion of volatile substances. In addition, the
intense heat frequently causes clothes to catch fire, leading to deep burns. It
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is easy to overlook an electrical burn in the presence of a large skin burn.
The subsequent soft tissue oedema and pain can be misinterpreted as due to
the thermal injury rather than underlying damage.

The treatment is essentially identical to that for any cutaneous burn
alone except that a higher urine output will be necessary if myoglobinuria is
present. More fluid will be necessary and more initial cardiopulmonary
support if an electrical burn is also present.

Blunt trauma (free falls)

Well over half of high-voltage injuries occur to workers on towers and poles
more than 20 feet above the ground. Free-fall injuries, therefore, are the
result. The nature and magnitude of the injury depend on:

1 height of the fall

2 the impact surface (stopping distance)

3 body mass

4 body orientation on impact

5 distribution of impact forces

6 patient age, which affects tissue tolerance.

Some of the kinetic energy (KE) generated during the fall is converted to
potential energy which is defined as PE = mgs where s is stopping distance.
The greater the stopping distance, the more KE is dissipated as PE.
Fortunately, the surface near power poles is frequently dirt rather than
concrete. The majority of KE is converted to mechanical energy which is
dissipated through the tissues, generating fractures and rupture of visceral
organs.

Treatment is essentially the same as that for similar trauma in the absence
of an electrical injury. Differences are primarily in the manner of treating
fractures beneath burned skin or muscle damage where early fixation with
hardware may not be as feasible. The major treatment problem, however, is
failure to recognize the existence of the blunt injury in the electrical burn
patient.
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Acute and delayed neurological
sequelae of electrical injury
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Introduction

Modern society has experienced a tremendous proliferation in the use of
electricity. Like a bird perched on a high-tension wire, the human body is
immune to shock so long as it is not part of the electric circuit?, but current
out of the constraints of its wire poses a dramatic hazard to life and limb.
Despite safeguards, electrical injuries still account for 3% of all burn centre
admissions and cause approximately 1000 deaths per year!-2.

Electricity is a particularly temperamental and unpredictable maimer of
young, working males injured on the job or while participating in
recreational activities. In the United States, about one-third of the injuries
occur in construction workers and another third in electricians3.

Electrical injury can be likened to the ‘Grand Masquerader’ of thermal
injuries, manifesting a variety of unpredictable immediate and delayed
sequelae that even the most astute physician cannot anticipate always, yet
ever must be prepared to recognize and treat. Any organ system may be
involved, and damage may only become evident at some time distant from
the injury.

Permanent neurological damage following major electrical burns has
long been feared as a dreaded complication*-!2. Immediate as well as
subsequent complications can develop. Neurological complications involv-
ing either cerebral complaints (loss of consciousness, seizures, decreased
memory, emotional lability, learning impairment or headaches) or peri-
pheral complaints (sensorimotor loss, paraesthesias, paralysis, paresis,
dysaesthesias, causalgia, or reflex sympathetic dystrophy) have been
described.

133
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Review of literature

Neurological disorders from electric shock can be classified as cerebral
syndromes, spinal syndromes and peripheral nerve syndromes®. In
addition, the effects can be manifested immediately or can present after a
long time delay?!3. The majority of neurological findings present in patients
sustaining high-voltage injuries. The distinction between high voltage and
low voltage depends on the source of information. Low voltage has been set
at 380 V for safety!'#, but the clinical data in the literature defines high
voltage at variable levels, beginning somewhere between 380 V to 1000 V13,

Low voltage

There is a paucity of information regarding neurological sequelae with low
voltage, since these injuries are usually relatively minor, rarely hospitalized
and only mentioned incidentally in reviews of major electrical injuries. The
morbidity may be greater than predicted!®. The major complications from
voltages between 120-240 volts include cardiac arrhythmias, respiratory
compromise and death!”. But, low-voltage electrical injuries have also been
associated with some neurological changes, including loss of consciousness,
paralysis and sensory deficits!3-18-1° The resolution and/or evolution of
symptoms as a function of time after injury was followed prospectively by
Blom and Ugland!8. Two patients with immediate symptoms from low
voltage had neurological findings. One had loss of consciousness and
another had loss of sensation of the right thumb. Both patients recovered
completely. In this same series, 11 patients sustaining injury from 220-380
volts were given initial normal neurological exams and were followed for at
least 1 year. One patient developed loss of sensation around the mouth, and
another developed loss of the right fifth digit extensor function with loss of
motor units in the opponens pollicis muscle. Panse!® has described two
patients with delayed onset of peripheral atrophy after sustaining low-
voltage injury.

Panse!® and Alexander?? have described the delayed onset of spinal cord
symptoms in several patients with low voltage, including amyotrophic
lateral sclerosis, progressive atrophy of muscles associated with fascicula-
tions and hyperaesthesia.

High voltage

High-voltage injuries account for the largest fraction of major neurological
complications. The incidence of immediate findings ranges from as low as



Neurological sequelae of electrical injury 135

29%?7 to as great as 45% to 55%%12. Although there are many cumulative
reviews of neurological findings from high-voltage electrical injury, little is
known in these reports about the evolution of symptoms as a function of
time after injury.

Cerebral syndromes

The most frequently reported neurological lesion is loss of consciousness,
occurring in between 21% to 67% of the patients®-12-21. In Burke’s series,
all patients recovered and there were no permanent sequelae?!. Burke
postulates that most patients do not develop clinical permanent brain
damage despite unconsciousness or deep burns to the calvarium because
compensatory mechanisms render the changes undetectable. In another
series, there were no memory deficits, impaired mental function or seizures,
but several had amnesia for the event!2. In a series of 14 case reports of
patients with neurological sequelae, nine patients had loss of consciousness
and eight developed delayed neuropsychiatric effects!3. Symptoms resem-
bled those of a concussion or confusion and included headaches, dizziness,
vertigo, and occasional seizure activity. In addition, others exhibited
psychoneurotic behaviour including impotence, headache, and personality
changes. Persistent coma has a very bad prognosis, leading to death12.

Peripheral nerve syndromes

Peripheral nerve injuries may present as permanent deficits or as transient
neuropathies. The incidence of acute peripheral nerve injuries is difficult to
extrapolate from the published series. These injuries range between 5% to
23% of all neurological sequelae?#-5:9:21:22_ Peripheral injuries located at
the site of devastated limbs are included in some publications and it is
unknown which of these finite lesions were involved in early amputation.
The most frequent peripheral injuries in most series occurred to the median
nerve followed by the ulnar, radial and peroneal nerves®9:12:23_ Although
infrequent, if the nerve sheath is intact, partial sensorimotor deficits can
improve?:24, Early volar carpal tunnel release has been advocated by Butler
and Gant* and Parshley ef al.?5 in the oedematous arm and hand. Early
surgical decompression of the median and ulnar nerves may improve the
functional outcome if radial and ulnar arteries remain patent?9-28,

The effect of electricity on peripheral nerves has been examined in a
rabbit model??:3°, Animal experiments with graded potentials in the
absence of possible heat effects have revealed a discrepancy in latency and
duration of action potential between dorsal and ventral roots'#2°. There
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were a longer latency and duration from dorsal roots. In addition, there was
an increase in the threshold, resulting in inexcitability for 15 to 20 minutes.
The greatest decrease in action potentials occurred in the fast fibres. The
greatest decrease in conduction velocity occurred in the motor fibres. Both
efferent and afferent limbs were affected similarly. Blom and Ugland?®
conclude that electric shock sufficient to injure man can produce
dysfunction of peripheral nerves. In the absence of heat generation, the
changes are produced by the current itself and are largely reversible.

Experimental data in the human ulnar nerve confirmed a prolonged
latency, decrease in amplitude and conduction velocity3t. These changes
only affected the motor neurons and were completely reversible32. The
conclusions from these studies implied that, in the absence of thermal
destruction, the acute peripheral nerve dysfunction produced by electric
current is transient and that complete recovery should occur.

Delayed peripheral lesions

Delayed peripheral neuropathies including causalgia, motor weakness,
paraesthesias, and hypaesthesia have been reported in several cumulative
series’7, as well as in individual case studies®13:18:22_ Baxter? reports a very
high incidence of delayed causalgia ultimately relieved either by sympathe-
tic block or sympathectomy.

Spinal cord syndromes

Transient spinal cord complaints have been described*7-9:12:13:33.34 These
transient lesions appear early, and rapid recovery within hours to days is the
rule. Clinical manifestations include sensory and motor deficits, which can
be partial or complete.

The more severe form of spinal injury is delayed, progressive and
permanent3%-3%. In those cases where post mortem specimens were
available, there was gross histopathological disruption consistent with a
transverse muyelitis. There is oedema of the cord and intravascular
thrombosis, without evidence of infection.

Histopathology

Although central, spinal, peripheral, and hysterical disorders of the
nervous system occur with some frequency in nonfatal injuries, the sequelae
are documented rarely histopathologically. With the aid of post mortem
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examinations, Critchley®’ describes histopathological changes including:
focal petechial haemorrhages throughout the brain and medulla, chroma-
tolysis of medullary cells, dilatation of the perivascular space, fragmen-
tation of peripheral nerves, and ballooning of myelin sheaths. Unfortuna-
tely, the changes due to current often could not be differentiated from those
that may have been caused by necrosis from heat, sepsis, or associated
mechanical trauma.

The most interesting observation is that the changes are inconsistent and
variable. Examination of some specimens after fatal high-voltage execution
reveals no nerve cell changes. Langworthy®® has shown that in rapid
electrocution, nerve cell changes occur only at the sites directly transversed
by current, but large, prolonged currents produce heat and cause neuronal
changes similar to current alone. Transient changes can be observed in
nerve cells3°. The neuronal changes can be patchy in distribution, with
normal cells lying adjacent to injured cells. Schwann sheath breakdown and
cellular fusion have been noted.

Thesis: What are the neurologic sequelae after electrical injury?

From the review of the literature, perhaps the most striking feature of
neurological sequelae from electric current is the paucity of information on
what the true incidence, severity and sequelae are. ‘One person, electro-
cuted from an electric light main, is profoundly shocked; another makes
contact with a considerably greater current and is little the worse’3”. The
authors have long been interested in the natural course of neurological
symptoms at the University of Washington Burn Center and have followed
these patients prospectively in conjunction with the Department of
Neurology+%41. This compendium presents a 7-year experience of electrical
injury at the University of Washington, with a particular focus on the
neurological outcome. There were several specific questions addressed. Do
low-voltage injuries have serious neurologic sequelac? What is the outlook
for patients rendered unconscious by the current? Are peripheral neuro-
pathies present on admission likely to be permanent? Are delayed
neuropathies likely to develop and, if so, are they likely to be permanent?

Material and methods

A review of 90 patients admitted to the University of Washington Burn
Center who had sustained electrical current injuries during the period from
1980 to 1986 was undertaken to determine the extent and consequences of
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Table 7.1. Demographics

Patients Age TBSA Lived Died ICU Total stay
Overall (90) 3113 611 86 4 5£10 1320
High voltage (64) 31+12 8+13 60 4 612 17122
Low voltage (22) 3117 11 22 0 1+1 45
Unknown (4) 32+15 4+4 4 0 11 8§+11

acute and delayed central and peripheral neurologic sequelae. Only patients
with true electrical contact were included in the series. Patients who had
sustained only flash or flame burns were excluded if there was no history of
current passage or clear evidence of entrance or exit wounds. All injuries
from current greater than 380 V!¢ were considered to be high-voltage
injuries. Neurology consultants examined patients with high-voltage
injuries at the time of admission. Patients who developed neurological
symptoms after discharge from the hospital were referred for neurological
evaluation, electromyographic studies and/or neuropsychiatric assessment
as indicated by the complaints.

Results

The demographics of this patient population are shown in Table 7.1. There
were 2305 admissions to the University of Washington Burn Center
between 1980 and 1986; electrical injuries accounted for 4% of these
admissions. The voltage was known in 86 patients. There were no lightning
strikes. The mean age was similar for both high- and low-voltage groups.
The length of stay in the intensive care unit and the total hospital stay were
shorter for low-voltage injuries. There were four deaths (4%), all in the
high-voltage group. Two of the deaths occurred in patients who had
suffered severe anoxia at the time of initial injury. The third death occurred
in a patient who sustained multiple severe injuries, including a basilar skull
fracture, pelvic fracture, cervical spine (C2/3) fracture dislocation and a
severe liver disruption. The fourth death occurred in a 35 year-old patient
who sustained an 84% total body surface area flame burn in addition to the
electrical burn. There were 82 male and 8 female victims.

The actual electrical potential could be determined in 76 patients. There
were 22 patients in the low-voltage group, 10 struck with 110 V and 12 with
220 V. The tissue injury and neurologic consequences in this group are
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skewed from all low-voltage injuries, since asymptomatic patients without
tissue destruction are not generally admitted to the hospital. The actual
voltage was known in 54 of the 64 patients in the high-voltage group and the
median voltage was 7200 V with a range from 440 V to 150 000 V. Entrance
wounds were identified in 78 patients and exit wounds in 68 patients. One or
both upper extremities account for 82% of the entrance wounds. Twenty-
one per cent of the exit wounds could be identified in the upper extremities,
30% in the lower extremities, 28% on the trunk or on multiple sites, and
21% were unidentified. The majority of high-voltage injuries occurred at
work (72%) compared to only 38% of those in the low-voltage group. Most
low-voltage injuries (57%) occurred at home. Fourteen patients underwent
18 amputations, seven of upper extremities, eight lower extremities, two
patients required toe amputations, and one underwent finger amputation.
The extremities that underwent amputation secondary to massive thermal
tissue destruction were considered to have a permanent sensorimotor
deficit in the isolated limb and were not considered in the symptomatic
group of patients unless they developed neurological sequelae in the stump
or elsewhere.

Low voltage

Twenty-two patients sustained low-voltage injuries. Eleven patients had no
presenting neurological complaints and none developed subsequent
problems. The remaining 11 had one or more neurological symptoms
including: seizures (1), motor weakness (4), decreased sensation (5), left
hemiparesis (1), and loss of consciousness (4). In the final outcome, the
symptoms had completely resolved in nine of these patients, and, in the
other two, the symptoms were resolving. The high incidence of symptomsin
this low-voltage group is due undoubtedly to a skewed patient population,
since it is policy to discharge from the emergency room patients who
sustained 110 V and 220 V injuries unless they had some associated
indication for admission.

High voltage

Sixty-four patients sustained high-voltage injuries. There were 21 patients
in the high-voltage group who had no neurologic deficits at the time of
admission. Four of these patients developed dysaesthesias and shooting
pains in amputated extremities, and one of them underwent excision of a
painful neuroma without resolution of symptoms. A fourth patient
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developed bilateral hip weakness and pain 1 month after injury, but did not
follow through with neurological consultation.

Loss of consciousness

Loss of consciousness occurred in 29 of the 64 patients in the high-voltage
group (45%). Eight patients (28%) in this group required CPR prior to
admission. Six patients remained comatose at admission. Three of these
patients never regained consciousness and died (9%). The other three
comatose patients regained consciousness in the hospital, but all of them
had persistent central neurological deficits. Three patients with momentary
loss of consciousness developed new central neurological symptoms. Over
all, 20 patients who transiently lost consciousness became completely
asymptomatic, while six had evidence of persistent or delayed central
neuropathy. The final central symptoms ranged from the slight symptom of
amnesia for the accident (one patient) to global hyperreflexia with aphasia
and bilateral clonus (one patient). Other deficits included: a slight deficit in
memory and learning by neuropsychiatric evaluation (one patient), poor
short- and long-term memory with hypoxic encephalopathy and violent
behaviour (one patient), an isolated Babinski with normal neuropsychiatric
evaluation and a hand sensorimotor deficit by EMG (one patient), and a
post-traumatic stress disorder with cortical visual field deficit by visually
evoked responses (one patient).

Forty-five per cent of our patients suffered transient loss of conscious-
ness. Eighty-seven per cent of those who had transient loss of consciousness
had no sequelae. Half of the patients who remained comatose died, and the
other 50% developed persistent central deficits including: decreased
memory, aphasia, and violent behaviour. Three patients with transient loss
of consciousness had some permanent impairment including decreased
memory and a post-traumatic stress disorder.

Other initial central nervous system problems in the high-voltage group
included seizures and paralysis. Seizures were present in three patients and
all resolved. Two patients developed new seizures at some point during
their hospitalization. Five patients had initial paralysis that resolved
promptly. One patient had transient paresis that resolved.

Acute peripheral neuropathy

Twenty-two patients with high-voltage injuries presented with one or more
peripheral neuropathies including: motor loss (16), decreased sensation
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(16), paraesthesias (1), paralysis (1), and pain (2). Of the 16 motor lesions:
eight resolved, two improved, four persisted, and two progressed. The
motor lesions which resolved included: generalized upper and/or lower
extremity weakness (5), and dysfunction of the median (2), ulnar (2), or
radial (1) nerves. Two patients presented with four claw hands. Immediate
carpal tunnel release brought partial improvement to three hands and no
improvement to the fourth. The motor lesions which progressed included
deterioration of a peroneal nerve, a tibial nerve and ulnar and median
nerves. The four motor deficits that have not resolved include one patient
with a complete median, ulnar and radial nerve motor deficit with sensory
sparing who underwent eventual amputation, one weak left hand (2 years
after injury), one complete median and ulnar sensorimotor deficit (6 years)
and complete sensorimotor loss from an associated C5/6 fracture disloca-
tion. The sensory lesions resolved in seven, improved in three, progressed in
two, and persisted in five. The paraesthesias resolved in one. Initial pain
symptoms resolved in both. One or more peripheral neuropathies occurred
in 34% of our high-voltage injuries. The immediate peripheral neuropath-
ies resolved or improved in 64% and persisted or progressed in 36%. The
median, ulnar and radial nerves were most often implicated. Three out of
four decompressed hands that presented in tight finger flexion recovered
some sensory and motor function.

Delayed peripheral neuropathy

Eleven patients developed relatively minor additional or new delayed
symptoms which included; muscle weakness (5), sensory deficit (3),
paraesthesias (4), and new pain symptoms (4). In only one of the patients
was the combined sensorimotor deficit significant — a young man sustained
injuries to both wrists, but had complete hand function except decreased
light touch in one hand. This rapidly recovered by EMG, but he developed
delayed radial sensorimotor nerve deficits and bilateral carpal tunnel
symptoms 5 months postinjury. He remains unemployed. Of the four
patients who developed new motor symptoms, one resolved, two improved
and two persisted. Of the three sensory deficits, one improved and two
persisted. Delayed paraesthesias occurred in four patients and resolved in
two, but persisted in two. Delayed chronic pain symptoms occurred in four
patients and remained in three. Delayed dysaesthesias developed in two
patients and resolved in one. No patients developed delayed spinal cord
symptoms. Eleven patients developed 18 peripheral neuropathies, most of
relatively minor consequence. However, 50% of them persisted. In the most
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significant case, a patient developed bilateral carpal tunnel symptoms
which could fall into Blom’s*2 classification of perineural scarring, since the
entrance wounds were located at both wrists.

Summary

Low-voltage injuries generally do not have any major sequelae. Approxi-
mately half of the patients with high-voltage injuries had loss of
consciousness at the scene, but recovery was good unless associated with
anoxia. About one-third of the patients with high-voltage injury exper-
ienced acute peripheral neuropathies. About two-thirds of these resolved.
Delayed peripheral neuropathies occurred in about one-fifth of the patients
injured by electric current. The symptoms are less likely to resolve, but are
generally mild. Delayed central or spinal cord lesions are recognized
sequelae, but are uncommon.

Pathophysiology of electrical injury

A knowledge of the basic laws of physics is critical in order to understand
the extent and severity of electrical injury. A multitude of factors contribute
to the manifestations of electrical injury including current and type of
current, length of time of contact, electrical density, voltage and the electric
field produced, tissue and environmental resistance, and current pathway.

Despite an understanding of the laws of physics, there still exists
substantial controversy in the mechanism of conversion of electrical energy
into tissue destruction*3. This is particularly evidenced in the diverse
manifestations of neurological symptoms in response to electrical current.
Although there remain many unanswered questions regarding the specific
electrophysiological cellular interactions causing alterations in function,
there are some known data about the nerve cell, the anatomic configuration
of the nervous system which may elucidate the reasons for the diversity in
presentation.

Researchers are investigating the flow of electricity in the body and
proposing new theories about the effects of electrical current on cells and
cell membranes that may supply answers to the perplexing problems
encountered from electrical current. Although a treatise on the pathophy-
siology of electricity is beyond the scope of this chapter, several relevant
facts about electrical current, the nervous system and new concepts about
electrobiology may account for the clinical symptoms detected in patients
in response to electrical injury.
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The laws of physics

If the body becomes a part of the electric circuit, the extent of injury is
defined by the current and the duration of the shock#*3. The current is
defined by Ohm’s Law which states that current (J) is directly proportional
to the voltage (V) and inversely proportional to the resistance (R), I=V/R.
The voltage is the driving force that forces the ions to move in one
direction3. The resistance is a measure of how difficult it is for electrons or
ions to flow through the conducting medium. Although the determinants of
Ohm’s Law can be defined experimentally in mammalian models, in the
accidental injury situation, the only known quantity is the voltage.
Resistance of the interface is unmeasurable and, therefore, current is
undefinable in absolute terms.

Resistance

The impedance to the flow of current is important to evaluate in
determining whether a particular voltage will be associated with a
physiological response. The resistance to current flow is a combination of
intrinsic tissue properties and extrinsic factors.

Ever since the discovery of bioelectrical events, investigators have been
interested in the alterations of current produced by the intervening
tissues**. The body has a very high external resistance in intact skin and a
low ionic internal resistance. Internal tissues have their own complex
intrinsic resistances and may contribute to the alterations observed in
voltage measurements*®. A few broad generalizations can be made about
the conductivity of biological materials. Cell-free fluids: urine, amniotic
fluid, bile, cerebrospinal fluid and plasma have the lowest resistance**. The
addition of cells to plasma decreases its conductance 2.5 fold*s. Flowing
blood exhibits a lower resistance than stationary blood*”. Skeletal muscle
and nervous tissue have a considerable degree of electrical anisotropy
(unequal conductance dependent upon direction of flow), that precludes
generalizations about their conducting properties. Nerve fibres are long,
thin tubes filled with electrolytes that have a higher resistance when
measured transversely than along the fibre length*®. Grey matter,
consisting largely of cell bodies, conducts better than white matter, which is
composed of anisotropic fibre tracts. This discrepancy in resistance
between transverse and longitudinal flow may therefore contribute to the
disparate sequelae from electrical injury.
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Current path

An investigation of current distribution and density requires the isolation
of representative portions of the current path and the determination of the
percentage of total current carried by each of the segments of the circuit*°.
The passage of 60-cycle current in various anatomical configurations has
been evaluated for currents ranging from 10 to 50 mA in a cat model*°.
Electric current passed through the animal as though it were passing
through a structureless gel, always chooses the shortest path from contact
to contact without deflection by anatomical landmarks. The amount of
current carried by the aorta, vena cava, spinal cord and long muscles of the
back was the same when current passed from forefoot to hindfoot.
However, when current passed from forefoot to forefoot, a significant
amount of current passed through the spinal cord at the level of the seventh
cervical segment. The course of the current within the body is difficult to
determine in the accidental situation, but some of the variable and/or
delayed symptoms may arise from the localization of current in specific
peripheral nerves or spinal segments.

Biophysical mechanisms for neurological sequelae from electricity

The mechanism(s) of tissue injury still remain somewhat controversial.
Some attribute tissue destruction to thermal injury; others, to a specific
action of the current. Neither explanation alone seems to answer the
question completely. Studies with isolated nerve preparations show
significant membrane injury that is reversible2®-3°. The extent of thermal
destruction can depend on the degree of associated tissue perfusion?.
Animal models have also shown progressive tissue necrosis which can be
diminished with nonsteroidal anti-inflammatory agents implicating arachi-
donic acid metabolites®°. Only through an elaboration of both thermal and
nonthermal electrical effects can we gain a better understanding of a very
complex neurological injury pattern.

Thermal destruction — joule heat

Tissue destruction by electricity occurs at least in part by the conversion of
electricity into heat. There is some controversy as to which tissues are the
largest ‘heat sink’ generating the greatest temperatures. The controversy
stems around the question of whether a material of extremely high
resistance, such as bone, produces the greatest amount of heat, or whethera
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low resistance, but high-volume tissue, such as muscle, develops the
greatest heat capacity. Patterns of current distribution and temperature
generation have been examined in experimental animal models’!-2 and
proposed on the basis of theoretical calculations*3. Each will be discussed
below separately. An understanding of the current repartition and heat
generation are critical in order to understand the patterns of injury to the
tissues encountered along the course of the current.

Joule’s Law describes the conversion of electrical energy into heat in a
solid conductor. Heat production in joules is proportional to the power
dissipated and the duration of contact. Joule heat (J) is the heat production
and is described by the following equation: J=I?RT.

Uniform resistance volume conductor model

Experimental studies in rats suggest that an electrical burn is simply a
thermal injury>2. Although it has been suggested that the severity of tissue
injury may be related to differences in absolute resistances, Hunt2 suggests
that the clinical significance of this may be immaterial once the external
resistance of the skin has been overcome. The extent of tissue necrosis in the
rat model is related to the volume of tissue, rather than to specific individual
tissue resistances. Once the high resistance of the skin has been overcome,
the internal tissue, except bone, acts as a low-resistance volume conductor
in this small animal model. Although the initial temperature of muscle rises
more rapidly than in bone, both tissues attain the same temperature by the
time the current arcs. It is a self-limited, nonprogressive injury that
terminates when the current arcs. Muscle injury occurs at the time of initial
insult and does not progress.

The concept of finite, irreversible, complete tissue damage is disputed by
some on the basis of clinical observations!4-53:54, High-tension electrical
injuries produce nonuniform tissue destruction28-54,

Inhomogeneous resistance composite tissue model

The disparate clinical findings have stimulated scientists to search for a
more thorough explanation for tissue destruction from electrical injury by
joulean heat. Recent investigations on the flow of current and heat
generation have generated both theoretical models and sophisticated large
animal experiments. These suggest that the magnitude of heat production
during an electrical injury is complex and depends on the current density,
the conductivity of the tissues, and the spatial arrangement of the tissues in
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relation to the entry and exit points of the current. The clinical applicability
to human victims, however, remains to be confirmed. The discrepancy in
current flow and heat production along a given path in these animal models
must affect all adjacent tissues, including the nerves.

A mathematical explanation for tissue loss from electricity has been
proposed by Lee and Kolodney*? in a one-dimensional arm model
consisting of composite tissues. They theorize that, when tissues are
electrically in parallel, the greatest heating occurs in the most conductive
tissue, the muscle, which then proceeds to transfer heat to adjacent tissues,
like bone. If the tissues are in series, the heat generation is inversely
proportional to the tissue conductivity. The skin can be viewed as being in
series with the other tissues since all the current must pass through the skin
from the power line. This may account for the extensive thermal destruction
seen at the skin contact point with the power source. The skin has the lowest
conductivity and therefore the highest heat generation capacity when it is
modelled in series.

Support for this theoretical model has been generated by using a
reproducible high-voltage model in primates®!-55. When a computer-
activated system delivers a preselected energy level in kilojoules to a
primate upper extremity, the predominant current load is carried in the
muscle, the tissue occupying the largest cross-sectional area in the arm.
Chilbert et al.5%, also, observed that most of the current will flow through
the largest conducting volume of the lowest resistivity in concentration
directly related to the cross-sectional diameter. Although it appears that
muscle is the greatest tissue conductor, there is a nonuniformity in maximal
flow of current within muscle groups. The flexor muscles of the forearm
carry approximately 64% of the current, confirming that most of the
current flow is through the largest conducting volume of the lowest
resistance’!.

The highest recorded temperature values occur in the muscles of smallest
cross-sectional diameter and in tissues of highest inherent resistance. Long,
thin muscles, such as the brachioradialis, or the flexors along the radial
aspect of the forearm, and the origins and insertions of major muscle
groups register more current per cross-sectional area and thus greater heat
generation and more tissue necrosis.

Approximately 20% of the current passes through the bone. Bone
temperatures are sufficiently elevated to result in prolonged dissipation of
heat to the surrounding tissues, the peri-osseum and deep muscle groups.
An interesting phenomenon was observed in the primate model. As the
path of current courses along the longitudinal axis of the forearm, the cross-
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sectional composition of the limb changes from low resistance muscle to
high resistance bone and tendon at the antecubital fossa and axilla. The
current is rerouted at these anatomical levels. Traditionally, the deep
lesions in the antecubital fossa have been ascribed to arcing’®, but this
phenomenon was not observed in the primate model of Daniel er al.5! They
attribute the destruction in these areas to a redirection of current from deep
muscle towards the surface tissues because the current encounters high
resistance bone and tendon and a significantly reduced cross-sectional area
of muscle.

After the termination of current flow and heat generation, the dynamics
of temperature flux depend on blood perfusion, heat conduction and air
convection at the skin surface. In the theoretical model where muscle
reaches the highest temperature, the cooler bone and the hotter muscle
equilibrate in 10 minutes, whereas skin may never reach the temperatures of
the underlying muscle because it loses heat from the surface by convec-
tion®?. In addition, blood flow has a profound effect on the rate of
cooling®8. If perfusion is impaired, re-equilibration of temperature may
require many hours.

The experimental data above recognize the variability of current flow
and heat generation within a given segment of the animal body depending
on the complex configuration of the tissues. Although only the current and
heat in the muscle and bone compartments are investigated, the anatomical
course of the nerves in relationship to the volume, shape and location of the
muscles and bone may play a significant role in the determination of specific
early and late nerve lesions.

Nonthermal tissue destruction by electricity

Exposure to intense electric fields can produce a wide spectrum of tissue
injury ranging from charring to the gradual development of neurologic
deficitsS. As noted above, joule heating has been incriminated as the
mediator of tissue damage. However, the nonuniform distribution of
cellular injury®* and the delayed cellular alterations?® are not well
explained by the immediate effects of thermal destruction.

Electric field hypothesis

Electrical fields are capable of damaging cells by nonthermal means as well
as thermal mechanisms®’. Blom and Ugland?® examined the effects of
electric shocks of 250 to 1700 mA on the cell membrane and noted there to
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be transient changes in resting membrane threshold, which rapidly
reversed. Similarly, Dalziel>® demonstrated that subthreshold electric
fields applied to bilayer lipid membranes developed increased permeability
which was reversible. Rupture of cells by strong electric fields is well
documented, and is a commonly used tool for membrane research and for
encapsulation of pharmacological agents normally impermeable to the
biological lipid membrane*2. The local electric field is of sufficient
magnitude to cause electrical breakdown of cell membranes and cell lysis®°.

There are two possible mechanisms for electrical breakdown of cell
membranes: direct compression of the cell membrane®! and the stretching
of transient aqueous pores in the lipid bilayer®2. Current evidence supports
the pore theory*2-37. The expansion of pores beyond a critical radius can
create a mechanically unstable membrane which will rupture.®?

Cell size and orientation may also be important in the electric field
strength model®7. Lee®” proposes that large elongated cells, such as muscle
and nerve cells, are more vulnerable to electrical breakdown. In a simple
geometric model for nonspherical cells, the maximum voltage drop
depends on the cell orientation with respect to the electric field37:63. The
greatest voltage drop is observed when the long axis of the cell is parallel to
the electric field. Lee et al.57 postulate that a 1-cm long muscle cell aligned in
the direction of the electric field of 200 V/m is sufficient to rupture the cell
without producing joulean heat’8. They have recently shown in an in vitro
rat skeletal muscle model that electric field strengths of 10-300 V/cm,
comparableto thosesustained by maninelectrical accidents (1 to 100kV/m),
are capable of rupturing skeletal muscle cells without any evidence of joule
heating%+. This appears to be cell-type dependent, since there were no
changes in the fibroblasts. The susceptibility of muscle and nerve cells to
electric field effects may account for the clinical observations noted by
Ponten®3 that muscle under normal skin 25 cm from the entrance site can be
necrotic, but the blood vessels are still patent.

Inflammatory mediator model

The evidence for immediate irreversible tissue necrosis versus progressive
tissue destruction remains controversial?1432-55_ Progressive tissue loss in
electrical injuries has been proposed in a rat model to be due to metabolites
of arachidonic acid®s. Sequential histochemical analysis of tissue at the
entrance wound and along the proximal peri-osseum revealed progressive
accumulation of thromboxane. Treatment with antithromboxane agents
halted the evolution of tissue necrosis and preserved limb length.
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Conclusions

The neurological sequelae from electrical injury are diverse. A review of the
literature presents a summary of the central, peripheral and spinal
symptoms encountered from electric shock. A large series of patients

treated

at The University of Washington is presented to elucidate the

outcome of acute and delayed neurological symptoms. The basic laws of
electricity and how they affect nervous tissue are reviewed. Possible
mechanisms for the disparate neurological symptoms and their evolution
are presented.
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Paediatric electrical burns
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Introduction

The leading cause of accidental death in the home for children ages 1 to 14
years is burn-related injury!. Electrical burns compose a small percentage
of paediatric burns, varying from an incidence of 1.6% in those less than 2
years of age to 3.8% in the adolescent. Although relatively less frequent,
electrical burns are of prime importance in light of their potentially
devastating local and systemic effects. The limb amputation rate is reported
to occur in up to 40% of these cases with death occurring in up to 7%?2.

Electrical injury may be of two types: low tension or high tension. One
thousand volts is the approximate minimum value for the high-tension
category of injury.

The injury

Low-tension injuries

The majority of electrical injuries in young children are of the low-voltage
type. Low-tension injuries typically occur in the home and result from
contact with relatively low-voltage alternating household current (110 V).
The most common sites of injury are the mouth and the hand.

Oral injuries most commonly result from biting on an electrical cord or
sucking on an electrical wall socket® (Fig. 8.1). The most commonly
affected site is the upper and lower lip and the connecting commissure
(43%), with tongue involvement in 26% and alveolar involvement in 10%.
Typically, the centre of the wound is depressed and charred with an
overlying exudate. Surrounding oedema increases over 2 hours and
gradually resolves over a 2-week period. The eschar separates within 2 to 3

153
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Fig. 8.1(a). Electrical burn of the lower lip (a typical ‘cord bite’); (b)
application of an oral commissure splint; (c¢) appearance 1 year later
following 4 months of splinting; (d) normal position, shape and range of
motion of the oral commissure are maintained.
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weeks, at which time bleeding from the labial artery may occur, with a
reported incidence of 24%3.

The hand is another frequent entry or contact site in paediatric low-
tension (as well as high-tension) injuries (Fig. 8.2). Exit wounds are most
commonly found at the grounding site, i.e. the lower extremities, with the
current travelling along the path of least resistance. These injuries typically
result from manual manipulation of live cords or sockets. Local injury
consists of partial- or full-thickness thermal burns.
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Systemic side-effects in low-voltage injuries are relatively rare. Cardiac
arrhythmias, renal failure, and myonecrosis generally do not occur unless
an alternating current source, as seen with incandescent lights and
appliances, is present. These currents are more dangerous due to their
tetanizing effects, such that the victim is unable to remove himself from the
electrical source*>.
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Fig. 8.2 (@) A 4 year-old boy burned his left hand on an exposed 110 V
wire. This figure shows appearance following initial debridement and
carpal tunnel release immediately after admission; (b) & (c) 48 hours later,
final debridement with groin flap coverage; (d) & (e) 1 year postburn there
is a flexion contracture at the thumb IP joint, with otherwise good range of
motion.
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High-tension injuries

A higher proportion of electrical injuries in older children or adolescents
are of the high-tension type. These typically occur away from the home and
are more often the result of occupational or recreational activity?.
Electrical wires are a common source of these injuries and the extremities
are the most frequently involved sites. The upper extremity, particularly the
hand, is involved in 50-75% of these cases?% (Fig. 8.3).

The cutaneous effects of high-tension electrical burns are typically
devastating, with widespread tissue destruction. Thermal injury is
mediated by different mechanisms.4

Current effect

This is seen at skin entry and exit sites. A deep thermal burn results here due
to the great resistance encountered at these sites which in turn produces
large quantities of heat. These skin wounds are characteristically leathery
or charred and full-thickness loss may be seen. The entry site is often dry
and depressed, whereas the exit wound is raised and irregular*. The current
travels along the path of least resistance (neurovascular bundles). Bone is
the most resistant tissue to the electrical current and it therefore generates
the greatest heat, accounting for the greater destruction of para-osseous
muscle along the path of the current as compared to more superficial sites®.
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Fig. 8.3 (a) High-tension electrical injury to the left upper extremityina 9
year-old boy who fell from a tree onto a power line; (b) amputation of this
extremity was required; (c) rehabilitation was achieved with a myoelectric
prosthesis.
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Arc burn

This occurs when a current courses external to the body from contact to
ground. Air particles are ionized by high-tension current and extremely
high temperatures are generated. The hand and flexor surfaces of the arm
are most commonly involved due to the tetanic spasms of the arm which
bring these areas into close proximity. Deep burns result at the sites of entry
and exit of the arc.

Flame burn

This is a typical thermal burn resulting from an electrical injury which then
secondarily ignites clothing. These are typically full thickness burns.
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Systemic effects

High-tension injuries are complicated potentially by cardiac, renal,
neurologic or other associated injuries. Cardiac injury results from
transmission block, coronary artery spasm, coronary endarteritis, or
diffuse myocardial damage’. Cardiac dysrhythmia or infarction may occur.

Renal injury is mediated either through myoglobinuria and resultant
acute tubular obstruction or, less commonly, through direct thermal injury
to the renal parenchyma#*. Neurological aberrations are felt to be the most
frequent nonfatal sequelae of electrical injury*. Findings range from
transient loss of consciousness, to epilepsy or spinal cord injury. Interest-
ingly, unless there is loss of brain tissue, the brain seems to survive the injury
without sequelae.
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Other associated injuries include muscle and tendon disruption due to
tetanic contractions, intra-abdominal organ injury due to direct electrical
injury or through the effects of stress, cataracts, and bone injury including
fractures (typically related to a fall), and peri-osteal necrosis.

Treatment

General principles

In both low- and high-tension injuries, the victim must be safely disengaged
from the power source. Cardiopulmonary resuscitation and monitoring, as
needed, are begun. Vigorous intravenous hydration, particularly essential
in high-voltage injury, is initiated. Complete examination with evaluation
for possible associated injuries is performed, and baseline cardiac, renal
and hepatic studies are obtained and followed.

The wound — low-tension injury

As mentioned previously, low-tension injuries usually result in limited local
injuries with relatively few systemic effects.

Treatment of labial contact burns has changed over the years with
management directed away from surgical treatment, as proposed by
Gifford, et al. in 19713 to nonoperative management in the form of splints®.

Wound contraction, as well as the sphincter-like action of the orbicularis
oris muscle, are important factors contributing to scar contracture in these
wounds. Custom-made splints, designed to maintain constant tension
opposing the forces of the contracting scar, have shown excellent results
with avoidance of operative therapy in most cases®. Hospitalization is
generally not required, and treatment is continued for 6 to 12 months. The
resultant effect is a soft and pliable, healed wound without contracting
potential.

Delayed labial artery bleeding, typically occurring at 21 days, is readily
controlled with pressure and an adrenalin-soaked sponge. Rarely, ligation
of the labial vessel may be required.

Low-voltage injuries of the hand may be managed locally with saline-
soaked gauzeinitially. Surgical excision is performed at the earliest possible
date followed by immediate reconstruction with a skin graft or flap (local,
regional, or distant)®.
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The wound — high-tension injury

These injuries predominantly involve the hand as the entry site and the
contralateral upper extremity, the lower extremity, the thoraco-abdominal
region or the scalp as the exit site®. Entry and exit sites represent areas of full
thickness necrosis which are sharply demarcated from normal skin. The
greatest damage along the path of the current typically occurs in the
extremities, due to the smaller cross-sectional areas of these parts. This
follows from the ‘volume conduction theory’ which states that heat is
directly proportional to current density, which is defined as flow per unit
cross-sectional areal®.

Another important factor in planning debridement of these wounds is
that para-osseous muscle is typically more extensively injured than other
nearby tissues. Often, the external wound is only the tip of the iceberg in
terms of tissue destruction by electrical injuries.

An aggressive approach is required for treatment of these injuries®-°.
Tetanus prophylaxis is given. Following initial resuscitative efforts, the
patient should be taken to the operating room for debridement of
devitalized tissues and decompressing escharotomies and fasciotomies.
This should be done generally within the first 3 hours following admission.
The wound is packed with sterile saline gauze. Another debridement is then
carried out 48 hours later and every 48 hours thereafter until the remaining
tissue in the wound is viable. The technetium (Tc-99m) pyrophosphate
muscle scan described by Hunt ef al. was found to be helpful in guiding
debridement procedures!?. Here, injured muscle shows increased tracer
uptake, whereas nonviable muscle shows no tracer uptake.

Vascular occlusion due to arterial thrombosis occurs at the time of the
initial injury and requires urgent treatment. Amputation may be indicated
if limb injury has been massive with total necrosis of the limb.

Wound closure is attempted as soon as complete debridement has been
carried out. This minimizes bacterial colonization and allows cover of vital
structures. If no important structures are exposed, the wound is simply
skin-grafted. Exposure of bone, joint, nerve, blood vessel or tendon
necessitates cover with a pedical flap or free flap. Attention must be directed
to placement of the vascular anastomosis away from the zone of injury.

Active and passive range-of-motion exercises are started soon after
admission and are interrupted only in the immediate postoperative period.
At the same time, the patient is measured for a compression garment. If the
patient is to be fitted for a prosthesis, this is done as early as possible.
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Outcome

Low-tension electrical injuries, if properly managed initially, in general
carry a good prognosis. Oro-labial burns ultimately do well if the patient is
compliant with nonoperative management for the prescribed time period.
In contrast to the requirement for surgical revision in the majority of cases
(83%) asreported in 19713, nonoperative management is successful in most
cases today®. Only 3% of the patients followed by Silverglade and Ruberg
at the Ohio State University College of Medicine required surgical
intervention. These were full-thickness, circumoral burns in which surgery
is uniformly required and splints here are used as an adjunct in therapy to
maintain the normal commissure position and shape.

High-tension injuries, in general, are associated with limb amputation
rates of up to 70%12 and mortality rates of 2 to 15%.6 Similar figures are
given in the paediatric population, with a reported limb amputation rate of
41% and mortality rate of 7%:2.

Conclusion

Paediatric electrical injuries are predominantly of the low-tension type until
the adolescent years when high-tension injuries become more prevalent.
The mouth and hands are the most frequently involved sites. Nonoperative
management is stressed for low-tension injuries of the oral region.

Operative management of high-tension injuries to the hands is stressed
with an emphasis on frequent debridement and early soft tissue coverage.
With these guidelines, optimal results can be expected in treating these
difficult injuries.
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Surgical technique for salvage of
electrically damaged tissue

LAWRENCE J. GOTTLIEB
JONATHAN SAUNDERS
THOMAS J. KRIZEK

The triad of cutaneous injury, occult soft tissue destruction and multiple
organ damage secondary to high-voltage electrical injury may lead to a
potentially devastating scenario. The management of the injured soft tissue
can be particularly challenging because treatment decisions directly affect
both the acute resuscitation of the patient and the long-term functional
result. Opinions regarding the timing and extent of the initial debridement
and subsequent wound closure in patients that have sustained significant
soft tissue injury secondary to electrical trauma are far from uniform. These
differences of opinion and consequent varied therapeutic approaches
evolve from different understandings of the pathophysiologic mechanism
of this injury.

Several mechanisms have been postulated to explain the particular form
of tissue destruction caused by high-voltage electrical injury. Artz! and
Rouse and Dimick? equate electrical trauma with the injury associated with
a crush syndrome. Lee3 believes that nonthermal electrical damage at the
cellular level is an important component. Many others*~°, however, ascribe
the damage caused by electrical trauma to heat generated by the passage of
current through the tissues, the joule effect.

Although any one of the above theories may account for acute cell death,
none of them adequately addresses the concept of progressive tissue
necrosis. This concept has a major influence on soft tissue management.
Key questions about soft tissue management include:

1 Does all lethal tissue injury occur immediately? or

2 Does progressive tissue damage occur after electrical trauma?

3 If tissue damage is progressive, is it preventable?

4 Can nonviable tissue be reliably identified?

5 Is there an optimal time sequence for debridement and coverage?
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6 How should one handle tissue of questionable viability at the
initial debridement?

The concept of progressive necrosis in electrical trauma has been
investigated by Robson and associates’. They demonstrated that cellular
injury leads to an increase in thromboxane production with a consequent
vasoconstriction and thrombosis in the microcirculation, followed by
further necrosis. They also postulated that this process could be prevented
through the use of prostaglandin inhibitors. Lee® also addressed progress-
ive necrosis, demonstrating experimentally that the nonthermal electrical
component perforates the cell membrane of nerve and muscular cells
causing potentially reversible cell membrane changes and subsequent
delayed cell death. On the other hand, Zelt® analysed electrical trauma in a
primate model via gross observation, light microscopy, angiography and
electrophysiologic nerve conduction. He concluded that progressive
necrosis does not occur.

If one accepts the concept that the major damage from electrical trauma
is the result of thermal injury, then perhaps the dynamic zone of stasis
postulated by Jackson can be extended to include electrical injury.
Janzekovic® has described preservation of this marginal, potentially
reversible, zone of stasis in thermal burns by tangential debridement and
immediate physiologic coverage.

To achieve maximal tissue salvage in patients with high-voltage electrical
injury, a uniquely aggressive therapeutic regimen was instituted. This
approach is based on the theory that the tissue injury by the thermal
component of electrical trauma may indeed have a dynamic zone of stasis
which can respond to immediate physiologic closure.

In addition to the direct tissue damage caused by the electrical and
thermal components of electrical injury, muscle may be irreversibly
damaged by the subsequent increased pressure within its fascial compart-
ments. The initial step for tissue salvage is the early recognition and
immediate treatment of compartment syndrome via escharotomy and
fasciotomy. The critical importance of preventing progressive tissue loss
secondary to pressure by complete early decompression cannot be
overemphasized. Decompression is followed by radical operative debride-
ment of all nonviable soft tissue. Viable muscle, which we define by colour
and contractibility, is preserved, as are noncharred tendons and nerves.
Marginal muscle when intermixed with healthy appearing muscle is also
spared.

If, after initial debridement, the remaining tissue appears adequate for
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long-term function, then immediate wound closure is performed. If the
magnitude of debridement required is such as to preclude expectation of
reasonable long-term functional recovery, amputation is performed. In the
situation where the viability of tissue which is potentially critical for
function is indeterminate, a more traditional care plan is utilized and
definitive debridement is postponed for 24 hours. Immediate coverage is
not appropriate for all patients.

The treatment of the right upper extremity of a recent patient illustrates
the philosophy. A 54 year-old right-hand dominant male was transferred to
the University of Chicago Burn Center after sustaining a high-voltage
electrical injury. He was working on a fire hydrant when a 7500 V line fell on
the posterior aspect of his neck. His main contact points were his neck and
right hand. Additional cutaneous injuries were noted on his left hand and
left thigh. Initial exam of his right hand revealed deep burn to his wrist with
severely charred thenar skin and flexed wrist and fingers. His right hand was
swollen, cool and tense (Fig. 9.1). Neurological examination revealed a low
median and ulnar neuropathy. Examination of the left hand was similar to
the right, but clearly less extensive and without neuropathy. After
stabilization of his airway and initiation of acute fluid resuscitation, the
patient was taken to the operating room, within 2 hours of arrival to the
Unit.

Both arms were decompressed simultaneously with extensive fascioto-
mies and decompression of the carpal tunnel and Guyon’s canal,
bilaterally. No devitalized tissue was encountered on the left side. On the
right hand (Fig. 9.2), devitalized skin was overlying the thenar muscles, and
the wrist was debrided as was the majority of the superficial head of the
flexor pollicis brevis muscle and the abductor pollicis brevis muscle. All of
the extrinsic flexor muscles of the distal one-third of the right wrist, and the
pronator quadratus muscle, were all clearly nonviable and therefore
acutely debrided. The remaining thenar muscles and proximal portion of
the flexors revealed an admixture of pink and pale portions. The remaining
flexors contracted when stimulated by the electrocautery, whereas the
thenar muscle did not. The median nerve was firm to palpation and was
decompressed with an internal neurolysis under microscopic control for a
length of 16 cm. The exposed, devascularized tendons and nerves as well as
the remaining marginal muscle were acutely closed with a rectus abdominus
muscle free flap. Microvascular anastomosis was performed at the level of
the brachial artery and vein just distal to the elbow, and a split-thickness
skin graft was placed over this muscle (Fig. 9.3). A biopsy of the remaining
thenar muscle was performed prior to closure and at 3 months postoperati-
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Fig. 9.1 (a) Right hand contact point over thenar eminence; (b) dorsum of
right hand demonstrating acute swelling.
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Fig. 9.2. Right hand and forearm volar fasciotomy — superficial portion of
thenar muscles are dark and haemorrhagic.

vely (Fig. 9.4). Split-thickness skin allograft was placed on the decom-
pressed left forearm. Forty-eight hours later this was exchanged for an
autograft when the neck injury was addressed. Both upper extremities
healed without drainage or infection. Examination 6 months postoperati-
vely of the left upper extremity was normal while the right side had a
persistent medial and ulnar neuropathy.

Discussion

This aggressive approach to wound closure is unique. In other series,
wounds are debrided two to four times prior to definitive coverage. The
practice of delayed coverage stems from the fear of covering areas of dead
muscle which may act as a depository for secondary bacterial seeding. It is
thought that these risks are minimized if impending compartment
syndromes are released prior to irreversible muscle damage and these
decompressed wounds are closed early, before contamination, desiccation
and autolysis occur. The advantage is potential salvage of more tissue.
Successful grafting of bone, tendon, nerve and muscle all have been
documented throughout the medical literature. If adequately decom-
pressed residual muscle, devascularized tendon, nerve and bone are covered
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Fig. 9.3. Right hand and forearm 3 months after rectus abdominus free
flap. (a) active extension of fingers; (b) active flexion of fingers.
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Fig. 9.4 (a) Biopsy of remaining thenar muscle prior to closure with free
flap demonstrating varying degree of injury. (125x); (b) re-biopsy of
thenar muscle 3 months post-operatively. Demonstrating myopathic
changes consistent with fibre regeneration. Note variation of fibre size and

centrally located nuclei (125x).
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with well-vascularized tissue, prior to bacterial contamination and
autolysis, this tissue should act like a composite graft. Although much of
the salvaged muscle will atrophy, residual muscle cells can survive and
subsequently hypertrophy!©.

Through early complete fasciotomies and the immediate utilization of
well-vascularized healthy tissue, coverage of the marginally healthy regions
of electrical injury may enable us to salvage potentially nonviable tissue.
This method leads to a more expedient recovery with potentially improved
long-term functional results.
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The role of arachidonic acid
metabolism in the pathogenesis of
electrical trauma

MARTIN C. ROBSON
PETER G. HAYWARD
JOHN P. HEGGERS

An electrical injury is a unique and thoroughly devastating form of trauma.
The clinical pictures following cellular damage due to electrical current
comprise more of a syndrome than a specific injury. The syndrome consists
of varying degrees of cutaneous burn combined with ‘hidden’ destruction
of deep tissue!. The electrical insult results in progressive tissue necrosis in
excess of the originally apparent trauma, somewhat resembling the injury
of crush trauma?:3. Controversy exists as to whether this is a slow
manifestation of irreversible muscle damage secondary to the original
current passage*°, or whether it is actively progressive ischaemic necrosis
secondary to ongoing macrovascular or microvascular compromise!-”-8:°,

The cause of the controversy is a poor understanding of the pathophysio-
logy. Because the injuries comprise a syndrome, the inciting cellular
mechanism(s) for the pathophysiology may be multiple. Historically, the
mechanism was thought to be heat. Passage of electric current through a
solid conductor results in conversion of electric energy into heat, the joule
effect. The amount of heat can be determined by Ohm’s Law and the joule
effect. Ohm’s Law states that the current travelling through tissue is
determined by the voltage (V) divided by the resistance (R). Heat
production in joules is proportional to the power dissipated multiplied by
the duration of contact and is expressed by the equation J= I? RT where J is
the heat production, I is the current, R is the tissue resistance, and 7T is the
time of contact!. The extent of injury depends on the type of current, the
pathway of flow, the local tissue resistance, and the duration of
contacts-10-14,

Two theories attributing the pathological changes seen following
electrical injury to generated heat have been postulated. The first
emphasizes the differences in tissue resistance to current flow to explain the
observed changes following electrical injury!s. Tissue resistance progress-
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ively increases from nerve to blood vessels, muscle, skin, tendon, fat, and
bone. Bone, having the greatest resistance, generates the most heat
according to the joule effect. This would cause greater necrosis in the deep
peri-osseous tissues, a situation frequently observed in this syndrome.
However, the majority of current would preferentially travel along the lines
of lesser resistance, particularly the blood vessels!2:15:17, These vessels are
injured, but not immediately thrombosed'®. According to this theory, the
progressive muscular necrosis is attributed to these vascular lesions leading
to delayed arterial occlusion and progressive ischaemic necrosis’-°.

Another theory questions the existence of progressive muscle necrosis.
Hunt et al. found that the internal milieu of an experimental animal’s body
acts like a volume conductor of a single resistance and not as if it were
composed of tissues of varying resistances’. With the onset of current flow,
amperage and temperature rise in parallel throughout the limb. By the time
of current arcing, both muscle and bone temperatures are equal. However,
they observed that it takes bone longer to dissipate the heat and suggested it
was this prolonged elevation in temperature that accounted for the peri-
osseous ‘core’ of necrotic muscle seen clinically. They also thought that
involved muscle and vessels sustain irreversible damage at the time of
current passage with immediate microscopic muscular coagulation necrosis
and small nutrient artery thrombosis. To support this concept are reports
that progressive occlusion of major-sized vessels have not been documented
arteriographically in the experimental situation or clinically*®-1°,

Progressive microvascular deterioration beyond the resolution of
radiographic evaluation is not ruled out by a failure to delineate progressive
changes arteriographically. Quinby et al., and Luce et al., in describing the
microscopic changes of questionably viable muscle emphasized the mixed
‘patchy’ nature of the electrical injury?%-2!. Normal muscle cells can be seen
immediately adjacent to necrotic cells with pyknotic nuclei, and normal
patent vessels can exist adjacent to thrombosed vessels, reminiscent of the
‘zone of stasis’ in the thermal burn!2. Progressive small vessel thrombosis
and deterioration of the microvasculature could convert these areas of
‘patchy necrosis’ into complete tissue loss.

There is a problem with attributing the entire pathophysiology respon-
sible for the syndrome of electrical injury to heat. Lee and Kolodney have
demonstrated through electrical and mathematical modelling that joule
heating is often not sufficient to explain the tissue necrosis seen22-23, When
the current passes transversely across a limb, the tissue would be arranged
electrically in series. In this situation, the tissue with lower conductivity and
higher resistance would generate the greatest amount of heat. This situation
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would mimic the theory suggested by Baxter!®. However, as Lee and
Kolodney suggest, most clinical situations probably place the tissues
electrically in parallel?2. When current enters an upper extremity and
transverses the entire body to another contact point on the lower extremity,
they have shown this to be the case. They have also shown the tissue with
greatest conductivity to generate the most heat. They suggested that muscle
would generate the greatest intensity of joule heating and the adjacent bone
would be heated secondarily. This would corroborate the theory proposed
by Hunt et al.’ The bone heated secondarily would dissipate heat quite
slowly. Lee and Kolodney showed this dissipation to be prolonged in a state
of poor perfusion?2. The cause of this poor perfusion in electrical injury will
be discussed later.

Although the mathematical modelling appeared to explain the different
theories for joule heating as a cause for cellular damage in electrical injuries,
it also showed that often the amount of heat is not sufficient to explain tissue
damage at sites distant from the current contact?2. However, Lee and
Kolodney demonstrated that an electric field can be of sufficient magnitude
to cause electrical breakdown of cells and cell lysis?3. They point out that
rupture of cells by strong electric fields is well documented?#4. Electric fields
stronger than a threshold magnitude and turned on faster than the
mechanical response of a membrane can rupture bilaminate lipid
membranes?>.

It appears that these various observations are all correct in select
situations following electrical trauma. That is the reason for describing the
clinical response as a syndrome. Perhaps a way of unifying these theories is
to look at the cellular response to the initial electrical insult. To do this, one
needs to look at the immediate and delayed cellular damage following
contact with an electric field. This unifying concept is the same as for other
causes of soft tissue trauma such as thermal burning, frostbite, or other
injuries in which patients present to the emergency department with what
appears to be relatively minor injuries and, after a period of days, lose large
amounts of tissue?®. Similar circumstances occur with crush injuries in
which muscle damage appears to worsen under intact skin, and in avulsion
injuries in which the flap looks healthy at the time of admission only to
become necrotic over a few days.

The immediate damage is similar and fairly well delineated for all of these
injuries. Similar mechanisms are postulated following electrical trauma.
The traumatic insult results in a degree of cell shock. The intracellular
energy system changes stored adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (AMP), and the sodium pump becomes
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ineffective as the cell membrane becomes permeable to sodium and calcium
ions?7-28, As part of the immediate cellular injury, proteases are released,
and these can trigger both the coagulation cascade and complement
degradation. Degradaton products such as C;A begin the immunologic
cascade, and the soft tissue responds by increased vascular permeability
and chemotaxis?5, The mast cell, stimulated by these tissue proteases
coming out of the injured cell, produces more cyclic AMP. Penneys has
shown that injury also activates phospholipase A, which cleaves phospholi-
pids that are bound to cholesterol and triglycerides in the cell membrane?®.
This results in the metabolism of arachidonic acid which, when released,
helps to activate the platelet plug. The other activity from the proteases is
the initiation of chemotaxis. The respiratory burst of the leukocyte occurs
producing more arachidonic acid metabolites. This also produces free
oxygen radicals necessary for the initial control of bacteria at the site of
injury.

It appears that any traumatic soft tissue injury results in these immediate
effects?®. However, except in the most severe cases of soft tissue injuries, the
immediate effects may not result in tissue necrosis. This is the case in clinical
electrical injuries in which tissue proximal to the site of contact often
appears uninjured.

The major causes of soft tissue loss in the various clinical presentations of
the electrical syndrome are due to delayed effects. Robson et al. suggested
the aetiology and a method to control these delayed effects in an
experimental electrical injury!. Their laboratory had previously shown that
progressive tissue loss in burns and frostbite was due to progressive dermal
ischaemia mediated by various metabolites of arachidonic acid3-33. These
substances, especially prostaglandin F,, and thromboxane A,, are
vasoconstrictors and platelet aggregators and theoretically detrimental to
tissue following trauma. By blocking their production, they had been able
to reverse the progressive ischaemia seen following burns and frostbite and
to provide increased tissue survival. Heggers and Robson have postulated
that cellular integrity depends on a homeostatic relationship between PGE,
and PGF,3*. Injury to the cells disrupts this, causing a shunt in
arachidonic acid metabolism toward thromboxane production. Produc-
tion of this vasoactive prostanoid in large amounts leads to vasoconstric-
tion, thrombosis, progressive ischaemic necrosis, and further thromboxane
production.

Because Arturson®® suggested that various forms of trauma could
activate phospholipase A to cleave the phospholipids from the cell
membrane to begin the arachidonic cascades, and because heat and
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electrical disruption of the cell membrane were forms of trauma, the
definitive experiment linking arachidonic acid metabolites to the pathophy-
siology of electrical trauma was reported in 19841, A rat model, modified
from that described by Buchanan ez al., was used to provide a reproducible
electrical injury to the hind limb!®. The modification was to deliver 250
volts AC for 10 seconds, since higher voltages were found to produce
instant mummification and unacceptable mortality rates. Male Sprague—
Dawley rats were anaesthetized with intraperitoneal sodium pentobarbital,
and their left forelimbs and right hand limbs shaved. The rats were placed
on an insulated platform and 5 mm wide wire mesh leads were applied with
the positive lead around the ankle joint of the right hind limb and the
negative lead around the left forelimb. Electrodes were attached to a
transformer set to deliver 250 volts ac. Current was delivered to the animals
for 10 seconds, sufficient to produce a visible burn at the electrode sites.
This model appeared to mimic the progressive injury of a high-voltage
injury in the human since the limb progressed from normal to autoampu-
tation over a 72-hour period.

The experiment was divided into two parts with the first evaluating the
production of arachidonic acid metabolites in different parts of the injured
limbs serially over 72 hours, and the second part evaluating the efficacy of
blocking arachidonic acid metabolism on tissue preservation. In part one,
immediately after receiving the current and at 8, 24, 48, and 72 hours after
injury, animals were sacrificed and their right hind limbs amputated. Cross-
sections of the limb were taken at three levels: (1) distal, immediately above
the electrode site; (2) midlevel, immediately above the knee joint; and (3)
proximal, immediately distal to the inguinal ligament. These sections were
fixed, coded, and stained for prostaglandin E, (PGE,), prostaglandin F,,
(PGF,,), and thromboxane B, (TxB,) using the peroxidase—antiperoxidase
(PAP) method described by Heggers et al.3%. The results showed that
distally immediately beneath the electrode, there were high levels of
thromboxane. However, far proximally in an area which looked grossly
normal for the first 48 hours and eventually proceeded to autoamputation,
the thromboxane was very high initially only in the deep peri-osseous tissue.
Superficially, next to the skin which appeared to be totally normal,
thromboxane was nonexistent at time zero but progressively rose until the
point at which the skin was dead and the leg autoamputated.

In Part 2 of the experiment, animals were divided into groups after
receiving the electrical insult: the groups which received no treatment and
served as a control or were treated with a systemic antithromboxane agent,
a topical antithromboxane agent, a nonspecific prostaglandin blocker, or
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the combination of systemic and topical antithromboxane drugs. Surviving
limb length was the measure of success. All attempts were successful
compared to the untreated controls, with the best results due to the
combination of systemic and topical antithromboxane agents. In this
group, surviving limb length was 79.8% compared to 37.2% in the control
animals!. Total salvage of the limb occurred in some animals.

The demonstration of arachidonic acid metabolites in increasing
amounts in tissue following electrical trauma allows a unifying concept for
the various theories regarding the pathophysiology of these injuries. Both
joule heating and cell membrane disruption can activate the arachidonic
acid cascade. Once initiated, the various immediate effects of trauma
produce more of these mediators29.

This concept allows other clinical observations to be clarified. Many of
the inflammatory mediators can cause marked vasoconstriction of the
microcirculation. This would decrease perfusion of an anatomic part and
markedly decrease the rate of cooling. Another concept difficult to explain
by previous theories is that of ‘patchy necrosis’. This has been reported in
most clinical and experimental electrical injuries’2%-2!, Since tissue
perfusion can be both macroscopic and microscopic, local production of
ischaemia-causing mediators due to cell rupture in an electric field could
result in ‘patchy necrosis’. Certainly, in the experiment reported by Robson
et al., when tissue was stained specifically for TxA,, a patchy distribution
was seen!, They postulated that the elevated thromboxane production by
the injured cells could easily provide the impetus for converting areas of
‘patchy’ necrosis into areas of complete tissue loss.

The observed and reported increase in tissue necrosis in the peri-osseous
tissue becomes quite clear when one combines all of these theories. In
Baxter’s scenario, the bone provides the greatest amount of joule heating!3.
In the theories by Hunt ez al., and Lee and Kolodney, the muscle produces
the highest immediate heat, but the bone prolongs the time of heating3-22. If
mediators are produced by the two mechanisms discussed above, perfusion
next to the bone will be less because of vasoconstriction of the microvascu-
lature, temperatures will rise, and more injurious mediators will be
produced. Therefore, the increased death of tissue needs no further
explanation.

It now seems quite straightforward to explain the presence of deep
necrosis beneath unaffected skin. Skin temperature distant from the point
of contact may never rise to the lethal range in an electrical injury.22? The
fact that this apparently uninjured skin may progressively necrose may be
due to progressive ischaemia caused by inflammatory mediators and not
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the electrical event itself. This would be similar to other forms of trauma
which activate the arachidonic acid cascade and would allow a unifying
concept regarding progressive tissue loss.

There has been resistance to accepting this unifying concept for the
pathophysiology of tissue injury following electrical trauma. Part of this
has been due to semantics. Historically, there was the idea that there was
delayed muscle necrosis and, therefore, early debridement and wound
closure was contraindicated. This led to weeks of serial debridement,
desiccation of the open wound, and infection. This vicious cycle indeed led
to further tissue necrosis. Kuzon et al. and Zelt et al. designed a model in a
primate which showed that this delayed muscle necrosis did not occur and
suggested that debridement and definitive wound closure could occur much
earlier37-38, Similarly, Silverberg et al. have advocated early debridement
and closure3®. The arachidonic acid metabolites are activated immediately
after injury. Their effects begin at that time and most of the ischaemia
produced by them would be expected to be complete by 72-96 hours. Any
attempt to pharmacologically block their effects must be done in the
immediate post-traumatic period. Therefore, Zelt and Daniel’s recommen-
dation to decompress and adequately explore the injury immediately and to
provide definitive debridement and wound closure between the third and
the fifth day is totally compatible with the concept of a progressive
mediator-induced injury over a limited timespan®. To delay beyond that
time has no physiological basis, and to allow the wound to remain open
invites further loss of tissue. Desiccation alone actually stimulates the
production of thromboxane.

Most clinicians who advocate early wound closure in electrical injuries
suggest the definitive debridement and closure not be done in the first 48-72
hours. This makes sense to allow the progressive or ‘nonimmediate’ cellular
effects to be manifest. If, as Lee and Kolodney suggest, those cells not
coagulated by joule heating die because of membrane disruption, this will
not be recognized grossly at the time of initial decompression and
exploration?3. It will be recognized several days later when the arachidonic
acid metabolites have caused microvascular ischaemic cell death. It is, at
that time, that the necrotic tissue can be excised and the wound closed.

Based on the results of the experiments discussed in this paper and the
unifying concept of tissue injury, clinical treatment of patients with high-
voltage electrical injuries has been changed. After admission and stabiliza-
tion, the muscular compartments are immediately released, the nerves
decompressed, a topical antithromboxane agent applied, and it is believed
the progressive injury is limited. This appears to allow earlier definitive
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reconstruction than was seen historically with delayed necrosis due to
desiccation and infection that frequently would have ended up with an
amputation.
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Thermal damage: mechanisms, patterns
and detection in electrical burns

PAUL HEROUX

Thermal damage in electrical burns

Even brief 5060 Hz electric shocks at currents between approximately 100
mA and 4 A carry a significant risk of cardiac fibrillation. Beyond 4 A, that
risk is reduced considerably because the myocardium is completely
depolarized by current passage; on current interruption and after a few
seconds at rest, the heart starts beating again spontaneously. At currents
beyond 4 A, however, burns can occur through joule heating due to high
voltage, long contact time or both.

In electrical burns, intolerable temperature rise in muscle is the prime
cause of tissue necrosis (immediate or delayed) and consequently of limb
amputation. Although there is evidence that, in some cases, electric lesions
may be morphologically different from thermal lesions, specifically in the
appearance of vesicular nuclei!, it has not been demonstrated that the
necrotic zone in electrical burns extends outside the thermally damaged
volume. Perhaps the strongest evidence for the dominant role of thermal
damage is that patterns of temperature rise coincide with tissue damage at
the anatomical level.

Mechanisms of hyperthermic cell death

Topic factors: thermal stress

By contrast with death from other mechanisms, cell death specifically by
hyperthermia is thought to occur rapidly?. Mortal heat stress first stops the
movement of mitochondria which become pale, swollen and vesiculated.
The loss of mitochondrion function is detectable by a vital dye technique
monitoring the decrease of its phosphorylation potential. Further, all
cellular and intracellular movements cease, cytoplasm and nucleoplasm
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develop a mottled appearance and both cell and nucleus shrink3. The
identification of the mitochondrion as the early site of damage lends
support to the view that thermal death results from a form of metabolic
exhaustion due to increased expenditure with rising temperature and to
simultaneous elimination of the ATP synthesis pathway. It is known that
prethermal-shock nutritional deprivation enhances thermal killing*. It is
understood that inhibition of ATP synthesis at the mitochondrion
mechanically affects the membrane—cytoskeleton connection, as cytoskele-
ton maintenance depends heavily on ATP; membrane blebbing and
hyperpermeability then result in a collapse of cell polarization’. Cellular
events similarly dependent on cytoskeleton function, such as the operation
of the spindle in mitotic cells, are also highly thermosensitive®.

Histologically, rapid hyperthermic death has been reported for both
tumour and normal tissues in the form of interphase nuclear pyknosis71°,
Various cells, including erythrocytes, which fragment to form spherocytes
at 49 °C, die within a narrow range of temperatures, despite, in the case of
erythrocytes, somewhat different metabolic pathways and the absence of
mitochondriall,

Systemic factors: perfusion

Data on severe heat injury show that small vessel changes occur within as
little as 5 to 10 minutes, resulting in damage to the endothelial cell
membranes which ultimately triggers the coagulation system and leads to
thrombosis'?13, More discrete challenges lead to changes in the pH of
muscle from 7.1-7.4 to higher values when heated to 43.5-45 °C, but to
decreases to values as low as 6.6 when raised above 46°C'4. Survival-
threatening rises may therefore occur in an acidic environment which is
known to enhance cell killing!3. Systemic acidosis also tends to develop
over 6 hours if electrical burn victims are untreated!®. Because greater cell
killing occurs in tumours in vivo than in vitro by the same heat dose, the
possibility cannot be excluded that cell death progresses over time!”, partly
by either immunological or systemic mechanisms dependent on vascular
damage!8. Whether necrosis could be reduced by optimal management of
perfusion to the wound is the subject of considerable controversy.
Although more perfusion may stabilize pH, it may also under some
circumstances favour the formation of higher concentrations of free
radicals.

Anaesthetists have noticed that thermal injury results in dystropic
skeletal muscle dysfunction and hypersensitivity to acetylcholine!®
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Fig. 11.1 Thermal decays observed in the forearms of primates reveal
unanticipated action of vasoconstrictive mechanisms.

through a persistent release of catecholamines. Acetylcholine is related
intimately to perfusion regulation in muscle by interactions with sympathe-
tic nerve stimulation?® and endothelium-derived vascular relaxant
factor?!. Perhaps electrical burns can destroy vasomotor control??,
favouring accumulation of intravascular water?23.

The group at the Royal Victoria Hospital®* observed thermodynamic
anomalies in a model of electrical burns in primates which may relate to
vasomotor control. The tests monitored temperature decays following
electrical burns using thermistors implanted in muscles of the forearm. The
data showed that both the crest temperature and the temperature 15
minutes after shock were recorded at values between 45 and 50 °C more
frequently than expected (Fig. 11.1). Some of the decays showed horizontal
plateaux as long as 6 minutes (decay slope was normally 0.64 °C per
minute), at a temperature always very near 48.2 °C, close to the thermal
death limit of the tissue.

The interpretation was that a powerful vasoconstrictor was released at a
specific temperature, leading to the apparently adiabatic intervals?3. The
enzyme acetylcholinesterase from muscle shows a 60% drop in activity
from 42 to 48 °C (due to inactivation of the monomeric 4 S enzyme),



192 P. Héroux

followed by a plateau, the second stage of inactivation starting at 51 °C and
ending at 57-60 °C2%. A possible interpretation is that the observed
stoppage in thermal decays in muscle would result from the thermal
characteristics of acetylcholinesterase activity (enzymatic activity often
shows partial recovery when a heat-denatured enzyme is returned to
normal temperatures).

Heat dose: thermal death equation

Calculations predicting damage to tissue from its temperature history use
the Maxwell-Boltzmann equation and the threshold ‘activation energy’ as
a base. The equation determines, from the mechanics of molecular
collisions, the fraction of a group of molecules that possess a motion energy
larger than the activation energy. The assumption is that thermal killing
depends on a biochemical reaction which needs a minimum energy to
occur. As more molecules possess that minimum energy (the fraction rises
with temperature), the reaction rate increases. This simple theory has been
used to explain the rate of both chemical (within a reasonable temperature
range) and, more surprisingly, biochemical reactions (within a more
restricted range). It is widely known in chemistry as the Arrhenius equation.
More recently, the Arrhenius equation has been applied to in vitro and in
vivo heat-killing. The theoretical framework is not extensive enough to
describe cell death because heat-killing likely involves irreversible reactions
beyond the mechanistic assumptions of the Maxwell-Boltzmann equation
and because many reactions may be coupled or sequenced simultaneously.
But, these theoretical difficulties do not stop experimentalists from fitting
data to the mathematical expressions?”.

In practice, the Arrhenius equation, when suited with the activation
energy known to occur in biological materials (~ 149 kcal/mol; this
corresponds to ‘75000° in the equation below), states that, in the
temperature range relevant to heat killing, an increase of 1° will increase the
reaction rate by a factor very close to 2.

Temperature—survival data from various investigators is scattered
among a variety of tissues and experimental animals. Temperature is
applied for various durations, and is sometimes inconstant over the test
period. Also, the histological techniques used in assessing the temperature-
related damage are far from uniform, specifically in the weight given to
acute (24 h) versus chronic damage. The virtue of the equation is that it
yields D, the percentage of cells dying from exposure, from any number of T’
values, the temperatures in Kelvin at the start of each second. The
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Table 11.1. Necrosis limits for a 2.75 min hyperthermic episode

Author Temperature Animal Tissue
37,38 50.90 Swine Skin
17 49.28 Swine Muscle
2 49.01 Mouse Carcinoma and sarcoma
39 48.63 Monkey Retina
40,41 48.14 Rat Rhabdomyosarcoma
42 48.11 Human Skin
43 48.01 Rat Rhabdomyosarcoma
43 47.64 Rat Rhabdomyosarcoma

summation is carried out over the hyperthermic episode, and therefore
takes complete temperature history into account.

D= Sexp(232.34—75000/T)

Analysis of experiments carried out in primates showed that the tempera-
ture decay over time in muscles was such that the hyperthermic period was
approximately equivalent in inflicted damage to 2.75 minutes at the crest
temperature (and no damage thereafter). The data of other investigators
were brought to that common comparison point using the thermal death
equation. This procedure generated Table 11.1.

As can be seen, with proper correction, a surprisingly tight grouping of
the necrosis limit temperatures among a variety of test animals and tissues s
displayed. It is thought that this coherence is in great part caused by the
swiftness of the transition from living to dead (within 1°) which has been
observed by many investigators and which is represented by the large
coefficient (75000) in the thermal death equation. As can be seen below in
computations carried out from real temperature histories (primate
experiments), theory predicts almost no damage at 47 °C and total death at
49 °C (Fig. 11.2).

This mixed theoretical-experimental system of tissue assessment allows
an adjustment for tissue specificity which is represented in the equation by
the value 232.34’. The equation was set so that a 2.75 min exposure to 48 °C
results in 50% tissue death, while 48.95 °C results in 100% tissue death. In
some locations, the temperature rises are such that the tissues rate much
beyond the 100% dead limit (extremely large values of D). The numerical
variations can be restricted to a more reasonable range by using a ‘damage
index’ derived from the value of D which allows all damage levels to be



194 P. Héroux

Alive to dead transition
43 measurements

100 B—T—e—a—a—a—e—a—a—e—a—T

90

80

60

50

Percentage of cells dead

36 40 44 48 52 56 60
Crest temperature in tissue (°C)

Fig. 11.2. Swift transition in thermal damage from 47 °C to 49 °C. Note
that values beyond 100% are equalled to 100%.

encompassed within a range of 10 arbitrary units. This ‘damage index’ is
computed as follows:

Damage index=0.2556 In D=0.2556 In X exp (232.34 — 75000/T)

With this variable, the viability limit (50% dead) is equal to 1. All tissues
with a damage index beyond 1 are therefore potentially necrotic, death
being total at 1.18 (100% dead). When the damage index calculated from
experimental data is plotted against the crest temperature reached in the
tissue, a tight dependency is obtained (Fig. 11.3).

The decay of temperature in tissues is therefore sufficiently repeatable,
and the contribution of the high readings sufficiently dominant, that a good
assessment of damage can be obtained from a single value: the crest
temperature. A possible exception to this would be the tissues immediately
surrounding the large arteries, where the perfusion is so high that
temperature decays are considerably accelerated, resulting in reduced
damage. In fact, the large arteries are known to be largely immune to
temperature-induced damage in electrical accidents. This immunity would
not apply to smaller vascular structures, however, since it is known that the
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Damage index vs. crest temperature
59 measurements

° ;]
DUE
8 g
5 n
§ o
E 6
5 =
¢ 5 ot
]
RS
x 4
3 g
£
o 3 8
()]
£
3 2 (riaa]
{m}
1 —
g 8
o 8
oogl
gy !
30 50 70 90

Crest temperature in tissue (°C)

Fig. 11.3. The damage index computed and the crest temperature reached
in the tissue rate tissue damage almost equally.

blood is thermally at equilibrium with tissues beyond the arteriole level?®.

From the previous considerations, it would be expected that electrical
accidents result in a given pattern of temperature rise within a limb — due to
local current circulation and specific tissue resistivities — which would label
some tissues as viable and others as necrotic, and that little transition zone
should exist?%. This picture, while probably broadly correct, rests on
considerations of topic thermal stress alone and on the applicability of
Maxwell-Boltzmann statistics to situations as complicated as tissue
survivalin the human body. It would be incongruous to view it as more than
a first approximation of thermal damage.

Patterns of thermal damage in a primate model of electrical
accidents

From 1982 to 1987, a project aimed at improving the treatment of severe
electrical burns was conducted by Dr R.K. Daniel at the Royal Victoria
Hospital in Montreal and funded by the Canadian Electrical Association.
This first project conducted numerous tests using a hand-to-hand acute and
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Fig. 11.4. Severe case of electrical burn in a human arm, showing
coagulation limit (mid-arm) and skip wounds (elbow).

chronic electrical burn model in primates (injury to hands and arms occurs
in 75% of clinical cases). The obvious similarities between selected clinical
cases and primate experiments convinced the investigators of the adequacy
of the model (see Figs 11.4 and 11.5). Three types of measurements were
obtained by direct implantation of probes before shock administration in
decorticated, anaesthetized primates: temperatures, currents and poten-
tials (Fig. 11.6).
The final report?® arrived at five practical conclusions.

1 Inelectrical burns, patterns of injury beyond the electrode contact
area are anatomically determined. Hot spots can be repeatedly
observed in specific locations such as the cubital fossa.

2 Tissue injury may extend more proximally deep within muscle
than superficially.

3 Heat is the predominant mechanism of injury.

4 Progressive necrosis does not play an influential role in wound
evolution.

5 Diagnostic aids are desirable for improving electrical burns
treatment, as actual damage cannot be properly gauged by the
surgeon in many cases.
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Fig. 11.5. Severe case of electrical burn in a primate arm, showing
coagulation limit (mid-arm) and skip wounds (elbow).

Fig. 11.6. Decorticated, anaesthetized primates were implanted with
current, voltage and temperature probes before shock administration.
Figure shows appearance immediately after burn.



198 P. Héroux

Macroscopic patterns

Peri-electrode damage

An appreciable part of the heat involved in an electrical burn is usually
concentrated near the contact points because current there must flow
through skin rather than below it (the skin is relatively resistive) and also
across the longitudinal structures of the limb rather than along them. This
peri-electrode damage is further increased when large energies are injected
since the electrode contact will dry out and increase its resistance relative to
the rest of the body. The wound at the contact site is therefore usually
significant and visible.

Past work on electrical burns has often focused on peri-electrode damage
sites, often differentiated as ‘entry’ and ‘exit’ wounds since damage at the
‘exit’ wound appears more extensive. Because alternating current produces
the wound, these terms should be more properly labelled as ‘first’ and
‘second’ contact wounds. Destruction is more substantial at the second
point of contact since in most scenarios arcing and higher contact resistance
should concentrate heat there rather than at the first contact which is
usually a good prehension or supporting (low resistance) location. Since the
same current flows through the two contact sites in simple situations,
differences in wound severity are due to different contact resistances.

Inter-electrode damage

In contrast to flame, ¢lectricity can generate within the body internal
wounds along a current path extending from one contact point to another.
In the case of a hand-to-hand burn in a human, for example, current passed
through the chest usually leaves it intact, since its bulk allows a dispersion
of the current to density values sufficiently low that no significant heating
will occur. The limbs have small cross-sections, however, and current
densities remain significant all along their length. It has been known for
some time3? that various tissues have different specific impedances and that
a number of them, such as muscle, have conductivities that vary with the
direction of measurement. Examination of current®!, potential and
temperature readings shows that the current and injury patterns are
relatively complex?4.

The experimental model in the primate has allowed us to observe that so-
called inter-electrode damage is often determined by the anatomy of
experimental animals in a region lying between, and distant from, the
electrodes.

The inter-electrode wound is insidious because it may be enclosed by
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tissues of normal appearance, as explained below. It may have a dramatic
effect on prognosis in the case of hand-to-hand burns since the whole arm
can progressively be lost although the only superficial wounds visible
initially were in the hands and in the distal part of the forearm.

Peri-osseous damage

Measurements in the primate model showed that the predominant current
load is carried in muscle, with some unexpectedly high current concen-
trations in the medullary portion of long bones. Probes circling various
anatomical groups gave current readings which were surprisingly high for
bones (Fig. 11.7), around which it is known clinically that damage
concentrates (see specific locations in Figs 11.10 and 11.11). The specific
resistance of the medullary canal and epiphysis is much lower than that of
the cancellous bone matrix. Although no temperature readings were made
in bones, a likely explanation for the observations is that the specific
electrical power dissipated there is higher than in muscles (since the specific
conductivity of the canal is higher than that of the muscles connected in
parallel), leading to larger thermal rises. (Principles of electrical heat
repartition state that among elements in parallel, the low resistance
component receives a larger fraction of total power, while among elements
in series, more power goes to the high resistance element. Also, matching
the impedance of the source yields highest power transfer. ‘Impedance of
the source’ includes all elements connecting power to the segment under
consideration: wiring and connecting body parts.)

Skip wounds

Small skin lesions were observed systematically, occasionally in pairs, at the
elbow and shoulder levels in the absence of electrical arcing, which could
not be detected by eye or on video in the 4000 V tests (arcing had been
mentioned as the cause of the so-called skip wounds). This indicated a
superficial deviation of high current densities to these locations, although
little underlying damage was detected. The current deviation was presuma-
bly caused by the presence of electrically resistive structures within the
joint. When thermal probes were preplaced in the lesions’s locations,
substantial temperature rises were measured. Arcing is an unlikely cause of
skip wounds in the elbow or axilla because bridging tissues containing
electrolytes (~30 ohms impedance) by an electric arc would necessitate
about 1 kA to obtain the ~ 30 kV necessary to break down the distance
between skip wound pairs. This is much above the 3 A used in the tests.
Also, no severe burns were observed on the skin, as would be expected from
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Tamp % current

Biceps 1.7 55

Humerus 0.7 21

Triceps 09 27

Upper arm

Tamp % current

Flexors 22 67

Radius 03 9

Ulna 05 15

Extensors 0.3 9

Forearm

Fig. 11.7. Forearm and upper arm currents measured in primate
experiments: in bone, note the high current to area ratio.

electric arcs. Although contact within skin folds can produce the wounds,
careful placement of the limbs during tests confirmed that the wounds
occurred without it.

Concentration at origins and insertions

The overall pattern of injury is illustrated in Fig. 11.8. The proximal rise in
damage at the origin of the flexor carpi ulnaris can be explained by
diminishing cross-section (Fig. 11.9) and corresponding increase in current
density. Also, in the forearm, higher temperatures were observed along the
radial aspect where the long flexors have a relatively smaller cross-sectional
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Experimental electrical burns: muscular injury
(right arm, volar aspect)

Brachioradialis muscle Biceps muscle
LOD on biceps
and triceps mm

Forearm LOD
Triceps muscle
Viable flexor bellies

Proximal necrosis
of forearm flexors

\

// Shaded area represents LOD: Line of demarcation between grossly
2 grossly nonviable muscle. viable and nonviable muscle.

Fig. 11.8. Muscle injury shows a concentration at the elbow level.

diameter than those on the ulnar border (Fig. 11.10). Major muscle groups
therefore seemed subject to higher current densities towards their origins
and insertions, which resulted in a discontinuous pattern of injury.

Core damage

At the level of the single muscle, it is sometimes observed that damaged
tissue is surrounded by muscle of normal appearance. Examination
revealed more extensive damage to the deeper musculature which often
extended proximally beneath or within viable-appearing muscle (Fig.
11.11).

Pattern of damage and specific energy

As previously mentioned, the pattern of temperature rise is determined by
anatomical particularities, which result in simultaneous occurrence of both
sub-lethal and lethal damage in the left-middle portion of Fig. 11.12.

In general, the temperature rises observed were greater as the energy
injected into the limb increased. This is particularly true in the forearm, but
not in the upper arm (Fig. 11.13) where at higher energies, heat transfer
seems limited by forearm impedance. Unfortunately, the slight decrease in
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Temperature rise and muscle section
flexor carpi ulnaris, average of six measurements

—_
[{=]

-
~ @

>
N

-
(3]

IS
I~

®
NN

-
n
P,
~

%
[~
’\

©
/
™~
\\\

Trise (K) <> (surface squared)’1 x 10
>
Vi
/
»

=~ N W OO N ®

o~
——— —

6 8 10 12
Distance from ulnar styloid (cm)

Fig. 11.9. The two curves show observed temperature rises (upper curve,
with + g-error bars) in the proximal segment of flexor carpi ulnaris and
the variation of the inverse cross-section of the muscle (proportional to
current density) in the same region. Proximal rise in temperature is
explained by diminishing cross-section and increased current density.
Temperature rise to the left of the graph is due to proximity of electrode.

temperature with increasing energy seen in the upper arm (Fig. 11.13)is not
enough to obtain tissue vitality, as depicted in Fig. 11.12.

Progressive necrosis

From a medical therapist’s point of view, severe electrical burns represent
potentially difficult cases. After a treatment (of the electrode region) has
been applied, necrosis sometimes occurs, even after several days, in
structures that were previously thought to be healthy. This phenomenon,
specific to electrical wounds, is designated ‘progressive necrosis’. It usually
necessitates repeated surgical interventions and amputations to excise
necrotic tissues. It is believed, however, that ‘progressive necrosis’ may be
the eruption of pre-existing inter-electrode damage. The scattered tissue
damage may lie under normal skin or muscle, and therefore elude clinical
and even intra-operative observation. Analysis of the recorded temperature
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Cross-sectional template
(right arm, mid-forearm level)
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Fig. 11.10. Cross-sectional damage in the forearm.

Experimental electrical injury:
injury to biceps muscle

Central core of damage

Distal necrosis

Humerus

Peri-osseous muscle necrosis

% Shaded area represents grossly nonviable muscle.

Fig. 11.11. Core damage in the biceps.
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torum and flexor profundus digitorum were not distinguished in the
analysis.
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histories showed that according to thermal-kill parameters, only 8.7% of
recorded sites would lie at a damage index between 10% and 90% (doubtful
vitality) although the sites were consciously selected to assess the vitality of
transitional tissues. This small percentage indicates that marginal heat
stress is not a likely cause of progressive necrosis. Late recognition of
decaying tissue may be the problem.

Angiographic findings included a sharp demarcation between patent and
nonpatent vascular trunks: cubital fossa in the radial artery and at a more
distal location in the ulnar artery32. Serial films revealed an increased
number of nutrient vessels in viable regions adjacent to nonviable areas.
Ulnar nerve conduction studies showed loss proximal to the cubital fossa
with no recovery.

Microscopic patterns

Electricity is relatively easily transported through the human body by
extracellular electrolytes (40% of all body fluids), specifically the interstitial
(30%) and vascular (10%) fluids. Intracellular electrolytes (60% of all body
fluids), on the other hand, are contained within relatively insulating
barriers, the cell membranes.

In practice, the useful conductivity of extracellular fluids can be severely
limited by obstacles such as cell bodies, calcified material or fibrous sheets.
Yet, under some conditions, intracellular fluids can contribute to electrical
conductivity by passing electrical currents through punctured or partly
permeable cell membranes.

Light microscopy of muscle in the transition zones revealed patchy
cellular necrosis intermixed with viable cells2®. Affected cells in proximity
to normal cells were found generally towards the periphery of the muscle
fascicle. This unevenness was also manifested in the penetration of
macrophages. Therefore, although the damage occurs in the core of muscle
at the macroscopic level, it tends to come superficially in the fascicles. This
surprising pattern may be explained by an uneven distribution of current
flow.

Detection of thermal damage by electrical impedance
spectroscopy

Thermal damage can be detected by various methods, in suspended cells or
in tissues, in vitro or in vivo, in the laboratory or in the operating room. Each
method has its advantages and problems. A common problem is that the
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results are difficult to interpret in the context of guiding surgical decisions.
This results partly from specific defects of the burn assessment methods, but
mostly from an incomplete understanding of burn pathophysiology. The
inadequacy of simple techniques such as gross appearance, colour, bleeding
from a scalpel cut, response to pinching, and contractility by a 2 mV nerve
stimulator, have prevented the surgeon from assessing the wound
accurately. The laboratory has tried to provide further help; unfortunately,
the methods available do not, at the moment, provide determinations
capable of reassuring the surgeon that he is making the best decision.

For example, cell viability is often evaluated using a dye (trypan blue and
others) exclusion test. Such tests evaluate plasma membrane integrity. In
many cases, however, the fraction of dye-excluding cells continues to
decrease after dye exposure is discontinued. Thus, after a heat challenge, it
is difficult to specify a time when the fraction of dye-excluding cells will
correlate with truly viable cells, and this fraction often depends on the
parameters of the treatment.

Other examples can be found in the systemic investigations performed in
burn patients. These assessments often focus on the circulation because
surgeons observe a close correlation between perfusion and viability of
tissues. Arteriography can be used to document the patency of major blood
vessels, and sodium fluorescein can be used to confirm perfusion to the
microcirculation level. However, over time, fluorescein will permeate even
unperfused tissue, and will penetrate in the cytoplasm even of viable cells.

Conventional histology33, histochemistry and vital microscopy can be
used to determine damage limits. However, each method presents problems
either of practicality or interpretation — especially when viewed in a
perspective of continuous wound evolution — which has prevented any of
the methods from becoming widely accepted. This lack of diagnostic
methods has prompted further work in the area of the assessment of
thermal damage to muscle tissue.

The ideal technique would identify without ambiguity excision margins;
more realistically, it would yield irreversible damage limits and a definition
of regions within which tissue survival is imperiled but still possible. These
limits would be defined using specific, physiologically relevant variables.

Another requirement is that the technique be quick and minimally
invasive, so that chronological data can be obtained in the laboratory and
from patients.

Until now, measurements of electrical impedance have had few medical
applications. The classical techniques involve measurements on large
regions of the body at a single frequency (~50 kHz) with the goal of
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estimating the resistivity variations associated with the passage of blood.
Applications include the determination of total body fat, total body
electrolytes, heart stroke volume and respiratory activity3+.

The fact that the electrical conductivity of tissues is altered under
pathological conditions has been known for some time3%. In early 1985, a
small bipolar probe was used to measure the dissipation factor of biological
tissues over the range of frequencies between 5 Hz and 13 MHz, as an
indicator of physiological state3®. This variable presented many advan-
tages, among them reduction of sensitivity to implantation variations and
elimination of polarization artefacts. The scope of these early observations
has been expanded considerably in a technique labelled electrical impe-
dance spectroscopy (EIS). The technique may be capable of giving
information on diverse aspects of a specific pathology. Its scope is wide
since it senses biological tissue using charged ions mobility. It also has the
potential of being fast and simple to execute.

In 1988, the Electric Power Research Institute joined the Canadian
Electrical Association and Institut de Recherche d’Hydro-Québec in
supporting at the Royal Victoria Hospital a second project on the
treatment of electrical burns which has given new impetus to the
development of this novel technique. The project has the following four
goals.

1 Development of a method of tissue assessment based on the
measurement of electrical impedance, EIS.

2 Better definition of the anatomy of electrical burns.

3 Perfecting EIS to the point where it can be a practical tool for the
surgeon.

4 Improvement of general understanding of the electrical wound
and of electro-biological interactions.

The research is being carried out in the MicroSurgical Laboratories by a
group consisting of technologist Yves Brissette, technician Jean Dumas,
Hilary Rowland, engineer Michel Bourdages, surgeons Carolyn Kerrigan
and Lucie Lessard, and the author.

The project proceeds in two streams. One uses in vivo experimentation on
rats with the aim of developing a burn assessment method. The main object
is the determination of the state of living muscle using electrical
measurements over a wide range of frequencies obtained from thin, short
electrodes inserted into tissue. The other attempts, through experimen-
tation with primates, to increase knowledge of the electrical wound itself,
and to apply the EIS method in a realistic clinical setting.
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Fig. 11.14. EIS probe.

EIS probes

Applying small electrical potentials within living tissues allows substantial
information to be retrieved on their physiological state from careful
analysis of the circulated currents if many measurements of conductivity
and permittivity are carried out at closely spaced frequencies. The
electronic instrumentation yielding precise measurements of resistance and
reactance in such a situation is sophisticated and must be highly automated
to be of practical use. If a high degree of automation is realized, however,
the technique allows rapid, minimally invasive probing of muscle in real-
time and in vivo, which is essential to support surgical application.

The potentials are applied using minimally invasive probes consisting of
two electrodes 3.5 mm in length and 0.16 mm in diameter, 5 mm apart.
Some percutaneous probes to reach underlying tissues are also under
development. Actual probes are shown in Fig. 11.14.

Automated techniques

To support the development of the method, an experimentation module
specifically built for long-term (as much as 72 hours) monitoring of 12 EIS
probes inserted in the tissue (EIS) of six anaesthetized rats, all under
computer control, was developed (Fig. 11.15).

The experimentation module presents as a 1 m? table mounted on rubber
wheels. It includes a display screen for the controller, a switching and
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Fig. 11.15. EIS experimentation module.

control unit, a computer keyboard, a mass storage unit (hard-disc, 20
Mbyte and floppy drive), a controller, a data acquisition-control unit and
an impedance analyser. Also included are power supplies, a general
purpose interface bus data network, bottles for the administration of fluids
and anaesthetics, custom electronics, control switches, metering pumps,
fluid manifolds, electric valves (administration of anaesthetics and fluids)
and six identical floats housing rats individually. Each float consists of a
wire mesh cradle, a container for collection of urine, impedance calibration
electrical circuits, a foam blanket, mattress, resistive heating pad, thermis-
tor, head support system, piezo-electric detector, tubes for anaesthetics and
support fluids and two coaxial cable pairs for impedance measurements.
The automated system described above has been put to use in assembling
a database to support the usefulness of EIS. So far, basic measurements
have been performed to put the method into perspective, and systematic
measurements on burned tissues are under way. However, preliminary data
confirming the capacity of EIS have been available for some time.
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Tissue specificity and interspecies similarity

As periodic structures of cytoplasm bounded by insulating membranes and
traversed by a circulatory system, all animal tissues have many characteris-
tics in common. However, various tissues differ from one another by
characteristics such as perfusion rate and the existence of intercellular
channels. Ideally, EIS curves, expected to reflect in their overall appearance
the similaritics between tissues, would also show smaller varnations
revealing of the microanatomical differences. Strong variations between
the signatures of different organs would support the notion that smaller
changes observed in a given tissue following burns are a reflection of post-
traumatic physiological changes. ‘Tissue specificity’ is therefore a desirable
attribute of EIS.

A corollary of tissue specificity is that, within the restricted range of
mammals, for example, signatures across species shouid be similar for the
same organs. This interspecies similarity is expected because in this group,
microanatomical structures are generally similar for the same organ.
Interspecies similarity is also important to support the relevance of
developing an experimental base using rats for ultimate application to
human pathology.

We have data in hand which support both interspecies similarity and
tissue specificity (Figs 11.16 and 11.17).

Pathology

In order to study the pathology of thermal and electrical burns in muscle,
the experimentation module is used to monitor the evolution of wounds
produced in the gluteus of rats using microwave energy and 50-60 Hz
currents.

The wounds are also monitored by conventional means, including
haematoxylin and eosin histology, tetrazolium staining and sodium
fluorescein for perfusion. These more conventional methods are compared
with the information gathered from EIS monitoring.

EIS is of interest not only because it is fast, but also because it will likely
yield a multifaceted account of what is happening in tissue as competence in
interpreting the dielectric data increases. The dielectric information likely
contains many physiologically relevant parameters. Efforts at interpreting
the various compartments of the EIS signal and its microstructure are
continuing.

At present it seems that EIS can, in approximately a minute, or
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continuously, monitor oedema and yield information on the integrity of cell
membranes. Experimental data is mainly from rats, although a sizeable
amount of information was gathered from cats, pigs, primates and humans.
Work is continuing and physicians collaborating in the project soon will be
in a position to assess the clinical value of this new tool.
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Evaluation of electrical burn injury
using an electrical impedance technique

MICHAEL A. CHILBERT

Introduction

The unique characteristics of electrical burn injury can make initial
assessment of trauma very difficult. Techniques that are more deterministic
could greatly enhance treatment and reduce morbidity. One technique that
is potentially valuable is to measure the complex electrical impedance of the
tissue. To understand fully the evaluation of electrical injury by measuring
tissue impedance one must be familiar with the concepts of electrical
impedance. To this end, this chapter will present first the general theory of
complex electrical impedance, then the fundamental properties of tissue
impedance and its relationship to electrical injury. The final segment of this
chapter will describe the impedance technique and the results of experimen-
tal work using this technique.

Theory

The basis for the electrical impedance technique relies on the application of
Ohm’s law to the passage of current through tissue. This law is expressed as
the electromotive force (voltage, V') needed to push electrons (current, /)
through a media is directly proportional to the quantity of electrons being
pushed and the resistance (R) of the media to the movement of electrons;
more simply expressed as ¥'=1Ix R. The term resistance here is used in a
broad sense, however, it will be defined more strictly in the following
paragraph.

To correctly define the term ‘impedance’ one expresses the resistance of
the media to the flow of current in terms of the utilization of energy.
Electrical energy is either dissipated (cohverted to heat) or stored (in an
electrostatic field or a magnetic field). The part of impedance that converts
electrical energy to thermal energy is now defined as ‘resistance’ or real
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Tissue impedance plot

Relaxation
frequency

—Reactance

Resistance
dc shunt

Fig. 12.1. Impedance plot of the resistive (real) and reactive (imaginary)
impedance of the circuit on the right. Note that the reactance for a
capacitive circuit is plotted on the negative half of the imaginary axis. The
DC shunt resistance occurs when a direct current flows through the circuit
after the capacitor is at a constant voltage. The relaxation frequency
occurs at the maximum reactance level. The circuit represents a uniform
region of tissue with an extracellular fluid resistance (R.), an intracellular
fluid resistance (R;), a cell membrane resistance (R,,) and a cell membrane
capacitance (C,,). Each electrical element represents the contributions of
all the combined cellular components in the tissue region.

impedance. It is this part that heats tissue by a process called joulean
heating, which is expressed as the square of the current multiplied by the
resistance (joules= I? x R). The part of impedance that stores energy in a
magnetic or electrostatic field is called the ‘reactance’ or imaginary
impedance. The reactance is represented by capacitance (related to
electrostatic energy) and inductance (related to magnetic energy). The
capacitive reactance is important here since the tissue has the ability to store
electric charge (or ionic charge) across cell membranes. The reactance is
represented as the imaginary part of a complex number where the
capacitance is defined in the negative half of the imaginary axis and
inductance in the positive half. Also associated with complex impedance is
a phase shift seen in an oscillating signal. Given a sinusoidal current passing
through a material, the measured voltage will be out of phase with respect
to the current, or the peak values of measured voltage will not occur at the
same time as the peak values of the current. The magnitude of impedance is
frequency dependent for a given voltage and alternating current (ac) in
tissue and is represented by the phase angle, which is the inverse tangent of
the reactance divided by the resistance. Frequency dependent impedance is
usually presented graphically on a phase plane (or impedance) plot (Fig.
12.1). Important features of the phase plane plot are the zero frequency
intercept (or dc shunt) resistance and the relaxation frequency. The zero
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frequency intercept resistance is the combination of resistances of the
circuit in Fig. 12.1 exclusive of the capacitance. The relaxation frequency is
the frequency at which the greatest reactance occurs and is indicative of the
quantity of boundaries in the material. Therefore, the impedance of tissue
can be expressed in terms of resistance, reactance and relaxation frequency.

To help understand the impedance characteristics of tissue a simple
electrical model is given in Fig. 12.1. This model represents a continuous
section of tissue where the contributions of cells and other structures are
lumped into specific elements of the model. The modetl has three resistances
and one capacitance that represent the compartments and boundaries of
tissue. The extracellular fluid resistance is a parallel component to the
cellular impedance since this pathway can be separated from cellular
contributions. The cellular impedance consists of the intracellular fluid
resistance and the resistance and capacitance of the cell membranes.

Changing the tissue structure or its content will alter the tissue
impedance. Cellular degradation and oedema alter the tissue impedance
differently!. Oedema simply alters the extracellular and intracellular
resistances of the model in Fig. 12.1. Since the membrane capacitance and
resistance are not affected grossly, then the reactance and relaxation
frequency will change minimally. However, with cellular degradation the
membrane capacitance and resistance are directly affected and large
changes in the reactance and relaxation frequency are observed. The
clinical relevance of these changes and the ability to measure them will be
detailed later in this chapter.

Clinical aspects

Reviewing current clinical procedures for electrical burn trauma manage-
ment emphasizes the need for adjunct techniques and delineates the present
difficulties in treatment. The immediate care of surgical patients includes
fluid replacement, management of acidosis and treatment of burn
myoglobinuria?-3. Electrical trauma secondary to contact with high-
voltage circuits often presents a limited cutaneous burn associated with
deep tissue damage of variable and unknown extent* !¢, with clinical
features similar to crush injuries!’. The underlying tissue may produce life-
threatening sepsis and loss of limbs. Devastating destruction of fat,
tendons, vessels, muscle, nerves and bone is frequent. Determination of the
extent of trauma is usually by visual inspection. It is often difficult to
determine the demarcation between viable and nonviable tissues following
injuries. The two major approaches to surgical management of electrical
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injury are a gradual debridement of necrotic tissue requiring multiple
procedures, which is in contrast to early excision and early grafting of the
injured area3#+13:18:19-22 QOthers have recommended a modified approach
which melds the two procedures*. Clearly, determination of the optimal
time for excision of limited areas of tissue necrosis is difficult. Luce and
associates!? suggest repeat exploration and debridement at 48 hours after
injury with particular attention given to periosseous muscle groups, nerve
trunks and tendons. The inherent problem with debridement at present is
the lack of a deterministic method for identifying nonviable tissue;
questions concerning the existence of progressive necrosis also complicate
this problem.

Recently, Zelt et al.23 have presented a thorough experimental evalu-
ation of the anatomical changes resulting from high-voltage electrical
injury. One important result of this work was that their results found no
progressive necrosis over a 10-day period. The extent of nonviable tissue at
onset was essentially the same as that after 10 days. The clinical implication
is that initial tissue trauma determines the complete extent of injury and
that initial surgical removal of all nonviable tissue could reduce morbidity.
Present surgical techniques need to be augmented so that all necrotic tissue
is located and removed in a single procedure.

Hunt et al. used technetium-99m stannous pyrophosphate (99mT-PYP)
scintigraphs to identify perfused injured muscle tissue in 14 electrical injury
patients. This clinical study shows one qualitative method of identifying
regions of muscular necrosis and can potentially aid in the surgical removal
of nonviable tissue. It is also consistent with the findings of Zelt et /.23 on
the distribution of injury in the limb. Indications of progressive necrosis
were not noted by the authors, which would have been evident on the serial
scintigraphs.

Experimental studies of resistance and impedance

To understand fully the application of the impedance technique for
determining tissue viability, the following section will present experimental
information from electrical injury studies. This information will better
define the mechanisms of electrical injury and also impart general concepts
to the clinical situation based on experimental results. This section will
review the results of experiments done at high and low voltages to measure
tissue current densities, and to measure tissue resistivity and impedance.
High-voltage burns were studied by Sances et al. to determine the general
characteristics of these electrical accidents!®. The studies were performed at
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Fig. 12.2. Voltage vs. current for first contact between the forelimb and the
hindlimb of the hog. The discontinuity at 6 kV reflects a decrease in the
contact impedance with increasing voltage.

voltages up to 14.4 kV and measured the applied voltage and current to the
experimental preparation. Results from this study show that the voltage/
current relationship is not linear (Fig. 12.2). In terms of total body
resistance, calculated from the voltage and current, the resistance decreases
with an increase in voltage. Also, the resistance changes with time; here the
change was noted as an increase in the resistance from the beginning to the
end of the voltage application. This is explained by arcing through
desiccated or charred tissue and by the increase in the arcing distance. It
should be noted that the increase in resistance with time was over a 16 s
application period.

Following this study were experiments that evaluated the electrode
contact in high-voltage injuries!3:14. The results showed that skin initially
has a very high resistance which decreases as the dermal interface breaks
down (or current pathways are established). The rate of interface
breakdown is proportional to the applied voltage. Figure 12.3 shows the
typical contact characteristics of current vs. time at low voltages. The first
phase is mostly attributed to establishment of the current path through the
skin or the breakdown of the skin’s capacitance'#24, The second phase
occurs until the tissue beneath the contact desiccates or chars. There is a
slow increase in current that is caused by local heating of tissue. This
heating decreases the tissue resistance. The third phase occurs when the
tissue under the contact dehydrates and becomes highly resistive. At higher
voltages, some arcing at the electrode edge occurs until the tissue is charred.
The same type of curve occurs for voltages above 1 kV; however, the first
two phases last less than one second, and the last phase requires severe
charring or traumatic amputation before the current is interrupted!6.
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Fig. 12.3. The relationship of current to time for a 5 cm disc in contact with
the skin of a hog. The triphasic nature of the current is illustrated in the
insert; phase one occurs during the contact interface breakdown, phase 2
occurs during the time of good electrical contact and phase 3 occurs when
the contact is disrupted due to desiccation or charring of tissue under the
electrode. Note that an increasing voltage results in a decrease in the
effective application time.

For short duration current applications at voltages between 500 V and 6
kV1424.25" the resistance decreases with application time and applied
voltage. The results support earlier findings at low and high voltages. From
these studies, one notes that resistance changes with time affect the total
current and its distribution in the body. This change in resistance is mainly
due to heating of the tissue at the contact site, evidenced by thermal trauma.
However, the resistance changes of tissue are not limited to the contact
region, but extend to all tissue being heated by the current. Thus, current
pathways become important in the analysis of electrical injury.

The distribution and effect of current in the body have been analysed by
direct measurement of current densities in the limbs and body of
hogs®7-13:15.26 The time of contact, the current density and the resistivity
determine thermal energy and resultant temperature in the tissue, where the
peak temperature is related to the level of trauma!3-24. Unfortunately, the
time of contact and actual current are seldom known in electrical accidents.

From experimental studies in the hog!3 current densities in the hindlimb
have been measured. Figure 12.4 shows the cross-section of the limb where
the measurements were taken as well as the potential distribution on the
skin for current passing between the hindlimbs. The electric field is
approximately uniform so that the current in the tissue is distributed
according to tissue resistivities and cross-sectional areas (Table 12.1).
Consequently, the current densities, which are inversely proportional to the
resistivities, can be estimated in all tissues. The resulting current densities
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Fig. 12.4. Cross-section of the measurement region and equipotential lines
for current density studies in the hog hindlimb. The equipotential lines are
for currents passed between the hindlimbs and are given as the percentage
of the applied voltage. The copper electrode shown is for application of
electricity to the hog and the reference electrode for the equipotential
measurements. From Chilbert et al.®

vs. applied current is shown graphically in Fig. 12.5 for various tissues in the
limb. Note that vessels and nerves have the highest average current densities
followed by muscle, fat, bone marrow and bone cortex!3. Table 12.1 gives
values for resistivity, current density, total tissue current, total tissue
resistance and the tissue cross-sectional area for a typical experiment. Note
that muscle tissue at this level carries 46% of the total current, followed by
interstitial fat, dermal tissue layers, calcaneal tendon, bone marrow, bone
cortex, blood vessels and peripheral nerves.

Observations from current density measurements important to injury
evaluation are that muscle heats faster than bone, current density in muscle
is typically higher near the bone than away from it!'3:!5, current density
changes with temperature and tissue heating alters the current distribution
in the tissue”. The energy density in muscle is six times greater than in bone.
Peri-osseous muscle damage is due to direct heating of the muscle, which
occurs from a higher current density in these muscle groups. The resistivity
of muscle decreases with increasing temperature and with trauma®’
allowing a greater current density, causing an increase in the energy density
which increases temperature. This results in a self-perpetuating injury
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Table 12.1. Typical values for the hog cross-section of Fig. 12.4

Tissue Tissue Current  Tissue Tissue Energy

resistivity resistance density  current area  density
Tissue (ohm cm) (ohm) (ma/cm?) (ma) (cm?)  (Joules/cm?)
Vessel 155 911.76  51.61 877 0.17 41290
Nerve 200 1666.67  40.00 4.80 0.12  320.00
Muscle (L) 290 19.24  27.59 415.72 15.07 220.69

¢y) 650 —

Fat 380 31.77  21.05 251.79 11.96 168.42
Bone marrow 550 495.50 14.55 16.15 111 116.36
Bone cortex 1850 898.06 4.32 891 2.06 34.59
Tendon 398 196.19  20.09 40.78  2.03 160.70
Dermal layers 432 50.94  18.52 157.04 8.48 148.15
Average/total 363 8.85 22.05 903.95 41.00 176.3

Notes:

The applied voltage between the hindlimbs was 400 V, with a current of 0.9 A.
The electric field strength at this level was 8 V/cm. Resistivity and current
density were measured experimentally. The cross-sectional tissue resistance is
calculated from: Resistivity x Tissue area/length=1 cm; tissue current from:
Current density x Tissue area; tissue energy from: Current density x Current
density x Resistivity x Time =1 s. The tissue cross-sectional area was determined
by digitization of a frozen limb section taken through the measurement region.

mechanism where the temperature rise increases the current density, which
further increases the temperature. These studies also revealed a qualitative
change in the resistance related to the extent of trauma.

Tissue resistivities and impedances have been observed to change for
various experimental conditions!-%7+25:27-31_ Typically, tissue is anisotro-
pic, which means that the structure of the tissue differs in one or both cross-
sectional planes. This anisotropic organization of tissue causes differences
in tissue impedance and usually requires orthogonal measurements to
characterize the impedance?8:3132, Muscle tissue depicts this anisotropic
character with its longitudinal (along the muscle fibres) resistivity being 2.5
to 3 times less than its transverse (across the muscle fibres) resistivity.
Additionally, an excellent summary of the use of impedance techniques for
detection of physiological events has been published by Geddes and
Baker2®; however, the majority of these studies have used a single
measurement frequency. Impedance is also affected by the extracellular and
intracellular fluid changes!3°. Although many factors alter the tissue
impedance, each factor is identifiable by causing a unique change in the
impedance.

Temperature changes in tissue change tissue resistivity and are inversely
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Fig. 12.5. Current densities in tissue with respect to the total applied
current measured in the hindlimb of the hog. Measurements were made in
arteries (A), nerves (N), muscle (M), interstitial fat (F), bone marrow (Bm)
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section of the limb.
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Fig. 12.6. Changes in resistivity with temperature in vivo in cat muscle. The
rate of change is —5 ohm cm/°C, or a 1.7%/°C decrease in resistivity.

proportional to the resistivity. Figure 12.6 shows the resistivity change with
temperature measured in the anaesthetized cat. The decrease in resistivity
with increasing temperature indicates that there will be a decrease in tissue
resistance as the tissue is heated as long as no structural changes occurin the
tissue. Further studies show a continued decrease in resistivity when
associated with tissue destruction®’. Figure 12.7 shows the temperature
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Fig. 12.7. The longitudinal resistivity of muscle measured during, and
after, the application of 1 A of 60 Hz current. Current was applied for 15
min at which time the tissue temperature reached 60 °C. The resistivity
continued to decrease as the muscle cooled, indicating that tissue injury
had occurred. The initial rise in resistivity was due to gross muscular
contraction.

change vs. resistivity of muscle as severe trauma is established in the tissue.
It is important to note that the tissue resistivity continues to decrease as the
temperature decreases indicating a continued change in tissue structure.
The resulting resistivity changes have been followed in time for four hours
(Fig. 12.8) and show that changes remain constant for that time.

Since the resistivity of muscle at 60 Hz is only one part of the impedance,
characteristic studies were performed to investigate the effect of electrical
trauma on muscle impedance. To perform a complete analysis, the study
was done over a 4-day period. The results of this study indicate that
measurement of tissue impedance can be valuable in the determination of
tissue destruction.

Methods

To investigate the alterations in tissue impedance secondary to electrical
burn injury, studies were conducted in ten anaesthetized and intubated 30—
50 kg mongrel dogs over a 24-hour period. A current of 1 A of 60 Hz current
flowed with 400-500 V applied between the distal aspects of the hindlimbs
until the distal gracilis muscle reached 60 °C. Impedance and local tissue
temperature were measured along the gracilis muscle at 2 cm increments.
Impedance measurements were made prior to, and at 1, 4 and 24 hours,
following the electrical insult. Figure 12.9 shows a system for measuring the
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Fig. 12.8. The longitudinal resistivity of muscle measured after the
application of 1 A of 60 Hz current. The resistivity decreases correspond
to the severity of trauma.
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Fig. 12.9. Block diagram of the instrumentation for measuring the
complex impedance of tissue.

real and reactive impedance components over the frequency range from 30
Hz to 100 kHz that has been developed using a lock-in amplifier with
specialized circuitry. The system is described in detail elsewhere!"”.
Additional studies were conducted to determine longer-term changes in
impedance. Six dogs (15 kg) were sedated with sodium pentobarbital and
titrated with barbiturates to maintain a sufficient anaesthetic level and a
sufficient analgesic level following arousal to suppress pain. Current was
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applied through only one hindlimb to localize the burn. The dogs were kept
alive for periods of 2, 3 and 4 days to monitor longer-term changes in
impedance. Antibiotics were administered daily. Impedance measurements
and NMR samples were taken at the end of each study to minimize
intrusion and infection.

All of the dogs underwent sequential haematological evaluation to
monitor their health and stability. Blood was drawn prior to surgical
exposure of the muscle, immediately preceding the burn, and at [ hour, 4
hours and daily following the burn. NMR spectroscopy was performed on
muscle samples taken from proximal, transitional and distal areas using
standard techniques published elsewhere’-33. Four animals had sections of
muscle removed from the three burn areas for histological analysis.
Following formalin fixation, slides were made using haemopexin and eosin
(H & E) stains. All studies conformed to regulations on standard
procedures and care for laboratory animals.

Results

Immediately following current interruption, systemic arterial pressure and
heart rate increased 10-20%. The core temperature was elevated 3 to 5 °C.
The amount of change in systemic physiological measurements appeared to
be related to the extent of tissue damage. Arterial pressure returned to
control levels within 1 to 2 hours. Haematology demonstrated characteris-
tics compatible with the consumptive coagulopathy associated with
significant tissue injury produced by burns.

Following the injury, the most distal muscle impedance measurement
sites decreased to 25% of control and did not recover (Fig. 12.10). With
successive proximal measurements, a transition region was located where
the impedance markedly changed. Proximal to this area, a muscle twitch
could be elicited. Below this area, muscle was unexcitable. Immediately
above the transition zone, muscle impedance was reduced only 20% to 40%
and increased toward control values thereafter. The impedance was within
physiological limits in the unburned forelimb.

Figure 12.11 shows micrographs of normal and electrically injured
muscle. Histological analysis of muscle tissues removed from control areas
were all unremarkable (Fig. 12.11(a)). Sections taken from the proximal
area showed local oedema between muscle bundles and some loss of cross
striations (Fig. 12.11(5)). In the transition zone the changes were similar,
but more severe (Fig. 12.11(¢)). In the distal area, there were significant
generalized oedema, local haemorrhage, and loss of architecture (Fig.
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Fig. 12.10. Plots of complex impedance of dog gracilis muscle prior to, and
following, electrical burn. Burn severity in proximal tissue was limited to
some loss of structure and oedema histologically, middle or transition
zone tissue showed a greater loss of structure with oedema and the distal
tissue showed a complete loss of structure and was obviously nonviable.
Notable changes in impedance are in the zero frequency intercept, the
maximum amplitude of the reactive component and the significant
increase in the relaxation frequency with trauma.

12.11(d)). Phosphorylated metabolites, ATP, ADP, NAD and phospho-
creatine (determined by [3'P]-NMR spectroscopy), had slightly reduced
peaks in the proximal tissue and peaks further decreased as tissue damage
increased through the transition zone and had no metabolite peaks in the
distal tissue (Fig. 12.12).

The long-term impedance of muscle decreased two to four times in the
hindlimb where the temperature exceeded 50 °C. In areas adjacent to the
above regions, the resistivity decrease was proportional to the peak
temperature initially. As time progressed, impedances associated with
temperatures below 45 °C approached control values and impedances
associated with higher temperatures continued to decrease. However, the
actual temperature causing nonviability could not be directly determined.
The width of the transition region, between viable tissue of increasing
impedances and obviously necrotic tissue of very low impedance, decreased
so that by the fourth day the transition region was very abrupt.
Phosphorylated metabolites were observed in tissue with near normal
impedance, whereas these metabolites were not detected in tissues with low
impedance. Transition region tissues had reduced metabolite peaks
consistent with reduced impedance and histology.
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Fig. 12.11. Photomicrographs of muscle tissue: (@) normal tissue from
control region; (b) tissue from the proximal muscle: the tissue is intact with
oedema; (c¢) tissue near the transition region: greater oedema and early
fibre changes observed; (d) tissue from the distal muscle; gross destruction
of the tissue is evident. From Chilbert et al.1°.
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Fig. 12.12. [3'P]-NMR spectra of perchloric extracts of muscle following
electrical injury. The proximal region is associated with a peak tempera-
ture of 42 °C, the transient region with a peak of 45 °C and the distal region
with a peak of 60 °C. Phosphate peaks of the spectra are ATP (adenosine
triphosphate), ADP (adenosine diphosphate), NAD (nicotinamide-
andenine-dinucleotide), PC (phosphocreatine) and PI (inorganic phos-
phate). When compared to the control spectra, the burned tissue exhibits
reduced concentrations of the phosphate metabolites (ATP, ADP, NAD,
PC) with a concomitant increase in the concentration of inorganic
phosphates. The concentration of metabolites correlates to the severity of
trauma.
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Discussion

The measurement of biological impedance has been used for a variety of
applications. The multifrequency techniques involve measurement of both
real and reactive components of impedance over a wide frequency range,
along with plotting and analytical methods. For a biological system, the
advantages of these methods over conventional, single-frequency measure-
ments are that changes in material properties can be distinguished from
volumetric changes, and that the percentage of current in various pathways
can be estimated from electric circuit models such as the one shown in Fig.
12.1. This method permits a discrimination of intravascular blood volume
changes from those of interstitial fluids.

Multifrequency measurements have been used for the study of electrical
properties of cell membranes. Multifrequency studies of more complex
systems have been somewhat more limited. However, Lofgren3® demon-
strated both theoretically and experimentally that changes in relaxation
frequency occur with oedema in the rat kidney. Ranck®! conducted studies
in the rabbit cerebral cortex and postulated an equivalent circuit model. A
number of studies have also been performed on muscle fibre”28. These
studies suggest that local tissue impedance measurements may be a reliable
indicator of tissue integrity and that changes in tissue micro-anatomy are
measurable.

Validation of the impedance technique depends on the accurate
reproduction of the injury in the laboratory. Physiological parameters
monitored in this study were the same as those reported in 19859 and similar
to those in pathophysiologically significant burns. Histological evaluation
of muscle tissue in this study is comparable to the previous study and the
study of Zelt et al.?3. The long-term observations revealed tissue
improvement or tissue necrosis. The [3'P]-NMR spectroscopy was
consistent with histology with respect to burn severity and changes in time.
One should note that changes in [3!P}-NMR spectroscopy is different for
electrical burns and ischaemia. Spectroscopic changes associated with
electrical burns show all metabolites decreasing at the same rate, and the
levels are related to burn severity. Since all the metabolite peaks remain at
the same relative level, the change from control levels is an indication of the
quantity of viable cells that remained in the tissue. Spectroscopic changes
associated with ischaemia show that the phosphocreatine peak decreases
first, indicating that the tissue is utilizing this metabolite first33.

In thelong-term dog study, changes in the zero frequency intercept on the
real axis from control to the postburn proximal region data probably
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indicate that a DC shunt path has developed secondary to some oedema
(Fig. 12.10). However, the relaxation frequency has remained essentially
the same between the control and postburn proximal curves indicating
minimal alteration in the structural characteristics of the tissue. Corres-
ponding histological sections and NMR spectroscopy support these
findings as seen in Figs. 12.11(b) and 12.12%23, In contrast, the postburn
middle region demonstrates an increase in relaxation frequency which
suggests an alteration in structural characteristics. A concomitant change
in the low frequency intercept is consistent with increased oedema, and
histology of this region (Fig. 11(c)) shows more extracellular space and cell
destruction. This also corresponds to NMR spectroscopy reductions in the
metabolite peak amplitudes (Fig. 12.12). Finally, the postburn distal region
demonstrates changes which are more marked than the postburn middle
area. The relaxation frequency in this region is approximately 80 kHz with a
ten times change in the low frequency intercept. The histological specimen
of this region (Fig. 12.11(d)) shows substantial cell destruction with a
marked increase in extracellular space, and NMR spectroscopy shows no
metabolites in this tissue (Fig. 12.12). The most striking changes shown by
the impedance data is the marked increase in relaxation frequency which is
indicative of the level of gross cellular destruction. The decrease in the zero
frequency intercept correlates to an increased extracellular space and
oedema.

The results of the 4-day study show that the transition region where tissue
changes from oedematous to severely burned reduces in size with time (Fig.
12.13); indicating that this region of tissue either continues to necrose or
remains viable. Correlation of peak tissue temperature to tissue trauma did
not suggest progressive necrosis. However, the bounds of the transition
region were determined only at the end of each experiment. The transition
region can be located initially using the impedance technique, and tissue
that is necrotic can be identified and removed. Further investigation is
needed to define changes better in this region.

The separation of viable and nonviable tissue by impedance and
relaxation frequency is illustrated in Fig. 12.14. Comparison of impedance
changes to phosphate metabolite content reveals that viable tissue has
impedance levels above 70% of control values with a normal quantity of
metabolites. Tissue that is nonviable has impedance values less than 50% of
control. Transition region tissue has increased levels of inorganic phos-
phates and decreased levels of metabolites, which indicates cellular
degradation. The quantity of lost metabolites correlates to the level of
trauma and is reflected in the measured impedance. Similarly, the
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Fig. 12.13. Changes in the transition region with time in muscle. The
temperatures (°C) are peak values measured along the muscle immediately
following cessation of current. The extent of the transition region was
determined by impedance measurement.
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relaxation frequency change compares well with the tissue metabolite
content. A greater change is observed in the relaxation frequency when
compared to the impedance, and it is more indicative of cellular destruction
(since oedema affects it minimally). Using both impedance and relaxation
frequency, one can directly discriminate between severely damaged tissue
and minor tissue damage, which may not be visibly apparent. The changes
in impedance and relaxation frequency are substantial. However, the
technique used here is slow. By modifying this technique or using other
impedance measuring techniques, the development of a clinically useful
instrument is possible.

Conclusions

Experimental electrical injury studies have delineated the distribution and
effects of electric current in the body®7:12716.27.34 Tt was noted in one study
that resistivity changed significantly following tissue trauma and was
associated with elevated temperatures’. The use of animal models show
immediate tissue involvement that is comparable to other forms of injury,
which suggests that impedance changes may be useful in other types of
trauma. The model can be localized and involves both deep and superficial
structures. The resulting electrical burns produced were consistent with
clinical findings and required treatment similar to clinical situations®.
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Impedance measurements correctly identify the severity of tissue trauma
when compared to histology and [*'P]-NMR spectroscopy.
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Impedance spectroscopy: the
measurement of electrical impedance of
biologic materials

ROBERT SCHMUKLER

Introduction

Measuring the electrical impedance of biologic materials over a wide
frequency range (Hz—MH?z) either in vitro or in vivo presents some unique
difficulties. The aqueous environment, necessary for physiologic con-
ditions, is the main source of these difficulties. First, in order to pass
currents or measure voltages, electrodes must be used, so that electrochemi-
cal processes at electrodes are present. Second, conduction through an
aqueous environment is ionic, not electronic, so that ionic current
conduction is present. Third, the heterogeneity of biologic materials
increases the complexity of measurement. And lastly, there are instrumen-
tation problems, which are a result of inherent component limitations and
interactions with electrodes. All of these problems must be considered, and
methods must be employed to reduce or eliminate them. Some of the
problem solutions can only be compromises, and, in order to produce
meaningful measurements, limitations should be recognized. However, it
should also be noted that electrical impedance of tissue has been used
diagnostically, and its use in detecting tissue damage from electrical injury
shows great promise.

This chapter will cover, from a bioelectrochemistry viewpoint, three
primary areas in looking at the problems or difficulties in biological
impedance measurements.

Electrodes

The most commonly used electrodes in biology are produced when an
electrical conductor, commonly a metal, but it may be any conducting
material, is immersed in a fluid solution, usually water containing ions
(electrolyte). Due to free energy differences between the electrode and the
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solution, certain molecular structures are formed at the interface between
the two phases (electrode, solution). Kinetic processes dependent on ionic
mobility in solution, surface adsorption, and charge transfer can also be
present. The discussion which follows is not a comprehensive treatment of
electrodes!~12:.14:24.25 pyt covers some of electrode phenomena from an
electrochemistry standpoint to provide a basic understanding. The final
equivalent circuit representation of an electrode as seen in Fig. 13.1 and
discussed below is a linear small-signal model only.

The Stern model' of an electrode interface is a synthesis of the
Helmholtz—Perrin double-layer model with the Gouy—Chapman diffuse-
layer model (see also refs?:3:2:10:12) The equivalent circuit representation of
this model is two capacitors in series. The Helmholtz—Perrin double-layer
capacitance (Cp) is formed by the alignment of ions and primarily water
dipoles that balance or compensate the charges on the aqueous surface of
the electrode. The Gouy—Chapman diffuse-layer capacitance (Cy) is formed
by the distribution of ions in solution in thermal disarray, an ionic cloud,
that compensates the electrode charge. The distribution of ions (concent-
ration variation) is an exponential one, based on the potential, starting
from the interface to the bulk solution (Poisson—Boltzmann distribu-
tion)!12, In physiological solutions, the ionic strength of the solution is
sufficiently large that the thickness of the diffuse layer is small and the
capacitance seen at the interface is equal to the Helmholtz—Perrin double-
layer capacitance alone, Cp < < Cy. Conduction through the electrolyte is
purely resistive over a wide frequency range!-+13, and is represented by Rg.
Currents which flow strictly due to double-layer charging are displacement
currents and do not require an electron transfer. As the surface area of an
electrode increases, the Cp capacitance of the electrode increases, because
the area of Cp increases. Figure 13.1 is an equivalent circuit representation
of the electrode—electrolyte interface. All circuit components are defined in
the following sections.

Once Cpis fully charged, current can only pass through kinetic processes,
e.g. Faradaic charge transfer and specific adsorption of ions. Faradaic
charge transfer involves a chemical reaction, whereby electrons are
transferred between the electrode and ions in solution. This produces what
is commonly called oxidation or reduction, depending on whether an
electron is donated or accepted. In a simple case, if a positive ion in solution
accepts (an) electrons, undergoing reduction, it becomes a neutral (zero
charge) atom or molecule. Conversely, if a metallic atom on the electrode
donates (loses) an electron, undergoing oxidation, it becomes an ion in
solution. Since all nonspontaneous chemical reactions require some
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Fig. 13.1. An equivalent circuit representation of an electrode interface
including Rg (bulk solution). Commonly called a Randles Diagram.?

activation energy, the equivalent circuit for a Faradaic process is a resistor
(Rp), in parallel to Cp (see Fig. 13.1). Basically, the magnitude of R is
proportional to the magnitude of the activation energy.

Faraday’s Law describes the magnitude of current in a Faradaic process:
“The magnitude of the chemical effect, in chemical equivalents, is the same
at each of the metallic—electrolyte boundaries in an electric circuit and is
determined solely by the amount of electricity passed’3. One important
point about Faraday’s Law: the amount of electricity (current) determines
the total number of chemical equivalents reacting and not simply the
number from a single reaction'3. In a heterogeneous electrolyte, the
potential (voltage) on an electrode determines which ionic species will
undergo a reaction via a Faradaic process. This is demonstrated by the
production of gas from water at about one volt from a platinum (Pt)
electrode!’. If the voltage is negative (cathodic), hydrogen is produced; if
positive (anodic) oxygen is produced.

When the concentration of the reacting species in a Faradaic process is
low, a concentration gradient eventually results. The concentration
gradient starts at the electrode surface, extends a distance into the bulk
solution, and exists in series with the Faradaic resistive impedance. A
concentration gradient of reacting species can be present even in high ionic
strength solutions. The impedance due to a concentration gradient is called
a Warburg Diffusion Impedance?-3-12, This impedance can be represented
by either a semi-infinite or infinite transmission line representing either
semi-infinite or infinite diffusion (Zg=f(#)), as seen in Fig. 13.1. The
diffusion may involve either products diffusing away from the electrode
surface or reactants diffusing to the electrode surface.

There are two classifications of electrodes with respect to Faradaic
processes: reversible (nonpolarizable) and irreversible (polarizable) elec-
trodes. A reversible electrode is an electrode which is in equilibrium with an
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ion in solution, e.g. silver/silver chloride (Ag/AgCl), as described by the
Nernst equation!!2:13, Since, for a reversible electrode, the activation
energy for the electron transfer is relatively low, the resistor, Rg, of small
magnitude is a good representation. A reversible electrode can usually carry
larger currents than a polarizable (irreversible) electrode before an
appreciable overpotential develops (see below). The larger current-carrying
ability, without a potential (voltage) shift, of a reversible electrode is mostly
afunction of the fact thations are produced from the electrode material and
the electrode is in equilibrium with the electrolyte. This is why reversible
electrodes make good reference electrodes. In the case of an irreversible
electrode, e.g. Pt, there are no ions in solution which are in equilibrium with
the electrode. Since the activation energy for electron transfer is relatively
high compared to a reversible electrode, the resistor, Rg, of large magnitude
is a good representation. An overpotential reduces the effective voltage at
the interface of an electrode due to dissipative (nonequilibrium) irreversible
processes!*12, Polarization produces a nonlinear®® voltage drop (over-
potential) from the Nernst equilibrium potential, which is a function of
current density (not total current) at the electrode interfaces-%14.15
Polarization also varies nonlinearly as a function of frequency® 214, As the
surface area of an electrode increases for a given current, the Faradaic
resistance, Ry, decreases because the number of reaction sites increases!©.
Current density also decreases for a given current as electrode surface area
increases.

Another kinetic process which occurs as a result of current at electrode
interfaces is that of adsorption. In adsorption an ion binds to a site on the
electrode surface. When the binding involves a chemical affinity similar to a
metal-ligand interaction, the process is called specific adsorption!:3:%12,
The concentration of a specifically adsorbed ion at an interface generally
exceeds the ion’s bulk concentration in the electrolyte. There is an
activation energy associated with the binding of the ion in specific
adsorption, resulting again in an equivalent circuit representation of a
resistor, R4. Since the charge density at the interface usually increases with
ion adsorption, so does the interfacial electrode capacitance. The equiva-
lent circuit representation for this specific adsorption process is usually a
series resistor—capacitor. The resistor (R, ) represents the energy of binding,
and the capacitor (C,), the added charge storage (see Fig. 13.1) associated
with specific adsorption. The specific adsorption capacitance is sometimes
called a pseudocapacitance!-3:12. If the concentration of adsorbing species
in solution is low, a diffusion impedance (Z,), a Warburg impedance, will
then exist in series with the series Ry — Ca'-3. As the surface area of the
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electrode increases, Cy increases and R, decreases, because the number of
binding sites increases.

If electrode effects (polarization) are so small as to be negligible, then
measurements of impedance can be done by one-port electrode measure-
ments. Unfortunately, polarizable electrodes cannot be used in one-port
measurements at low frequencies due to polarization'*. In one-port
measurements, the biological material to be measured is placed between the
two electrodes, a current applied and measured, and the voltage measured.
From these measurements tissue impedance can be determined. A four-
terminal, one-port Kelvin measurement with a guard provides the greatest
frequency and amplitude range. The only electrodes that have a negligible
impedance at low as well as high frequencies are reversible electrodes.
However, within the biologic environment, reversible electrodes present
physiologic problems. Ag/AgCl is the most common reversible electrode
and can carry substantial currents. However, silver ions are toxic to most
biological materials! %17, Sometimes stainless steel (SS) electrodes are used;
however, these too produce Faradaic ions (ferrous) that may induce
inflammation in the body!%:1!7,

Salt bridges!:°-12:13:15.18 are one remedy used to prevent undesirableions
from contacting living tissue. Salt bridges can be of several designs, but, in
general, are electrolyte-filled channels placed between the electrode and
tissue that serve to isolate the (usually reference) electrode. The electrode is
placed in a solution as the tissue but in a different vessel from the tissue, the
fluid heights are equalized, and the salt bridge is used to connect the two
vessels electrically. One design is an Agar— or Agarose—electrolyte salt
bridge, where the Agar or Agarose gel produces the necessary isolation.
Another is a tube filled with electrolyte and a fritted glass end. Salt bridges
that use physiological solutions as an electrolyte have an undesirable liquid
junction potential associated with them due to differences in mobilities of
ions and low ionic strength!2-18. The salt bridge for measurements that
produces the best results is a saturated potassium chloride (KCl) salt
bridge!2:18. Over long periods of time there may be mixing of the electrolyte
of the KCl bridge with the physiological solution because of diffusion,
pressure gradients, currents, iontophoresis, etc, which could alter the ionic
composition of the physiological solution.

A technique to reduce polarization errors at low frequencies in
impedance measurements, when using polarizable electrodes, is the four-
electrode technique*!! (two port). By using different electrodes to pass
currents (current electrodes) and measure voltage (voltage electrodes),
several advantages are obtained. The first is that the currents carried by the
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Fig. 13.2. Schematic of four-electrode impedance chamber measurement
system for frequency domain measurements.

electrodes that measure voltage are very low, so their polarization is much
lower. Second, though the current passed by the current electrodes
decreases as frequency decreases because the current-passing electrodes
carry a higher current and do polarize, the measured voltage concomitantly
decreases. Since the electrolyte can be thought of as a pure resistance (Rg),
any change in current I, is reflected proportionally in the voltage measured
V (=IRg), see Fig. 13.2.

One problem that exists with Pt, the most commonly used polarizable
electrode, is that of the adsorption of oxygen (O,) and hydrogen (H,) on
PtL15.19 at potentials below gassing potentials. This can change the
concentration of O, and or the pH of the physiological solution. When
carbon (C) electrodes were used to pass pulses into physiologic solutions
containing Phenol Red, at 10 mV?2°, pH shifts could be seen near the

Cyclic voltammetry studies on electrodes, i.e. Pt, tantalum (Ta), titanium
(Ti), and SS in various physiological buffers, demonstrated that Ti and Ta
had the largest inert voltage range'®. The lack of Faradaic and nonFara-
daic processes on Ti and Ta provides the largest stable potential range for
reproducibility and accuracy. Pt, Ti, and Ta have been found to be nontoxic
to tissue as an implant material'”. If the surface area of the polarizable
electrode can be increased so that Cp, is increased (neglecting decreases in
RE), measurements at a much lower frequency are possible (see Fig. 13.1) by
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Fig. 13.3. Plot of amplitude vs. log frequency for phosphate buffered
Ringer’s (saline) alone and with a Nuclepore filter (saline with filter).

coupling through Cp'222-26. One way of increasing surface area is by
platinizing the surface!? of a Pt electrode (Pt black). A much larger increase
in surface area can be achieved by using powder metallurgy techniques to
produce porous electrodes?#25. Porous platinum black electrodes with
surface areas on the order of 10 m2/gm can be made!®24-2¢, Small porous
Ta (metallurgical grade, Cabot Corp., Boyertown, Pa) electrodes
(cylinders, 0.9 mm D x 1 mm H) with capacitances between 15-25 uF have
been used successfully down to 10 Hz in a four-electrode technique?©-22:23
(see below and Figs 13.2-4). The four-electrode technique has been the
primary method for electrically evaluating tissue damage from electrical
injuries2”-3° in vivo because of its lower frequency limit. The following
sections will focus on this technique to measure impedance.

Current distribution

In order to make accurate and precise measurements of biological
impedance, volume conduction effects on current distribution in electro-
lytes and tissue must be considered. These points have been addressed from
theoretical and experimental considerations®!-3%. The inherent heteroge-
neity in tissue, and its effects on current distribution®*, cannot be avoided,
but can be somewhat minimized if the proper techniques are used. In vivo
measurements are less defined with respect to conduction volumes than in
vitro measurements because of a more complex geometry. Some common
problems can be addressed through insights gained from in vitro measure-
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ments. The principles of the four-electrode technique learned from in vitro
measurements, which are discussed here, can provide the basis for in vivo
measurements.

In the development of a higher sensitivity four-electrode in vitro
impedance chamber2%:22:23, two problems first emerged: nonuniform
current distribution and distortion of current distribution by the voltage-
measuring electrodes. The polycarbonate chamber forms a cylindrical
electrolyte column 2 cm long and 1 cm in diameter?? (see Fig. 13.2). The
current electrodes are porous C electrodes that form the top and bottom of
the cylinder. The voltage-measuring electrodes are porous Ta electrodes, as
described above, separated by 0.3 cm centre to centre, at the cylinder
midline and recessed into the chamber wall.

A uniform current distribution, such that the measured potential only
depends on the axial distance, produces the least artifacts??. In the
development of the in vitro impedance chamber?2:32734  e¢lectrode
placement to achieve uniform current distribution at the point of voltage
measurement was evaluated. In the case of point electrodes, if the distance
from a current electrode to voltage electrode is equal to the diameter of the
conducting cylinder, the current flux distribution at the voltage electrode is
uniform?3. For transients, Rall3? showed theoretically that, when the
length-to-diameter ratio for a conducting cylinder is large, uniform current
distributions result within a few microseconds. For a homogeneous
conducting cylinder, when the distance between the current electrodes (in
this case, C disc electrodes as described above) is twice the diameter of the
cylinder, a uniform current distribution is achieved?2-23.
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The distortion of the current flux distribution by the voltage-measuring
electrodes was first recognized by Schwan*. In the first version of the
chamber described above??, it was found that when one voltage electrode
was placed near and directly over the other voltage electrode in a uniform
current distribution, an interaction resulted. This distortion (seen primarily
at higher frequencies) could be eliminated by placing the electrodes on
opposite walls of the chamber?2. In the latest version of the chamber, the
electrodes are recessed into the walls of the chamber so that they lie
completely outside of the current conduction pathways*23, Removing the
voltage electrodes from the current conduction path might not be possible
for in vivo measurements, but displacing the electrodes, as in the earlier
chamber design, should provide improvement.

Measuring instruments

Measuring the impedance of biological materials requires that both the
current applied to the tissue (input) and the resulting voltage change
(output) be determined. Usually the current is determined by using an
ammeter or by measuring the voltage across a known series resistance. The
voltage response is determined by measuring the voltage change of the
tissue directly. In order to utilize equivalent circuits in evaluating tissue
impedance, the perturbation to the tissue should be small'*-22, Low-level
perturbation also produces minimal tissue interaction!'-22:35, One of two
types of amplifiers that are generally used (the electrometer and the
instrumentation amplifier) is usually the first stage in most measurement
instruments. A brief instrumentation review will be presented that will
cover areas of importance to biological impedance measurements.

Electrometer amplifiers, such as the type used in pH and pX (ion specific)
measurements, are single-ended, very high input impedance (1012-1015Q),
very low input bias current (5-300 fA) amplifiers3¢-38. Generally, the
bandwidth of electrometer amplifiers is less than 100 kHz37-38, Electro-
meter amplifiers can be connected directly to electrodes because of their
extremely low input bias currents. These amplifiers produce negligibly
small electrode polarization because of their extremely high input
impedance.

Instrumentation amplifiers, such as those used in oscilloscopes and
impedance analysers, are differential, high input impedance (10°-10%Q),
low bias current (1-100 nA) amplifiers3%-3°-41, Generally, the bandwidth of
instrumentation amplifiers can be up to 100 MHz!2-3%4°_ One problem is
the higher level of input bias current. This current leaving the input of the
amplifier can slowly charge Cp, resulting in a dc drift and eventually
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Fig. 13.5. Equivalent circuit representation for the impedance chamber
and measurement system (see text for definitions of symbols).

complete charging of Cp, producing signal clipping*!. By using a
decoupling series capacitor in the input of the amplifier and an input
resistor to ground, a low-frequency cutoff of < 1Hzcan be attained with an
input resistance of 108 Q4243 107 Q22 or 10° Q23-39_ Shield drives based on
negative capacitance compensation** can reduce inherent stray capaci-
tances and increase the high-frequency limit39-44-4¢,

Calibration measurements on the impedance chamber described
above?3, filled with phosphate-buffered Ringer’s alone and with a
Nuclepore filter present, are shown in Figs. 13.3 and 13.4. The Nuclepore
filter is used here to simulate the presence of a thin piece of tissue. Since the
filter pores are cylindrical, the filter impedance is a resistance with just a
small parallel capacitance (~200 pF)2922.23 The amplitude and phase
data shown were obtained using a Solartron 1260 Impedance Analyser.
Both the current and voltage amplifiers were AC coupled (—3 dB @ 1 Hz).
The input voltage level was 10 mV from 1 Hz-32 MHz (at 30 uA input). As
can be seen in Fig. 13.3 and 13.4, the amplitude response is flat from 10 Hz—
2 MHz. The phase shift is: saline, less than 0.4° at 10 Hz—150 kHz increasing
t0 6.6° at 2 MHz; saline with filter, less than 0.4° at 10 Hz-71 kHz increasing
to 8.4° at 2 MHz.

A source of measurement error at higher frequencies (note: where
electrode polarization is minimal) is imbalance in the source impedance*”,
Rs at the measurement points (see Figs. 13.2 and 13.5). The output of a
differential amplifier is proportional to the voltage difference between the
positive and negative inputs. The voltage difference is the quantity
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measured. The source impedance at the point of measurement and the total
stray capacitance (Cs = X C,) of the system determine the bandwidth at the
point of measurement. The voltage at each point is the voltage with respect
to the reference plane. When there is an imbalance in the source impedance
between two points of measurement, the measured voltage at each point
has a different frequency dependence. Therefore the voltage difference
between the two points becomes a function of frequency (w) and source
impedance (Rs). Assuming an equivalent circuit model for the chamber and
measurement system (see Fig. 13.5) demonstrates this effect. The source
impedance between points B (Rs?), C (Rs¢), D (RsP), and point A is as
follows:

RsB=(R, +50Q)//(R,+ R, +R,) (1)
RsC=(R,+ R, +50Q)//(R, + Ry) Q)
RsP={R}+ (R//(R,+ R, + R, +500)) 3)

where:
R, =the electrolyte resistance between the current electrodes and
the voltage electrodes.

R, =the electrolyte resistance between the two voltage electrodes.
R;=the current measuring resistance.

Ry = the source impedance compensation resistor (see below).

and
//=added as a parallel resistance.

As can be seen from Equations (1) and (2), the source impedance at the high
(B)and low (C) inputs to the differential voltage amplifier is different. When
RsB> RsC, at frequencies above the roll-off frequency determined by RsBC,,
an additional capacitive effect is seen (‘paradoxical’ capacitance). If the
reverse is true, RsB<RsC, then an additional inductive effect is seen
(‘paradoxical’ inductance) above the roll-off frequency determined by
RsCC,. This is illustrated by Fig. 13.6. In Fig. 13.6, amplitude and phase
curves (dotted lines) similar to the ones in Figs. 13.3 and 13.4 are shown.
For this measurement, R; is kept constant at 2 Q for the entire frequency
range. For the other curves (solid line), R, was set at 110 Q up to 10 MHz
and then changed from 110 Q to 2 Q for frequencies > 10 MHz. As can be
seen, there is an anomalous peak between the 9.4 and 11.2 MHz points. This
peak disappears when R; remains constant at 2 Q throughout the entire
frequency range of measurement (dotted line). When RsB® and Rs€ are
calculated, to a first-order approximation with the usual values for R, (100
@), R, (25 Q), and either 2 or 110 Q for R, the following can be seen. When
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buffered Ringer’s for different values of the current measuring resistance.

R=110£, RsB< RsC; when R;=2 Q, Rs®> RsC. This would seem to explain
the apparent amplitude peak that appears in the lower curve. A simple
solution to the problem is to make the circuit symmetric by always using a
resistance for Ry that matches the output impedance of the signal source, in
this case 50 Q. The source impedance at point D (see Fig. 13.5) can also be
made to match, though not exactly, the source impedance at points B and C
by using an adjustable trimpot Ry.

Conclusion

The measurement of tissue impedance can be accomplished over a large
frequency range. In spite of inherent problems in the measurement, if care is
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taken to minimize sources of errors, precise measurements are possible. The
promise of using tissue impedance to evaluate tissue viability in electrical
trauma is attainable. From earlier measurements by Schwan*+8, tissue
impedance exhibits distinct relaxations. Measurements by Pauly and
Schwan*?, in which the impedance of cells at high frequencies (>g
relaxation) when the cell membranes are electrically shorted, compares to
low-frequency measurements of cells with chemically disrupted mem-
branes. Therefore, membrane integrity can be assessed by comparing the
impedance of tissue above the B relaxation (MHz), with impedance at low
(<100 Hz) frequency. If the tissue is damaged and the membranes are
permeable, then the impedances should be similar at both points and
should not show the normal frequency dependence and impedance
differences.

The mention of commercial products, their sources, or their use in
connection with material reported herein is not to be construed as either an
implied or actual endorsement of such products by the Department of
Health and Human Services.
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Analysis of heat injury to the upper
extremity of electrical shock victims: a
theoretical model

BRADFORD I TROPEA
RAPHAEL C. LEE

Introduction

Studies have estimated that 3% of all admissions to hospital burn units are
for electrical trauma! and most of these injuries are work-related. Based on
data accumulated by the Edison Electric Institute?, the majority of contact
voltages for surviving electric utility linemen range from 1 to 10 kilovolts
(kV), with the hand-to-hand circuit path being the most frequent path
through the body. A ‘high-voltage’ electric shock can produce massive
destruction of tissue and major physiologic imbalances. In electrical
trauma victims, extensive injury to peripheral nerve and skeletal muscle is
very common, with resultant upper extremity amputation rates as high as
65%3.

The large electric fields produced by a ‘typical’ high-voltage shock can
produce injury either from heat generated by electrical currents (joule
heating)®4, cell membrane electroporation®¢ or both. In the medical
community, it is generally believed that the cellular injury is largely
mediated by joule heating. The circumstances surrounding electrical shock
accidents are so variable that it is nearly impossible to precisely determine
the tissue exposure in the majority of cases. The amount of heat generated
at a point along the current path depends on the quality and duration of
contact, the contact voltage, the properties of the tissue and other variables.
Usually, only the contact voltage is known accurately. But even that is not
enough because the voltage across the body depends on clothing, shoes,
gloves and whether the contact was mediated by an arc. As a result, the
amount of heat generated in any one case is very difficult to estimate. The
purpose of this project was to perform a worst-case analysis of the heating
dynamics of electrical shock and to estimate the resuiting tissue damage.

254
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Thermotolerance of cells

It is known that cells exposed to supraphysiological temperatures cause
injury by denaturing macromolecules’, disrupting cell membranes”-® and
producing other effects that are potentially fatal to cells. Nearly four
decades ago, Moritz and Henriques® demonstrated that the heat tolerance
of cells was dependent on both temperature and duration of exposure.
Henriques'® demonstrated that the reaction kinetics leading to skin
damage resembles a simple first-order chemical rate process described by
the Arrhenius equation:

__FE
RT($)

e ()

dQ
k=ar=
where k is the rate of accumulation of cell damage, I is an empirical
frequency factor describing the rate of cell damage when T'= o0, and Ris the
universal gas constant. This expression can be used to describe the rate at
which cell damage accumulates when exposed to temperature history 7'(¢t).
Q is an arbitrary function of cellular injury which varies from 0 to 1
representing the range from no cellular damage to all cells exposed,
respectively. Henriques!® found that the earliest histologic sign of skin
damage (first-degree burn) corresponded to an 2=0.53 when he defined
full-thickness damage to the epidermis (second-degree burn) as an 2=1.0.
Figure. 14.1 replots Henriques data indicating the duration of exposure of
porcine skin to constant supraphysiologic temperatures needed to cause
complete epidermal necrosis (2= 1.0).

Over the past two decades, the temperature—time tolerance curves for
isolated fibroblasts”!, red blood cells'? and skeletal muscle cells!? in
culture have been reported. Some of these data are replotted in Fig. 14.1. In
each case, the kinetics of heat damage could be adequately described by the
Arrhenius equation with a single energy of activation. As a result, when the
temperature history is known, the Arrhenius equation can be used to
predict the kinetics of cellular damage. An expression for the accumulation
of heat damage (Q) can be derived by integrating Equation (1) over the time
course of exposure to damaging supraphysiological temperatures to obtain

Q0=Tfye ™ds )

which has been called the ‘heat-death equation’.
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Fig. 14.1. Comparison of the time required to produce irreversible
changes in various biomaterials versus temperature. Moussa et al.”
determined the endpoint to be when the appearance of the first bubble
occurred on cell membrane of fibroblasts. Gaylor!® measured a 5%
reduction of a carboxyfluorescein diacetate dye in skeletal rat muscle cells.
Henriques!? histologically determined epidermal necrosis. Each of these
histological endpoints defines 2= 1.0. All of these data can be described
by the Arrhenius equation. The thermal injury constants (Ein KJ/mole, I’
in 1/s) for the three protocols: Gaylor (I'=2.9 x 1037, E=244), Henriques
(I'=3.1x10°%, E=628), and Moussa (I"=9.09 x 1035, E=249),

Diller and Hayes'# and Palla's exploited this mathematical description
of cellular heat damage kinetics to predict the distribution of burn injury to
skin and subcutaneous tissues caused by heating the skin surface. They
solved the bioheat equation for the temperature distribution in the tissue as
a function of time. They convolved the tissue time-temperature history
curves for preselected points in the subcutaneous tissue with Equation (2)
to predict the distribution of tissue damage. This led to valuable insight into
the factors determining the severity of burns.
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In this theoretical study, a quasi three-dimensional finite element model
of the human upper extremity was formulated to solve the equations which
describe the effects of joule heating on tissue temperature during and
following high-voltage electrical shock. The model considered the anatomi-
cal distribution and physical properties of the four most abundant tissues
(bone, muscle, fat and skin), their respective blood flow rates and boundary
air convection. The results from these simulations were utilized along with
the heat—death equation to predict the accumulation of cellular damage due
only to the effects of joule heating.

Theoretical model formulation

Because the contact voltage is the only variable accurately known for most
electrical trauma cases, the input for the model was a voltage source. Hand-
to-hand contact is assumed, as illustrated in Fig. 14.2. As a result of
instantaneous breakdown of the epidermal skin barrier in high-voltage
shock!®17_this highly resistive barrier to current passage can be ignored in
the calculation of body resistance. The metal-electrolyte contact impe-
dance is a strong function of current frequency and density!®. For practical
purposes, an average contact impedance of 100 ohm may be used as a
representative value assuming an interfacial capacitance of 1 uF/cm? and a
contact area of 5 cm?. The spreading resistance may be another 150 ohm.
The arms and legs have electrical resistances which can be estimated first by
assuming a tissue resistivity of 250 ohm/cm and then by solving for the total
limb resistance. Reasonable agreement between theory and published
experimental values can be obtained!®.

Current distribution in the body will be dependent on location. The
current density will be highest at the contact points; the maximum power
density is dissipated there. Once the current travels away from the contact
points into the subcutaneous tissues, it spreads across the extremity tissues
so that the electric field is nearly constant in any cross-sectional plane
perpendicular to the current path. Consequently, once away from the
contact points, the tissues with the least resistance (i.e. muscle, nerve and
blood vessels) will carry the largest current density.

As the first step, the electric field strength in the tissues was calculated.
The current path was assumed to be hand-to-hand in an adult male victim
in contact with a 10000 V ac power line, as illustrated in Fig. 14.2. A three-
dimensional finite element model of the human arm was constructed to
solve for the electrical potential distribution (voltages). ADINAT was chosen
as the finite element program?°. The three-dimensional mesh was based on
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Fig. 14.2. Schematic representation of the current path through the upper
extremity in an adult male.
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life-size photographs of anatomical cross sections published by Paterson??,
but only incorporated the structure and properties (Table 14.1) of the most
abundant tissues: bone, skin, muscle and fat. A 33.5 cm portion of the upper
extremity centred about the elbow was based on eight anatomical
transverse cross sections, as shown in Figs. 14.2(b) and 14.3.

The Laplace equation (V 2¢=0) was solved for the electrical potential
distribution throughout the selected arm segment with the boundary
conditions:

A3)

¢(x,y,z)={V if z=0 }

0ifz=33.5

where z represents the longitudinal axis of the upper extremity, @ is the
electric potential (voltage) and ¥V is the voltage defined as the ratio of the
impedance of the modelled segment to the impedance of the total current
path multiplied by the input voltage. z=0 is the cross-section located
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Table 14.1. Electrical and thermal properties of human tissues

Electrical Thermal Heat
conductivity conductivity capacity
Tissue (s/m) (watt/m °C) (Joule/m3 °C)
Saline 1.3 0.59-0.66 4.13 x 10°
Skin (dry) ~1074 0.2 3.2x 108
Skin (normal) 0.038 0.5-0.6 3.6x10°
Fat 0.05 0.1-0.4 1.98 x 10¢
Muscle 04 (L) 0.385 3.8 x 100
0.14 (T)
Major nerve 0.47-0.72 (L) — —
0.083 (T)
Bone cortex 0.054 2.2 (4.13 x 10%)
Bone marrow 0.180 0.385 ~4.14 % 108
Blood 0.65 0.53 ~4.14 x 10°

Notes:
L: Longitudinal to the long axis of the fibres.
T: Transverse to the long axis of the fibres.

approximately 8 cm proximal to the wrist, and at z=33.5 cm is located in
the upper arm approximately 5 cm distal to the shoulder. The electric field
strength was calculated by linearly interpolating the electrical potential
distributiorl; then calculating the negative gradient of the electrical
potential (E = — A®(x,y,2)).

To avoid modelling the complex geometry of the hand and wrist, they
were considered to be 150 ohm lumped resistances in series with the arm
and forearm. (The electrical impedance of the tissues at 60 Hz is almost
entirely real.) While the electrical properties of muscle are anisotropic??:23,
only the longitudinal conductivity was considered because it was assumed
that the current was flowing roughly parallel to the muscle fibres. The
voltage drop across the detailed segment of the arm could be calculated
from the ratio of its resistance to that of the entire current path.

To determine the thermal response in the upper extremity, the electric
field solution described above was used to solve for the temperatures in
eight three-dimensional cross sections (Fig. 14.3). The electrical power that
is dissipated as heat during ohmic conduction is called joule heating. The
joule heating rate per unit volume (p, watts/m?3) can be calculated from

P=JE )

where J is the current density (A/m?), and E is the electric field (V/m).
Substituting Ohm’s law (J= ¢F) into Equation (4),
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P=gE? )

where ¢ is the electrical conductivity (mhos/m). The joule heating term is
used as the source term in the heat energy balance equation for tissues in
Vivor4.

The effect of blood flow on the cooling of the tissues was modelled
assuming that the blood will leave the control volume essentially at the
tissue temperature using the following expression:

qo = prcvwp(Ty— T(x,p,1)) (6)

where ¢, is the convective transport of heat energy per unit volume, p, and ¢,
are the specific heat and mass density of blood, respectively, and w, is the
volumetric blood flow rate through 1 cm3 of tissue. The blood flow rates
specific to each tissue3® were assumed to be constant during, and after,
shock.

The addition of the joule heating term (Equation (5)) to the bioheat
equation leads to the following heat energy balance equation:

, dT(x,y,0)

dt = kv ZT(x,)’,t) + Pbcbwb(Tb_ T(x9y9t)) + qm + UEzg(th)

Q)

In this expression, T(x,y,?) is the temperature distribution in the various
tissues contained in a two-dimensional cross section. & is the tissue specific
thermal conductivity (watt/m K), p is the tissue specific mass density (kg/
m?3), ¢ is the specific heat (J/kg) for the respective tissues (Table 14.1). The
subscript b refers to blood, and w, is the volume rate of blood perfusion in
the respective tissues: muscle, fat, skin and bone (Table 14.2). The third
term in this equation describes the convective heat transport of the blood
flow. The term ¢, represents heat metabolism and (1) defines a pulse for ¢,
seconds so that the cooling phase (postburn) can be modelled. The joule
heating term is muitiplied by a pulse function, (#,), which defines the
duration of electrical contact, where

) =u(t) —u(t— 1) ®)

ADINAT was used to solve Equation (7) for T(x,y,?) for each of the eight
cross sections. Heat conduction in the axial direction, even for bone, was
considered negligible, which is justified by considering the relatively long
heat conduction time between cross sections in comparison to the
calculated temperature dynamics.

Heat flux at the skin—air interface (¢°) is the other mechanism of heat
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Table 14.2. Blood flow rates for various

tissues
Blood perfusion
rate constant
Tissue (ml/100 g min)
Skin 9.8-22.0
Fat 3.75
Muscle 2.71
Bone cortex —
Bone marrow 2.71

convection away from the extremity. It was assumed to occur at a constant
rate at the skin-air interface. Heat flux across the interface has been
empirically derived:

¢=hT,~ Ty) )

where T; is the temperature of the surface of the skin and T is the
temperature of theair. The heat transfer coefficient 4is 2 x 10~ watts/cm?2°C
and was determined originally from experimental measurement of convec-
tive transport of heat in air under normal wind conditions?5.

An outline of the boundaries of different tissues for the mid-forearm,
proximal elbow and the mid-arm are shown in Fig. 14.3. Only the spatial
variation of the tissues and their respective electrical conductivities were
pertinent to the three-dimensional potential solution. To establish the mesh
used to solve the Laplace equation, sets of 15 nodes were placed at the tissue
boundaries and an additional two sets of 15 nodes were placed in the
skeletal muscle for a total of 105 nodes for each cross section. A mesh
generator created three cross sections between each of the eight original
ones to form 29 cross sections. There were 2880 three-dimensional curved
elements to satisfy the steady-state potential solution. The electric field for
each of the nodes was calculated from this. ADINAT! was also used to solve
Equation (7) for the upper extremity as previously formulated. However,
for this problem 855 nodes were used per cross section (Fig. 14.4). Such a
high element density was required because ADINAT does not permit direct
solution of Equation (7); it requires the volume convective cooling term (i.e.
Equation (6)). This was approximated by choosing small elements and
allowing line heat convection. In the limit of infinitesimally small elements,
the result would be the same. In practice the approximation is valid as long
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Fig. 14.4. Placement of nodes in one cross section of the forearm. Nodes
were placed systematically so that a 3-D model could be formulated.

as the elements are small enough to allow thermal conduction equilibration
to occur more quickly than line convection cooling33-29.

The calculations were carried out for both the heating phase (during
electrical contact) and the cooling phase (postburn), which was examined
for up to one hour. In the heating phase there were 100 times steps and
typically the solution advanced by time step intervals of 0.01 seconds;
however, in the cooling phase, the time interval was set to 0.1 seconds for
over 35000 time steps. The duration of each time step was limited to a
maximum of 0.1 seconds, because the interval had to be less than the
characteristic heat conduction time between the two closest nodes?®. The
closest two nodes in the skin gave a conduction time of 0.26 seconds.

Upon obtaining a solution for T(x,y,t) for each node in the eight cross-
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Fig. 14.5. Electric field strength distribution in the upper extremity

induced by a 10 kV hand-to-hand contact. Values probably represent
worst case predictions.

sections, the duration of electrical contact required to cause an 2= 1.0 was
determined for a node centrally located in the muscle of each cross section.
Based on experimental data?”, it was assumed that temperatures at or
below 42 °C were not damaging to cells. The two constants (E and I') of
Equation (1) for muscle cells were taken from Gaylor!'® and Rocchio?8,
who measured the tolerance of mammalian skeletal muscle cells to
supraphysiologic temperatures. A modified trapezoidal rule for numerical
integration was used to perform the integration of Equation (2). The
duration of electrical contact required to produce an Q= 1.0 was defined as
the LT time, meaning the lethal contact time for cell damage. This
calculation was performed only for skeletal muscle tissue because of the
clinically recognized significance of rhabdomyolysis in the electrical injury
problem.

Results

For a relatively thin adult male electrically in contact with 10 kV from
hand-to-hand (Fig. 14.2), this model predicted a variation of the electric
field magnitude in the arm between 65 V/cm and 140 V/cm, as shown in Fig.
14.5. Such strong electric fields can cause rapid tissue heating to damaging
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temperatures in a matter of seconds or cause direct cell damage by
electroporation. The field strengths were highest near the wrist and in the
elbow where the current density was highest and the resistance was greatest,
respectively.

The model predicted that for a 10 kV shock the thermal response of
muscle and bone was nearly adiabatic throughout the contact time. This
occurs because the joule heating term dominates the heating conduction
and correction terms in Equation (7). This is noted in Fig. 14.7 by the
constant rate of temperature rise during the 1 second of current passage,
where the temperature at the end of 1 second is simply the product of the
joule heating term and the duration of current flow divided by the heat
capacity, an approximation which would be valid until boiling occurred.
The heating in both the skin and fat is not necessarily adiabatic because
these tissue layers are much thinner. On the basis of these results, it would
appear that joule heating of muscle and bone would be adiabatic for
durations exceeding 10 seconds.

It should be noted that the predicted temperature of skeletal muscle is
nearly uniform (Fig. 14.6) immediately following the cessation of current
flow and that large temperature gradients between both the muscle-bone
and muscle—fascia layers are predicted to exist. As expected, the predicted
peak temperatures in the muscle varied with the square of the electric field
and linearly with the duration of current flow. The model predicts that the
peak temperature of the muscle exceeds that of adjacent bone in each cross
section. Thus, it appears that, in most cross sections, muscle heats adjacent
bone, rather than vice versa as had been commonly believed?®. Because
nerve and blood are the most highly conductive tissues, they would be
expected to reach the highest temperatures, were they included in the
model. However, they would not get significantly higher because they have
small dimensions and would rapidly equilibrate with surrounding tissues.
At sufficient distance from the sites of skin contact, the skin temperature
does not rise appreciably despite substantial heating of tissues below. This
is consistent with the clinical picture that many electrical burn victims
manifest. Figure. 14.7 illustrates the relative thermal changes in the centre
of muscle tissue at different cross sections of the upper extremity. The distal
forearm experiences the most rapid heating. In all of the simulations the
blood perfusion rate was maintained constant. Kinetically, the blood flow
rate is the single most important variable determining the rate of cooling as
illustrated in Fig. 14.8.

The most meaningful insight into the pathogenesis of tissue injury in
electrical trauma can be gained by evaluating the prediction of the damage
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Fig. 14.8. Core muscle temperature of the mid-forearm with a 1 s 10 kV
pulse. Comparison of basal blood perfusion (P) versus no perfusion (NP).
Without blood flow, it would take significantly longer for the tissues to
cool down.

accumulation expression. The lethal contact time (L.T) is the duration of
exposure to a specified voltage necessary to cause an Q= 1.0 based on data
from Gaylor!?® and Rocchio?®. They measured the change in membrane
permeability which was observed as a 5% decrease in cell fluorescence of a
carboxyfluorescein diacetate dye in rat skeletal muscle cells (2= 1.0). Their
data are replotted in Fig. 14.1. The LT predicted by the model for skeletal
muscle tissue in the different anatomical cross sections is shown as a
function of contact voltage in kilovolts in Fig. 14.9(q). Thus at a 10 kV
hand-to-hand contact, approximately 0.5 second is required to cause
muscle damage in the distal forearm, 1.1 seconds in the mid-forearm and
more than 1.9 seconds in the mid-arm. Contacts with 20 kV or more would
cause almost instant thermal destruction of cells in the distal forearm.
Empirically, the LT appears to vary inversely with the voltage squared.
Predictions obtained using data from our laboratory3-28, Moussa et al.”
and Henriques'® are graphically compared in Fig. 14.9(b). Moussa et al.
measured the time it took for a bubble to first appear when fibroblasts were
exposed to constant elevated temperatures (2= 1.0). Their data are also
replotted along with Henriques’'°® and Gaylor’s!? in Fig. 14.1. The LT
values clearly depend on the thermal injury rate constants. The rate of
cellular injury using the results from Gaylor is approximately twice that
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parameters taken from Gaylor.!® () Comparison of the LT curves
utilizing the data from Henriques,'® Gaylor!® and Moussa er al. for
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predicted by Moussa et al. or Henriques. However, measurement of dye
leakage from cell membranes is more sensitive than the histological
endpoints defined by Moussa or Henriques.

Discussion

Sances er al. 393! suggested that 10 A was probably the upper limit for a 10
kV to 20 kV contact. Perhaps in most cases of high-voltage electrical
accidents there is current passage prior to mechanical contact by arcing
from the power source. The muscle contractions generated by the current
can set the victim in motion away from the power source3. The upper limit
to physiological muscle excitation—contraction coupling is in the range of
0.1 seconds. It seems reasonable that typical contact times would be in this
range for those victims who never grasp the power source. These
complexities add to the difficulty in estimating the magnitude of current
flow as well. Perhaps in many, if not most, instances the magnitude is less
than that predicted by Sances3! because the victim may never actually make
direct mechanical contact with the power source.

The insight into the pathophysiology of electrical trauma provided by
this numerical simulation is clinically useful for understanding the common
patterns of injury. Readily appreciated is the similarity between the electric
field strength variation and the pattern of tissue injury commonly seen in
humans!’32° and in primates3?. Also, the maximum field strength
corresponds to where the current density is highest or where the electrical
resistance is greatest, as expected from basic physical laws.

The model appears to be valid as a worst-case approximation of the
electric field strength and joule heating magnitude in the human upper
extremity during hand-to-hand electric shock. The calculations were
performed assuming good electrical contact. It has been demonstrated in
animals that, for certain voltage ranges, there is a marked diminution in
current over time when current is applied continuously. In one experiment
using pigs as an animal model'”, the current precipitously diminished soon
after turn-on at voltages below 1000 volts. The higher the voltage, the less
time it took for the current to precipitously drop; however, the initial
current was proportional to the voltage. This phenomenon is consistent
with an earlier publication?3 and can be explained because the charring and
drying of the skin at the electrode contact point increase the series resistance
to current flow. These same investigators3! also applied 2100 to 14400 volts
across the hind limbs; however, with these higher voltages, the current did
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Fig. 14.10. Obvious thermal damage to the skin of the hand and wrist of a
child. Note that the skin overlying the muscles which are in spasm
(clenched fist) is apparently unharmed.

not precipitously decrease. The skin was vaporized and the current was able
to follow a lower resistive pathway.

In addition to joule heating, conduction and convection mechanisms
determine the temperature distribution. Because muscle typically occupies
the largest cross-sectional area in the upper extremity, its thermal
properties dominate other tissues in governing the thermal response. In
fact, it appears that heat conduction from muscle to bone is more likely
than vice versa. However, it is the bone temperature that remains elevated
the longest, because it has the highest thermal capacity. For example, the
temperature of the ulna in the mid-forearm continues to rise for
approximately 3 minutes following cessation of the current (Fig. 14.6(b)).
In the same cross section, the temperature in the centre of the fascia
continues to rise for almost 4 minutes, primarily due to the conductive
effects of the skeletal muscle.

Proximal to the contact point, the temperature of the skin does not rise
appreciably and this model predicts that the skin would not be as damaged
as the underlying tissues. This is consistent with the clinical picture that
some shock victims (see Fig. 14.10) have little skin damage proximal to the
contact point, yet there is underlying muscle cell necrosis!-3. In many of the
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simulations, the temperature rise in the skin did not exceed a few degrees
and the primary cause was from the conduction of the hotter tissues. A
factor inhibiting the temperature elevation of the outer skin was boundary
convection, though its effect on the thermal distribution of the deeper
tissues was minimal compared to blood perfusion.

Blood flow through tissue is the most important mechanism for
transporting heat away from tissues. Traditionally, it had been assumed
that the equilibration of the blood temperature with that of the tissues
occurs predominantly in the capillaries and small arterioles; however,
recent studies have shown that exchange occurs primarily by an incomplete
countercurrent heat exchange in arterioles3*. Blood flow is critical for
cooling deep subcutaneous tissues following a high-voltage electrical
injury*33, (Fig. 14.8). If perfusion is restricted, it will take several hours for
the arm to return to basal temperatures. Because there is no conclusive
evidence concerning joule heating effects on perfusion rates, the simulation
was carried out with normal blood flow rates.

While large arteries influence the rate of heating in their immediate
vicinity, they were not included in the model because they do not contribute
significantly to general heat flow in the tissue. If there is total occlusion of
blood flow, the rate of heat transport out will slow to the point when the
arm would probably take many hours to return to normal temperatures.
But, if the blood flow is unaltered by the heat, this model predicts normal
temperatures are restored in approximately 1 hour. Since the extent of skin
damage has been shown to be both time and temperature dependent®,
maintenance of blood flow to the tissues is essential to minimize the
damage. There is little information concerning the changes in blood flow
following high-voltage injury. The muscle blood flow time constant was
assigned to be on the order of 20 minutes, consistent with published resting
values3®. Factory workers and linemen are probably not resting so that the
perfusion rate may exceed resting level, which may reduce the amount of
damage. In one study of muscle blood flow response to microwave
diathermy37, there was a precipitous increase in blood flow by approxima-
tely one order of magnitude when the tissue temperature reached 4245 °C.
In another study, it was shown that the muscle blood flow decreased in
rabbit thighs following an electrical shock38.

It has been shown in many studies that the relationship among thermal
tissue injuries can be defined by a simple rate process, an Arrhenius
equation’ 1913 Henriques determined the degree of epidermal injury by
histological methods!®, whereas Moussa et al.” assumed that damage
occurred in HeLa cells about the time when blebs appeared. Investigators in
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our laboratory!3-28 measured the change in membrane permeability which
was observed as a decrease in cell fluorescence of a carboxyfluorescein
diacetate dye in rat skeletal muscle cells. Because rhabdomyolysis is such an
important clinical feature of major electrical trauma, the magnitude of
thermally mediated cellular damage in the upper extremity has been
estimated by considering the data of Gaylor!3. The constants experimen-
tally determined did not investigate the damage response to temperatures
below 44 °C, and it may not be appropriate to extrapolate Arrhenius’s
equation down to basal temperatures. It has been shown in studies that
below 42 °C the metabolism of organs is not inhibited, but at temperatures
above 42 °C there is progressive decrease in metabolism?”. Therefore, it was
assumed that there was no additional effect on cell necrosis once the
temperature fell below 42 °C in all of the simulations.

The LTs are rather disparate in a comparison of both experimental
protocols (Fig. 14.9(b)); however, it should be noted that in Gaylor’s
experiment, a 5% reduction in dye fluorescence probably represents a
change in the cell permeability, but does not necessarily indicate any
permanent sequelae!. On the other hand, bleb formation following heat
conduction probably represents the cells in a state of irreversible injury, or
close to it”. Overall, the LT’s range between 0.5 and 2 seconds in the upper
extremity if a victim comes in contact with a 10000 V line. In summary, for
electrical contacts greater in duration than the LTs, thermal injury to tissue
can be anticipated to accompany nonthermal membrane breakdown. For
shorter durations, joule heating may not be important other than at the
contact points. Further studies using this approach will consider the
thermotolerance of other cell types as well as take into account heat
conduction in the axial direction.
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Nomenclature

¢ = specific heat
= empirical heat transfer coefficient
= thermal conductivity of muscle, skin, fat or bone
¢m= heat metabolism
¢*= heat flux at skin—air interface
t= time
x,y= Cartesian coordinates of transverse cross section
z= longitudinal coordinate
A= amperes
= energy of activation, electric field
= current density
LT = contact time needed to cause cellular injury
= power per unit volume
, = convective transport of heat due to blood flow
R= universal gas constant
= temperature of the tissues
T, = temperature of the air
T,= temperature of blood
.= temperature of surface skin
= volts
u(t) = step function
p= mass density
o= clectrical conductivity
&(ty) = pulse for T}, seconds
wp = volume rate of perfusion
&= electric potential
Q= arbitrary function of damage accumulation
I'= rate of cell membrane damage at temperature equal to

infinity
Subscripts
air= air
b= blood

c¢= conduction
h= heating phase
m= membrane
s= surface

t= tissue
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Introduction

As shown in Chapter 14, along the track of current flow, there are
measurable changes in temperature due to the effect of joule heating. That
is, the tissue in the current path presents a finite resistance to the flow of
current which, in turn, leads to a local dissipation of electrical energy given
by I? R where [is the local current and R is the electrical resistance measured
at the same point. According to the first law of thermodynamics, this energy
appears as an increase in the internal energy of the tissue and manifests itself
as a rise in the local temperature. Tropea and Lee (Chapter 14) show that
these temperature increases can be substantial depending upon proximity
to the point of entry and the type of tissue. Because of these elevated
temperatures, it is highly likely that the injury experienced by tissue, and
hence, the cells that make up the tissue, has two components, one electrical
and the other thermal. It is also just as likely that these two modes of cellular
injury can be uncoupled and addressed independently of one another. The
only coupling that exists is a consequence of the fact that all the
thermodynamic and electrical tissue properties depend upon the local
temperature.

In order to develop therapeutic protocols for the treatment of tissue
damaged by either of these modes of injury, it is essential to understand
both the fundamental mechanisms and the time progression of the injury,
i.e. the kinetics of the damage processes. Accordingly, the present chapter
attempts to focus on the damage processes associated with elevated
temperatures and to develop some models for the description of the
dynamics of these processes based upon experimental observations under
carefully controlled conditions.

281
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Background

There have been surprisingly few attempts in the literature to quantify the
thermal injury process in spite of the many situations in which cells are
exposed to elevated temperatures. Perhaps the earliest attempt to quantify
thermal injury was due to Henriques and co-workers who published a series
of articles that culminated in a paper describing the cumulative injury to a
cell population exposed to elevated temperatures'. Henriques and co-
workers postulated that the reaction leading to cell death should conform
to the well-known Arrhenius description of rate processes. Because they
were concerned with injury of the cutaneous surface resulting from elevated
environmental temperatures produced by a variety of weapon systems, the
results of their study are not directly applicable in the present instance.
More recent studies that have focused on populations of cellular
suspensions are more relevant?-°.

All of these studies were similar in that the experimental protocols
basically consisted of exposing a suspension of cells to a step change in
temperature and then following the time course of cell viability. Cellular
injury was assessed according to some previously selected criterion which
was often based upon some readily observable feature of the cell (blistering,
ghosting, haemolysis, dye permeability) or upon the ability of the cell to
grow into colonies. In attempting to apply the results of such studies to a
given situation, there is always the problem that different studies use
different cell types so that the results of a particular study may not apply in
the case of another cell type. Furthermore, even for a given cell type, the
results of different studies may not be comparable since the choice of
damage criterion is somewhat arbitrary and different studies use different
damage criteria.

Although these studies used a wide variety of cell types and damage
criteria, all of the data emanating from these studies can be characterized in
the Arrhenius format as shown in Table 15.1, namely:

l= Ae—EIRT (1)
.
where 7 is the time in seconds required to satisfy the specific damage
criterion used in the particular study, 4 is the frequency factor in units of
s~ 1, Eisthe activation energy for the damage process in units of kcal/mole,
R is the universal gas constant (1.986 kcal/mole K), and T is the
thermodynamic temperature in Kelvin.

In spite of the wide variation of cell types and damage criteria, the data of
Table 15.1 do show some common features. If the data of Westra and



Table 15.1. Thermal injury to cells £=Ae‘E/RT
T

Temperature A E
Cell type Damage criterion range (1/s) (kcal/mol) (kJ/mol) References
+36
HeLa S-3 Blister formation 36-68 °C 9.09 x 10 59.50 6
(249)
+59
HeLa S-3 50% eosin Y-stain 48.2-65 °C 8.80x 10 92.64 2
(388)
+13
Erythrocytes Haemolysis (1%) 3745°C 4.16x 10 30.00 8
(Human) (126)
+27
Erythrocytes Haemolysis (5%) 44-60 °C 7.57x 10 46.31 7
(Human) (194)
+30
Erythrocytes Ghosting 60-76.6 °C 1.79x 10 50.38 5
(Human) (211)
Increased permeability +37
Skeletal muscle to FADH 45-60 °C 1.6 x 10 57.59 9
(5% dye leakage) (241
+96
Chinese Grow into colonies 43.5-46.5 °C 38x10 141 4
hamster cells (37% reduction in (59)
survival)
69
Pig kidney Grow into colonies 4547 °C 1.1x10 105 3
cells (90% reduction in (441)

survival)
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Dewey* and Harris® are set aside because of the special nature of their
damage criterion compared with criteria used in other studies (cloning
ability vs. some measure of membrane behaviour) and the data of Gershfeld
and Murayama? for reasons that will become apparent shortly, it is noted
that the activation energy for the thermal damage process is of the order of
50 kcal/mole (average value of 53.4 kcal/mole) for all the other experiments.
The data of Mixter et al.? are not included since they used a staining
technique in which injured cells take up a stain that is excluded by healthy
cells. Since the transport of stain through the cell membrane is itself a
dynamic process of uncertain kinetics which might possibly obscure the
kinetics of the injury process, the large value of 92.64 kcal/mole obtained by
Mixter et al. is probably misleading. Thus, among diverse experiments that
use some sort of measure of membrane integrity as a damage criterion,
there is remarkable agreement, particularly with respect to the activation
energy of the damage process.

If the data for erythrocytes is considered in detail, it is apparent that the
damage due to elevated temperature can be related to some sort of phase
transition in membrane proteins. Figure 15.1 shows the summary of
erythrocyte injury data reported in the literatures-7-8:1°, The first two
studies reveal an activation energy of approximately 50 kcal/mole, whereas
the latter two studies reveal an activation energy of approximately 29 kcal/
mole. There also appears to be a transition from the latter to the former at
approximately 45 °C.

Kumamoto et al.! have shown that temperature ‘breaks’ in Arrhenius
plots of this type of data are a consequence of a phase change in the system,
the plasma membrane in this case. The observations of Raison and co-
workers'?13 and Chapman et al.'* have confirmed this hypothesis for
mitochondrial membranes. Studies of the effects of heat treatment on the
elasticity of human red cell membranes by Rakow and Hochmuth!$ have
shown that there is, in fact, an irreversible phase transition between 46 °C
and 50 °C attributable to irreversible protein denaturation. These findings
support the hypothesis that thermal injury (at least in erythrocytes) can be
attributed to a phase transition in membrane proteins in the neighbour-
hood of 45 °C and that for temperatures above this, the membrane has been
irreversibly altered in a manner which will lead to cell damage at a rate
which increases with temperature according to the Arrhenius formulation.

Thermal injury in skeletal muscle cells: membrane permeability

Based upon these findings for various cell types, it is reasonable to assume
that similar results would be obtained in the case of skeletal muscle cells.
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Fig. 15.1. Arrhenius relationship for thermal injury. 4 is the frequency
factor, and F is the activation energy as given by

£
RT

The value 4=4.16x 10'3 was calculated based on Gershfeld and
Murayama results® (Fig. 15.2 and E= 29 kcal/mole). Haemolysis of 5% of
erythrocytes was obtained from Moussa et al.” (see Fig. 15.1). 4 and E
were predicted by least-squares analysis. Lloyd et al.’ reported their data
as an exponential function rather than as the well-known Arrhenius plot.
Experimental data were obtained from Fig. 15.4 of Lloyd et al. and least-
squares analysis was used to predict 4 and E. The value of the frequency
factor, 4, was not reported in Westra and Dewey*. This value was
estimated from Fig. 15.3 of Westra and Dewey. 4 and E were determined
for 90% mortality data given in Table 15.1 of Harris? between 45 °C and
47 °C. Data for 44 °C were not included in the curve fit as suggested by
Harris.

=Adexp—
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Accordingly, an experimental model was developed by Gaylor? in which
skeletal muscle cells were harvested from the flexor digitorum brevis muscle
of the hind foot of adult female Sprague-Dawley rats. Muscles excised from
sacrificed rats were placed in Dulbecco’s modified eagle’s medium
(DMEM) supplemented with antibiotics. Cells were loosened from the
intact muscle with collagenase and washed four times in the supplemented
DMEM. Tendons were teased apart and agitated mechanically. The
resulting cell suspension was pipetted into petri dishes and cultured at 37°C
in 5% CO,-95% air at 99% humidity.

The isolated cells were 600 to 1200 um in length and 15 to 30 um in
diameter. Several hundred cells were obtained from each digested muscle
and could be maintained in culture for at least 1 week. As will be shown
subsequently, cells subjected to thermal protocols tended to contract, but
this contraction could be prevented by suspending the cells in hypertonic
solutions (2 to 3 x normal toxicity). Accordingly, cells were suspended in
phosphate-buffered saline with an isotonic concentration of 280 mOsm
increased to 840 mOsm by the addition of sucrose which does not penetrate
the plasma membrane. In order to assay the integrity of the plasma
membrane, cells were loaded by simple diffusion with carboxyfluorescein
diacetate (CFDA). The nonfluorescent CFDA penetrates the cell and is
hydrolysed in healthy cells to form anionic carboxyfluorescein (CF) which
fluoresces brightly and is impermeable to the cell membrane.

The thermal response of cells was measured by placing the cells on a
specially designed stage as shown in Fig. 15.2. The temperature of the cell
suspension was monitored by means of a thermocouple immersed in the
suspension. Temperature was regulated by refrigerant flowing through the
chamber at a constant rate and simultaneously dissipating electrical energy
at a controlled rate in a heater in thermal communication with the cell
suspension. By adjusting the amount of electrical energy dissipated in a
programmed fashion, the temperature and rate of change of temperature
could be maintained precisely.

As cell membranes became altered structurally by thermal injury, CF
leaked from the cells. Hence, by monitoring the intensity of the fluorescent
image with the aid of a video image processor as shown in Fig. 15.3, the
kinetics of cellular injury could be determined. In a typical experiment, a
given cell was monitored at room temperature for 5 minutes to establish
baseline levels of cell intensity loss due to natural leakage and bleaching.
The temperature of the cell was then raised in 5 seconds to a temperature of
37°, 45°, 50°, 55°, or 60 °C, and the cell was monitored until it lost all, or
nearly all, fluorescent activity (cf. Fig. 15.4). From video recordings of the
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Fig. 15.2. Chamber used to expose isolated skeletal muscle cells to
controlled temperature elevations. A flow of cold nitrogen gas cools the
chamber. Feedback from thermocouple is used to control the resistive
heater. The transparent windows allow real-time observation of the cells.

cell during the protocol, image intensity was measured as a function of time.
The data thus obtained are shown in Fig. 15.5 normalized with respect to
the intensity at the time the temperature first reached its maximum value.

From the data of Fig. 15.5, an Arrhenius plot can be constructed for the
time required for the intensity of the image to reach 50% of its initial value.
The results are shown in Fig. 15.6 along with the earlier results of Moussa et
al.”. The results show that the activation energies of the two experiments are
identical at 59.50 kcal/mole thereby indicating that the mechanisms of
damage are similar and consistent with the hypothesis of irreversible
denaturation of membrane proteins.
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(@) ®

Fig. 15.4. Diffusion of CFDA across a cell membrane of thermally
induced increased permeability. The cell was raised to 60 °C in 5 seconds.
The high-contrast sequence of photographs shows the dye leakage before
the temperature rise, and every 10 seconds for the 30 seconds following the
temperature rise. The cell lost all fluorescence intensity within 60 seconds.
(a) Intact cell at start. (b) Dye leakage begins. (¢) Dye leakage continues.
(d) Nearly all dye is lost.
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Fig. 15.5. Cell fluorescence intensity as a function of time for cells elevated
from room temperature to 45°, 50°, 55° and 60 °C in 5 seconds at the 5-
minute mark. The effects of natural dye leakage and bleaching have been
subtracted off; thus, a slope of zero indicates the normal membrane
permeability.

If it is assumed that the intensity of the fluorescent activity is directly
proportional to the number of dye molecules, the intensity can be written
as:

I=aV¢, 03]

where ¢; is the concentration of dye inside the cell in moles per unit volume,
V is the volume of the cell, and « is a proportionality constant that is a
measure of the efficiency with which the dye fluoresces. As the membrane
becomes altered, and dye is able to diffuse through it, the intensity of the
image changes as the concentration of dye inside the cell changes with time.
Thus:

a=aV§ 3)

But the concentration of dye inside the cell is governed by a conservation
equation, namely:
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Fig. 15.6. Time to produce 50% dye leakage from isolated muscle cells as a
function of the inverse absolute temperature. Fibroblast data are included
for comparison’ and refer to the membrane bleb formation.

e — pa-c) @
dt
where A is the plasma membrane surface area, ¢ and ¢, are, respectively,
intra- and extracellular dye concentrations, and P is the membrane
permeability in cm/s. If it is assumed that ¢, < <cand that both V"and 4 are
constant, the internal concentration of dye becomes:

a0 _

o

exp[—4r )

Since 4 and P are constants, an increase in permeability leads to an
increased rate of dye loss. If Equation (2) is substituted into this last
equation, the behaviour of the intensity with time is obtained:
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Thus, from the data shown in Fig. 15.5, the value of P at each temperature
can be obtained. If a least-squares regression analysis is used on these data,
the results depicted in Fig. 15.7 as a function of temperature are obtained. If
the permeability is assumed to be of the form:

P=P,exp [~ E/RT] @)

then, in the temperature range between 45 °C and 60 °C, P,= 7.3 x 102! cm/
s and £=42.3 kcal/mole.
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Fig. 15.8. Fractional length of isolated skeletal muscle cells as a function
of time at different temperatures between 41° and 51 °C. Also included is
the recovery of length change at 37 °C following an elevated temperature
treatment for 120 seconds.

Thermal injury in skeletal muscle cells: mechanical damage

As mentioned previously, it was necessary to suspend the cells in hypertonic
sucrose in order to prevent contraction of the cells during thermal insult.
Since the contraction itself could be a possible mechanism of damage at
elevated temperatures, a series of experiments was conducted to investigate
this possibility. Accordingly, cells were suspended in isotonic media
containing calcium but no sucrose. The temperature was increased rapidly
to its final value in approximately 0.1 s. The ensuing cellular contraction
was then recorded and analysed using an image analysis system designed
specifically for this purpose.

Figure 15.8 summarizes all of the experiments between 37 °C and 51 °C.
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Fig. 15.9. Fractional length of isolated skeletal muscle cells at the end of
heat treatment for 120 seconds as a function of the inverse absolute
temperature.

This figure shows the time history of the fractional muscle fibre length, i.c.
the length of the muscle cell at any instant of time divided by its original
length. Each plotis divided into a left half and a right half. On the left half of
the figure is plotted the fractional length for a step change in temperature
from 37 °C to the temperature shown. On the right half of the figure is
plotted the fractional length for a step change in temperature back to 37 °C.
Thus, these data for a thermal cycle provide an indication of the ability of
the cell to recover from thermal insult.

From these data, it is clear that the kinetic behaviour of contraction is
temperature dependent. When the final temperature wasin the range of41 °C
to 44 °C, the contraction was reversible, and the cell returned to its original
length, either wholly or partially when the temperature was returned to its
original value of 37 °C. For final temperatures of 45 °C and above, the
contraction was irreversible and no recovery of length was experienced
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experienced when the temperature of the cell was returned to 37 °C. If the
logarithm of the fractional length is plotted as a function of reciprocal
thermodynamic temperature as in Fig. 15.9, it is clear that this kinetic
process of contraction exhibits some sort of biphasic behaviour with a
break point at approximately 45 °C.

In order to interpret these results, consider a single sarcomere as shown in
Figs. 15.10 and 15.11. The resting length of a sarcomere for skeletal muscle
cells is 3.19 um. At the sarcomere level, this is L,, the initial length.
Typically, at a sarcomere length of 2.39 pm, the thin filaments of the
sarcomere will interfere with one another. This situation occurs at a
fractional length of L/L,=0.62. If the sarcomere contracts further to 1.62
wm, the thick filaments will now become compressed by the Z lines. This
occurs at a fractional length of L/L,=0.41. Thus, for contractions that
result in a fractional length in the range 0.62 to 0.41, it is likely that
mechanical damage has occurred to the muscle fibre. Certainly, contrac-
tions resulting in a fractional length less than 0.41 should be damaged
irreversibly.

FromFig. 15.8,itappearsthatfinal temperaturesintherange41°Cto44°C
result in reversible (partially or wholly) contractions. Thus, cells at these
temperatures were not damaged mechanically. However, Fig. 15.8 shows
that at final temperatures in excess of 44 °C, the cells have contracted
beyond the mechanical limit corresponding to the compression of the thick
filaments by the Z lines. Thus, cells at temperatures in excess of 44 °C have
experienced irreversible mechanical damage.

From the data of Fig. 15.8, those times at which the contraction reached
63% ofits maximum value, i.e. the time required for the fractional length to
be within 37% of its final value, can be determined. This time is known as
the time constant of the contraction process. If the logarithm of the time
constant is now plotted as a function of reciprocal temperature as in
Fig. 15.10, alinear correlation is obtained with a correlation factor of 0.996.
The activation energy for this process is 29 kcal/mole.

How then, does this information relate to the normal excitation—
contraction coupling which s usually triggered by an action potential in the
plasma membrane of the muscle fibre? As is well known, this action
potential triggers the release of calcium ions from the lateral sac of the
sarcoplasmic reticulum. The calcium, in turn, binds to troponin, removing
the blocking effect of tropomyosin and thereby initiating contraction
through the movement of cross-bridges between the actin and myosin
filaments (cf. Fig. 15.11). From the point of view of absolute reaction rate
theory, the contraction process is modelled as a rate process with two
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Fig. 15.10. Schematic diagram of internal organelles of an isolated skeletal
muscle cell.

energy barriers: the first barrier corresponds to the diffusion of calcium ions
from the sarcoplasmic reticulum to the troponin and has an activation
energy on the order of 19 to 20 kcal/mole; and the second barrier
corresponds to the closing of the bridge, the splitting of ATP, and the
conformational transition of tropomyosin and has an activation energy of
approximately 15 to 16 kcal/mole. These activation energies do not add
simply since the two steps are not simply in series.
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Fig. 15.11. Arrangements of the thick and thin filaments at different
sarcomere lengths for skeletal muscle cells.

Thus, the observed activation energy of 29 kcal/mole is of a magnitude
which is consistent with this rate model of the contraction process. What is
unclear at this time is the reason why the process is irreversible when the
stimulus is of thermal origin but reversible when triggered by an action
potential. Perhaps the thermal insult has disrupted the carrier-mediated
active transport system that pumps the calcium ions from the cytosol into
the lumen of the reticulum. On the other hand, the situation may be more
akin to rigor mortis in that the thermal insult does not provide sufficient
energy to complete the calcium transport cycle. That is, once the myosin
cross-bridges are bound to the actin, there is not enough ATP to bind the
actin and dissociate the cross-bridge from the thin filament. Clearly, further
research is required in order to complete the picture.

Thermal injury in skeletal muscle cells: applications

Thus far, the work has shown that thermal insult to skeletal muscle cellsis a
consequence of two injury mechanisms with very different time constants.
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Fig. 15.12. Time to produce 50% contraction of isolated skeletal muscle
cells as a function of the inverse absolute temperature. Data from Fig. 15.6
are also included for comparison purposes.

From Fig. 15.12, it is apparent that if the duration of thermal insult is of the
right magnitude, say 60 s, only the mechanical damage mechanism
associated with contraction will be activated. Thus, isolated skeletal muscle
cells will be damaged first by mechanical compression of the thick filaments
by the Z lines rather than by membrane protein denaturation. To test this
hypothesis, cells were loaded with carboxyfluorescein in isotonic solution at
37 °C and subjected to a step change in temperature to 45 °C. Image analysis
showed that there was no dye leakage after the cells collapsed. Thus, the cell
membranes were not damaged, but irreversible mechanical damage had
occurred.

Finally, the experimental evidence of Figure 15.8 suggests that some of
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the mechanical damage can be reversed in those situations in which the final
temperature was in the range 41 °C to 44 °C. Figure 15.8 shows fractional
recovery experienced by isolated skeletal muscle cells upon returning the
temperature of the suspension to 37 °C after 2 min of exposure to the
elevated temperature. Clearly, total or partial recovery occurred only for
maximum temperatures of 41 °C to 44 °C. For maximum temperatures
of 45 °C and higher, damage was permanent. The present experimental
evidence is not sufficient to quantify the mechanism of partial damage or
loss of recovery at temperatures in the range 41 °C to 44 °C. It is possible
that, for exposure times long enough to initiate mechanical damage, but too
short to produce denaturation of membrane proteins, there is a transition
zone such that thermal histories with resulting minimum sarcomere length
(normalized) that lie within this zone will experience partial recovery upon
return to normal temperatures. Thermal histories outside this zone will
result in either complete recovery or no recovery. It must be borne in mind,
however, that this sort of behaviour may be singular to isolated skeletal
muscle cells. The behaviour of cells in vivo may be tempered to a great extent
by the support of the extracellular matrix and surrounding cells. Clearly,
further research needs to be done in this area.

Conclusion

Experimental evidence has been presented here that suggests that there is
more than one single mechanism responsible for thermal injury to isolated
skeletal muscle cells. For exposure temperatures in excess of 45 °C, initial
damage is caused by excessive contraction leading to compression of thick
filaments by Z lines. At a later time, damage to the plasma membrane
occurs by denaturation of membrane proteins. For exposure temperatures
in the range 37 °C to 44 °C, mechanical damage is wholly or partially
reversible and disruption of the membrane structure with formation of
membrane defects may be dominant with disruption of the actin-myosin
interaction playing a lesser role. The existence of a break point at 45 °Cis
consistent with existing data for phase transitions in membrane
components.
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Cell membrane rupture by strong
electric fields: prompt and delayed
processes

JAMES C. WEAVER

Introduction

Exposure of cells to strong electric fields can cause both reversible and
irreversible cell membrane behaviour through the occurrence of transient
pores. Such pores now are believed to occur whenever the transmembrane
potential, U(t), reaches values somewhat above normal resting potentials,
and have been observed over the range 200 mV < U(t)<1500 mV.
Although the terminology relating to strong field effects has changed as
understanding has developed, here the term ‘electroporation’ is used to
refer to the occurrence of significant membrane pores due to electric fields.
Once formed, the transient pores can have a variety of consequences,
including both reversible and irreversible membrane phenomena. The
irreversible event of rupture may occur by two quite different processes. A
prompt rupture process occurs in planar bilayer membranes. A hypothesis
for cell membrane rupture is that a portion of a cell membrane can
experience this type of rupture if the boundaries of that portion interact
with cell structures such as a cytoskeleton. In an artificial planar bilayer
membrane, the prompt rupture of the cell membrane arises from the
immediate interaction of an elevated transmembrane potential with
transient aqueous pores. The rapidly changing pore population leads to the
formation of one or a small number of supracritical pores, i.e. pores with
radii greater than a critical radius, r., which then expand until the
membrane is destroyed. The second, a delayed rupture, may arise from
physiochemical consequences of persistent smaller pores which arise in a
different way from the pore population if reversible electrical breakdown
(REB) occurs. Persistent or metastable pores may lead to unrelieved
chemical imbalances, and to osmotic pressure differences which rupture the
cell membrane. In short, two very different processes may lead to cell
membrane rupture due to electroporation. This discussion reviews the

301
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Fig. 16.1. Illustration of qualitative sequence of electroporation events. A
brief description of these events is given in the text. An isolated spherical
cell is assumed, as this is a good approximation to the usual experimental
arrangement of a cell suspension. (I) Cell prior to electrical exposure. (IT)
Pulse applied; significant pores appear (us). (IIT) Ionic conduction of small
ions simultaneously begins, and rapidly discharges the cell transmem-
brane voltage (reversible electrical breakdown = REB). This concludes
within 1074 s, and transient pores shrink within ms. (IV) Some pores
persist for seconds to hours, allowing uptake of molecules (the transient,
but persistent high permeability). Cells begin to swell if in hypotonic
medium. (V) An electroporated cell is now highly stressed, may have a few
persistent pores, and attempts to recover. Cells either lyse due to processes
secondary to pore formation, or repair the perforated membrane and
return to their initial state.

present understanding of electroporation mechanism, and describes the
two possible rupture mechanisms.

Electroporation background

Electroporation is believed to be a universal phenomenon, which occurs in
bilayer-containing membranes if the transmembrane potential exceeds
about 200 mV*!2, Much recent emphasis has focused on the use of
electroporation to introduce genetic material into cells otherwise difficult to
transform?3. Other interest in electroporation relates to the introduction of
other macromolecules into cells*>, and to cell killing®. Further, although
essentially all of the studies to date have emphasized isolated cell electro-
poration, interest in tissue electroporation has recently emerged, with
findings of both damaging behaviour’  and nondamaging behaviour!®.
The essential features of cell membrane electroporation, as presently
understood, are summarized in Fig. 16.1, for which electroporation of an
isolated spherical cell membrane is illustrated!!. As suggested by this
qualitative sequence, electroporation-related phenomena can be placed
into two categories: (a) early events that occur while the transmembrane
potential is elevated above normal physiological values, and (b) events that
occur after the transmembrane potential has returned to physiological or
lower values. It is believed that prompt cell membrane rupture may occur
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during (a), and that a delayed rupture may occur during (b). In either case, a
population of transient aqueous pores is believed to lead to membrane
rupture. Before proceeding to discuss these two processes, a brief discussion
of the sequence electroporation-associated events is worthwhile.

Broadly, two types of measurements, electrical and molecular transport,
are made in studies of electroporation. Electrical measurements are readily
made on artificial planar bilayer membranes, and most of the detailed
information concerning electrical behaviour derives from them!2-'# (Figs
16.2 and 16.3). The surface-to-volume ratio based on the membrane area
and the chamber volume is usually unfavourable for molecular flux studies,
asthe transported molecules would be diluted by the relatively large volume
of liquid which bathes the membrane. The opposite case holds for cells and
vesicles, which have large surface-to-volume ratios. Fluxes of molecules
and ions result in larger chemical concentration changes within the liquid
volumes (intracellular or extracellular), and are more readily measured.
For this reason, cells and vesicles are well suited to studies of the movement
of molecules and labelled ions across the membranes. In contrast, electrical
measurement is difficult, because access to the inside of a cell or vesicle
requires penetration by a microelectrode!®, or the use of membrane
potential fluorescence dyes2°.

Brief description of electroporation events in an isolated cell

The following sequence of events is believed to occur for an isolated,
spherical cell, starting with the time that a pulse is applied.

1 A ‘high voltage’ pulse of magnitude A¢ is applied across two
electrodes (assumed to be the usual configuration of parallel planes
of separation L) which contain a cell suspension. The resulting
nominal electric field is Eyomina= A¢/L, but this is not necessarily
the field actually experienced by the cells?1-22 Instead, an electric
current, I(t), flows within the aqueous electrolyte comprising the
suspending medium. The corresponding current density is
J(O) = I()/ Aetectrodes Where Aeciroge 18 the macroscopic surface area of
one of the two electrodes. There is an associated electric field,
E.=)/o., where o, is the electrical conductivity of the medium.
Generally, E.<E omina, because significant potential drops can
occur at the electrode—electrolyte interface?3.

2 The transmembrane potential, U(t), increases rapidly, with U(t)
having different values at different sites on the cell membrane. For
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Fig. 16.2. Comparison of experimental and theoretical behaviour for REB
caused by charge injection. (@) Experimental results showing U(t) after the
0.4 us pulse terminates.!? (b) Theoretical behaviour of the transmembrane
potential U(t) during REB caused by electroporation as the result of a
charge injection protocol that introduced Qe =20 ncoulomb during a
0.4 pus square pulse.?” The model explicitly involves a dynamic pore
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a spherical cell at low values of U(t), the relationship between the
applied field and the change in transmembrane potential, A4 U(t,6)
at different sites on the membrane is given by the well-known
approximate relation?4:

AU(t,0) 2 1.5E.(t) Rercosd (1)

Here R,y is the cell’s radius, and fis the angle between the direction
of FE, and the site on the membrane under consideration. The
maximum change occurs at the poles (cosd + 1), yielding the widely
used estimate:

4 U(t)max ~1 'SEe(t)Rcell (2)

If the cell’s resting transmembrane potential prior to application of
E, was U,, then U(t)x U, + AU(t), an estimate which neglects the
perturbation of the resting potential by the changes in permeability
caused by electroporation. Dramatic electroporation effects are
believed to occur if AU(t),., reaches values of about 200 mV to
1500 mV.

Some types of membrane openings (pores) rapidly develop in the
sense that large numbers and/or large sizes of transient aqueous
pores appear if 200 mV < U(t) <1500 mV. A wide range of pore
sizes is likely25-27, Such pores are generally capable of passing
both ions and molecules, but the specificity and size cutoff change
with time as the pore population evolves in response to U(t). In
addition to small ions and molecules, macromolecules such as
proteins and DNA, or small particles such as latex beads or
viruses, may begin to cross the membrane at this stage.

If U(t) reaches a larger value, often approximately 500 mV,
reversible electrical breakdown (REB) occurs by massive ionic
conduction through pores (Fig. 16.2). A very rapid decrease in
membrane resistance, R(t), therefore occurs, but the membrane
capacitance, C, hardly changes. As a result, the membrane is
rapidly discharged, with an approximate RC time constant
governed by the changing R(t). Essentially complete discharge is
usually obtained within 1073 s, often within 1075 §12:25-27,

Caption for Fig. 16.2 (Cont.)

population, in which pores of many sizes are transiently present. Five
values of Qi Were used (5 ncoulomb to 25 ncoulomb), with the 20
ncoulomb corresponding approximately to a threshold for REB. This
result agrees reasonably with experimental results.!2
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Fig. 16.3. Comparison of experimental and theoretical U(t) for rupture for
a moderate 0.4 us pulse. (¢) Experimental behaviour associated with
rupture, with the characteristic sigmoidal decay curve for U(t).1? (b)
Theoretical behaviour of the transmembrane potential U(t) during
rupture, a mechanical destruction of a membrane caused by electro-



Cell membrane rupture by strong electric fields 307

5 The temperature, T, of the medium rises at a tremendous rate (e.g.
of the order of 10° deg s™!). However, the actual temperature
change is often negligible (e.g. 1 °C), because of the short duration
of the applied electric field or current. In this sense, electroporation
is a nonthermal event.

6 A transient high permeability state has developed. The elevated
permeability persists long after U(t) has decayed to zero, often for
seconds or longer, with the time dependence apparently depending
on cell type and on temperature. This high permeability appears to
allow transport of all types of ions and molecules, ranging from
ubiquitous small ions to macromolecules. The maximum size of
transported entities is not yet known, nor is the time-range at
which high permeability for the larger molecules vanishes. Itis also
not at all clear whether or not pores alone can account for the
transport of small particles, but it is likely that one or a small
number of metastable pores can account for considerable macro-
molecular transport by hindered diffusion28.2°,

7 Membrane recovery begins to occur as U(t) first begins to decrease,
which begins to relieve the expanding pressure associated with E2,

Caption for Fig. 16.3 (Cont.)

poration.?” The membrane is that of Fig. 16.2, but with a longer time-
scale. Although the time-scale is different, the theoretical behaviour is
otherwise in good agreement with experiment.!? Four distinguishable
types of behaviour are evident in Figs. 16.2 and 16.3: (1) For small injected
charge (5 ncoulomb) the membrane charges to a moderately low voltage
(here 230 mV), which is retained for a long time on the scale of the
experiment. This essentially passive membrane charging results because
few pores exist which have grown large enough to conduct significantly,
and the membrane resistance therefore remains too large to rapidly
discharge the membrane. In addition, there are no large pores, so
membrane rupture does not occur. (2) For larger Qinee (10 ncoulomb) the
membrane develops more larger pores, and an initial slow discharge
begins, levels off after about 20 us, and then begins again as one or more
pores have surpassed the critical size, and have begun to expand until the
membrane ruptures. (3) For still larger Qi (15 ncoulomb), an
incomplete REB is found, in which the membrane initially has sufficient
pores (and corresponding large conductance) to discharge rapidly, but the
pores’ sizes and numbers are marginal, so that upon partial discharge
enough pores shrink and/or disappear that the conductance diminishes,
discharge halts, and the membrane is left with U> 0 (in this case about 230
mV. (4) Foreven larger Qi (20 and 30 ncoulomb), complete REB occurs
as sufficient pores exist transiently to completely discharge the transmem-
brane potential to zero, even though all pores shrink and some pores
disappear during the discharge. Overall, this description of four dis-
tinguishable membrane fates is in good agreement with experimental
results.12
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Initial recovery is believed to be rapid?’, but, after essentially
complete discharge of the membrane by REB, some pores shrink
and/or disappear much more slowly. As pores shrink, the cell
membrane excludes smaller and smaller molecules and ions.
Persistent pores, even very small pores which can pass small ions,
may cause long-term cell stress and, eventually, cell lysis3°-32.

8 An electroporated cell usually becomes highly stressed, through
the loss of vital intracellular compounds, and also through an
influx of extracellular compounds. This intracellular and extra-
cellular exchange continues, with a time varying molecular cut-off
interposed, until membrane recovery is complete. For this reason,
the composition of the suspending medium is believed to be
important, with minimization of intracellular and extracellular
differences relevant. As a result of chemical imbalances, a variety
of cellular functions can become temporarily or permanently
disrupted. Electroporation-induced cell stress is presently poorly
understood, but is crucial to understanding the conditions for cell
death and cell survival.

9 Cells often recover completely, so that survival can occur in a
significant percentage of electroporated cells. Other cells die,
apparently because of delayed effects such as osmotic lysis3°, or
the unrelieved demands on metabolic systems because of mem-
brane shunting by persistent pores. Surviving cells can retain the
electroporatively introduced molecules if the molecules do not
permeate the recovered membrane and are not degraded
intracellularly+:33-34,

Many of the electroporation studies have been carried out on erythro-
cytes or their ghosts33:3%:36_and it should be noted that RBC ghosts, when
osmotically stressed, exhibit unusual recovery3’. Many other studies have
used artificial planar bilayer membranes!?:14717-38:3% which contain no
membrane proteins and are not interacting with other cell constituents. For
this reason, inferences made from RBC ghost and artificial planar bilayer
membrane experiments may not be applicable to cells generally. Finally,
although application of electroporation to gene transfer has involved many
types of cells and protoplasts!-3, these experiments yield only the biological
endpoint of transformation, and therefore reveal little about electropo-
ration events themselves (e.g. amount of molecular uptake, kinetics of
membrane recovery). Overall, therefore, understanding of electroporation
of isolated cells remains incomplete.
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Electroporation of artificial planar bilayer membranes

A typical apparatus consists of a macroscopic (e.g. 10~ 2 ¢cm?) membrane
separating two chambers, with both sides of the membrane easily accessible
to electrodes for stimulating and measuring. One advantage of electrical
measurements is their ability to continuously follow rapidly changing
behaviour. For this reason, present understanding of early electroporation
events derives mostly from electrical measurements of both the transmem-
brane potential, U(t), and the membrane conductance, G(t) (or its inverse,
the membrane resistance, R(t)). By use of electrical measurement, behav-
iour occurring from 100 nseconds to seconds can be determined. The
membrane can be regarded as a capacitor, C, which remains unchanged by
the altered transmembrane potential, U(t), and a conductance, G(t), which
changes dramatically because of electroporation.

Two types of experiments should be distinguished, charge pulse and
voltage clamp?7-4°, In charge pulse experiments, a current, I(t), often a
square wave pulse, is applied to the electrodes, and at the end of the pulse a
switch is opened, disconnecting the current source. The membrane charges
because of I(t), but cannot discharge except through the membrane once
the switch is opened. The charge accumulated on the membrane results in
an altered U(t), which in the case of electroporation rapidly changes due to
pores causing G(t) to dramatically change. Charge pulse electroporation
studies are particularly well suited to short time scales!2-14:16,

In voltage clamp experiments, a potential difference, Ui(t), often a series
of square waves, is applied across the membrane. The resulting current, I(t),
is measured, which is the sum of the current which charges the membrane,
and the current which flows through the membrane conductance, G(t).
Voltage clamp electroporation studies are particularly well suited to
relatively long time-scales, e.g. 1073 seconds and longer. A theoretical
model based on average pore size, and not the complete pore population, is
in good agreement with these measurements!3-*5:17.18,

The short time-scale charge pulse studies are particularly interesting,
because the electrical behaviour is particularly dramatic, and also because a
theoretical model involving a complete pore population is needed to
describe different types of behaviour in the same membrane. This has
provided insight into the behaviour of the transient aqueous pore
population, as the pore population cannot itself be observed directly. In
charge pulse experiments, four distinguishable membrane fates have been
observed (see Table 16.1).

An important aspect of these four possible fates is that they can occur in
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Table 16.1. The four distinguishable fates of artificial planar bilayer
membrane as the applied square wave pulse amplitude is increased for fixed
pulse width'?27,

General feature Pulse magnitude
e Charging of membrane; very slow discharge Small pulse

e Prompt rupture with sigmoidal discharge curve Moderate pulse

e Incomplete reversible electrical breakdown Large pulse

o Reversible electrical breakdown (REB) Still larger pulse

the same membrane simply by altering the properties of the applied pulse
(Figs 16.2 and 16.3).

Electrical behaviour: rupture in planar bilayer membranes

Electroporation can cause nonthermal rupture, i.e. prompt destruction, of
artificial planar bilayer membranes through runaway expansion of
supracritical pores! 32741743 Tt is conjectured that partial rupturing of cell
membranes may occur similarly. Although the closed membrane of a cell or
vesicle is not completely vulnerable to the unbounded expansion of pores*4,
if portions of the cell membrane are attached to essentially permanent (on
the time-scale of interest) cell structures, then a portion of the cell
membrane may behave similarly to a planar membrane. That is, a portion
of a cell membrane may rupture, leading to an essentially permanent loss of
a portion of the cell’s membrane. Alternatively, creation of one or a small
number of large pores may result in ‘pore trapping’, with many of the same,
destructive consequences for the cell. Both should cause death. In planar
bilayer membranes, the rupture process is prompt (e.g. occurring within
about 1073 seconds), and has also been termed ‘irreversible breakdown’
and ‘irreversible mechanical breakdown’. Rupture occurs in planar bilayer
membranes exposed to a transmembrane potential, U(t), if U is approxima-
tely in the range 200 mV < U(t) <600 mV for times of about r>10"+4
§13:15.17,38,39.41-4345 * Prompt rupture of planar membranes involves
electrical discharges with decay times significantly longer than those of
REB (see later section).

This prompt rupture is termed nonthermal, because the bulk tempera-
ture rise is generally small. The lack of heating results from the
experimental configuration: the high resistance membrane separates the



Cell membrane rupture by strong electric fields 311

stimulating electrodes, and this prevents significant current from flowing,
thereby limiting ohmic dissipation in the medium. In this sense, rupture is
not caused by heating. Instead, the existence of U>200 mV for times of
order of 104 s or longer leads to pores which expand beyond a critical size.
The supracritical pores then expand rapidly, without limit, until a
mechanical boundary is encountered, and this effectively destroys the
membrane!3-27-41743 - Another significant attribute of prompt rupture is
that the membrane capacitance, C, initially changes insignificantly, which
rules out significant electrocompression of the entire membrane #5747 as the
mechanism of rupture!>-38. Another striking attribute of electroporation is
that planar membranes often avoid rupture when exposed to the shorter,
but significantly larger transmembrane potentials which cause REB.

A characteristic electrical ‘signature’ of rupture is a sigmoid curve of
U(t), in which the destruction phase of the membrane is revealed by U(t)
smoothly decreasing over an interval of many microseconds, which is much
longer than the very rapid and history-dependent decay of REB!2.
Although early electroporation theories!3:15:3841743 correctly predicted
the magnitude of a critical transmembrane potential, U,, associated with
rupture, they did not describe the kinetics of rupture in a way which gave
description of U(t) which could be directly compared to experiments. In
contrast, a recent theory involving a dynamic population of pores of many
sizes successfully describes U(t) during the rupture process?”.

The behaviour of the membrane conductance, G(t), during rupture is
revealing, especially when compared to REB. For clarity, the behaviour of
G(t)is shown in Fig. 16.4 for the short time-scale (0 to 1 usecond) of REB. It
is immediately clear that while nothing dramatic occurs for a small pulse
(e.g. injected charge, Qien=25 ncoulombs), as the pulse magnitude is
increased (for fixed pulse width) for REB, the conductance increases by
orders of magnitude in a short time. For the largest pulse shown, an
approximately eight order of magnitude increase occurs over an interval of
about 200 nseconds. It is achievement of this high conductance in REB that
allows the membrane to rapidly discharge before any pore reaches
supracritical size, and this protects the membrane against prompt rupture.

With this in mind, the behaviour of G(t) during rupture is particularly
interesting. Asshownin Fig. 16.5 with a longer time-scale (0 to 80 useconds,
all four fates are shown in terms of the change of conductance with time.
The small pulse results in only slight electroporation, which causes a slight
rise in G(t), that persists on this time-scale. The pulse leading to prompt
rupture rapidly results in a five order of magnitude increase in G(t), which
initially decays, but at T~ 30 us begins to increase again as at that time first
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Fig. 16.4. Theoretical behaviour of the membrane conductance, G(t), over
the time interval 0 to 1 us for the artificial planar bilayer membrane
charge—pulse experiment modeled in Fig. 16.2(a). For a fixed pulse width
of 0.4 pus the smallest pulse (Qiyex=35 ncoulomb) a slight increase in
conductance occurs, which is due to only a small amount of electropo-
ration. This case is essentially passive charging of the membrane as an
ordinary capacitor. The Q.= 10 ncoulomb pulse subsequently will lead
to a prompt rupture, but on this time-scale shows only a monotonic, three
order of magnitude increase in G(t). The Qinies = 15 ncoulomb pulse causes
a much larger conductance increase, sufficient to partially discharge the
membrane (Figs. 16.2(b) and 3(b)), i.e. to cause incomplete REB. The
Qiniecr =20 ncoulomb and 25 ncoulomb pulses both cause still larger
conductance increases (each approximately eight orders of magnitude),
and this proves sufficient rapidly and completely to discharge the
membrane, i.e. to cause REB. It is emphasized that these plots of G(t) are
theoretical, and were obtained from the same model which generates the
curves of Figs. 16.2(b) and 3(b). The reasonable agreement of experiment
and theory shown in Figs. 16.2 and 16.3 suggests that these plots of G(t)
are reasonable representations of the conductance changes that actually
occur as a result of electroporation.
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Fig. 16.5. Theoretical plots of the conductance, G(t), in an artificial planar
bilayer membrane as in Fig. 16.4, but for the expanded time-scale of 0 to
80 us. All four fates are shown. The smallest pulse (Qie.e = 5 ncoulomb)
resultsin only slight electroporation. This causes a slight rise in G(t), which
then persists on this time-scale, but will eventually relax to the initial value
as pores are destroyed. The next largest pulse (Qije=10) ncoulomb
causes prompt rupture. Initially, this pulse results in a five order of
magnitude, rapid increase in G(t), which begins to decay, but at 1230 us
begins to increase again as first one, and then several other, supracritical
pores appear and begin their expansion that eventually (in less than 1073
s) destroy the membrane. The Q.= 15 ncoulomb pulse causes a more
rapid and larger increase in conductance, which is enough incompletely to
discharge the membrane to a transmembrane potential, U~ 50 mV (Fig.
16.3(b)). This is an example of incomplete REB. Finally, the Q;ycq =20
ncoulomb and 25 ncoulomb pulses cause still larger conductance
increases, and more rapidly, which allow the membrane to fully discharge
(Fig. 16.2(b)), and therefore represents REB.
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one, and then several other, supracritical pores emerge and begin their
expansion that destroys the membrane. In contrast, larger pulses result in
either incomplete REB or in REB, and cause a much larger increase in G(t),
which allows the membrane to discharge sufficiently rapidly that rupture is
avoided. Thus, a comparison of experiment and theory in artificial planar
bilayer membrane is useful in providing some idea of how a dynamic pore
population with many pore sizes can account for several fates, including
prompt rupture. In short, prompt rupture is due to one or a small number of
very large pores, while REB is due to a large number of smaller pores.

Electrical behaviour associated with reversible electrical
breakdown

Given the existence of rupture at moderate U, the existence of REB is
tantalizing, as REB occurs at higher U and rupture is usually avoided.
Further, the behaviour of U(t) during reversible electrical breakdown
(REB) is even more dramatic than that during rupture. Essentially by
definition, REB is a rapid membrane discharge, followed by complete
recovery without rupture!?14.16:17.19.48.49 The ability of a membrane to
support REB can be understood qualitatively to be the result of larger
numbers of pores appearing, with the result that their ionic conductance
allows the membrane to discharge (relieving the electrical pressure) before
even one pore can expand to supracritical size (which would cause rupture).
A quantitative descriptionis consistent with this view, and rests on a physical
model which explicitly (1) treats a rapidly changing population of pores
with a distribution of sizes, (2) includes the local transmembrane potential
decreases near conducting pores, and (3) incorporates a circuit equation
to describe both the charging and discharging of the membrane?5-27,
Although our understanding of electroporation of artificial planar bilayer
membranes is still incomplete, the success of this theory in describing
several different electrical consequences of electroporation suggests that
many features of the model are essentially correct.

REB has several characteristic features. (1) It appears immediately to
precede the longer-lasting high permeability state observed in cell mem-
branes. (2) During REB the membrane conductance, G(t), of planar
membranes rapidly increases to large values, and then recovers. (3) There
are characteristic combinations of magnitude and time which result in
REB: typical square pulse characteristics which result in REB are a pulse
width, Az, in the range 1077 <A47r<107* second, and transmembrane
potential magnitudes in the range 500 < U <1500 mV. (4) Experiments
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using these short pulses show that the recovery process occurs within
microseconds!®. (5) An incomplete discharge (incomplete REB) can also
occur, if the increase in U(t) does not result in quite enough pores (size and
number) to completely discharge the membrane. This has been observed
experimentally in the same membrane preparations which exhibit complete
REB!2, and is described quantitatively by a theory which also correctly
describes rupture and REB occurrence?”.

If a series of charge pulse experiments is carried out, REB is found to
occur with an increasingly rapid discharge as the pulse amplitude, AU, is
increased for fixed pulse width, A¢, or as At is increased at constant AU,. In
early studies, U, was defined to be the transmembrane potential at the end
of a pulse. An approximate threshold potential for REB, U, was then
identified as the maximum value of U,, which decreases as At increases!2.
Finally, another significant attribute of electroporation in artificial planar
bilayer membranes is the observation that rupture, REB or even incomplete
REB followed by rupture all can be caused to occur by varying only the
magnitude and duration of the applied pulse'?. This interrelated behaviour
places significant constraints on the mechanism of rupture, incomplete
REB and REB.

Electroporation is chemically mild

The energetics of electroporation are particularly interesting, because
electroporation is biochemically mild. Specifically, although REB has
sometimes been termed ‘dielectric breakdown’, this is misleading termino-
logy because of the previously well established usage of ‘dielectric
breakdown’ for ion-pair avalanche phenomena, a very different phenome-
non which involves significantly larger energy, viz. about 10 electron volts
(1.6 x 10718 joule) per monovalent ion®°. The transmembrane potential
associated with REB (500 to 1500 mV) corresponds to only 0.5 to 1.5
electron volts per monovalention, about an order of magnitude less energy,
and this smaller energy is insufficient for ion-pair formation. In contrast,
pore formation and expansion can occur at the lower energies.

Electrical behaviour: comparison of experiment and theory

Although molecular transport associated with electroporation is of greater
biological importance, electrical behaviour is usually more readily mea-
sured. For this reason, it is worthwhile to present several illustrations of
electrical behaviour, particularly at early times after a pulse. A recent
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Fig. 16.6. Plots of the computed pore population distribution at different
times for REB (the 20 ncoulomb case of Fig. 16.2(b)) in an artificial planar
bilayer membrane??. A wide range of pore sizes is involved. This is
displayed by computing the number of pores, n(r,t)dr with radii between r
and r+ Ar which is shown as a function of r for different times. Initially,
only a small number of pores are present (the short slanting curve labeled
with ‘0’ at the lower left corner). Then, as U(t) rises because of the 0.4 us
pulse (not instantaneously experienced by the membrane), pores increase
in number and size. The pore population thus first expands (curves
labelled 0.2, 0.3, 0.4 and 0.5 us), and then collapses as U(t) decays (curves
labelled 0.6, 5 and 60 ps). A large number of pores with diameters
exceeding 6 nm are transiently present. If a cell membrane can trap, or
otherwise create metastability, a single large pore, a high permeability
state can exist.

theoretical model of electroporation of artificial planar bilayer membranes
provides a unified, quantitative description of several aspects of electrical
behaviour following electroporation, and therefore allows some insight
into pore behaviour which cannot be directly measured?”. The results
shown in Figs 16.2-16.7 are in good agreement with experimental
behaviour!2. The theory is based on a number of simplifying hypotheses
and approximations in the physical description of pores. One major
weakness is that a detailed description of the dynamic process of pore
formation and pore disappearance does not exist yet. Instead, pores are
assumed to be created and destroyed by a process dependent on U(t), with
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Fig. 16.7. Corresponding plots of a(r,t)Ar for the case of rupture, i.e. the
curve of Fig. 16.2 with Qiex=10 ncoulomb?”. As in Fig. 16.4, the
membrane initially (prior to a moderate 0.4 ps pulse) contains a small
number of pores. The times labelling the curves are in us from the time the
pulse begins. As time progresses, there is a build-up of larger pores, until
one or more pores becomes supracritical, and expands to rupture the
membrane. In summary form, prompt rupture is due to one or a small
number of very large pores, while REB is the result of a large number of
smaller pores.

an assumed form for creation and destruction. Once formed, however, the
response of the pores to thermal fluctuations, mechanical forces and electric
fields is described by a first principles’ physical theory.

Electroporation involves pores of many sizes

Animportant implication results from the success of this theoretical model:
a large number of pores with a significant distribution in sizes is required.
Different subpopulations of the total pore population are responsible for
different aspects of the electrical behaviour. Briefly, a small number of large
pores are responsible for rupture, while a much larger number of smaller
pores are responsible for REB. The complexity of the pore population is
illustrated in Figs 16.6 and 16.7, where the number of pores, n(r,t)4r with
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radii between r and »+ Ar is shown as a function of time during a REB
curve. For the theoretical results of Fig. 16.6, initially fewer than ten pores
are present for the macroscopic planar bilayer membrane modeled. As time
progresses, the rapidly increasing U(t) results in both more and larger
pores, and then a recovery as the pore population collapses upon discharge
of the membrane. In a cell membrane, any mechanism that ‘captures’ one or
a small number of the larger pores could provide a persistent high
permeability that allows transport of fairly large molecules. Figure 16.7
illustrates the corresponding behaviour in the case of membrane rupture for
the same membrane; only the applied pulse is different.

Molecular transport associated with electroporation

Transport of molecules, not electrical behaviour, has generated most of the
recent interest in electroporation. Of particular interest is the empirical
evidence that almost any macromolecule can be transported across cell
membranes!~3. The introduction of genetic material into cells by electro-
poration has already become important, but the large transient molecular
fluxes are likely to have much wider applications. For example, it has been
shown recently that very large numbers of molecules can be introduced into
cells by a single pulse’!. The transport of very large numbers of small
molecules, large numbers of macromolecules, and at least some of DNA,
RNA and even small particles, is impressive. Presently, however, there is
very little quantitative understanding of molecular transport due to
electroporation. Qualitatively, there is evidence that a transient high
permeability state is believed to occur immediately following REB#+:33:52,53
However, the nature of the openings (pores, or coalesced pores which may
form cracks®#) remains to be elucidated.

During the relatively short interval when U(t) is large, and many rapidly
changing pores are present, significant electric fields exist across the
membrane. After taking into account the spreading resistance®s, which
results in significant potential drops within the electrolyte outside but near
the pore’s mouths, a field still exists within the pores. Electrokinetic
transport of molecules is therefore possible®3, and is suspected of occurring
in addition to hindered diffusion?®2°. After U(t) has decayed, significant
molecular transport can still occur. Calculation shows that hindered
diffusion is sufficient to transport large numbers of molecules across a cell
membrane, even if only one large pore (e.g. ¥~ 5 nm) has a long lifetime.
For example, with an initial concentration difference of AC= Cy— Ciny=
Cexy =100 pm, this size pore can transport of order 10° macromolecules of
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diffusion constant of D~ 1077 cm?/s across a 5 nm membrane in 100 s.
Although qualitatively plausible, there is presently no detailed understand-
ing of how the long lifetime, high permeability state actually occurs, and
what conditions subsequently affect its disappearance.

In partial summary, it is presently unknown how large metastable pores
are formed, and what governs their rate of decay. A number of candidate
interactions between pores and different aspects of a cell membrane have
been identified, and can be considered for their significance in explaining
persistent large pores. An example is a ‘foot-in-the-door’ mechanism, in
which the presence of a partially inserted macromolecule repels the pore
edge, preventing pore shrinkage until the macromolecule has diffused back
out or across the membrane (Weaver & Barnett, unpublished obser-
vations). It remains to incorporate such hypotheses into theoretical models,
and thereby to determine whether the dramatic behaviour of a persistent
but metastable high permeability can be explained by such a pore
mechanism.

Membrane recovery after electroporation

Membrane recovery can be described by a progressively smaller molecular
weight cut-off as pores shrink and/or disappear. Electrical measurements
can reveal changes due to the conduction of small ions, while molecular
" transport measurements can probe a larger range of pores. The rapid time
response and relative ease of electrical measurements mean that recovery
probed by small ions can be readily carried out on a continuous basis.
However, the more difficult molecular transport measurements have not
usually been reported. Early studies reported that in an artificial planar
bilayer membrane, the conductance, G(t), decays approximately exponen-
tially with a time constant, rrc, of several microseconds!S, while more
recent studies, using a different experiment arrangement, report consider-
ably longer recovery times, of the order of seconds!”. Further, in terms of
overall reversibility, it has been shown that an oxidized cholesterol planar
membrane can undergo REB and recover many times!2. Similar behaviour
has been demonstrated in a tissue'®. Complete membrane recovery must
also occur in many electroporated cells, as application of electroporation to
gene transfer first causes uptake of DNA, and the subsequent obtaining of
viable, transformed cells'=3. In the case of artificial planar bilayer
membranes it is likely that membrane recovery takes place in two stages: (1)
a rapid shrinkage of most pores as U(t) is in its decreasing phase, and (2) a
reduction in pore number, as small pores are somehow destroyed?’. Any
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metastable pores presumably present additional complication, as it is likely
that both the shrinkage and disappearance stages will be different from
those of transient aqueous pores in an artificial membrane or the bilayer
portion of a cell membrane.

Recovery from cell stress: death or survival

The temporary disruption of the cell membrane’s ability to restrict
transport of all but selected molecules creates the possibility of cell stress. A
number of possible mechanisms have been identified (see Table 16.2):

Tissue electroporation

Only a few studies, to date, have considered tissue electroporation
explicitly, i.e. application of fields or currents which cause electroporation
in some or all of the cells of the exposed tissue. As noted earlier, the sparsity
of direct studies on tissue means that studies of electroporation in isolated
cells must be relied on, and then estimates made. As with the more
thoroughly studied isolated cell preparations, both reversible and irrever-
sible effects can be anticipated. From the perspective of electrical injury, the
degree of tissue damage, rather than reversibility or irreversibility of
electroporation phenomena themselves, is probably more relevant!!.

With this in mind, the studies on skeletal muscle are particularly
interesting, as they provide evidence that some of the tissue injury asso-
ciated with electrocution is nonthermal, and is due to electroporation’®.
Specifically, these studies show that skeletal muscle cells are lysed under
conditions for which the temperature rise is negligible (less than 1 °C). The
field strength, pulse width and number of pulses were important. Changes
in the membranes of the cells comprising the tissue were determined by
electrical impedance measurements, with a large, permanent decrease after
100 pulses of duration 10 ms and separation 10 s for an applied field of 120
V/em. Overall, these studies provide strong evidence that electroporation is
an important damage mechanism.

Another study demonstrates that completely reversible tissue electro-
poration behaviour can occur, without any evidence of damage'®. In this
study, the evidence for the occurrence of electroporation is also compelling.
Isolated, viable frog skin was used in order to provide a tissue preparation
which had well-defined electrical conditions, and which allowed direct
electrical measurements that could be interpreted at the cellular level. The
frog skin preparation presents a barrier to transport which is essentially
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Table 16.2. Candidate stress mechanisms

o Loss of essential intracellular molecules

o Admission of molecules normally excluded

o Loading/shunting of transmembrane pumps

e Denaturation of intracellular proteins by altered intracellular conditions

e Nonrecovery of a portion of the membrane (equivalent to rupture of that
portion)

that of a monolayer of cells which are connected laterally by tight
junctions®®. Thus, if this tissue is placed in a conventional tissue chamber,
with electrodes on both sides, the resulting configuration is essentially a
macroscopic monolayer of cells, and therefore similar to an artificial planar
bilayer experiment. This allowed direct measurements of the transtissue
potential and transtissue resistance, due mainly to a monolayer of cells.
Results similar to REB in an artificial bilayer membrane were obtained, but
with somewhat smoothed curves, which is not surprising because cells of
the order of 10¢ were involved. Specifically, the characteristic behaviour of
increasingly rapid decays, and of curve crossing was observed as (1) the
pulse amplitude was increased for fixed pulse width, and (2) the pulse width
was increased for fixed pulse amplitude. This behaviour is the characteristic
electrical signature of electroporation, as has been observed previously in
artificial planar bilayer!?14, and in isolated cells!® under charge injection
conditions?”.

Reversibility was also observed directly, by monitoring the transtissue
resistance after a pulse on a time-scale of several minutes. The resistance
recovered most of its original value within 20 seconds, and returned
completely within 2 to 3 minutes (25+£2 °C). Further, there was no
measurable evidence of tissue damage, as could be estimated from either
transtissue resistance or open circuit potential measurements. By consider-
ing the measurement error and the resistance change that should have been
caused by the complete lysis of one cell (creating a hole in the tissue), it was
estimated that a single pulse causing electroporation resulted in fewer than
four cells being lysed. The corresponding cell lysis rate was therefore less
than about 1079 per cell. Finally, because some preparations were
subjected to 20 or more pulses without finding measurable damage, it was
estimated that the cell lysis rate per pulse was even lower, having an upper
bound of about 107 per cell per pulse.

The potential importance of tissue electroporation to tissue damage
suggests the need for additional studies. Presently, there is strong evidence
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that both reversible and irreversible phenomena can occur, and that tissue
damage can be undetectable or pronounced!!. However, the electrical
conditions which separate nondamaging from damaging electroporation
behaviour in a particular tissue have not been established yet. In
considering the potential contribution of electroporation to tissue damage,
it is essential to estimate the transmembrane potential of the cells of the
tissue correctly. Generally, this will involve estimating local electric field,
E., which is experienced by the cells of the tissue, and then carrying out
computations that take into account the geometry of the cells within the
tissue. As part of this procedure, it may often_lge difficult to estimate E,
directly. In this case, the local current density, J., and the corresponding
electrical conductivity, o, must be estimated. By combining these para-
meters with knowledge of the geometry (size and shape) of the cells in the
tissue, generally it should be possible to estimate whether or not
electroporation occurs in various parts of the tissue. Generally it will
require another step, however, to determine whether any occurrence of
electroporation causes acceptable levels of tissue damage. Usually, this can
be expected to depend on the type of tissue (essentially no studies to date),
and the composition of the extracellular medium at the time of electrical
exposure.

Summary

Electroporation occurs universally in cell membranes if the transmembrane
potential reaches values greater than about 200 mV, but also depends on
the duration of this increase. In order to estimate whether or not
electroporation occurs in a particular tissue, it is essential to estimate the
extent and duration of changes in the transmembrane potential of the cells
of the tissue. Whether or not significant tissue damage occurs requires
further information, as electroporation itself can be reversible or irrever-
sible. Cellular damage may occur through membrane rupture, and be
prompt, or may occur as a consequence of a high permeability state which
follows REB, and be delayed. Further, whether delayed rupture occurs can
depend significantly on the composition of the extracellular medium
relative to the intracellular medium. Presently, electroporation is under-
stood incompletely, and what knowledge there is comes mostly from
studies on artificial planar bilayer membranes or on isolated cells.
Significantly more studies on mechanisms of cell damage following
electroporation are needed, as are further explicit investigations of tissue
electroporation.
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An anisotropic, elastomechanical
instability theory for
electropermeabilization of bilayer—lipid
membranes

CHARLES MALDARELLI
KATHLEEN STEBE

Introduction

The application of short, intense, electric fields across the bilayer-lipid
membranes of natural or artificial cells can create transient, self-resealing
holes in the bilayer lamellae. This hole-forming or electroporative effect
was first identified from the collective results of early studies which applied
transverse fields to lipid membranes in an effort to probe their ultrastruc-
turel#. The phenomenology of electroporation was established and
systematized in later studies by Zimmermann et al.5-14, Tsong et al.15722,
and Abidor, Chizmadzhev and co-workers?372°. (Cf. also the review
articles by Zimmermann3°31, and the monograph by Neumann, Sowers
and Jordan3®?). As identified in these experimental studies, the usual
methodology for electroporating cells is to apply a direct current field of a
few kV/cm to a cell or vesicle suspension in the form of a pulse (or pulses) of
the order of 10 us in duration. The pulse waveform is usually rectangular or
of exponential decay (cf. Potter3? for a summary of methods), although
recent studies have demonstrated that a pulse of a dc shifted radio-
frequency field can efficiently electroporate cells3#-35. Resealment of the
holes takes place approximately 10-100 s after application of the pulse. The
holes which are created have been estimated to be of the order of 5-10nm in
diameter and cover the cell surface with a density of 107 pores/cm?2-3-37, A
critical field strength appears necessary to cause the electroporation;
however, if the field strength is too high, or the duration or number of pulses
too great, this prompt, reversible response is replaced by an irreversible
breakdown of the membrane?3:28,

Since electroporation creates self-resealing holes in the membrane, it has
the potential to be used as a technology for producing functioning cells
loaded with macromolecules which would otherwise have been unable to
penetrate the membrane. Indeed, recent studies have shown that electroper-
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meabilization can be used to introduce genes into mammalian3°-5% and
plant cells®®*7 and bacteria®® (see also the review article by
Zimmermann>?).

The physicochemical basis of electropermeabilization is as yet unre-
solved, although many theoretical investigations as to its origin have been
undertaken. The starting point for understanding the electroporative
mechanism is the transmembrane potential (}') developed across the
membrane by the application of the field. Because the conductivity of the
membrane is so much less than that of the surrounding medium, very high
potential differences develop across the membrane when the external field is
applied. These differences, in turn, create large electric fields in the
membrane interior because the membrane thickness is usually of the order
of 10 nm or less.

Crowley3? (see also White*? and Dimitrov+!+2) first examined the effect
of a high, transverse, electric field on the mechanical equilibrium of a flat,
isotropic, elastic membrane sheet. Through a linear stability analysis, he
demonstrated that, when the interfaces of the membrane are perturbed by
disturbance waves, the transverse electric field gives rise to electric
(Maxwell) surface stresses which destabilize the system, and cause
squeezing deformations of the bilayer, as depicted in Fig. 17.1, to grow. The
growth is resisted by elastic tensions caused by straining in the membrane,
and Crowley showed that below a critical transmembrane potential ¥, all
disturbance wavelengths are stable, while above this value waves which are
unstable exist. This critical potential is given for an incompressible
membrane (in Gaussian electrostatic units) by:

emV2/(4nh?)=2G (1)

In this expression, ¢, and G denote, respectively, the membrane dielectric
constant and elastic shear modulus, and 4 is the unperturbed membrane
thickness in the presence of the electric field. This base state thickness is
smaller than the membrane thickness in the absence of the field because the
high electric fields in the membrane compress the lipid bilayer. Crowley
obtained the following expression for this compression by equating the
squeezing Maxwell tension to the elastic stress due to the transverse strain:

In(h/he)= — emV?/(24nGh?) Q)

In Equation (2), A, is the thickness in the absence of the field.

Crowley conjectured that pore formation results when the membrane
potential exceeds the threshold value, and growth of squeezing distur-
bances eventually cause the membrane to snap, locally creating a hole. He
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Fig. 17.1. The Crowley hypothesis: electric surface stresses destablize the
squeezing mode of bilayer vibration and cause the membrane to snap
thereby creating pores.

compared the value for V, predicted by Equation (1) and Equation (2) with
early electroporative experiments and found that Equation (1) gave the
correct order of magnitude for V., but underpredicted the critical potential
by approximately a factor of 2. Several other comparisons of Equation (1)
with data have been made in the literature, and the results show somewhat
better agreement (for example, Zimmermann et al.®).

The explanation of electroporation as a linear, electromechanical
instability has been criticized in the literature primarily because of
Equation (2) which predicts an inordinately large value (a factor of e ~1/3)
for the compression of the bilayer at the critical potential. Most
experimental evidence and other lines of theoretical study*’ indicate that
this compression is no more than a few per cent. As a result of this
discrepancy, other mechanisms for electroporation have been proposed.
Needham and Hochmuth*” disregard the stability framework, and more
simply propose that, because the bilayer is incompressible, the electrocom-
pression causes the membrane area to be stretched to a critical value at
which permeabilization commences. Other lines of research have focused
on statistical pore theories: among them, Weaver et al.*374° have suggested
a theory in which the distribution of pore sizes is skewed towards larger
diameters as the transmembrane potential is increased. (Other statistical
pore theories are those of Chizmadzhev et al.?* and Sugar and Neu-
mann*#.) Still other theories have focused on defects in the membrane?®
and electric-field induced redistribution of proteins*®.
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In this study, the instability mechanism for electroporation is reconsid-
ered in light of the mechanical anisotropy of the lipid bilayer. The
underlying reason for the unacceptably large electrocompression at the
critical potential, which is predicted by the Crowley theory, can be traced to
the incorrect assumption that the lipid bilayer is isotropic in its elastic
response. This is clearly not the case: for example, mechanical studies of red
cell membrane bilayersS®63 have shown conclusively that material
deformations which increase the bilayer area require much larger force
resultants than those necessary to shear the bilayer in the lateral plane. The
mechanics of deformations in planes perpendicular to the membrane sheet
have not been as well studied because such deformations are difficult to
impose mechanically on a cell. It would be expected, however, that the
modulus for shearing the bilayer in the transverse plane should, in analogy
with the lateral case, be smaller than either the modulus for deformations
which increase the membrane thickness or the area. Note that the material
deformations involved in the bilayer squeezing of Fig. 17.1 require shearing
the bilayer in its transverse plane as well as changing its thickness and area.
By assuming an isotropic model, the elastic resistance to the squeezing
deformation is overestimated because it does not take into account the ease
of the transverse shearing deformation. Since the elastic resistance is
overaccounted for, the critical transmembrane potential (V) is too high
and the electrocompression is too large.

The aim of this study is to correct this deficiency of the Crowley model by
developing a more complete electromechanical linear instability theory for
electroporation which incorporates the effects of mechanical anisotropy.
This study is divided into four sections. In the next section, the base state
which forms the starting point of the linear stability analysis is described in
detail. The stability analysis is described next, followed by the results. In the
final section, some of the predictions of the model are compared to the
recent data of Needham and Hochmuth*’ on the electroporation of
reconstituted cholesterol-containing bilayers.

The base state

The base state from which the instability develops is steady (time
independent) and consists of an unperturbed, planar, laterally infinite
membrane sheet bounded by motionless, semi-infinite, media (Fig. 17.1).
The semi-infinite media represent the extra- and intracellular fluids, and, in
this study, they are considered as identical aqueous electrolytes. The
application, to these electrolytes, of a constant (positive) electric field
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perpendicular to the membrane lamellae causes migration of positive ions
in the positive z direction, and negative ions in the opposite direction. Since
the membrane phase is hydrophobic, charged species reaching the
membrane faces are repelled from its interior and either accumulate at the
faces or pass through via small channels. In this development, this channel
pathway for electrical conduction is accounted for by an overall isotropic
conductivity, ry, which is assumed orders of magnitude smaller than the
conductivity « of the electrolyte media. Within the context of this
approximation, upon application of the field, current flows only in the z
direction. When the field is applied, the initial current in the membrane is
much less than that in the surrounding phases, and negative charge
accumulates at the exoface and positive charge at the endoface. This
accumulation continues until the field in the membrane, raised by the
interfacial charges, increases to the extent that the migration fluxes become
equal at the interface boundary. The steady fields which so develop are
given by the following balances of current densities at the unperturbed
interfaces (z=#h/2 and z= —h/2):

kEYo) = kmEYo) (z=h/2) and
kBl = kE¥h = kEle) (z= = h/2) ()

In Equation (1), Eg,) denotes the base state electric field of phase a (« =1, 11
and 11T demarcate the upper, film and lower regions, cf. Fig. 17.1 and the
subscripts denote that this vector quantity is a base state variable in the z-
direction). As noted in the second equality of Equation (1), because the
conductivities of the surrounding phases are equal, the electric fields in
these regions are the same.

The steady, interfacial charges which develop at each of the membrane
faces are equal in magnitude and opposite in sign, and are given in terms of
the membrane (¢,,) and surrounding phase (¢) dielectric constants by:

€Elo)— emElo) = eEl o) (1 = (em/e)(x/km)) = 4ol (z= h/2)
enEloy— eEMY= 477'0(10) =— 477'0{0) (z= —h/2) 2)

where ¢ denotes the interfacial charge, and the superscripted arrows denote
the upper (1) and lower (]) interfaces.

The quiescent base state is in a mechanical equilibrium in which pressures
and electromechanical stresses balance. To describe this equilibrium,
consider first the electrical forces which act per unit volume on a polarizable
medium in the presence of an electric field. For the purposes here, these may
be divided into two effects: the first is the force exerted by the field on the
ions carrying the current; the resultant of this interaction per unit volume is
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the local volume charge density (p.) multiplied by the electric field. The
second force derives from the polarization of the medium. An applied field
creates a separation of charge in an otherwise neutral medium described by
a dipole moment vector (per unit volume)P;. (Here, and in what follows, the
subscript (j, for example) attached to a vector quantity indicates the
component of the vector in the jt Cartesian direction where j=1, 2 and 3
denote respectively the x, y and z directions.) In the absence of orientation
effects, the direction of this moment aligns itself with the field, and the
magnitude of the moment is proportional to the field. Thus P; is given by
xeEj, where y. is the susceptibility (x.=(¢— 1)/4x). The interaction of the
field with the dipole creates a force in the Cartesian j® direction on the

medium which is equal to P; al; thus the total force in that direction is

E
L ox;
complete treatment of the incorporation of electrical stresses in continuum
theory, see the text by Melcher®9.)

In the base state of this study, current is conducted steadily and
unidirectionally through the membrane and the surrounding electrolyte
regions, with the electric field constant within each region and the volume
charge density equal to zero. Hence, no electrical forces are exerted on the
bulk continua by the application of the field. The bounding phases are
incompressible fluids and therefore, with no flow, the only mechanical force
which can be exerted is the isotropic pressure. In the case of the membrane
phase, it is also regarded as incompressible but elastic. Consequently, the
membrane can sustain a state of stress with no media motion by straining
the body from some reference state in which elastic stresses are zero.
However, in this study, it is assumed that the membrane is unstrained in the
base state and therefore only pressure forces are present. Mechanical
equilibrium within each phase under isotropic pressure simply requires:

pEj+ P L, where a sum on i is indicated by the repeated index. (For a

ap ((lo) -

5 0 €)

i.e. the base state pressure (pf,)) in region a (o =1, II or III) is uniform.
Owing to the discontinuity in the electric field across the membrane faces,
and the presence of a surface charge density, electrical stresses are exerted
on the membrane faces. To evaluate this action, the membrane interfaces
must be examined on the microscale of the transition region between the
electrolyte and membrane phase: in this region, the field change is not
abrupt but continuous, and the charge density is not singular along a
surface but distributed. Consider this transition region to have thickness 4,
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and locate a surface within this region equidistant from the edges of the
transition region. (This construction can be done for any dynamic state of
the membrane phase, not just the spatially invariant base state. Here the
general case is presented so as to derive expressions for electrical forces on
interfaces applicable as well to the linear dynamic states.)

As reasoned above, the volume force acting on the region interior to the

.. .. JE; .
transition region is equal to p.E;+ P; 71 Since from Gauss’s Law, p.=
i

1 . oT;
1o (eE;), the volume force may be rewritten as ——, where T; denotes the
4z 6x,' 0x,~
components of the Maxwell stress tensor. These are given by:
€ 1
Ty= E EE— S (EnEm)d; (4a)

where §; denotes the Kronecker § symbol (§;= 1if i=J, otherwise §;=0) and
E.E, (sum on m) is the square magnitude of the field. The total force
exerted on the transition region is obtained by integrating the force density

(%) over the volume. Consider a patch of surface da embedded in the

transition region, and with local normal #; pointing in the direction of the
adjoining semi-infinite phase and local tangent vector #; pointing outward
from the demarcated area. Assuming the patch da to be small enough so
that the electric field does not vary in directions lateral to the membrane
along the patch, the electrical force exerted on the differential volume of
transition region fluid enclosed by sides parallel to #;is given by da F,; where

_ (42 OF;
FCJ_I_A/Q (peEj'f‘Pi al)d§=

472

T'i.
"n O ()

The latter volume integral may be converted to an area integral by the

A[2

divergence theorem: thus | "

(%—Ql)d§= n(Ty—Tij)+ ri/j/z 1 Tyd¢, where
T} and T are the values of the Maxwell stresses of the bulk phases at the
border of the transition region. In the limit in which 4 —0 and the interface
is treated as a surface of charge at which the electric field changes
discontinuously, the contributions to the area integral of the sides
perpendicular to the embedded surface become negligible and the electrical
force on the patch da becomes

Fej=mi(7:‘j¥| s T11]l| s) (5)
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where the subscripted variable ‘s’ is a reminder that electric fields in the
definitions of the components of the Maxwell stress tensor are to be
evaluated at the surface. The electrical force given in Equation (5) may be
resolved into a component normal to the surface = Fn,; and one tangent
to the surface I'=F ;.

In the base state, the membrane interfaces are flat and the electric field is
unidirectional; thus rn;=1 (n, =n,=0), and the Maxwell stresses are
normal (T =2 — D)(E0)? /87,  Tixo)= Tiyoy= — (E%0)?/8n and
T30 =0, i%)). The electrical force on the interfaces is only in the normal or z

direction and is given by Q4,=(2e—1)— Qen— 1)({—)2)(E Lo))?/8= for the

upper interface and — Q) for the lower interface. Qf, is clearly negative:
characteristic values for € and €, are 80 and 2, respectively, and the ratio of
conductivities (under normal electroporative conditions) is of the order of
10*—105.% Thus, the action of the electrical stresses is to compress the
membrane phase. At mechanical equilibrium, the electrical surface forces
are balanced by the difference in pressures between the phases; thus

—ploy+plh+ Q=0 (z=h/2)
—pth+pl— Qy=0(z= —h/2) (6a)

The above two equations indicate that the base state pressures of the
bounding phases are equal and that the pressure in the membrane is
necessarily larger than that of the surrounding phases in order to balance
the electrical compression. It is important to emphasize here that as it is
assumed that the membrane is unstrained in the base state, only the
membrane pressure, arising from the incompressibility constraint, can
balance the electrical compression exerted by the electrical forces on the
interfaces.

Electrocompression without membrane elastic straining may be under-
stood in physical terms through the following conceptualization: consider
the flat membrane sheet to be enclosed by two parallel walls. The force (per
unit area) which must be exerted on these walls to keep them from moving
apart is denoted by — T, and is given by the expression:

Pﬂl))— Tgclx(o)= -T (6b)

Neglecting the electric field in the surrounding phases, pl,=pl,— Tk,
and therefore since TH) — T o) = em(ENo)* /47,

em(Eo)*[4m=—T—pl, (6c)

From Equation (6¢) it is clear that a (negative) stress of size e, (EY,)?/4n
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has to be applied (in excess of p},)) to the walls to keep the membrane from
straining. Thus, the requirement that the membrane be unstrained in the
base state means that it is not relaxed laterally, but maintains a lateral
tension transmitted from a constraining surface. For the case in which no
such surface exists, the membrane is free and laterally relaxed, and
— T'=P|,). For this case, Equation (6c¢) is not satisfied, and the membrane
would have to expand its area and contract its thickness. This point is
discussed in more detail later.

Linear stability analysis

Consider small, one-dimensional disturbances »'(x,f) and 5!(x,f) from
planarity of the membrane exo- and endofaces. These disturbances, as will
be shown below, create electromechanical forces on the interfaces which
can drive the system unstably away from the base state. The deformations
also give rise to purely mechanical restoring forces — membrane elastic
stresses and interfacial tensions — which can resist the destabilizing
interfacial electromechanical stresses. The aim of this study is to under-
stand this competition of interfacial electromechanical destabilization and
stabilization due to membrane elastic stresses and interfacial tension in the
regime of linear dynamics. To do so, the following initial condition-
boundary value problem is posed: the base state is perturbed at time (7)
equal to zero by interfacial deformations ordered with a small parameter 3:
thus 51(x,7= 0)=8f"(x) and n'(x,t=0)=8f}(x). The initial surface and bulk
phase velocities are assumed to be equal to zero. The surface deflections
create stresses which cause the interfaces, the membrane phase and the
surrounding electrolytes to move. The dynamic evolution is described by
(a) Maxwell’s equations in electroquasistatic approximation which account
for charge conservation and which determine the electric field in terms of
the polarization and charge density, and (b) the equations of motion and
continuity expressing, respectively, momentum and mass conservation of
the membrane and surrounding phase media. The equations which
prescribe the dynamics are formulated in terms of the kinematic fields
u{x,z,t) (the Eulerian membrane displacement vector measured from the
unstrained base state), v#(x,z,f) (the fluid velocity vectors), p*(x,z,t), 71(x,f)
and 7!(x,#) and the electrostatic field E;(x,z,t). Solutions for the kinematic
and electrostatic fields of the initial condition-boundary value problem
posed above are functions of & as well as the indicated spatial coordinates
and time. The functional dependence on 8§ may be expressed by an
asymptotic expansion; thus,
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' (x,£) = dnli(x,0) +0(82)

7Hx,1) = dnhy(x,1) + 0(87)

ufx,2,0) = 8uyq)(x,z,1) + 0(3?)

vE(x,z,0) = 8vi1)(x,z,1) + 0(82)

E¢(x,2,t)= Eg(2) + 8Egu)(x,z,1) + 0(8%)

Px,2,0) = pioy(2) + 8pry(x,2,1) + 0(8?) @)

Linear dynamics is described by the order § terms, i.e. those subscripted
by a ‘1’. To obtain the governing equations for the first-order variables, the
asymptotic expansions are substituted into the governing equations, and
only those terms of order § are retained. The resulting equations are linear
in the order one variables. Since the problem is unbounded in the x
direction, the dependence of the first-order variables on x may be expressed
by a Fourier integral. This is equivalent to assuming that the dynamics of
the system may be decomposed into a set of normal modes of vibration in
which the x dependence of a system variable (for example, ©)(x,z,1)) in
each mode is of the form e**, where k is the disturbance wavenumber
(0 <k < 00). (The disturbance wavelength, A, is equal to 2#/k.) In order to
evaluate the stability of each mode, time may be expressed in terms of a
complex exponential growth parameter « which is a function of the mode
wavenumber k. Thus @) (x,z,/)= O (2)exp(ikx + w(k)f), and the system is
stable to mode k as long as Re(w(k))<0.

Wavenumbers, for which w(k) are zero, identify neutral modes since
these modes neither grow nor decay. These modes also demarcate the
transition from unstable to stable modes, and they are therefore marginal
modes. Since the aim of this study is to determine how large an applied field
is necessary to destabilize the membrane system, this study will focus on the
marginal state. The requirement that » be equal to zero identifies the
neutral modes as a function of the physical parameters of the problem: the
applied field, the elastic moduli and the interfacial tensions. This functional
dependence may be expressed in terms of neutral stability curves in which
nondimensional ratios of the physical parameters are plotted against the
neutral wavenumbers corresponding to these ratios. From these curves,
one can deduce, for a given fixed value of the nondimensional ratio, which
wavenumbers are unstable and which are not, and, finally, the value of the
parameter ratio for which unstable waves first appear. It is this critical value
which is the aim of the construction of the neutral curves, and which can be
compared most readily with experiments.

For a symmetrical system, two fundamental system vibration modes
exist. In the first, the film interfaces vibrate in phase, and the film thickness
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is preserved. This system mode is termed a stretching or bending vibration
(abbreviated ST). It can be shown that this mode is not destabilized
strongly by the electric field. In the second fundamental system vibration
mode, the film interfaces vibrate = radians out of phase, and the film
thickness therefore alternately necks and thickens. This is the squeezing
mode (abbreviated SQ and also pictured in Fig. 17.1), and it plays a crucial
role in this study because, as explained in the Introduction, it may lead to
the formation of pores. Thus, in the analysis detailed below, only the
squeezing mode is considered. From the illustration in Fig. 17.1, it is clear
that, for the squeezing mode, the z component of the membrane
displacement and surrounding phase velocity are antisymmetric functions
of z. The reflectional symmetry about z of the linear perturbation of the
electrostatic potential follows from the form of the jump in this potential at
the interfaces. From the first-order equations developed in the next section,
it will become clear that for the SQ mode this jump requires antisymmetry
in z. (Correspondingly, the z and x components of the first-order electric
field are even and odd, respectively, with z.)

The neutral curves of the SQ mode are determined by solving the linear
dynamic equations using the normal mode decomposition. This task is
undertaken here in the following order. The electrodynamic equations are
solved first in order to obtain expressions for the first-order electric force
exerted on the interfaces as well as the first-order electric polarization force
exerted on the bulk continua. Second, the first-order elastic stresses in the
membrane are described. Third, the mass and momentum conservation
equations are solved to yield the marginal functional dependence.

The first-order electric field and Maxwell stresses

The electrodynamic equations are formulated in electroquasistatic form
because the magnitude of magnetic fields induced by the current flow is
small. Thus, induction effects related to time variations of these induced
fields are negligible in Faraday’s Law, and hence the electric field remains
irrotational.®% In electroquasistatic form, the electrodynamic equations are

the conservation of charge %pi_ _A<E)
ot 0x;

OF;
4mpz) along with the fact that the electric field is irrotational ( —1) The
]
condition of irrotationality allows the field to be expressed as the gradlent

O0¢°
6)6'1.

and Gauss’s Law (—(e E%)=

of a scalar ¢* such that E¢= — The first-order equations for the electric
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field are obtained by substituting the asymptotic expansions (Equation (7))
into Gauss’s Law, and the charge conservation equations, and collecting
terms of order 3. After decomposing the first-order variables into normal
modes, and finally setting « =0, it can easily be shown that the first-order
volume charge density is equal to zero, and that the first-order potential
field satisfies Laplace’s equation:

D2 §— k=0 ®)

where the operator ‘D@’ indicates differentiation with respect to z.
Equation (8) possesses, with respect to z, linearly independent symmetric
and antisymmetric solution sets. In this problem, the electrostatic
interfacial boundary conditions determine which solution set is applicable
to the SQ mode. The boundary conditions on the electric field are the
conservation of surface charge at the membrane faces, and the continuity of
the tangential component of the electric field. The conservation of surface

A
charge is expressed exactly by the condition %= —nj(kE}— kmEl") | o

where #] is the unit normal vector to the exoface (nl= — 77 (1 +( )2) 1/2

and nl=(1 +( )2) 12}, To first order, conservation of surface charge at

marginal stablllty becomes:
K D$l|z=h/2_ KmD(Z‘H|z=h/2= 0 &)

Continuity of the tangential component of the electric field follows from
integration of the irrotationality constraint on the electric field over a
volume spanning the transition region of the interface in a manner as was
done in the derivation of Equation (5). This condition is expressed exactly
as tT(EI—E“) |s=0, where 7] is the unit tangent vector to the exoface

(= +( )2) 1729 tT—an { +(67; —=-)?)~112), To first order, continuity

of the tangentlal component of the electric field becomes the following
condition on the jump in the first-order potential:

<?)|§=hz/2- <Z> l£1=h/2=7-71(E£(o)_E§{o)) (10)

In order that conditions similar to Equation (9) and Equation (10) be
satisfied at z= — h/2, it is clear that the potential field must be antisym-
metric. The antisymmetric solution set to Equation (8) which remains
bounded as z— + o0 may be expressed as:

$(z)=ae 2, U(z)=bsinh(kz) and $(z) = — arek (11)
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where a and b are unknown constants. The constants ¢ and b in the solution
set may be expressed in terms of 4! from Equations (9) and (10); thus

(@)= (— 9N (EL o)~ EXo))ekt2-2)K /(K + tanh(kh/2))
$1(2) = (—71(Elo) — Ely)sinh(kz))/sinh(kh/2) + Keosh(kh/2))

(12)
where K is the ratio of the membrane to electrolyte conductivity (K= xp/k).
The first-order charge density can be computed directly from the
electrostatic fields of Equation (12) from the condition —4n51= D!},
—emDé |!Lsp. Note also that it follows, from the antisymmetry of the
solution set for ¢(z), that the first-order charge density at the lower face is
equal to that of the upper face (s1= o).

As noted above, at marginal stability, the first-order volume charge
density is equal to zero. Hence, to this order, the only force the electric field
can exert on the electrolyte and membrane phases is the polarization force

OEq ¢ 1 0 . .
Pg(o)°éll=2; (ee— 1) aTc, ( E51)\E%o)). The later equality, which follows

from the irrotationality of the first-order electric field, states that the electric
. . 1
force density can be represented as the gradient of the scalar field Eﬁ)=4—
T

(e — 1)E2)E%,y and is therefore also irrotational. As will become clear
below, the representation of the polarization force as the gradient of a
scalar field proves useful in solving the first-order equations of motion
expressing the balance of linear momentum.

At the interfaces, the force exerted by the electric field is given exactly by
Q'=nl{(T};— T}}) |,n} for the force normal to the interface, and I'' = n](T}
—TW) st} for the force tangent to the interface. To first order, these
tractions become:

Q=(T1,—-TY) |z=hy2

= ((2¢ = D)/4m)(EL1y |- Elo) = ((2em— D/AmNERy 2= 2EHo)
I=(TL=TY) |o=np +1k7 ' (Thio)— Thio) (13)

Using the integrated solutions of the first-order state (Equation 12)), these
tractions may be expressed entirely in terms of 1. From the antisymmetry
of the potential field, it can be shown easily that the normal interfacial
electromechanical stresses exerted on the endoface are equal in magnitude
but opposite in sign (7H(Th — T | 1)y = Q= — 2},), while the tangential
shears are equal: (nH(T% — 1" |t ny=Tty=Tl.
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Membrane elasticity

The electromechanical interfacial tractions and volume polarization forces
cause material motion of the membrane and electrolyte phases. The
electrolytes are assumed to be incompressible Newtonian fluids. To first
order, the electrolyte motion can be described by an equation of continuity
(ikve+ Die=0) expressing mass conservation of an incompressible
medium, and Navier-Stokes equations augmented with the polarization
force (pwit= —ik(p*—E*)+w(D?*—k?*12) and pwvi= —D(p—E*)+
w(D*v,— k?vy) expressing momentum conservation of a Newtonian fluid.
(Here p and p represent the electrolyte fluid viscosity and density,
respectively.) After elimination of ¢, Z* and 2, and setting w =0, an Orr—
Sommerfield equation for the z-component of the first order velocity field
results:

(D*—k?)? 9=0 (14)

Describing the mechanics of the membrane bilayer is a more complicated
task. The only cell nembrane whose mechanics has been studied in detail is
that of the red blood cell (RBC) membrane. Experimental deformation
studies of this membrane, particularly those using micropipette aspiration
techniques, together with the associated modelling, have demonstrated that
the RBC membrane strongly resists changes in its area, but, more readily,
shears and stretches (at constant area) in its own plane. This in-plane
response has also been shown to be visco-elastic. Constitutive equations
describing in-plane membrane stresses as a function of in-plane shears and
stretches have been developed, and are applicable to plate and shell-type
calculations of membrane shapes®s.

Unlike the deformations which the membrane undergoes when subject to
the stresses of micropipette aspiration, the interfacial electromechanical
stresses (2 and I') subject the membrane to strong forces tending to stretch
and shear the membrane in planes perpendicular to the bilayer plane. To
incorporate these responses in a three-dimensional mechanical picture, the
membrane is modelled here as a transversely isotropic visco-elastic body.
Stresses caused by small-strain deformations from an unstrained state can
be described generally by a convolution integral of the linear strain rate
history. Thus, the value of the first-order membrane stress tensor o) at
time ¢ and position x,y,z is given by:

0i0={y Gyt — 1)e(r)dr (15)

where the overdot indicated partial differentiation with respect to =, and
where G(7) is a stress relaxation tensor, and ey, is the (linear) strain tensor
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1 durqry , Ouiy . .
(ek,=5( 5;11 + 6)21 )). For a transversely isotropic body, the convolution
k

integral takes the forms:

=1, (2G,(t = n)exd ) +(Ey(t—7) = G (t — 7)) (éxx + €)))dr
05 =fo 2G,(1=7)éy(r)dr

00 =[5 (26, (= 1), (r) + (Ex (1= 1) = Gy (t = 7))ews + &,))dr
o= (2G,(t— 1)eu(r)dr

0y:0=[ 4 2G,(1— 1), (r)dr

o= [ (QE,(t — 7)éu(r)dr (16)

where G,(7) and G,(r) are stress relaxations for, respectively, xy shear
deformations in the plane of the bilayer, and xz and yz shears in the plane
perpendicular to the bilayer. E, () is a relaxation corresponding to changes
in membrane area (e, + e, defines the change in the membrane area), and
E,(r) is a relaxation for stretching in the z direction in the plane
perpendicular to the bilayer plane.

The fact that the G(r) and Ef(r) are stress relaxations to applied
deformations may be demonstrated as follows. Consider suddenly stretch-
ing the membrane in the z direction by the applied deformation u.,(z) U(t),
where U(t) is the step function and w,)(z) is time independent. Thus
e..=U(t)* %aﬂ and o,.(t)=E,(t) %ZD Note, finally, that the elastic

z

response corresponds to the stress after the relaxation is completed and is
) ou, ) . I
given by azz(oo)=E2(oo)—a*Zﬂ). Therefore, the elastic moduli are G;=lim

G(t) and E;=lim E(t).

Linear membrane mechanics in normal mode form is described by an
equation of continuity for the incompressible membrane phase
(Di,+iki,=0) and linear momentum balances (ppw?ia,= —ik(Pr
—EWy+ Ko, + Do, and ppw?i. = — D(p'— EN) + iks,, + Dé,,) augmented
with the polarization force. After elimination of the in-plane displacement
it,, the pressure and the polarization force fields, and upon taking the limit
as w—0, the following analogue of Equation (14) is derived:

(D*—2k2YD? + k%), =0, (17)

where Y=Li_l}}) ((wEl(w)+wGl(w)+wE2(w)—Zsz(w))/2wG2(w)) and
G{w) and Ef{w) denote the Laplace transforms of the stress relaxation
functions. Since, from the final value theorem of the Laplace transforma-
tion, E,»=(lui_ryr(1) wE(w) and G,~=(1}g}) wG{w), the marginal state (and, in
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particular, Y) is only a function of the elastic moduli. Note that, when the
membrane is isotropic, G,(w)=E(w)=G,(w) and E,(w)=2G,(w); with
these relations, Y becomes equal to one, and Equation (17) becomes of
the same form as (14).

The solution set to Equations (14) and (17) which describes squeezing
vibrations of the membrane system is antisymmetric with respect to z and is
given by:

W(Z)=cpe ket e, zre ke
i,(2) = cysinh(ka, z) + ¢, *sinh(ka,z)
vgll(z)z _cl.e+kz+c2.z.e+kz (18)

where the additional constraint of boundedness at z— 4 oo has been
imposed and where a, = (Y+ (Y2 — DV2)V2 and o, = (Y—(¥* - 1)1/2)1/2 The
constants are determined from the kinematic and stress boundary
conditions at the interfaces. Consider first the kinematic conditions. These
are (i) continuity of the normal and tangential components of the velocity
field at the interfaces and (ii) an equation relating the movement of the
boundary surface defining the interface (i.e., '(x,r) and »!(x,r)). Since the
displacement field in the membrane is Eulerian, the velocity field is given

1 11
P

implicitly by the equation viI= . To first order in §, however,

. . . oul}
the displacement and velocity fields are related simply by %D= Vi)-

Continuity of the normal and tangential components of the velocity field at
the upper surface is given exactly by (m](v}—v))=0 and (¢](v} —vI))=0,
and to first order in normal mode form by:

Vzonn = @)=y DV c i = @ Dilf—pp (19)

Similar equations exist at z= — //2, and are satisfied by the antisymmetric
solution set (18). At marginal stability (w=0), continuity requires that
W) =n2=D¥).=42=0, and hence that ¢, =c,=0. Thus, in the marginal
state, the interfaces are deformed (3' is nonzero) and the membrane is
strained (c; and ¢, are nonzero) but the fluid media are motionless.

The motion of the interfaces is defined in the following way. The
interfaces are conceptualized as being composed of particles which remain
on the surface for all time, and which move at the velocity of the media
which adjoin them. (These are sufficient, though not necessary, conditions
for the interfaces to act as bounding surfaces for the bulk media, i.e.
surfaces which do not allow transfer of bulk fluid.) If a surface is defined by
the relation F(z,x,f)=z—x(x,?), and the particle trajectories by z,(f) and
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x,(?), then for a particle to remain on the surface the trajectory functions
must satisfy F(z,(¢),x,(f))=0. Differentiating the latter expression with
respect to time, and noting that z, and x, define the particle velocity (and
therefore the instantaneous fluid velocity), the following equation is
obtained:

T 1
I K (20)

To first order in the normal mode domain, Equation (20) becomes
Ue|z=n2 ="

The final conditions are the normal and tangential stress balances at the
interfaces. The normal stress balance at the upper interface is expressed
exactly by the relation:

= pYs+ P+ QT+ (] (rh— o) | 1) +

iyl ol . _
y.a_;.(l_‘_(g"];)z) 32=() @n

where y denotes the interfacial tension and 7} the viscous stress tensor of the
Newtonian upper phase. The last term in the above balance is equal to twice
the mean curvature of the interface, and represents the restoring action of
the interfacial tension. To first order, at marginal stability, this equation
may be written:

(k*y — I3 D(k)em(EVo))? [47) @1 2= pp— GzD3ﬁz| =mpt
QY+ Dk? G,Dit|,—p=0 (22)

where k®(k) is given explicitly by:
d(k)y=(1—K)(1—xK?)/(K+tanh (kh/2)) 23)

where y is the ratio of the electrolyte to membrane dielectric constant.

For the tangential balance, two limiting conditions are formulated. The
first condition requires that the interface is constrained from the relative
displacement of its material particles. To first order, this condition requires
(for the upper interface) that i, |.-4>=0 (or, equivalently, Di.|.-,,=0).
The second limiting form assumes that the interfaces are unconstrained in
their lateral motion, and, therefore, the dynamics is determined by a
tangential stress balance. Balance of tangential stresses exerted on the
upper interface is given exactly by:

I+ nf(zh= o) 1] =0 (24)

and, to first order, in normal mode form at marginal stability, by:
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G (D¥i | =np + K20 = mp2) + kzﬁ(%gz)aﬁz:m =0 (25)
where
B=(1 — yK)K(1 + tanh(kh/2))/(K + tanh(kh/2)) 25)

Substituting the integrated solution set into Equation (22) and either
Equation (25) or the surface immobility constraint Di .-, =0, yields the
following two marginal stability conditions:

A=®(kyy/(1+kh+S*;) (immobile neutral curve) (26a)
A= P(Wpn/(1+kh* S hn) = Bbm/(1 + kD" S~ )
(mobile neutral curve) (26b)

where:

A= G f(enl EYo)? 4r)
S=y/(G.h)
;= (tanh(kha,/2)/a, — tanh(kha,/2)/a;)/(a] — a3)
Pm= (a3 — a2)/((a; T a;)(coth(kha,/2)/a, — coth(kha,/2)/a,))
ém = ((coth(kha,/2) — coth(kha,/2))/(coth(kha,/2)/
a, — coth(kha,/2)/a;)) x (1/(a; +a,))

Note, finally, the limiting forms for ; and i, under isotropic conditions
(Y->1):

lim () = (sinh(kh) — kh)/(2(cosh(kh) + 1))
Y-1

lim () = (cosh(kh) — 1)/(2(sinh(kh) + kh))
lim () = kh/(2(sinh(ch) + kh))

Y-1

Marginal curves and stability maps

Consider first the properties of the neutral stability curves (Equations (26a)
and (26b)) in the absence of membrane surface tension (S=0). It can be
shown easily analytically that, for both neutral curves, when S is equal to
zero, A is a monotonically increasing function of kh which asymptotes for
both surface conditions to the same positive constant value as kh— co. This
value is denoted by A, and is given by

4, =(1=XK)1=K)

(al + az) (26)
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While the asymptotic behaviour of the marginal curves for very short waves
is identical for both surface conditions, the behaviour for long waves
(kh—0) is different. The value of A for immobile conditions tends to zero
while that for a mobile interface tends to a negative value. The intersection
of the mobile marginal curve with the abscissa is at values of k4 of O(K), and
therefore negative values of A occur only for extremely long disturbance
waves.

Illustrations of the zero surface tension neutral curves for different values
of Y'(1, 10, 10? and 103) are given in Figs. 17.2(a) and (b) for, respectively,
immobile and mobile surface conditions. In these, and in all subsequent
simulations, the ratio K of the membrane conductivity to that of the
surrounding phase is taken to be equal to 107 %, and the ratio x of the
surrounding phase dielectric constant to that of the membrane is set equal
to 80/2.2; these are typical values (cf. Zimmermann et al.°> and Needham
and Hockmuth#7). Also, note that the values used for the anisotropic
parameter Yare equal to, and larger than, one. This choice reflects the fact
that, as explained in the Introduction, the modulus for shearing deforma-
tions in the transverse plane of the membrane (G,) is presumed to be much
less than the moduli for area enlargement (£,) or thickness expansion (£,).
Experimental support of this assumption is presented on p. 352-6.

Recall that the neutral curves locate waves of marginal stability, i.e. those
which do not grow or decay (w = 0). To resolve the stability of waves larger
or smaller than the critical one, a normal mode analysis including the
do,
dk
the marginal point. These details are not given here, but it can be shown that
for constant A, waves shorter than the critical one are unstable, while those
larger are stable. Thus, Figs. 17.2(a) and (b) are marginal stability curves,
and the regions underneath the curve are labelled with a ‘U’. The membrane
is stable when all waves are stable; thus, in the absence of surface tension, a
necessary and sufficient condition for instability is that 4 < A,. When this
condition is fulfilled, a band of unstable short waves exists.

The necessary and sufficient condition A<A, is a new result, and
describes the influence of finite electrolyte conductivity (through the
parameter K) and anisotropic membrane elasticity (through the parameter
Y). The dependence on the anisotropic parameter is significant, and is
illustrated by the different curvesin Fig. 17.2 representing Y=1, 10, 102 and
103, As is clear from the figure, as Y increases from one, the curves lie
successively beneath one another, the region of instability is reduced, and
larger transmembrane potentials are necessary to destabilize the system.
This behaviour is in accordance with the fact that, as Yincreases from one,

unsteady terms must be done, and then the sign of

must be computed at
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10? and 103, K=10"% and X =80/2.2: (@) immobile surface conditions;
and (») mobile surface conditions.
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the moduli for increases in membrane area (E,), thickness (E,) or strain in
the x direction (G,) must increase over their isotropic values, and this will
necessarily restrain the disjoining action of the interfacial electromechani-
cal stresses. In the limit of infinite electrolyte conductance (K—0) and
isotropic membrane elasticity (Y=1), A, reduces to 1/2 and Crowley’s
stability criterion for an incompressible body, as given in the Introduction,
Equation (1), is recovered. Note, finally, that as remarked above, in the
limit of very short waves (kh— o0), both surface conditions approach the
same asymptote. This behaviour is a consequence of the fact that, for short
waves, the elastic forces throughout the membrane volume are great, and
dominate the restoring action, with the lateral extensibility of the surface
playing a less important role.

The presence of a membrane surface tension (S0) stabilizes short
waves (kh> > 1), and this influence is shown in Fig. 17.3 for an isotropic
membrane (Y= 1) under immobile (3a) and mobile (3b) surface conditions
S=0.1,1and 10. When Sis nonzero, 4 achieves a maximum (A*) at a value
of kh=k*h, and then descends towards, and asymptotically approaches
zero as kh—oo. Note that A* <A, and therefore the condition A <A, is
necessary but no longer sufficient for instability. Instead, the new sufficient
condition for instability is that A < A*; when this inequality is fulfilled, the
system is unstable to a finite band of wavelengths. Marginal curves for
anisotropic membranes with nonzero surface tension are shown in Figs.
17.4(a) for Y= 10%? and immobile conditions and Fig. 17.4(5) for Y= 10? and
mobile conditions. The stabilizing effect of surface tension is again evident
in this series of figures, but, for the same value of S, the values of k*h, for
which the maximum in A occurs, become progressively larger as T
increases. The physical reason for this shift is that, as Yincreases at fixed S,
resistance to area and thicknesses changes in the membrane interior become
great and dominate the restoring response, causing the marginal curves to
asymptote as kh increases (Fig. 17.3). It, therefore, requires very short
waves for the surface tension forces to become controlling and cause the
marginal curves to turn towards zero.

Marginal stability loci which provide sufficient conditions for membrane
stability as a function of S can be constructed in the following implicit
manner: The function A(S,kh, Y)is differentiated with respect to k#, and the
result is set equal to zero providing an implicit equation for k*h as a
function of S. In this equation, .S may be expressed directly as a function of
k*h, and, by varying k*h, the surface tensions which give these critical
wavelengths may be computed. For a particular pair (k*4,S), the value of A
is then obtained from the equation A= A(S,k*h). In this way, the A
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corresponding to different values of S may be computed. The results are
presented for Y=1, 10 and 10? in Figs. 17.5(a) and (b), respectively,
immobile and mobile surface conditions. Note, from Figs. 17.5(a) and (b),
that at fixed S, increasing A across a marginal boundary corresponds to
moving from an unstable to a stable physical parameter set. Therefore, the
space underneath the marginal curves of these figures represents unstable
conditions, and the space above represents stable conditions.

Consider first the stability map for immobile conditions (Fig. 17.5(a)). As
§—0, k¥*h— o0, and A asymptotes to A,. As S—o0, it can be shown
analytically that (k*h)*=(9/2)S™ 1+ O(1). This reflects the physical fact
that as the magnitude of the surface tension coefficient increases, longer and
longer waves are stabilized. Since, in the limit, as S—oo, k*h—0,
A= A(k*h,S) must also tend to zero. For K< < S~ V4 < <1, the asymptotic
approach of A to zero is given by A=(1/2)(65)"1/24+0(1) as S—c0.
h
transmembrane potential difference and 4 the base state membrane
thickness, this asymptotic formula for the marginal curve as S— oo may be
written as V2= ((24Goh3)/(em/4)?)1/2. This expression for the critical
potential was first derived by Dimitrov#! using a lubrication analysis in
which the disturbance waves were assumed to be much longer than the
membrane thickness (kh—0). Dimitrov’s result agrees with this study’s
exact analysis only in the large surface tension limit (S—» c0) because it is
only in this limit that the critical wave k*h which yields a maximum for A
becomes much larger than the membrane thickness (i.e. (k*h) < <1). The
lubrication result is plotted also in Fig. 17.5(a), and it is seen that, for
intermediate or low surface tensions, the Dimitrov result overpredicts A,
and therefore underpredicts the critical membrane potential necessary and
sufficient for instability. For even larger S, i.e. K> > §~ V4 it can be shown
that the asymptotic approach to zero shifts to the expression A= (9/25)%/4/
12K. This latter asymptote is probably not physically relevant for small
values of K because it requires excessively high values of S (e.g. for
K=107%,58>1029),

The stability map for mobile surface conditions is given in Fig. 17.5(b).
Once again, as S—0 the curves demarcating stable and unstable parameter
spaces asymptote to A,,. In the limit of large surface tension, however, the
curves all appear to asymptote towards plateau values. This type of
behaviour is only strictly true for an infinitely conducting electrolyte
(K=0). For that case, the plateau values of A are given by (a, +a,) 2, and
the curves smoothly reach this plateau for S=(1/6)(a; + a,)?. For nonzero

Denoting Ef). by in the expression for A, where V, is the critical
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but very small K (e.g. the simulation value of 10~ 3), the curves eventually
tend towards zero for extremely large values of S. However, this additional
stabilization is probably not physically relevant because of the excessively
high values of § it requires. Finally, it should be noted that, for small but
finite K, the near plateau value and the value of S at which the near plateau
behaviour commences are given to a very good approximation by the K=0
values (i.e. the plateau in A is equal to (a; + a,) ~ 2, and the plateau begins at
§=(1/6)(a; +a3)?).

As observed earlier in the discussion of Fig. 17.3, the values of k*#, for
which maxima in A exist, shift to larger values of k*h as Yincreases from the
isotropic value of one. Note further that the maxima in A (i.e. A*) for the
two surface conditions approach each other in the limit of large Y'since the
surface extensibility does not play a significant role for short wavelength
disturbances. Therefore, for a fixed range of values of S (starting at zero), as
Yincreases, the A —(1/5) stability maps should approach one another. This
is, indeed, the case as can be seen from examination of the Y=102
boundaries on Figs. 17.5(a) and (b) for the fixed surface tension parameter
interval 0.1 <S<10. This result is extremely important because it means
that, for the values of S< 10 and Y> 102, the stability maps are independent
of the mobility of the interface.

Comparisons of the anisotropic model results with experiments
and concluding remarks

The first issue in comparing the marginal curves of the anisotropic model
with electroporative experiments is to verify that the electrocompression of
the membrane at ¥ is small. For this purpose, the pressure — T"applied in
the lateral direction to keep the lamellae from compressing (cf. Equation
(6b)) is set equal to Pl,. The relaxed bilayer then compresses in the z
direction and expands in the x direction. It is assumed here that this elastic
strain is small and that, therefore, the linear constitutive equations of pp.
3404 are valid. In that case, because the membrane is now unconstrained
in the lateral direction, rather than (6b), the balance of forces in that
direction becomes:

Py~ Th— (G +E,) exyiy=—T (27a)

where e,,), 2 constant, represents the (one-dimensional) strain in the
membrane area of the base state. In the z direction, the balance of forces
becomes (neglecting the electric field in the surrounding phase):
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14 H)) zz(o) Ez ezz(o)_P { (27b)

where e, is the elastic compression in the z direction, and is equal to
— e4x(0) @5 @ consequence of incompressibility. Combining the above two
expressions to eliminate the pressure in the bilayer results in an expression
for the small strain change in the membrane area with the Maxwell
compressive force:

T+ply+ (E To)?= (E\+E,+ Gl)exx(O) (28)

or s1mp1y (EI{(,))2 (E,+ E;, +G)exo) since —T=pl,. The critical

potential is given by the stability maps of Fig. 17.5. Neglecting surface
tension, it is clear that, for either surface condition, at the critical potential
sufficient for instability, A=A, or

&m Ve, A
E(h) _Gz(al+az) (29)

From Equations (28) and (29), the change in area of the base state at the
critical potential is given by:

Gz(al +a,)= (El + Ez + Gl)exx(o) (30)

Assuming that G,<<E,, G,<<E, and G,<<E,, >>1 and
(a; +a)~((E, + E,)/G,)V2. (Note that an ordering of £, and E, is not
specified, and is not needed since it is their sum which is measured; cf. the
discussion below.) With these approximations, the base state area stretch
becomes:

oy (Go/(E; + Ey))' 2 < <1 3D

Thus, as long as the moduli inequalities are met, the base state increase in
membrane area, and the constriction in the membrane thickness, are both
small.

In order to use the stability maps presented in the previous section to
predict critical potentials, it is clear that at least =, G, and S must be known.
In micropipette aspiration experiments®>, the area of lipid bilayer
membranes is increased through an imposed, measurable lateral tension
T(>0), and the area expansion e, is measured. By using Equation (28)
(with the electrocompression term equal to zero) it is clear, from these
studies, that £, + E, + G, can be deduced. Other aspiration experiments, at
constant membrane area, have been undertaken on RBCs to measure G, 93,
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and it is found that G, < < (£, + E,). However, the transverse moduli and
the surface tension y are unknown. Nevertheless, the anisotropic mode] at
least may be checked qualitatively by predicting G, and S from critical
potential data. In this regard, consider the recent data of Needham and
Hochmuth*? on the electropermeabilization of three different reconstituted
bilayers with increasing amounts of cholesterol: stearoyloleoylphosphati-
dyl choline (SOPC), red blood cell (RBC) lipid extract and SOPC
cholesterol (CHOL), 1:1. Micropipette aspiration techniques were used to
measure E, + E, of these membranes, and it was found that the presence of
increasing amounts of cholesterol enhanced the membrane cohesiveness,
and thereby increased E, + E,. Neglecting for the moment the influence of
surface tension, the critical potential may be obtained by equating
A=(a,+a,) 1. Assuming G, < <E,and G, < <E,,(a; + a,) x((E, + E,)/
G,)'2, and the following approximate equation for G, in terms of ¥, may
be derived:

Goh = (en/4m)*(VEIR)(E, + E2)h) (32)

The above corresponds to a value for G, for S=0. For §>0, G, must
decrease from Equation (32) in order that the membrane destabilize for the
same value of V. These lower values of G, at finite S may be obtained from
the simulations of Fig. 17.5. The values of the surface tension y and
transverse shear modulus G,, consistent with the critical potential, are
given in Fig. 17.6 for each of the reconstituted bilayers of Needham and
Hochmuth’s study. (Although these curves were constructed using the
mobile interface condition map, Fig. 17.5, the immobile map can be shown
to yield identical results because the values of Y are large enough that
k*h> > 1. Finally, in obtaining these curves, the values used for £, + E,, V,,
and 4 are obtained from the Needham and Hochmuth study and are listed
for each of the reconstituted cell types in Table 17.1. The tabulated values
for V_are those for alaterally relaxed membrane, and are obtained from the
extrapolated values as presented in Fig. 3 of Needham and Hochmuth.)
Consider Fig. 17.6, and note first that the upper bound values for G,
corresponding to y=0and given by Equation (32) liein therange 3 x 10~ 1-
9 x 107 1 dyne/cm, and these values are, as anticipated, approximately three
orders of magnitude smaller than (E, + E,)k. The upper bound for the
transverse shear modulus is also two orders of magnitude larger than the
value of the lateral shear modulus (G, 4) which has been measured for red
blood cells4-%5 indicating a stiffening for shear in the transverse direction.
However, smaller values of G,h consistent with the critical potential data at
finite y exist all the way down to G,A=0, with the corresponding of y
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Pair values of transverse modulus and surface tension
consistent with electroporative experiments
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Fig. 17.6. Plot of values of G,4 and y which are consistent with the
measured values of ¥, necessary for electroporation for the three bilayers
of Needham and Hochmuth’s study. The values of the elastic moduli,
critical voltages and bilayer thicknesses used to construct these plots are
given in Table 17.1, and K=1075 and y=80/2.2.

increasing monotonically to an asymptotic value in the range of 0.04—0.1
dyne/cm. Thus, the data also appears to establish an upper bound for the
surface tension of the bilayer. Note, finally, that for fixed y, the calculated
values for G,h increase with increasing cholesterol content, again (as with
(E, + E,)h) reflecting increased cohesiveness with elevated cholesterol
content in the lipid bilayer.

As the above example demonstrates, the predictive capabilities of the
anisoptropic theory, which has been presented in this study, rest on the
knowledge of the transverse shear elastic modulus G,. Although plausible
and self-consistent values for this modulus may be predicted from
electroporative data, it would be much more satisfying to deduce G, from
an imposed deformation of a bilayer, and then predict V.. Studies of the
mechanics of lipid bilayers have not focused on transverse shear deforma-
tions, but, as this study at the very least points out, these are the very
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Table 17.1. Parameters for the determination of the transverse shear modulus

Hydrocarbon core Elastic modulus (£, + E,)# Critical voltage

Bilayer thickness # (nm)  (dyne/cm) (volts)

SOPC 39 193 1.1

RBC lipid 4.0 420 1.6
extract

SOPC:CHOL 4.0 594 2.0

deformations which are important in understanding the mechanics of
electroporation.
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Electrical injury to heart muscle cells

LESLIE TUNG

Introduction

High intensity, pulsed d.c. electric fields are applied deliberately to the heart
in the clinical setting for electrical countershock of cardiac arrhythmia!=3,
using electrodes placed on the body surface, heart surface, or heart cavity.
This chapter discusses those conditions of defibrillation under which
cardiac tissue may be injured directly by the electric shock. Countershock is
also used for cardioversion of cardiac arrhythmia, other than fibrillation,
but is less likely to cause injury because of the lower energies used3. The
injury effect of high-energy d.c. shocks has been utilized for tissue ablation®
of some types of tachyarrhythmia, using endocardial catheters”.

When the level of shock delivered to the heart is just at the threshold for
defibrillation, electrical injury of the myocardium is absent or transient®-1°,
However, defibrillation success rates are probabilistic in nature!!. There-
fore, to assure a high probability of success with a minimal delivery of shock
pulses in life-threatening situations, high suprathreshold levels of shock
often are used'2. In animal studies, depending to some extent on waveform
shape, if the shock level reaches three to five times the level of current, or 20—
30 times the level of energy at the threshold of defibrillation, cardiac
function is depressed significantly!®1317. In clinical human studies,
myocardial injury has been documented following defibrillatory shocks!®-
20 although not in every case, even with multiple shocks®-21:22,

The experimental observations cited in this chapter are drawn primarily
from animal studies on internal defibrillation in which electrodes are
applied directly on, or within, the heart, since the myocardial injury is more
clearly related to the shock site and shock level. It appears that cardiac
electrical injury is nonthermal in nature*23:24  although, in cases of
excessive shock levels or poor electrode contact, thermogenic injury can
occur?%2¢, The shock currents and voltage gradients are not distributed
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uniformly throughout the heart>’-3° and are maximal in the regions
directly adjacent to the electrodes3'—34. At high suprathreshold shock
levels, local current densities may reach several tenths to 1 amp/cm? and
potential gradients may reach 100 volts/cm3®35, Myocardial damage is
greatest at the shock electrodes!®-23:24:36:37 " and, depending on shock
strength, may extend well into the ventricular wall. Injury effects are
Sfunctional (altered electrophysiology?3:24-38arrhythmia24-36:39_ coronary
artery dilation®3, impaired contractile force!#:1%:17:2440 " morphological
(ultrastructural changes?3-254!, necrosis?3:24:36:37:42:43)  haemorrhage3®)
and biochemical (depletion of essential enzymes!8:24:25:44) jn nature. Even
in the case of external defibrillation, in which electrodes are applied to the
chest and much of the applied current is shunted around the heart*>47,
similar injury can occur to the myocardium?9:13:44.48-55

Considering the shock as an entity delivered to the heart, the degree of
myocardial injury is determined by the shock current, waveshape, size of
the electrodes, number of shocks applied, and time between shock
pulses!®:25.38:48 Therefore, one way to minimize myocardial injury is to
limit the peak level of current. Since the strength required for a successful
defibrillation pulse is inversely related to the pulse duration*-56-38 longer
pulse durations should be used. This necessitates, however, a greater charge
usage®? and therefore larger storage capacitors and batteries for implan-
table defibrillators®. Peak current levels also may be reduced by distributing
the shock current more evenly and effectively through the heart volume.
Such strategies are undergoing active investigation, and include: improve-
ments in electrode design and placement-31733:48.60-64  wayeforms with
multiphasic shapes®®%5-71 and multiple electrodes and sequential
Shock27,72774'

Further improvements towards the reduction of electrical injury may be
possible with an understanding of the parameters which govern injury at
the tissue and cellular levels. Of the various measures of shock intensity
which have been studied (energy, potential, charge, current, current density
and potential gradient), the magnitude of the tissue injury is correlated best
with local current density or with local potential gradient. These
observations are reviewed on pp. 363—7. Recent experiments on single heart
cells in our laboratory, also reviewed on pp. 368-76, suggest that
breakdown of the cell membrane occurs with sufficiently large changes in
transmembrane potential, as proposed recently to explain injury in skeletal
muscie?576, Such an event can account for many of the injury effects
observed in whole heart and in in vitro strips of heart muscle.

Therefore, myocardial injury appears to be related to tissue potential
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gradient on the one hand and to cellular membrane potential on the other.
Theoretical models are needed to describe the linkage between these two
parameters. Unlike other excitable tissue such as skeletal muscle, heart cells
are coupled electrically. This has major implications in the types of models
needed to predict the effect of external electric fields on cardiac cellular
membrane potential. The prevailing theoretical approaches, as well as the
concept of electroporation of cell membranes, are described on pp. 376-85.

The term injury is generally reserved to describe long-lasting conditions
which can be corroborated by histological evidence. In this discussion, the
term injury will be defined more broadly to include transient and reversible
conditions. Under this concept, the most immediate and sensitive index of
myocardial injury in whole heart may be electrophysiological (e.g. ECG or
rhythm abnormality), compared, for example, with biochemical (e.g.
enzyme release) or mechanical (e.g. left ventricular rate of rise of systolic
pressure, or diastolic stiffness) indices®24-38. Given this viewpoint, the goal
of this chapter is to review the chain of experimental and theoretical
evidence which suggests that the electro-pathological effects of high
intensity electric shock on cardiac muscle originate from electroporation of
the cell membrane. Experimental observations obtained at four organiza-
tional levels of the heart (Fig. 18.1): whole heart, muscle strips, cell
aggregates and single cells, and cell membrane, are summarized below.
Next, a number of theoretical models and their supporting data which
relate the four organizational levels and which may help to explain the steps
involved in the electrical injury of heart muscle cells, are summarized. The
final section discusses the interpretation of the experimental observations in
light of the theoretical models. Together, this information may be helpful in
evaluating new approaches which minimize injury in heart muscle cells
owing to high-intensity electric shock.

Experimental observations

Whole heart

Following high-intensity electric shock, alterations in cardiac electrophy-
siology occur and include: increased arrhythmia24:5°-52_ changes in QRS
complex, ST segment and T wave*+52, and cellular depolarization with
decreased tissue excitability or temporary arrest?428.77, These alterations
are accompanied by loss of tissue potassium?+78.7% metabolic abnormali-
ties!8:24.25.54 haemodynamic changes®?, uptake of markers of myocardial
necrosis?5-81, reduced contractility?3-17-2442:82 and a variety of histologi-
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Fig. 18.1 System diagram for cardiac muscle for electric shock. Different
physical parameters (charge, energy, potential, potential gradient, current
and current density) are of interest at the various organizational levels of
the heart. Theoretical models have been developed to interrelate the
parameters at the various levels.

cal and ultrastructural changes?3-25-36:37.41.43 [, general, these effects are
minimal at defibrillation threshold and are found mainly in tissue adjacent
to the electrodes, but increase in severity throughout the heart with multiple
suprathreshold current shocks!9:2548, The threshold for arrhythmia is also
dependent on the phase of the cardiac cycle when the shock is deli-
veredS%83. Shock may also initiate fibrillation®4; low levels result in
reversible fibrillation while high levels result in intractable fibrillation5%-35,

One difficulty with interpreting many of these studies is that the output of
the defibrillator or cardioverter is expressed usually in total energy
delivered, calibrated for a 50 ohm load. Since the impedance of the tissue is
an uncontrolled parameter, neither the actual energy delivered, current
density, or electric field distribution throughout the heart, can be
determined without independent measurements. Recently, there have been
efforts to adjust the output of external defibrillators to the tissue impedance

or to a constant current mode to deliver a more consistent dose of energy to
the heart86-88,
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Another difficulty in whole heart studies is the separation of direct effects
of shock on myocardial tissue from effects on the nervous system8?, as well
as from haemodynamic reflexes of the autonomic nervous system in
response to myocardial depression caused by the shock!3#. These
ambiguities may be avoided, in part, by the excised perfused heart
preparation!#:17:24.40.79.8%9 apnd especially by the in vitro preparations
described in the following sections.

Measurements of potential gradients during defibrillation are few#¢-°0.91
and come primarily from the laboratory of Ideker and co-workers, who
have quantified the spatial distribution and magnitude of potential
gradients during excitation and defibrillation. Potential gradients asso-
ciated with electrical stimulation depend on fibre orientation and are of the
order of 1-3 V/cm for 3 ms pulses®2, whereas the minimum field strength
required for defibrillation is of the order of 6 V/cm for 5 ms pulses3©. On the
other hand, potential gradients distributed across the heart are highly
nonuniform and highest adjacent to the shock electrodes?®:29. Shocks with
higher intensities directly depolarize a larger area of epicardium?®. During
high defibrillation level shocks, significant regions of myocardium may
experience potential gradients in excess of 60 V/cm3? and suffer conduction
block, the duration of which is a function of shock intensity.

In vitro muscle strip

To quantify better the effect of electric shock on cardiac cell excitability,
rectangular electric field pulses with graded intensities were applied to frog
ventricular muscle strips using a three pair, electrode system as dia-
grammed in Fig. 18.2(a)°3. A graded increase in shock intensity (measured
as current density) reduces the post-shock action potential amplitude,
action potential duration, resting potential, excitability and conduction
velocity, and prolongs the refractory period®3, as seen in other in vitro
preparations®4°7. Fig. 18.3 shows the effect of a 1.0 A/cm? (in bath, lower
value in muscle strip), 10 ms duration shock pulse on the excitation
strength—duration curve (ESD). At 5 s following the shock, the strip is
unexcitable for most durations tested (not shown). At 30 s following the
shock, excitability is restored over all durations, but the ESD is shifted
upward uniformly to higher current levels. Thus, a transient refractory
period, as observed in studies using constant amplitude stimulation®3:27 is
expected as long as the ESD is positive to the stimulus pulse, represented by
point S. By 60 s post-shock, the ESD has returned close to its pre-shock
levels, and excitation can be obtained once again with the stimulus S.
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Fig. 18.2. Arrangement of electrodes used for studying cardiac muscle
strips, single heart cells, and membrane patches. (@) Three pairs of
electrodes are used for muscle strip experiments. The first electrode pair
delivers constant amplitude pacing stimuli, the second pair delivers a
rectangular current shock pulse orthogonal to the muscle strip, and the
third pair includes a suction electrode for monitoring monophasic action
potential as a measure of intracellular potential.’®® (b) A pair of micro-
paddle electrodes is placed around a single heart cell. Each electrode is
constructed by compressing the exposed end of a teflon coated 0.010”
diameter platinum wire in a vice. The paddles are coated with platinum
black to increase the effective surface area to minimize electrode
polarization and bubble formation. (¢) The end of a single heart cell is
drawn by suction into the mouth of a glass micropipette. The pipette is
connected to a custom-built, whole cell voltage clamp unit. Rectangular
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Cultured cell aggregates

The pioneering work of the laboratory of Jones, Jones and co-
workers33-68.69.98-103 has contributed much to the knowledge of the
pathological effects of electric shock on cardiac muscle, and the reader is
directed to the series of papers summarized below. The studies were
performed on monolayer sheets of cultured chick heart cells which were
subjected to spatially uniform and controlled electric fields. Ultrastructural
changes were observed and included cell contracture, intracellular oedema,
and swelling of intracellular organelles'®3, as well as formation of
microlesions on the cell surface membrane!©!.

The observation that high-intensity electric fields produced a rapid
membrane depolarization to around 0 mV without an action potential
overshoot prompted Jones!©? to suggest that electrical breakdown of the
cell membrane is the underlying basis for the shock effects observed
experimentally in the whole heart. Consistent with this hypothesis was the
result that sodium and calcium channel blockers did not inhibit the shock-
induced depolarization©®, which has also been observed %4, While cellular
depolarization, standstill, and loss of excitability were seen at high field
levels of about 100 V/cm, lower levels produced tachyarrhythmia, which
correlated well with the electrophysiological changes observed on the whole
heart level®s. Various waveform shapes were studied®®, and multiphasic
waveforms were shown to be less likely to produce arrhythmia compared
with monophasic waveforms®®¢°. This finding has been confirmed in
whole heart studies®®9770.71 and underscores the utility of heart cell
models for studies of cardiac function.

Enzymatically isolated single cell

The experimental preparation of choice for many present-day studies of the
heart is, increasingly, the single heart cell'©5:19¢, Enzymatic techniques for
dissociating intact tissue and isolating single cells are now well estab-
lished!®?. For electrophysiological studies which utilize the voltage clamp
technique, the single cell provides superior time resolution, voltage
uniformity, control of the ionic and metabolic environment inside and
outside the cell, and membrane patches containing single ion channels!°8,

Caption for Fig. 18.2 (Cont.)

or ramp pulses having variable amplitude (0—4 V) and duration (4-20 ms)
are applied to the pipette, and the pipette current is monitored.
From?3-112.124 regpectively. Typical dimension of muscle strip: 1 x 1 x 15
mm; of frog cardiac cell: 10 x 3 x 300 um. See text for further description.
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Fig. 18.3. Shift in excitation stimulus-duration curve (ESD) with electric
shock. A frog ventricular muscle strip was subjected to a 10 ms duration
rectangular current pulse having a current density of 1.0 A/cm?.
Following the shock, the excitation threshold was determined by applying
a brief train of stimuli lasting less than 2 s, with each stimulus pulse in the
train having constant duration but monotonically increasing amplitude
up to the maximum amplitude of the stimulator. The train of shocks was
applied at 5, 30, and 60 s postshock. At 5 s postshock, the strip was
inexcitable for most durations tested (not shown). At 30 s postshock, the
strip regained excitability at current levels higher than in control. The
stimulus—duration curve was uniformly shifted towards higher current
levels. By 60 s postshock, the stimulus—duration curve nearly returned to
its preshock level. A pacing test pulse (point S) is shown to illustrate the
dependence of relative refractory period on pacing pulse parameters and
time course of recovery of the ESD. From (L. Fogelson & L. Tung,
unpublished observations).

For mechanical studies, the complex three-dimensional structure and
mixture of connective fibres and muscle cells found in intact tissue are
eliminated at the single cell level'®®. Furthermore, cell shape and
ultrastructural parameters such as sarcomere length can be observed
directly, and cell length and force of contraction can be measured now in
real time!1°,

Single ventricular heart cells from frog and guinea pig were used in the
laboratory for studies of electric shock. It has been found that the
electrophysiological and contractile properties of the frog cells are
comparable in most respects with those of intact muscle strips!°%111, The
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Fig. 18.4. Voltage and current waveforms measured from micro-paddle,
platinum/platinum black electrodes. The left hand panels (a) were
obtained under voltage-controlled conditions; the centre panels (b) under
current-controlled conditions; the right-hand panels (¢) with a commer-
cial stimulator (model SD9, Grass Instruments, Quincy, MA) with its
output terminals isolated from ground and output voltage range at
maximum setting (10-100 V). The upper row is voltage measured across
the electrodes; the lower row is total current injected between the
electrodes.

parallel plate shock electrodes used (Fig. 18.2(b)) are miniaturized! 4112 to
take advantage of the small cell size, which is typically 10 x 3 x 300 pm
(frog) or 30 x 10 x 100 um (guinea pig). Typical dimensions for the paddles
are 800-1200 pm in length, 20-40 um in width, 100-200 xm in height, and
400-600 um separation. The small size of the paddles provides several
significant advantages. First, the large volume of the bath surrounding the
paddles serves as a heat sink and minimizes joule heating effects. Secondly,
the geometric leverage gained in the small size permits high-intensity
electric fields to be produced with relatively small currents and voltages.
Consequently, conventional analogue circuits can be used to construct the
waveform generator.

Monophasic, rectangular constant current pulses were applied through
the electrodes by a custom-built stimulator. Rectangular pulses were used
for the reasons that: 1) they are effective at lower peak currents compared to
the exponential, damped sinusoidal or trapezoidal waveform
shapes3%3829  and 2) they simplify the analysis by electrical
models38-59-113 The difference in using current-controlled waveforms
rather than voltage-controlled waveforms is shown in Fig. 18.4, which
shows the interelectrode current and voltage measured simultaneously
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from the micro-paddles under both controlled conditions. Panel A was
obtained for a rectangular voltage pulse. In this case, the current response,
and therefore the electric field (Equation 1), is not rectangular and surges at
the beginning of the pulse due to electrode capacitance. A substantial
current continues to flow after the cessation of the pulse. Panel B was
obtained for reciprocal current-controlled conditions. The voltage re-
sponse is nonlinear and shows a very slow decay (90% decay time was 2.3 s)
following the cessation of the current pulse. However, the current (and
hence clectric field) is rectangular. Panel C was obtained using a
commercial stimulator, with its output terminals isolated from ground.
Under these conditions with these electrodes, the stimulator is a close
approximation to a constant current source. The time-dependent effects
seen in all three panels can be attributed to the time-varying impedance and
polarization of the platinum electrodes, which contribute significant
artefacts at the low voltages (but high current densities) used with the
micro-paddle system. Nonpolarizable electrodes such as silver/silver
chloride could not be used since free silver ion is apparently toxic to these
single cell preparations!®®. Therefore, current-controlled waveforms are
essential for these types of studies. Current-based shock delivery has also
been proposed for clinical use, in part for similar reasons to minimize
electrical instability and nonlinearity due to the electrode/tissue interface,
and, in part, to eliminate the dependence of the shock pulse on the geometry
and impedance of the medium?®4-88,

Pulse duration of the stimulator varied from 20 us—10 ms, and pulse
amplitude could be varied between 0-70 mA. This corresponded to a peak
current density of 13 A/cm2. The micro-paddie electrode voltage divided by
the intra-electrode distance could not be used as a measure of the electric
field, since, as noted already, distortion due to electrode impedance and
polarization was significant at the low voltages used by these electrodes
(Fig. 18.4). In principle, the electric field also can be derived from the
current density (Equation 1), but two factors must be known with
precision: the surface area of the paddle electrodes and the conductivity of
the bath solution. Instead, the system was calibrated directly by an
exploring electrode. The voltage gradient at the floor of the chamber
between the paddles had a peak value of about 800 V/cm at the highest
current setting.

Stimulus threshold and effect of cell orientation

Since cardiac cells are thought to be stimulated to contract when a constant
voltage threshold is reached®®113, measurement of the stimulus—duration
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curve for excitation (ESD) with applied fields yields information on the
coupling between the applied field and the induced change in membrane
potential. The micro-paddle electrodes were placed as a unit to straddle
single cells for the purpose of field stimulation (Fig. 18.2(b)). The
orientation of the cell could be adjusted as desired with respect to the
electric field, and cells were tested with their long axis aligned either parallel
to, or perpendicular to, the applied electric field as shown!!2114115
Figure. 18.5 compares on a log-log scale the ESD of a frog ventricular cell
(panel A) or guinea pig cell (panel B) with its long axis aligned
perpendicular to the applied electric field, then to the ESD obtained for the
same cell after it was rotated to be parallel (Fig. 18.2(b)) to the electric field.
The first point to be noted is that both curves for the frog cell (Fig. 18.5(a))
deviate from the expected straight line hyperbolic relation3%:116, The
‘notch’ in the ESD seen at a pulse duration around 1 ms was observed in
many of the frog heart cells!°4112 but never in the guinea pig cells. The
notch is not usually observed in multicellular preparations (although see
116) but this may be because stimulus durations are tested rarely below 1
ms. The notch may reflect two modes of stimulation of the cell membrane or
perhaps local peaks of transmembrane potential owing to the convoluted
cell shape!%4. The second point is that even ultrashort duration pulses (20—
40 us) are sufficient to stimulate the cell, as observed previously for dog and
turtle heart5!-115 although the potential gradient needed may reach 100 V/
cm, at which cell injury may occur. The third point is that there is a
reduction in intensity required for stimulation when the cell is parallel as
opposed to perpendicular to the electric field!12:114:117_ consistent with
measurements of the extracellular field required for stimulation in whole
heart?2. Since cell stimulation occurs when the membrane potential reaches
a fixed threshold*?, this observation suggests that the field-induced change
in membrane potential is greater when the poles of the cell are farther apart
along the electric field axis, as predicted by field theoretic models (see pp.
382-4). Similar results were obtained on single guinea pig heart cells (Fig.
18.5(b)). These data may explain, in part, the cellular basis for the efficacy of
orthogonal pulses compared with single pulse defibrillation?274,

Cell contractility and threshold for cell contracture

At high external field strengths, heart cells undergo irreversible contracture
and die. Since the cells were observed to remain quiescent in response to the
same levels of field strength if calcium were absent from the bathing
solution, contracture evidently is not a direct effect of electric field and,
more likely, is a result of intracellular overload of calcium ions!*8. Frog
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Fig. 18.5. Effect of cell orientation on threshold of excitation. Stimulus—
duration curves were obtained for a single heart cell under field
stimulation with rectangular current waveforms. Plotted on the abscissa is
the waveform duration and on the ordinate the field strength correspond-
ing to the current magnitude. For both frog and guinea pig heart cells, the
stimulus—duration curve was shifted towards higher field strengths when
the cell was oriented perpendicular to, instead of parallel to, the applied
electric field. From '2 © 1988 IEEE, reprinted with permission, and N,
Sliz L. Tung, unpublished observations.
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Fig. 18.6. Isometric contraction of a single frog ventricular heart cell.
Trace a was obtained with a slightly suprathreshold 3.4 V, 2 ms stimulus
pulse; trace b was the response to the fourth of a series of 20 V, 50 us high
intensity stimulus pulses. Arrow indicates time of the stimulus pulse.
From L. Tung, unpublished observations.

heart cells were used for these studies since they, unlike avian cells, do not
have significant intracellular storage compartments of calcium ion (i.e. the
sarcoplasmic reticulum!!®) and do not exhibit a dose-dependent pattern of
tachyarrhythmia33-1°2 both of which can complicate the interpretation of
the experiments in terms of membrane breakdown. Occasionally, a range of
field intensities intermediate between that for stimulation and that for
contracture was observed to produce no visible contraction at all, as
reported for skeletal muscle cells?® and avian cardiac cells!°2. This may be
due, however, to a stimulus sufficiently great to reverse the normal
electrochemical gradient for calcium ion through voltage-gated channels in
the cell membrane, thereby preventing calcium influx and cell
contraction!19-120,

The difference between normal cell contraction and that occurring at the
threshold of contracture is shown in Fig. 18.6, recorded under isometric
conditions from a single frog ventricular heart cell. The cell was mounted
on an ultrasensitive force transducer!?! and field stimulated. In this study,
the micro-paddle system was not used. The anode electrode was an
electrolytically sharpened tungsten wire with its tip placed approximately
20 wm from the cell, and the cathode was a remote platinum electrode.
Trace a is the normal twitch obtained with a 3.4 V, 2 ms stimulus pulse.
Trace b is the twitch after a series of four 20 V, 50 us suprathreshold pulses
was delivered. Note the marked increase in rate of rise of force, slowed rate
of relaxation, and decay of force to an elevated diastolic level. Considering
the known role of calcium in the generation of force in heart cells and
pathways for calcium entry into the cell!2° these observations are
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consistent with a rapid influx of calcium from the bathing solution by a
pathway other than normal excitation pathways, e.g. membrane break-
down, resulting in a state of calcium overload in this cell. The cell later went
on to generate a level of force much larger than that of the twitch, detached
from the transducer and shortened irreversibly.

Figure 18.7 compares the stimulus—duration curve for threshold
excitation (7,) to a curve obtained at higher intensities which induced cell
contracture (7). In these studies, force was not recorded, but contracture
was observed as an abrupt and irreversible reduction of cell length!12, It is
apparent that cell contracture is a function of pulse intensity and pulse
duration. T, was not affected statistically by addition of calcium channel
blockers, tetrodotoxin, or KCl depolarization'©4, again consistent with the
notion that calcium is entering the cell by some means other than normal
excitation pathways. Furthermore the curve for T, has a hyperbolic shape
similar to the excitation curve, which suggests that contracture, like
excitation, occurs when a given voltage threshold in membrane potential is
reached. The two curves diverge slightly, however, for increasing pulse
duration. Similar results obtained by Jones and Jones®? show that the
curves for excitation and injury (defined as arrhythmia) begin to converge
for pulse durations exceeding 10 ms.

Cell membrane

Figures 18.6 and 18.7 showed the combined use of calcium ion and cell
contractility to assess the permeability of the cell membrane. Membrane
permeability appears to increase substantially when a certain threshold
level of membrane potential is reached, i.e. a breakdown effect as proposed
by Jones and co-workers'®2. However, this conclusion is tentative, since the
membrane potential is not known truly (although it could be estimated
theoretically using appropriate field models —step 2, Fig. 18.1). A variation
of the cell-attached ‘loose patch clamp’ technique!2? has therefore been
adopted. The end of the cell isdrawn by suction into the tip of a glass pipette
(Fig. 18.2(c)). A voltage applied to the pipette will be divided across the
portions of cell membrane inside (surface area S;) and outside (surface area
S,) the pipette (refer to Fig. 18.11(d) for explanation). Because S, is much
smaller than S, and therefore has a much higher impedance, most of the
pipette voltage drop occurs across S;. By monitoring the pipette current,
the kinetics of change in impedance of S, can then be observed as the
threshold for breakdown is exceeded!23:124,

A key element in this study was the use of voltage ramps as a test
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Fig. 18.7. Stimulus—duration curves for excitation and contracture
thresholds for single frog ventricular heart cells. Rectangular current
waveforms were used to field stimulate individual cells oriented parallel to
the field axis. Eight cells were observed at each of the eight durations
tested. The field intensity producing excitation and contracture for each
cell at its test duration was normalized to the intensity required to excite
that cell at a (standard) 2 ms duration. In this way, variations due to cell
shape, orientation, and electrode placement could be minimized. From M.

Mulligan and L. Tung, unpublished observations.

waveform. Unlike conventional studies of electroporation in which
rectangular voltage steps are applied!2%:129_ the voltage ramp permits the
observation of the kinetics of membrane breakdown uncomplicated by a
simultaneous step change in membrane potential'2#. Because the currents
involved were much smaller than those in the whole cell studies,
nonpolarizable silver/silver chloride could be used for the electrodes
instead of platinum (Fig. 18.2(b)). For low-amplitude ramps of either
polarity, the current response was proportional to the applied pipette
potential and, most likely, reflected the leakage of current through the seal
between cell and pipette (Fig. 18.11(b)). However, for the test ramp with 2 V
amplitude as shown in Fig. 18.8, the current response was markedly
nonlinear. Typically, at potentials about 0.5 V, the current increased slope
and occasionally became noisy, suggesting an instability in membrane
resistance. When the membrane potential reached a critical threshold of
about 0.8 V, the current exhibited a step increase over a time interval less
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Fig. 18.8. Electrical breakdown of cardiac cell membrane. A ramp in
pipette voltage (V) was applied to the end of a frog ventricular heart cell
using a loose patch clamp technique. At the onset of the ramp there was an
initial linear response in the pipette current (1,). In this cell, an increase in
membrane conductance was observed at a membrane potential of 0.56 V
(onset of period 7,). A permanent increase in membrane conductance
occurred at a membrane potential of ~0.8 V (period Tj), which was
completed in less than 30 us. From !23 © 1988 IEEE, reprinted with
permission.

than 30 us (the time resolution of the instrumentation system), suggesting a
rapid breakdown of the membrane patch. Similar resuits were obtained
with opposite polarity test ramps and with solutions of varying ionic
compositions!24,

Theoretical models

The overall theoretical scheme which is proposed to unify the experimental
observations of pp. 363-76 is depicted in Fig. 18.1. The physical parameters
of charge, energy, and current are used to characterize defibrillators and
cardioverters at the level of the whole heart, and each parameter can be
associated with an injury effect. Loosely speaking, charge may be
associated with electrolytic decomposition at the electrode—electrolyte
interface, energy with joule heating, current with potential gradient, and
potential gradient with membrane depolarization®8. Depending on which
parameter is to be minimized, a different shock pulse duration is
required®8-3°. The first part that follows describes the conventional class of
macroscopic field models which relates these parameters to local electric
fields and current density at the tissue level (step 1, Fig. 18.1), as well as a
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newer class of macroscopic field models which can also relate these
parameters to changes in transmembrane potential (steps 1 and 1’, Fig.
18.1). The second part describes, on a microscopic level, the effect of local
electric field on transmembrane potential of the cardiac cell (step 2, Fig.
18.1). Finally, electroporation is described, a process by which sufficiently
large transmembrane potentials can produce pores within the cell surface
membrane (step 3, Fig. 18.1). These electric field-induced pores then result
in the decline of cellular homeostasis through the intracellular loss of K*
and essential enzymes, or gain of Ca2* and water, which together may
account for many of the pathological effects of strong countershock.

Distribution of electric field in the heart

1. Potential gradient and current density

The stimulation and defibrillation of cardiac muscle has been related to the
localized potential gradient (or electric field)?83592:127 or to current
density3*128 rather than energy, voltage, or charge delivered®”. At the same
time, both the potential gradient E and current density J have been
correlated to histological and electrophysiological damage3°-35. Since
Ohm’s law!2? states that J is directly proportional to E for a conductive
medium (conductivity o) such as heart muscle:

J=0E (1

the experimental evidence suggests that the potential gradient E in the
tissue, rather than energy or charge, is the critical parameter governing
myocardial stimulation and myocardial injury (although see pp. 386-7).

The tissue parameters can, in turn, be related to the shock parameters at
the electrodes. Current density integrated over the electrode surface area is
equal to the applied current. The charge delivered is equal to the total
current integrated over time. Energy delivered can be calculated given a
measurement of the shock current and either the interelectrode potential
difference or the tissue impedance.

2. Monodomain, bidomain, and periodic structure models

The reader is referred to the review by Plonsey and Barr!3° for a
comprehensive summary of the various types of electrical models of the
heart. In brief, the two- or three-dimensional distribution of electric field
and current density in the heart volume can be calculated for a given
electrode geometry and placement using a conventional volume conductor
model (step 1, Fig. 18.1) in which the tissue is characterized by a bulk
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Fig. 18.9. Microscopic flow of current through cardiac muscle. Intracellu-
lar () may flow from cell to cell via low resistance gap junctions.
Extracellular current (j,) flows around cells. The average (macroscopic)
orientation of intracellular and extracellular currents can differ, as shown.
Adapted from an illustration by A. Miller'8!, reproduced with
permission.

resistivity!31-132 The tissue resistivity may be anisotropic to account for
the preferential orientation of the myocardial fibres!33:134 Such models are
advantageous in that standard numerical techniques such as finite element
analysis can be readily applied3347; however, no distinction is made
between currents which flow inside, outside, or across the cell membrane.

To address this issue, ‘bidomain’ volume conductor models (steps 1 and
', Fig. 18.1) have been developed and describe electrically excitable tissues
in which the cells are electrically coupled! 391357138 A microscopic view of
cardiac tissue is shown in Fig. 18.9. Low-resistance gap junctions in the
intercalated discs permit the flow of intracellular current between neigh-
bouring cells'3°. Electrical currents flow in a complicated pattern through,
and around, each cell and may differ in average direction, depending on
whether they are intracellular (density j;) or extracellular (density j,). With
bidomain models, current is viewed macroscopically (densities J, or J;) over
distances much larger than a single cell, and the small perturbations in flow
at the cell boundaries are ignored. The intracellular and extracellular spaces
are modelled as two interpenetrating, conductive domains which occupy
the same volume but which are separated by a volume distributed boundary
(the cell membrane) (Fig. 18.10(a)). Conventional volume conductor
models can then be regarded as a degenerate case of bidomain models in
which the membrane impedance goes to zero. Bidomain models can predict
the spatial distribution of intracellular and extracellular electric fields and,
most importantly for this discussion, transmembrane potentials. Finite
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Fig. 18.10. Flow of electrical current in heart muscle using a simplified
bidomain model. (4) A rectangular slab of cardiac muscle of length 2L is
placed between two parallel plate electrodes. J, is the current density at the
electrode. Extracellular and intracellular domains coexist in the same
three-dimensional volume but are separated at every point in space by a
volume-distributed membrane. Current can flow between the electrodes
either through the extracellular domain or across the volume-distributed
membrane and through the intracellular domain. (B) Plotted are the
theoretical profiles for extracellular (V,, and intracellular (V) potentials as
a function of position. Membrane potential (V) is equal to (V-¥.) and is
nonzero only in a region on the order of A from each electrode. Terms are
defined in the text.
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element analysis recently has been extended from monodomain to
bidomain models49.

A simple example drawn from the measurement of myocardial longitudi-
nal resistance!#! is shown in Fig. 18.10 and serves to illustrate the different
predictions made by the bidomain and conventional monodomain models.
Current (with density J,) can flow between the two electrodes either 1)
directly through the extracellular space or 2) across the cell membrane,
through the intracellular space, and back across the cell membrane (panel
A). If a one-dimensional model is used, the potential profiles in the muscle
strip, calculated by Weidmann!#!, can be rewritten for steady-state
conditions in a form used by Peskoff'42:

— _ Pe
V=L gk (22)
i P 2b
Vi=( gty (2b)
Va=V—V.=¢ (2¢)

where V;, V. and V, are the intracellular, extracellular and transmembrane
potentials, ¢ and  are auxiliary potentials, p; and p. are the effective
intracellular and extracellular resistivities (which take into account the
relative cross-sectional areas of the two spaces), and py, is the parallel
combination of p; and p.. The term ¢ is a solution to the Helmholtz
equation, is unique to bidomain systems, and gives rise to domain currents
which have opposite signs (and hence are ‘antiparallel’). The term ¢ is a
solution to Poisson’s equation, is shared by monodomain systems, and
gives rise to domain currents which have the same sign (and hence are
‘parallel’). For the examples of Fig. 18.10,

_ sinh L/A .
é=2Xp.J, sinh 2L/A i sinh x/A (3a)
= —polox (3b)
R
N=—>" 3¢
x(pet pi) ()

where A is the space constant, y is the cell surface membrane area per unit
volume of tissue, and R, is the specific membrane resistance. Longitudinal
current through the cell membrane at the ends of the muscle has been
neglected. For the bulk of the tissue, V; and V. (plotted in panel B, Fig.
18.10) are approximately equal to i, and therefore the interelectrode
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potential gradient is approximately equal to pyJ, in the case where L»a.
Thus, under these conditions, py, can be interpreted as the bulk resistivity of
the tissue, treated as a monodomain volume conductor. Interestingly, the
bidomain model predicts that the induced ¥V, will be nonzero only in
regions on the order of a space constant from the two electrodes, and zero
throughout the bulk of the myocardium (since all of the current is flowing
longitudinally along the muscle axis and not across the cell membrane).
However, since the potentials V;, ¥, and ¥V, are macroscopic potentials
which represent averages of the local potential distribution around each
cardiac cell, this conclusion may not account correctly for the microscopic
variations in transmembrane potential which can contribute to membrane
breakdown.

By way of example, discontinuous bidomain!3® and periodic struc-
turel43 models (steps 1, 1" and 2, Fig. 18.1) have been formulated, based on
significant coupling resistances in the intercalated disks between cells,
which then can act as secondary sources and produce microscopic gradients
in membrane potential from one end of the cell to the other'#+. The
continuous bidomain model predicts only the average potential in each cell
under these conditions.

Since monodomain models make no distinction between intracellular
and extracellular domains, the transmembrane potential is indeterminate.
However, if cells are assumed to be arranged in a periodic structure, the
transmembrane potential can be predicted from a monodomain model. In
the ‘periodic structure’ model!#3, the total potential is decomposed into
aperiodic and periodic terms. The aperiodic term is a large-scale potential
which may be derived from an equivalent monodomain model (step 1, Fig.
18.1). The periodic term is based on the geometry of a unit cell, or unit
bundle of cells, and is a small-scale potential whose magnitude is a function
of the spatial gradient of the aperiodic term (step 2, Fig. 18.1). In regions
well removed from boundaries and sources, the transmembrane potential is
determined primarily by the periodic term. For the example of Fig. 18.10,
the aperiodic term would take the form of Equation (3b), but with p,
replaced by an equivalent, homogenized resistivity. In the bulk of the tissue,
V. is predicted by the bidomain model to be nearly zero, but is predicted by
the periodic structure model to be equal to a nonzero periodic function,
changing sign between hyperpolarized and depolarized values from end to
end of each unit bundle similar to that observed for single cells exposed to
extracellular electric fields (see next section). This oscillatory behaviour
would be identical from bundle to bundle. Experimental measurements are
needed to determine whether the bidomain or periodic structure model is
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applicable under conditions of electric shock, or whether more complex
models are necessary.

The models above assume passive membrane properties for the cell
membrane. The known active properties of the cell membrane'45-147 can
be incorporated into tissue models!48:14° but apparently do not play a
significant role in the genesis of electrical injury, as suggested by
experiments with ion channel blockers! 00104,

Effect of external electric field on cardiac cell potential

Electric field intensity

Lepeschkin and co-workers®s found, in their autorhythmic cardiac cell
cultures, that increasing levels of electric shock produced first, a single,
premature contraction (‘stimulation’), then a series of irregular contrac-
tions (‘tachyarrhythmia’), a period of standstill, and, finally, fibrillation.
The threshold levels for local potential gradients sufficient to produce these
effects, as well as defibrillation, were estimated?3® in their own, and in other
tissue preparations and animal species, to be [mean<s.d., in V/cm and
normalized to a hypothetical 2 ms, exponential waveform]: stimulation
{1.45+0.34], tachyarrhythmia [52.8%14.3], defibrillation [96+25.8],
standstill [99+ 58], and fibrillation [158 £92]. With whole heart prep-
arations, electric fields are not known unless measured directly, since, in
general, the tissue is anisotropic, and the electric field is three-dimensional
and nonuniform over the heart volume?8-39:20.92 On the other hand, with
single cells or cell cultures, uniform electric fields of known intensity and
orientation can be applied®8:69:99:102:112,114,115

Cell orientation

Spherical and spheroidal cell models have been used to calculate the change
in cell membrane potential in response to an externally applied electric
field150-153 (step 2, Fig. 18.1). By way of illustration, Fig. 18.11(a) shows a
prolate spheroidal cell oriented with the major axis parallel to an externally
applied d.c. electric field (E,). The change in transmembrane potential is
biphasic (one end of the cell hyperpolarized and the other end depolarized),
maximum at the poles of the cell closest to the two electrodes, and
dependent on field intensity, pulse duration, cell length, and cell
shape!59-153_ Thus, longer cells will theoretically have a greater change in
transmembrane potential at their ends than shorter cells with the same
shape.
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Fig. 18.11. Membrane potential developed in a cardiac cell in response to
an externally applied potential gradient. The cell is described here as a
prolate spheroid immersed in a conductive medium. (a) A spatially
uniform electric field E,, producing a uniform density of current J,, is
applied to the cell parallel to its long axis. Because the cell membrane has a
high resistance compared to the bath, the flow of current is perturbed
around the cell. The extracellular potential gradient results in a change in
membrane potential which is maximal at the two poles of the cell. The
polarity of potential change is indicated by +, 0, or —. The maximum
induced potential is given for steady state conditions * 53 by the expression
V. =[a?A?sin20+ c2C2cos?0):E,, where 8 is the angle between major axis
of the cell and the field axis, ¢ is the semiprincipal major axis, a the
semiprincipal minor axis, and C and A are shape constants which are each
functions of ¢ and a. (b) The cell is inserted into the orifice of an insulating
barrier (e.g. particle volume analyser or glass pipette), across which is
applied a potential difference. The potential developed in the two halves of
the membrane surface (S, S,) will be a function of applied potential,
membrane impedance and seal resistance between cell and barrier. Given
that the cell membrane has a naturally high impedance, very little current
will flow across the gap if the resistance of the seal between the cell and
barrier is sufficiently high. The applied potential difference will be divided
across S; and S, in a manner inversely proportional to their relative areas.
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If the cell is rotated by 90°, so that it is perpendicular to the electric field
axis, the peak transmembrane potential still occurs at the edges of the cell
closest to the two electrodes! 3. Since there is now a shorter projection of
cell length along the electric field axis, the membrane depolarization will be
smaller than in the case of a parallel orientation (although the shape factor
also comes into play). This results in an apparently higher threshold of
excitability, when the cell is perpendicular, as opposed to parallel to the
electric field112:114.117 The effect, if any, of cell orientation on the threshold
of arrhythmia or contracture has yet to be determined.

A feature common to all the models referred to above is that the cell
membrane is in a spatially uniform, highly nonconductive state compared
with the intracellular and extracellular fluids. Once the membrane has been
electroporated, however, this may no longer be the case, and the models
then will need revision.

Restricted extracellular space

The models described in the previous section assumed a cell placed in an
infinite volume conductor. The presence of neighbouring cells can perturb
significantly the distribution of extracellular potential and current flow.
Reduction of the cross-sectional area of the extracellular space around the
cell is predicted to increase the maximum transmembrane potential
developed at the poles of the cell'*. In the limiting case in which
neighbouring cells are joined tightly so that no extracellular current may
flow, the change in membrane potential induced by an applied potential
gradient will be maximal (Fig. 18.11(b)).

Effective cell length: cell-to-cell coupling

Cardiac cells are coupled by low-resistance junctions'3® to form an
electrical syncytium which permits the propagation of electrical impulses,
just as in electrical cables. The coupling resistance has been studied in
isolated cell pairs and is known to be nonselective, nonvarying with time,
and linear in its current—voltage relation!®3-138, Therefore, although
individual cardiac cells are relatively small in dimension compared to
skeletal muscle fibres, they can act functionally as long muscle fibres. Since
the change in transmembrane potential of a cell subjected to an applied
electric field depends on the length of the cell, the results of the single cell
studies described earlier should be applied with caution to the intact tissue,
since the effective electrical length of the cardiac cell may be longer than its
anatomical length27,
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Electroporation

Electrical breakdown of the cell membrane (‘electroporation’ or ‘electro-
permeabilization”) by high-intensity, pulsed electric fields appears to occur
universally for lipid bilayers and cell membranes when the membrane
potential reaches a threshold value of about 0.2-1 volt (at room
temperature), depending on pulse duration (for reviews, see 125:126,160),
Electroporation has been studied in cell membranes using: 1) resistance
change of cells flowing through a particle volume analyser, 2) impedance
change or exchange of substances from cell suspensions in a discharge
chamber, 3) microelectrode voltage clamp in large cells, and 4) voltage-
sensitive fluorescent dyes'26:152.161-164 Thyg, with an applied electric field
(Fig. 18.11(a)) membrane breakdown should occur symmetrically at the
opposite poles of the cell (although asymmetric breakdown can occur
primarily at one pole if the cell has a significant intrinsic membrane
potential!®3), Data such as those in Fig. 18.8 are a direct confirmation of
electroporation in cardiac cell membranes!24. The event indicated by T, in
Fig. 18.8 may correspond to pore growth and the event Ty to membrane
breakdown, as observed previously in lipid bilayers and in cell mem-
branes'®!:16¢ Thus, electroporation of the cell membrane may be the last
link (step 3, Fig. 18.1) in the sequence of events leading to the
electropathological effects as described on pp. 363-76. It is unlikely that
electroporation itself is a mechanism for electrical defibrillation as has been
suggested!?, considering, first, that 6 V/ecm may be sufficient for
defibrillation whereas 60-100 V/cm may be required for electroporation as
inferred by conduction disturbances®®, and, second, that injury effects are
absent or transient at shock levels just at the defibrillation threshold #-1°.

The formation and resealing of pores are functions of pulse intensity,
pulse duration, number of pulses applied, time between pulses, membrane
stress and temperature!?3:126.152,161-164.168.169 The time course of mem-
brane breakdown has been shown to occur in cell membranes on a
microsecond time-scale!51:162:168 Data are consistent with these obser-
vations and show that membrane breakdown occurs in less than 30 ps!24.
Pore size has been measured in cardiac cell membranes by Jones et al.1°!
using fluorescent dextran molecules. It is a function of shock intensity, and
is at least 44 A in diameter following a series of six 5 ms, 200 V/cm shock
pulses. Recently, electrically induced pores with diameters of 20-120 nm
have been visualized in red blood cell membranes by Chang and Reese
using electron microscopy!’°.
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Discussion

The potential gradient

The working hypothesis of this chapter is that electroporation of the cell
membrane is responsible for electrical injury effects in heart muscle and is
dependent on the level of transmembrane potential. Although the
transmembrane potential can be related to local electric field (steps 1’ or 2,
Fig. 18.1), the cell size, cell orientation, specific pathways of current, and
syncytial structure of the cardiac tissue all can influence this relationship. It
is on the basis of size, for example, that electroporation in bacteria requires
electric fields on the order of 10 kV/cm, whereas, in the much larger skeletal
muscle cell, fields serveral orders of magnitude smaller may be sufficient.
Furthermore, the field intensity required to porate the cell membrane
depends on the pulse duration used. Therefore, it might be expected that
local electric field can be used to predict the extent of electrical injury only if
all of these other factors are accounted for. On the other hand, it is
membrane potential which governs pore formation, and a threshold value
of about 0.8 V is consistent with our experimental results on single cardiac
cells24, Recently, preliminary data have been obtained suggesting that the
threshold for electroporation may be as low as 0.4 V for mono-
phasic and biphasic rectangular pulses of transmembrane potential'71.

The theoretical considerations described on pp. 376-85 may help to
explain some of the observations regarding the anatomical site of
myocardial damage. For the case of two plate electrodes applied to the
heart surface, injury to the myocardium occurs preferentially in the
neighbourhood of the electrodes?#37. This can be explained either by: 1)
higher current density (and therefore greater induced change in transmem-
brane potential), or 2) bidomain model predictions of a current induced
transmembrane potential which is greatest in a region about a space
constant wide from the electrodes even in the case of uniform tissue current
density (Fig. 18.10(d)). In either case, cellular injury then can be accounted
for by electroporation, provided that V,, exceeds about 0.8 volt. Histologi-
cal studies have also found severely damaged fibres immediately adjacent to
normal or minimally injured fibres!-+-23, This might be explained on the
basis that adjoining cells which are better coupled have a longer ‘electrical’
cell length, and hence are more prone to electroporation.

Field-induced pores form large nonselective openings through the cell
surface membranel®?-170 It is unknown at this time whether electro-
poration of internal membrane systems (sarcoplasmic reticulum, mito-



Electrical injury to heart muscle cells 387

chondria, T-tubules, nucleus) occurs in cardiac cells. However, these
systems may be protected by virtue of their smaller diameters compared to
the cell length, and therefore would require much higher field intensities for
membrane breakdown. On the other hand, swelling of these structures has
been observed!?3, perhaps as a result of electrolyte and consequent osmotic
imbalance produced by the shock-induced depolarization (see below).

Alterations in cellular homeostasis

With pore formation in cell membrane, the transmembrane potential will
be shunted to zero, resulting in a period of standstill'®2. A reduction in
resting potential may account also for the changes in excitability,
conduction velocity, electrocardiogram and contractility observed experi-
mentally in whole hearts. If the pore lifetime is long compared with the
diffusion time for monovalent ions, intracellular potassium could be lost
and sodium gained. Resting potential recovers with a time course which
depends on the shock level®31°2, The recovery process must involve, first,
the resealing of the field-induced membrane pores, and, second, restoration
of resting levels of intracellular potassium and sodium by the ATP-
dependent Na/K pump, which can be inhibited by cardiac glycosides®s.

Increase in intracellular calcium through the field-induced pores may
result in ‘calcium overload’!18, which results in contractile oscillations and
arrhythmogenic currents!72. Use of a calcium channel blocker (verapamil)
fails to prevent the electrophysiological alterations seen immediately
following shock##+:199 suggesting that calcium entry is not by way of the
calcium channel. Influx of calcium could occur also via Na/Ca counter-
exchange!19:12° secondary to elevation of intracellular sodium by sodium
influx through the field-induced pores. The rise in intracellular calcium may
also account for the formation of granules in the mitochondria?5:193, loss of
mitochondrial function!73, appearance of contraction bands?5#!, activa-
tion of membrane phospholipases!’4, and, ultimately, development of
tissue necrosis?3:24118_ Uncoupling of cardiac cells can occur?3?, reducing
conduction velocity or even preventing the propagation of electrical
activity!75-177,

Other effects could arise with the formation of relatively large openingsin
the cell membrane. The alterations in electrolyte content described above
could result in osmotically driven water flow across the cell mem-
brane!26:151.178 producing intracellular oedema and swelling of intracellu-
lar organelles'®3. Pores with large openings also could permit the loss of
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essential enzymes, electrolytes and metabolites to the extracellular medium,
as observed in the haemolysis of red blood cells!2¢:151,

Future directions

Many questions remain regarding electric field-mediated electroporation
of the cardiac cell membrane. Although membrane breakdown appears to
be a well-defined event, the membrane pores can reseal if irreversible
rupture!25-159.160 hag not occurred. Pore resealing is an essential step in the
recovery of the cell from depolarization-induced standstill and unexcitabil-
ity and in the prevention of further overload of calcium ions. Thus, further
experimental work is needed to identify the parameters which control the
resealing process in heart cell membranes, so that the recovery of
myocardial tissue from shock can be better understood. Preliminary data
have been obtained which indicate a highly variable time course for
resealing, ranging from less than 1 second to more than 3 minutes!’°.

The monodomain, bidomain, and periodic structure models described
on pp. 377-82 can be used to describe the coupling of extracellular electric
field in the myocardium to cellular membrane potential. For the example of
Fig. 18.10, the bidomain model predicts a significant change in membrane
potential only in regions directly adjacent to the shock electrodes, whereas
the periodic structure model predicts oscillations in membrane potential in
the bulk of the tissue. The validity of either model can be determined by
experiments which pinpoint the locations where the membrane potential
changes significantly.

The effects of high levels of current on gap junctions and cell-to-cell
connections need to be explored. While single cells cannot be used for these
types of studies, cell pairs can'*5158, Studies of cell pairs thus far have
limited transjunctional potentials to less than 80 mV, in which case the
junctional conductance is ohmic and linear!3%156, The characteristics of
the junctional conductance at higher transjunctional potentials and current
densities are, as yet, unknown. However, changes in intracellular calcium
and pH can mediate the electrical coupling between heart celis!39, If the
junctional resistance between cells becomes comparable to the intracellular
resistance, simulations show that the junction acts as a secondary source
during the flow of externally applied current and produces microscopic
potential gradients from one end of the cell to the other, which is
superimposed on a background potential gradient varying slowly over
many cell lengths!27-144, This situation could result then in sites for
electroporation which could be distributed over additional regions of the
heart.
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In summary, electrical injury to heart muscle, broadly defined to include
even reversible electrophysiological changes, may occur by nonthermal,
membrane breakdown in the region of the shock electrodes during the
application of electric countershock for defibrillation or cardioversion,
particularly for shock levels much greater than the defibrillation threshold
level. By better understanding 1) the coupling between cell membrane
potential and the externally applied electric field by appropriate theoretical
models, and 2) the parameters which control the size, formation rate, and
recovery rates of electrically induced membrane pores, it may be possible to
select better waveform shapes, waveform durations and amplitudes, shock
protocols, electrode configurations and electrode placement to minimize
this form of myocardial injury, while preserving the therapeutic effects of
countershock.
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Skeletal muscle cell membrane electrical
breakdown in electrical trauma
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Introduction

Rhabdomyolysis is a characteristic clinical feature of electrical trauma. The
release of large quantities of myoglobin into the intravascular space! and
the frequent localization of technetium-99 in skeletal muscle? are common
manifestations. It was this attribute of electrical trauma victims that caused
several experienced clinicians to liken electrical trauma to the mechanical
crush injury3®# in its clinical manifestations. More than a decade later, the
pathogenic mechanisms responsible for rhabdomyolysis following electri-
cal trauma have yet to be specifically identified by clinical studies. While
heat generation by the passage of electrical current (joule heating) has
commonly been believed to be the only mediator of tissue injury, over the
past few decades considerable evidence has accrued suggesting that other
nonthermal mechanisms may be important.

In many cases of electrical trauma, particularly when the duration of
electrical contact is short, heating is predictably insignificant in some
regions in the current path where skeletal muscle damage is common (see
Chapter 14). This information has been the motivation to postulate that in
these instances cell membrane rupture due to the induced transmembrane
potential may be the important mechanism of cellular damage. This
chapter describes the rationale for the hypothesis and details the results of
experiments designed to test its validity.

For a given applied electric field, the magnitude of the induced
transmembrane potential imposed by the field depends on the cell size and
orientation in the field. In typical cases of electrical trauma, long skeletal
muscle and nerve cells, oriented in the direction of the electric field, can
experience transmembrane potentials large enough to lead to cell mem-
brane rupture by electrical breakdown®%, a process often termed electro-
poration’ or electropermeabilizations.

401
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Membrane electrical breakdown

Cell membrane disruption by pure electrical stress is a well-documented
phenomenon. Exposure of cells to brief intense electric field pulses has
become a standard laboratory technique to produce cell fusion and to
exchange genetic material between cells®. For artificial planar bilayer lipid
membranes, rupture has been shown to occur when transmembrane
potentials of 200-500 mV are applied for at least 100 us®19. A reversible
electrical breakdown of both artificial and biological membranes has been
shown to occur when transmembrane potentials exceeding 500 mV are
applied for times of the order of nanoseconds to microseconds®11-12,
Permeabilization of rat skeletal muscle cells by induced transmembrane
potentials has been demonstrated on the order of 500 mV applied for
4 ms!3, Membrane electrical breakdown results in increased membrane
permeability, which can lead to chemical imbalances in the cell. If not
reversed, the effects can cause cell disfunction and death.

Muscle impedance changes following electrical shock

In a study by Chilbert ef al.14, the relationship between tissue destruction
and tissue resistivity was investigated. In these experiments, a currentof 1 A
at 60 Hz was passed between the hind legs of dogs until the temperature in
the gracilis muscle reached 60°C. The changes in muscle resistivity
correlated well with the severity of the damage inflicted by the applied
current. Tissue exhibiting severe cellular disruption was shown to have a
resistivity 70% lower than in controls. Tissue exhibiting minimal cellular
damage had a resistivity 20-40% lower than in controls. This study
demonstrated that a decline in the resistance to electrical current is a strong
indicator of cellular disruption in electrical injury.

Field-induced changes have also been observed in muscle tissue
impedance!®. A drop in impedance has been demonstrated to occur
following the application of short-duration, high-intensity electric field
pulses to intact skeletal muscle explants in the absence of significant heating
effects. Impedance of the muscle explant was determined using a chamber
designed for two-port impedance measurements at 10 Hz. For field
exposure, the explants were transferred to a separate chamber filled with a
physiologic saline solution. Electric field pulses were applied which ranged
from 30 to 120 V/em to cover the range of expected tissue exposure in
electrical accidents. The pulses ranged in duration from 0.5 to 10.0 ms,
short enough to prevent significant joule heating. The impedance was
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measured within five minutes following the delivery of a total of 10, 30, and
60 pulses of a specified magnitude and duration. A decrease in impedance
magnitude occurred following electric field pulses which exceeded thres-
hold values of 60 V/cm in magnitude and 1.0 ms in duration. The field
strength, pulse duration and number of pulses were all factors in
determining the extent of the damage. The salient results are illustrated in
Fig. 19.1. Control studies demonstrated that cell disruption was not
mediated by excitation—contraction coupling. This study demonstrates the
relevance of nonthermal damage mechanisms to electrical trauma.

Induced transmembrane potential

Electric field interaction with cells

Characteristically, at frequencies much lower than 1 MHz, mammalian cell
membranes are highly resistive to electrical current passage compared with
the intracellular and extracellular fluids. As a consequence, currents
established in the extracellular space by such low-frequency fields are
shielded from the cytoplasm by the electrically insulating cell membrane.
This shielding leads to large induced transmembrane potentials in certain
membrane regions. For a nonspherical cell, the maximum induced
transmembrane potential depends on the cell’s orientation with respect to
the electric field. The largest potentials are reached when the major axis of
the cell is parallel to the direction of the electric field. This results in large
induced potentials in the ends of the cell.

Major electrical trauma frequently involves the upper extremity, setting
up electrical current pathways as qualitatively described in Fig. 19.2. In
such instances, the long axes of most skeletal muscle cells are oriented
roughly parallel to the direction of the electric field lines. The potentials
induced in the ends of these cells are significantly larger than those
experienced by skeletal muscle cells in any other orientation or experienced
by smaller cell types such as fibroblasts. Thus, skeletal muscle is expected to
be particularly susceptible to damage by the mechanism of membrane
electrical breakdown.

Cable model analysis

To determine the induced transmembrane potential for the case of an
elongated cell aligned parallel to an applied electric field, the traditional
cable model approach® has been used. The cell membrane is treated as an
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Impedance as a function of electric field strength
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Fig. 19.1. Muscle impedance drop caused by exposure to short duration
(d), high-intensity (E) electric field pulses. Pulses were separated by 10
seconds. Impedance measurements were normalized to the initial value
before field pulses were applied. Each point represents the mean and
standard error of the mean for five muscle samples.

electrically insulating cylindrical boundary separating two good electrical
conductors, which represent the intracellular and extracellular fluids. The
membrane as well as both the intracellular and extracellular fluids are
assumed to be homogeneous and isotropic, and to have electrical properties
that are independent of the applied fields until membrane breakdown.
Electrical properties of the membrane are modelled by a series of parallel
resistors and capacitors!®t7, as illustrated in Fig. 19.3. Longitudinal
current in the membrane is ignored because the membrane has a negligible
cross-sectional area. This lumped-parameter circuit model of the mem-
brane is combined with the specified resistivities of the intracellular and
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Impedance as a function of pulse duration
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extracellular media to result in the cable circuit representation. In the
presence of an applied uniform field E(f) in the Z direction, a transmem-
brane potential will be superimposed over the natural resting potential
across the membrane. The cable equations are used to solve for the spatial
distribution of the induced transmembrane potential. Because human
skeletal muscle cells may have significant cross-sectional areas, this
application of the cable model necessitates the use of a boundary condition
which accounts for the transmembrane current through the ends of the cell.
The induced transmembrane potential distribution will be solved for
isolated muscle cells and then for cells within intact tissue.

Analysis of the circuit model leads to a differential equation for the
induced transmembrane potential v, (z,?):

Ovm(z,0)
22 M\
A 0z2

=vm(z,t)+rm%a%zﬁ’t). ¢y
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Fig. 19.2. Illustration of the current path through the upper extremity
during electrical contact. Expanded view demonstrates electric field lines

around muscle cells when the cells are near parallel to the major axis of the
skeletal muscle cells.
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—_—» E(f)

I Muscle cell

Fig. 19.3. Cable circuit model of a skeletal muscle cell aligned parallel to
an applied electric field E(7). V(z,0) is the induced transmembrane
potential superimposed over the natural resting potential. Cell length is
2L; cell radius is a.

The space constant A and the ume constant =, are given by

/ 1 Cm
A= (ri+ro)gm’ 7-m_gm’ (2)

where r, and r, are the resistivities (ohm/cm) of the intracellular and
extracellular fluids respectively, and ¢, and g,, are the capacitance per unit
length (F/cm) and the conductance per unit length (mhos/cm) of the
membrane respectively. For the case of a single cell in an infinitely
extending bath of extracellular fluid, 7, is negligible compared to r; since the
extracellular space is much greater than the intracellular space. However,
when the effects of neighbouring cells are considered, this approximation is
no longer valid.

For simplicity, the cable equation will be solved for the d.c. case. The
analysis for powerline a.c. frequencies has been covered in Gaylor et al®.
With V(z) representing the d.c. induced transmembrane potential, the
differential equation simplifies to

242 Vn(2) _
A dz? - m(z)' (3)

An appropriate solution is
Vu(2) = A sinh(z/}), 4)

where A is a constant to be determined from the boundary conditions. The
boundary conditions constraining ¥;,(z) can be determined from Kirch-
hoff’s voltage law,
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o) 1)+ (o) "

where Ii(2) is the total current in the Z direction inside the cell, and I(2) is
the total current in the Z direction outside the cell.

At the ends of the cell (z= + L), charge conservation requires that the
current through the membrane equal the current just inside the cell
(Zi( £ L)). If the conductance of the portion of the membrane which ‘caps’
the end of the cell is denoted by G, (in mhos),

I(£L)y=xG. V(£ L) 6)

Itis assumed that the magnitude of the induced transmembrane potential is
approximately constant over the entire ends of the cell at Iz | =L.Ttis well
known that electrical properties near the ends of skeletal muscle cells may
differ substantially from the remainder of the cell’s membrane!®. This is
generally attributed to the extensive membrane folds and invaginations
which usually occur at the ends. Thus, it cannot be assumed that
G.=ma’gy,. Unfortunately, this difference has not been well characterized
for most species.

Isolated cell model

For the isolated cell case, it is assumed that I (z) is much greater than [i(z)
because the extracellular space is much larger than the intracellular space.
Therefore, the product r./,(z) can be assumed to be approximately
constant, leading to the condition

rolo(z)~ E,. M
The constant 4 can be determined by substituting the boundary
conditions (6) and (7) into Equation (5), and evaluating at z= L. Thus,

YA sinh(z/)) ®
~cosh(L/X) 1+ Getanh(L/A)’

Va(2)

This potential distribution is illustrated in Fig. 19.5. As shown, the induced
transmembrane potential is greatest at the ends of the cell.

Examination of Equation (8) shows that for typical dimensions and
electrical properties of human skeletal muscle cells, the field in the membrane
at the ends of the cells can be four to five orders of magnitude larger than the
applied field*. This induced transmembrane potential increases with an
increase in cell length to a maximum value of E,\. The potential also
increases with an increase in cell radius. Thus, large cells will have larger
induced transmembrane potentials than smaller cells in the same field.
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Cell membrane

Extracellular
space

Cytoplasm

Fig. 19.4. Hexagonal array representation of a bundle of parallel skeletal
muscle cells. Cell radius is a; extracellular fluid radius is b.

[ .z
= Iz
Va(2)
T Vmax
» 7
—L 0 +L
== Vi

Fig. 19.5. Induced transmembrane potential distribution for an isolated
elongated cell aligned parallel to an applied electric field E,. The electric
field and current in and around the cell are also pictured.

Tissue model

For cells within intact tissue subjected to an electric field, the previous
analysis can be modified to include the effects of neighbouring cells on the
induced transmembrane potential. The cells are assumed to be ordered
parallel to each other in a hexagonal array as illustrated in Fig. 19.4. To
facilitate the comparison of induced transmembrane potential in tissue with
the case of isolated cells, the quantity V_/2L is used as the ‘source’ term,
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where V is the voltage drop across the full length of a cell. For the isolated
cell case, V /2L is equal to the applied field amplitude E,.

In this tissue model, each cell is surrounded by a volume of extracellular
fluid. By symmetry, no current crosses the boundary into the adjacent
extracellular region. This conveniently isolates each cell from its neigh-
bours for the purposes of the analysis. Here, the boundaries are modelled
by cylinders of radius b as indicated in Fig. 19.4. The cross-sectional area of
extracellular space will determine the extracellular resistivity r,. Generally,
for cells that are not on the muscle surface, r, is not negligible compared to r;
and significantly affects the value of the space constant in Equation (2). In
addition, the extracellular electric field amplitude between muscle cells is
not constant in z. Therefore, the approximation of Equation (7) is no longer
valid. The induced transmembrane potential under these conditions has
been derived in Gaylor et al.*:

Ve [Mrotrr| sinh(z/)) o
2L Leosh(L/M) | 142+ )G, + rof(Lrpeanh(Ly )

V()=

Examination of Equation (9) shows that the effect of surrounding cells is
to increase the maximum transmembrane potential beyond that predicted for
isolated cells by Equation (8)°. With more resistance outside the cells (due
to the smaller extracellular space), more current flows through the ends of
the cells, resulting in the larger potential. The more closely packed the cells,
the higher the induced potential.

Charging time

Just as the voltage of a capacitor cannot change instantaneously, the
transmembrane potential will not change instantaneously following a
change in the applied electric field. As demonstrated by Cooper!®, a modal
transient solution to the cable equation that is axisymmetric about z=0 is

Viz,0)=) A, sin(a,z/\)e A +am 0,= % (10)
n=1
Thus, the time-dependent terms decay with a time constant
= (11

+G0)
The time 7, is the maximum time constant and is thus the time required for
the cell to attain the transmembrane potential distribution predicted by the
cable model analysis. For long cells, this time approaches 7, (typically on
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the order of milliseconds), but decreases for cells of decreasing length. The
charging time for skeletal muscle cells aligned perpendicular to the electric
field and for smaller cell types such as fibroblasts is considerably less than
Tme

The fact that the charging time is on the order of milliseconds implies
that, for a 60 Hz applied field, the cell may not charge to its maximum value
during each excursion of the sinewave, since the duration of each excursion
is about 8 ms and its magnitude is only above the r.m.s. value for 4 ms. This
is reflected in the cable model solution for the sinusoidal steady state
derived in Gaylor et g/.®

Imaging the induced transmembrane potential

The potentiometric dye di-4-ANEPPS has been used to measure optically
induced transmembrane potentials in skeletal muscle cells!?. This dye is
taken up by cell membranes and undergoes a change in fluorescence
intensity of approximately 8—-10% per 100 millivolt change in transmem-
brane potential?®. Di-4-ANEPPS is classified as a charge-shift dye since it
undergoes a large charged shift upon excitation. The energy difference
between the ground and excited states is therefore sensitive to an external
electric field oriented in the direction of the shifting charge.

Rat skeletal muscle cells were harvested from adult female Sprague—
Dawley rats!21-22 The isolated muscle cells ranged between 500 and 1000
wm in length and between 15 and 30 um in diameter. The characteristic
striations and numerous nuclei were clearly visible, as illustrated in Fig.
19.6. The average fluorescence intensity change at the ends of cells exposed
to a 5 V/em field was measured to be 10.9 £ 1.6%. This corresponds to an
induced transmembrane potential of about 120 mV. This value can be
compared to the cable model prediction of pp. 403-8. Nominal values for
the membrane electrical properties of rat skeletal muscle cells in culture are
Fm=1/gn=500 Qcm? and r,=100/(ma?) Q/cm'°-2!. The cells used in the
experiment had diameters (2a) of 15-30 um and lengths (2L) of 500-1000
pm. Using these values, the expected maximum induced transmembrane
potential ranged over 20 to 40 mV for each applied volt/cm. Thus, an
applied field of about 5 V/cm is expected to induce a maximum potential in
the range of 100-200 mV for these cells. This was in good agreement with
the measured value, indicating that the cable model derived on pp. 403-8
provides a good estimate of the induced transmembrane potential for
skeletal muscle cells aligned parallel to an applied electric field.
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Fig. 19.6. Isolated rat skeletal muscle cell photographed using 10x and 40x
phase contrast optics. Cells were typically 500 to 1000 um in length and 15
to 30 um in diameter. The characteristic striations and numerous nuclei
are clearly visible. The two ends illustrate typical morphologies of skeletal
muscle cell end regions.
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Electropermeabilization of the skeletal muscle cell membrane

The response of skeletal muscle cells to electrical stimulil has been studied.
The cytomorphological changes induced by intense electric field pulses
were observed using cells bathed in physiological solution. The stimuli led
to cell twitching and contraction. In separate experiments using cells
paralysed in hypertonic solutions and loaded with the fluorescent dye
carboxyfluorescein, induced changes in membrane diffusive permeability
were observed and quantified. In this way, the thresholds for membrane
damage due to membrane electrical breakdown were determined.

Rat skeletal muscle cells were used in these experiments, as described on
pp. 411-12. Carboxyfluorescein diacetate was used to determine cell
viability and to demonstrate and quantify changes in cell membrane
permeability. This dye diffuses across cell membranes, where esterases of
healthy cells cleave the dye molecules producing carboxyfluorescein. This is
a negatively charged fluorescent molecule that does not diffuse readily
across the cell membrane and thus accumulates in the cytoplasm. Only cells
with cell membrane integrity will retain the dye.

In most experiments, a pulse duration of 4 ms was used. This value was
chosen for its relevance to electrical injury. It is the time during which the
voltage in a 60 Hz signal is above its r.m.s. value, occurring twice every
cycle. Thus the 4 ms square pulse roughly models the ‘pulses’ of a sinusoidal
signal.

Cytomorphological response

Isolated skeletal muscle cells in isotonic solutions responded dramatically
to the application of brief electric field pulses. Cells exhibited a strong
twitch in response to all stimuli imposed (fields of 30-300 V for durations of
0.1-4.0 ms). This response was more pronounced for the stronger and
longer duration pulses. Cells aligned perpendicular to the applied electric
field exhibited a more forceful twitching response, in general, than those
aligned parallel to the field.

In one set of experiments, a pulse of 1-4 ms duration and 100-300 V/cm
magnitude was applied every 15 seconds until irreversible contraction
occurred. A typical experiment is pictured in Fig. 19.7. In this case, a cell
approximately 1 mm in length aligned perpendicular to the field was
exposed to 1 ms, 300 volt/cm pulses. Irreversible contraction occurred after
only one pulse (b). Several more pulses resulted in the total collapse of the
cell (¢),(d). Similar responses were observed in all other trials. The higher
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Fig. 19.7. Typical cytomorphological response to electric field pulses of 1—
4 ms duration and 100-300 V/cm magnitude. In this series of photo-
graphs, the cell was exposed to a 1 ms, 300 V/cm pulse every 15 seconds.
The cell was about 1 mm long (grid is 100 wm) and aligned perpendicular
to the applied field (a). After a single pulse, an irreversible contraction
occurred (b). Further pulses led to the eventual collapse of the cell along its
long axis (¢, d).
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field strengths and pulse durations, in general, caused more rapid cell
collapse.

The twitch response exhibited by cells in isotonic solutions was the
natural cellular response to a membrane action potential. Apparently, the
perpendicular field is more effective in producing a contraction in isolated
cells. This observation is unexplained but may be a result of cellular
structure. The T-tubules are themselves perpendicular to the long axis of
the cell. These small channels transmit electrical signals to the inside of the
cell, causing the release of calcium from the sarcoplasmic reticulum and
triggering the contractile response. When the cells were perpendicular to
the field, the current could flow through the T-tubules from one side to the
other. When the cells were parallel to the field, the current in the T-tubules
must have been zero along the centre axis of the cell. Thus, the contractile
mechanism received a stronger electrical stimulus when the cell was
perpendicular to the field, leading to a more dramatic response. The
increased response may also have to do with the longer charging time of
parallel cells compared to perpendicular cells.

The irreversible contraction that occurred indicated damage to the
excitation—contraction coupling mechanism or to the contractile apparatus
itself. The total collapse of the cell can be explained only by a breakdown of
the contractile proteins, since the intact structure can only contract by
about 32%?23. It is well known that actin and myosin filaments are very
sensitive to their environments and that small changes in pH or ion
concentration cause their breakdown into globular form2?4-2¢. These
changes are expected following membrane disruption.

It appeared that the cell membrane remained largely intact, but
significantly permeabilized, following pulsed electric field applications and
resultant cell collapse. In experiments performed with cells loaded with
carboxyfluorescein in isotonic solution, no obvious dye leakage was
observed, even following the collapse of the cells. However, in most cases,
the overall cell fluorescence intensity appeared to the eye to decrease at a
rate beyond that due to bleaching, indicating an increase in the membrane
permeability to the dye molecules. Quantification of the dye leakage using
this protocol was not possible due to the movements of the cells. The next
section describes experiments where quantification of the rate of dye
leakage was possible. It is important to note that the volume of the cell in
Fig. 19.7 following its collapse is roughly the same as it was before the
collapse. The length was reduced by a factor of about 6.5, but the radius was
increased by a factor of about 2.5. Modelling the cell as a cylinder, the
volume is proportional to the length and to the square of the radius. Thus,



Skeletal muscle cell membrane electrical breakdown 417

the volumes are approximately the same. It appears that no cytoplasm was
lost in the process.

Membrane permeability changes

In order to quantify changes in membrane permeability using fluorescent
dyes, it was necessary that the cells remained absolutely stationary during
the protocols. It has been shown that contractility can be completely
blocked by exposure to solutions of tonicity made two to three times
normal by the addition of solutes unable to penetrate the cell mem-
brane27-28, Membrane properties such as the transmembrane potential are
not significantly affected. Thus, for use in the following experiments, the
tonicity of phosphate buffered saline (PBS) was made 3.0 times normal with
either sucrose or mannitol.

The experiments performed with cells loaded with carboxyfluorescein in
hypertonic solutions were designed initially to provide visual evidence of
membrane disruption by making evident sites of dye leakage. However, at
no time was such obvious leakage detected, indicating that the effect of the
field was to permeabilize but not to grossly rupture the cell membrane.
Membrane permeability changes were observed as an increased rate of dye
loss from cells in hypertonic solutions. As will be seen, the induced
transmembrane potential required to produce these changes is in the range
known to cause membrane electrical breakdown.

The experiments demonstrating electrical breakdown were performed
using cells aligned perpendicular to the applied field. Experimental
conditions prohibited observation of increased permeability states induced
in cells aligned parallel to the field. The hypertonic solution used to paralyse
the skeletal muscle cells caused the removal of some water from the cells. It
was demonstrated, using the potentiometric dye di-4-ANEPPS (see pp.
411-12), that the water loss appeared to alter the internal structure of the
cells, blocking the current flow along the long axes of the cells. Cells in
isotonic solution exhibited induced transmembrane potentials roughly as
predicted by the cable model analysis of pp. 403—-8. However, this response
was nearly eliminated for cells in hypertonic solutions of 3.0-times normal
tonicity!3. The changes in the internal structure of the cells that led to these
problems probably have to do with the membranes of the T-tubules and the
sarcoplasmic reticulum which exist at each sarcomere. The loss of water
may cause some overlap or bunching of the membranes leading to the
blockages. One need not assume that this occurs at every sarcomere to
explain the observations, but it must occur frequently along the cell. This is
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not expected to affect the results significantly when the cells are aligned
perpendicular to the field because the membrane blockages are in this case
parallel to the electric field, and current flow will not be appreciably altered.

Cells exposed to 20 4 ms 300 V/cm pulses spaced at 15 s lost all or nearly
all fluorescence intensity in the 15 minutes following the exposure if aligned
perpendicular to the applied electric field, but appeared unchanged if
aligned paraliel. Cells exposed to 250 V/cm pulses and aligned perpendicu-
lar to the field exhibited evidence of slow dye leakage. Large fluorescence
intensity losses were usually not noticed until 30 min after exposure. It
could take an hour or longer for cells to lose all intensity. When cells were
exposed to 200 V/cm pulses, only slight differences between the fluores-
cence intensities of perpendicular and parallel cells were noted 1 hour after
exposure. Cells exposed to 150 V/cm pulses showed no obvious intensity
loss beyond that which occurred in cells of both alignments due to natural
leakage and bleaching.

The induced changes in membrane permeability following electric field
exposure were quantified for applied fields of 250, 272, and 300 V/cm. All
cells were aligned perpendicular to the field. Using image processing
techniques, average cell intensity as a function of time was plotted. To
facilitate comparison of the responses, each intensity value in a given trial
was normalized to the intensity value recorded immediately before pulse
application began and the normalized plots were averaged. The results are
shown in Fig. 19.8. Fluorescence intensity loss in cells occurred before the
puise application due to the combined effects of natural dye leakage and
bleaching. These effects were removed from the data by subtracting the
initial rate of dye loss. The results are shown in Fig. 19.8. In this figure, the
fluorescence intensity drop is due solely to the effects of the electric field
pulses.

The maximum induced transmembrane potential in a cell aligned
perpendicular to an applied electric field E, is approximately E,d, where dis
the cell diameter!3. The diameters of the cells in hypertonic solution were in
the range of 15-20 um. For this range, the predicted induced potential for
an application of 250-300 V/cm is approximately 400-600 millivolts. These
potentials are in the range known to cause membrane electrical breakdown
for pulse widths on the order of milliseconds and a temperature of about
25°C!8_ For shorter pulse widths and/or lower temperatures, the critical
potential is expected to be higher. However, for the physiological
temperature 37 °C, the critical potential is expected to be lower.

The experiments were performed at room temperature. The temperature
rise in the chamber due to the electric field pulses was never more than 5 °C.
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Fig. 19.8. Cell fluorescence intensity as a function of time for cells exposed
to twenty 4 ms electric field pulses of the indicated magnitude between the
10 and 15 min marks. The effects of natural dye leakage and bleaching
have been subtracted off. Thus, the intensity drop is due solely to the
effects of the electric field pulses.

Thus, the chamber temperature never exceeded the physiological tempera-
ture of 37 °C, and thermal damage could not have contributed to the
permeability changes measured.

As illustrated in Fig. 19.8, the damage incurred by the cells due to the
field exposure appears to be at least partially reversible. For a field
application of 300 V/cm, a complete reversal seems to occur during a 5 min
period following the exposure. This effect may be due partially to non-
linearities of the imaging system, as the cell intensities were significantly
lower 5 min after the exposure than they were at the start. It is also likely
that the cell exposure to the hypertonic solution caused some dye to become
trapped in the internal membrane system due to water removal. In this case,
the cell intensity cannot be expected to go to zero, and irreversible damage
could lead to the results illustrated in Fig. 19.8. However, the fact that the
slope began to reverse almost immediately after the exposure was
completed is evidence that at least a partial reversal of the permeability
increase occurred. The trials using 250 and 275 V/cm showed less evidence
that a small, but steady, dye loss could proceed for as long as an hour after
exposure.

Reversible electric breakdown of artificial planar bilayer-lipid mem-
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branes has been shown to occur at higher potentials than those causing
irreversible breakdown!!. The proposed reason for this is that, when higher
voltages are applied, the membrane quickly breaks down and discharges,
analogous to the breakdown of a capacitor. This quick phenomenon
(thought to last on the order of nanoseconds) appears to cause no lasting
damage to the membrane. However, lower induced potentials lead to a
slower discharge, and more permanent damage to the membrane.

Conclusions

This final section will examine the relevance of the experimental results to
electrical injury. It will be assumed that the threshold determined using cells
perpendicular to the applied field holds generally. That is, membrane
electrical breakdown occurs for the skeletal muscle cell membrane
whenever and wherever potentials of the order of § volt are induced. This
results in a state of increased membrane permeability which, if not
promptly reversed, can lead to chemical imbalances in the cells.

Cell membrane disruption can also be caused by exposure to supraphy-
siological temperatures?-32. The kinetics of the two processes are quite
different. Membrane rupture caused by temperatures of 45 °C to 60 °C
occurs over minutes while rupture by electrical breakdown can occur in less
than 100 us. Thus, membrane electrical breakdown may occur long before
joule heating becomes significant. These separate processes may also act
synergistically; heating appears to increase the probability of membrane
electrical breakdown?33.

In order to determine the applied electric field strength that puts a muscle
tissue at risk of membrane electrical breakdown, the induced transmem-
brane potential, as a function of field strength, must be known. The cable
model analysis of pp. 403-8 provides this relationship for cells aligned
parallel to the applied electric field. The induced potential is largely
dependent on the cell length and radius. For the isolated skeletal muscle
cells used in the experiments, an applied field of only 10-25 volts/cm could
lead to an induced transmembrane potential of 1 volt in the ends of cells
aligned parallel to the electric field. As shown in pp. 403-8, cells in intact
muscle experience larger induced transmembrane potentials than isolated
cells for a given applied field, so the required applied field for membrane
electrical breakdown may be significantly less than this amount. For larger
human skeletal muscle cells, which can reach lengths of 10 cm?23, the value
should be lower still. Nevertheless, for the purposes of the following
discussion, the critical electric field will be assumed to be 25 volts/cm. As
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Fig. 19.9. Electric field strength and contact duration required for cellular
damage by thermal and electrical mechanisms. Membrane electrical
breakdown will occur for fields above 25 V/cm for any realistic contact
duration. For large fields or long contact durations, thermally mediated
damage will mask this effect, as indicated by the temperature curves. Thus,
membrane electrical breakdown is important at low field strengths and
short contact durations.

will be seen, the value is low compared to the fields generally required to
produce significant heating with contact durations of interest, so a more
precise value is not required for the comparison of the two mechanisms.
The heating expected to occur in muscle tissue experiencing a given field
strength E for a given period of time ¢ can be easily computed using

AT= (12)

where ¢ is the conductivity of the muscle, E is the applied electric field, ¢ is
the time of exposure, p is the density of the muscle, and @ is the specific heat
of the muscle. Muscle tissue has a conductivity ¢ of approximately 4 x 10~3
mhos/cm and a product p# of approximately 4.14 J/gm/°C'2. Thus, the
temperature rise in °C is about E2>T/1000. This equation is plotted for
temperature rises from 37 °C to 45 °C, 50 °C, 55 °C, and 60 °C in Fig. 19.9.
The effects of these elevated temperatures on skeletal muscle cell
membranes are examined in Chapter 15.

As shown in Fig. 19.9, there is a large range of exposures having short
duration andjor low intensity that can lead to membrane electrical breakdown
but not to thermally mediated damage. Typical electrical injury exposures
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will now be examined in order to demonstrate the relevance of this region.

According to an Edison Electric Institute 1984 report, the most common
nonfatal high-voltage electrical injury experienced by electrical utility
workers results from contact with a 6000—10000 volt electric powerline.
The current entry and exit sites on the body determine the strength of the
electric field experienced by the tissues. A hand-to-hand contact between
the line voltage and ground would lead to an average field in the arms of
about 60-100 V/cm, assuming an arm length of 0.5 m. Hand-to-foot
contact would lead to a similar average field in the arm, but a lower average
field in the leg due to its greater length and width. Contacts separated by
shorter distances can lead to much higher electrical field strengths in the
tissue. Thus, in most cases of high-volitage electrical injury, the fields in the
muscle tissues are great enough to cause membrane electrical breakdown.

It is interesting to compare these ‘high-voltage’ exposures to the ‘low-
voltage exposure’ of a child sucking on a household extension cord. In the
latter case, 120 volts is dropped across about 1 cm, setting up an electric
field larger than that occurring in many cases of high-voltage electrical
injury. Since it is the field strength that determines the extent of heating and
membrane electrical breakdown, it is clear that the classification of injuries
into ‘high-voitage’ and ‘low-voltage’ has little relevance clinically.

The duration of voltage contact in most cases of electrical injury is not
known. High-voltage injuries often occur without physical contact with the
voltage line since arcing through the air can establish the current flow. In
these cases, the victim is quickly thrown away from the line and the contact
may last only a fraction of a second. In the other extreme, victims grasping a
dead line will usually find themselves unable to let go when the line is
energized due to muscular contractions. In this case, the contact may last
for a few seconds longer. Long contacts also can occur when victims fall on
a line or a line falls on them and the victim can not easily escape. As
illustrated in Fig. 19.9, for long contact durations, occurrence of membrane
electrical breakdown will be masked by thermally mediated damage.
However, for short contact durations, membrane electrical breakdown
may be the primary mechanism of cellular damage.

The occurrence of membrane electrical breakdown may explain the
clinically observed ‘progressive’ necrosis of muscle tissues. Damage caused
by this mechanism may be initially unrecognized since the tissues will not
appear to be burned. The chemical imbalances in the cytoplasm which
result from the electropermeabilization may lead to a slower rate of cell
death than that caused by protein denaturation and other thermal effects,
particularly if the permeabilization is reversed following the exposure. By
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recognizing this, appropriate therapeutic treatments may help salvage
tissues which are currently lost.

In summary, it has been demonstrated that electrical injury is more
complicated than was previously thought. As shown, heating of tissues
cannot account for all of the damage observed clinically in typical cases.
The patterns of damage that occur can only be explained when the two
mechanisms of joule heating and membrane electrical breakdown are
considered.
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Theory of nonlinear conduction in cell
membranes under strong electric fields

RAPHAEL C. LEE
KWASI PRAKAH-ASANTE

Introduction

Many of the immediate clinical signs of electrical injury relate to
neuromuscular damage. Intense muscular spasm and rigour are often
described by witnesses and are frequently observed on admission to the
hospital. These observations in addition to the release of myoglobin into
the circulation suggest that muscle cell membranes are often ruptured by
electrical trauma.

Bilayer—lipid membranes comprise 60% of cell membranes. When
bilayer-lipid membranes are exposed to electric fields, their electrical
conductivity and diffusive permeability increase. This process has been
termed electroporation. The theory of electroporation assumes that
thermally driven molecular defects or pores transiently form in bilayer—
lipid membranes. These pores explain the ability of large molecules like
glucose to permeate. When strong enough electric fields are imposed in the
bilayer, the pores enlarge. If the pores become large enough, then the
membrane ruptures.

Depending on the make-up of the membrane, the threshold transmem-
brane potential required to cause membrane rupture by electroporation
ranges in amplitude from 300 mV to 500 mV and is 100 us or more in
duration!2:3. The resultant increase in transport allows substances which
cannot normally permeate the membrane (e.g. DNA), to cross. Even
localized rupture may spontaneously reseal. Electroporation can, there-
fore, be used for sequestering proteins, DNA, and various drugs into cells*.
During application of the voltage pulses, if the membranes of neighbouring
cells are close enough, they may fuse to form a hybrid cell.

Because the membrane defects fill with water, détermining the defect size
is important in modelling the electrical properties of the membrane. To gain
physical insight into this process, this work aims to develop a quantitative
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model of the conductivity of a planar bilayer membrane with a transmem-
brane potential imposed by a d.c. voltage source. Using the steady-state
solution of Weaver’s?:3-7 statistical model of pore size distribution and the
solution of Jordan’s'® model for the conductivity of an electrolyte-filled
pore, the relationship between bilayer—lipid membrane conductivity and
transmembrane potential is calculated.

Distribution of pores in bilayer-lipid membranes

The statistical theory of electroporation describes the pore size distribution
to be a function of the transmembrane potential3-*-¢7 (see Fig. 20.1). For
simplicity, and due to lack of detailed information about the geometry of
pores, they are assumed to be cylindrical. Consider a flat, rectangular patch
of bilayer-lipid membrane of thickness & surrounded on both sides with
physiologic solutions. When a pore, of radius r, is formed in the membrane,
an area equal to =72 is removed from each membrane surface, and a surface
of area 2ar8 is formed within the cylindrical pore. Let I" be the bifacial
energy per area of membrane in contact with the surrounding water.

Since the lipid molecules along the edge of a pore are squeezed closer
together than those in the bulk of the membrane, extra energy is required to
form an edge. Let « be the energy required to form a unit length of pore
edge. V £n(r), the total mechanical energy required to form a pore of radius
r, is then given by:

Vénlr)=2mry —ar2l 1))

and

y=xt @)
and y is the total mechanical energy stored per unit length of pore edge.
With a transmembrane potential, V,,, across the membrane, there is a
decrease in electrical energy when a pore is formed. This is because the
electrolyte which fills the pore has a higher dielectric permittivity, e,, than
that of the bulk bilayer—lipid membrane, ¢,. The decrease in electrical
energy, V &(r,Vy), is given by:

Vélr,Vm)=mr?ali A3)

where

€, €m
a=""_""8

2
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Fig. 20.1. Energy required for a pore with a radius r, to form a bilayer—
lipid membrane.

Therefore, V £(r, V), the total increase in energy due to the formation of
a pore of radius r in the bilayer-lipid membrane, is

VEr, Vi) =2nry —ar* (T +aV3) 4)

The bigger the value of V&(r,Vy), the higher the energy barrier
preventing the formation of pores, and, therefore, the less probable it is for
pores of radius r to be formed in the membrane. The radius for the peak
value of V &(r,V,,) is defined as the critical radius, r.(V},). For radii less than
r«{(Vn), the energy barrier increases with pore radius, and, therefore, small
pores are more likely to be formed than bigger pores. When the
transmembrane potential, ¥V, increases, V§£(r,V,) decreases, and it
becomes more probable for more pores of bigger radii to be formed in the
membrane. Pores of radii bigger than r(V,,) spontaneously increase in size
and cause the membrane to rupture.

In the steady state, the distribution of pores in a patch of membrane is
given by:

n(r,Vn) = n(0,0)exp[ — A¢1r, V)] %)

with n(r,V,,)dr = the number of pores with radius between r and r+ dr of the
membrane, and
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B=1/KT (6)

o(r,Vidr, the number of pores with radius between r and r+ dr per unit
area, is obtained by normalizing n(r,V,) to 4, the membrane area:

n(o,0)

p(r, Vi) == —exp[— BAE(r, V)] ™)

A continuum model of bilayer-lipid membrane conductivity

By considering the pores of different radii in the membrane as electrically in
parallel, and assuming no conduction through the unperforated portions of
the membrane, the average conductivity of a patch of bilayerlipid
membrane is estimated as a function of transmembrane potential. As the
transmembrane potential increases, the numbers and sizes of pores increase
and the membrane conductivity increases. The predicted membrane
conductivity at zero transmembrane potential is compared with measure-
ments to refine electroporation theory by determining the constant p(0,0)
(Fig. 20.2).

Conductivity of a single pore in a bilayer-lipid membrane

Conduction of electrical current through a single pore of radius r for a
transmembrane potential V,,, (Fig. 20.2). is estimated from three resistances
in series;

1 Resistance to current flow from the bulk solution to the pore
entrance, R,(r).

2 Resistance to current flow through the pore channel, R,(r, V).

3 Resistance to current flow from the pore exit to the bulk solution,

Ry(r).

The entrance and exit resistance is equivalent to the resistance of current
flow into a perfectly conducting disc on the surface of an insulating sheet
which has been shown to be8:

Ry == Ro) ®)

where, o, is the conductivity of the surrounding physiological solution.
Since the conductivity of intracellular fluid is approximately equal to that of
the surrounding physiological solution, R,(r) is approximately equal to
R,(r). Ry(r,Vy) is estimated using Eyring rate theory with the primary
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Bllayer-Lipid *
membrane R,

Fig. 20.2. Current through a pore in a bilayer-lipid membrane.

energy barrier being the Born energy for ion transport through a pore in a
pure bilayer-lipid membrane®.

Estimation of the Born energy

An estimate of the Born energy barrier, Ey(r), for an ion of charge, zq, to
cross a lipid membrane of dielectric permittivity, ¢, through an aqueous
pore with radius, r, is much smaller than its length, has been computed by
Jordan?® for a cylindrical pore of radius, r, and length, §. The maximum
energy barrier to ion flow through the pore, Ep(r), is given by

E=2La(2) ©

zq
et

w

where 45(%) is the image potential for an ion at the centre of the pore.

q is the charge of an electron.
¢, 1s the dielectric permittivity of water (~ 80 ¢,).
Equation (9) is plotted as a function of r in Figure 20.3.

From Jordan!® when r>3—2, <D( 5 ) is well approximated by

of2)-e e 2]

where @ ( ) is the image potential due to an ion in an infinite pore.
€(x)
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Fig. 20.3. Born energy for ion transport through a pore.

Current density through an aqueous cylindrical channel

Assuming the rate of entry of ions into a pore is sufficiently low that ion—ion
interactions or space—charge effects are eligible, the electric field within the
pore is approximately uniform. Therefore, with the addition of the image
potential, the constant field approximation from Eyring rate theory can be
used to describe the flow of ions through such a pore. The problem is solved
for the univalent case®.

R,(r, V) describes the resistance to flow of ions through an aqueous
cylindrical channel of radius r, and, in general, depends on the potential
across the channel Vg (V,). The conductivity is assumed to be uniform
within the pore. Thus, from Ohm’s law,

)

Rz(r’Vm)=m (a1

where the pore conductivity, o,(r,Vy), is defined by
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Jz(r, Vm) = O'p(r’ Vm)Ez(r’ Vm) (12)

where J,(r,Vy) and E,(r,Vy,) are respectively, the current density and electric
field in the channel (Fig. 20.3).

According to Eyring rate theory®!! the current density, J(r,V,,), can be
represented by two opposite rate constants:

JAr, Vi) =zq(c1ky,— c1ksy) (13)
where
[ _Zchh
ki,=fexp —GB(V) 2 ] (14)
KT
and
[ Zchh
_E =t
Kau=fexp #] as)
KT

=K7T =6x10'2 571, T, K, h, ¢, and ¢, are the absolute temperature,
Boltzmann’s constant, Planck’s constant, and the ionic concentrations on
sides 1 and 2 of the membrane. The current density J,(r, V), as a function of
V., and the Born energy, Eg(r) is therefore:

Eg(r)

J4r, Vch)=@§e_”sinh(52‘%}h) (16)
and
260KT ~37 . (2qVar
o, V) = SV e s1nh(ﬁ) (7)

o, is plotted as a function of both V;, and r in Figure 20.4.

Bilayer-lipid membrane conductivity

From the distribution of pores in the membrane, p(r,V7,), and considering
all the pores of different sizes in parallel, the average conductivity of the
membrane is estimated as follows:

rVm
O'm( Vm) = jo P(r9 Vm)T"r2 Up(r5 Vm)dr (18)

p(r,Vm) and o,(r,Vy,) are obtained from Equations (7) and (17) respectively.
The predicted membrane conductivity, on(Vy,), is compared with measure-
ments to refine electroporation theory by determining the constant p(0,0).
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Fig. 20.4. The conductivity of a pore in a bilayer-lipid membrane at two
different transmembrane potentials (0 mV, 200 mV and 350 mV). The
conductivity is normalized to that of the surrounding solution.

Figure 20.5 shows a plot of the conductivity of a bilayer-lipid membrane,
om(Vw), as a function of the transmembrane potential, ¥,. Increase in
transmembrane potential increases the number and average radius of pores
in the membrane, and, consequently, increases both the fraction of
membrane area occupied by pores and the membrane conductivity. This
model predicts that the electrical properties of cell membranes are a strong
nonlinear function of transmembrane potential.
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abdominal aortic occlusion 100
abdominal cavity 100, 110-11, 127
abdominal wall 110-11, 112 (fig.)
acetylcholine 190-1
acetylcholine esterase 191-2
acidosis, systemic 190
activation energy 40, 192
adenosine monophosphate (AMP) 181
adenosine triphosphate (ATP) 181, 190
adsorption 242-3
adult respiratory distress syndrome
(ARDS) 110

ages of patients (US) 83, 84 (fig.)
air, breakdown strength (at STP) 38 (table)
ampacity 4
amperage 85
amputation, traumatic 99
amyotrophic lateral sclerosis 134
anaemia, acute 127
aneurysm 126
anistrophy 143
antibiotics 130
antithromboxane agents 148, 185
arachidonic metabolites 84
arc burns 18-19, 36-7, 85

child 163
arcing 36, 131-2, 147
antecubital fossa lesions 147
anterior chest wall 110
aqueous cylindrical channel, current

density through 431-2, 433 (fig.)

arachidonic acid 182

metabolites 1824 passim
Arrhenius equation 192, 255
arteriography 66-8, 94
arteries 52

large 194-5
auditory sequelae 29, 30 (table)
associated trauma 90
auricular fibrillation 125

avulsion injuries 181
axillary burn 113

bacterial colonization of burn 100
bilayer—lipid membranes 42633, 434 (fig.)
conductivity 433, 434 (fig.)
conductivity continuum model 429
pores distribution 427-9
single pore conductivity 429-30
biochemical investigations 66
bioheat balance equation 3940
black coating of skin 63, 64 (fig.)
bladder necrosis 100
blood assays 66
blood flow through tissues 273
blowout burn 86, 89 (fig.)
blunt trauma (free fall) 132
bone 52
cortical 47
heat dissipation by 180
heterotopic calcification 101
high-tension electrical current effect on
108
temperatures 146
bone marrow aplasia 100
Born energy barrier 4301
breakdown strengths of materials 38 (table)

calcium 295, 297, 387
overload 387

calectrin 72 (table)

carbofluorescin 286, 413

carbofluorescin diacetate 286, 413

cardiac defibrillator (cardioverter) output
364

cardiovascular arrest 18, 125

cardiovascular sequelae 29, 125-6

cardioverter (cardiac defibrillator) output
364

carpal tunnel syndrome 68, 101, 135
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cataract 29, 69, 100, 109
causalgia 136
cell 36
membrane see cell membrane
muscle see muscle cell
response to supraphysiological
temperatures 404, 181, 281-99; see
also under muscle cell
termotolerance 255-7
cell membrane 36, 46, 58, 59 (fig.)
non-linear conduction under strong
electric fields 426-34
rupture by electric fields 301-22, 402;
electrical behaviour: associated with
reversible electrical breakdown 314—
15; electrical behaviour: comparison of
experiment and theory 315-16;
electrical behaviour: rupture in planar
bilayer membranes 310-14
cell shock (stress) 181-2, 320, 321 (table)
cephalosporin 130
cerebral syndromes 135
cholecystitis 127
circuit breakers [1-12
classification of injury 58-60
clathrin 72 (table)
clinical course of electrical injuries 20-2
Clostridium perfringens 68
clotting abnormalities 127
cochlear lesions 29
coma 135
compartment pressure monitoring 128
compartment syndrome 66, 88-9
decompression 68, 89, 90, 170
complications 124 (table)
computer simulation of electrical shock
(Tropea and Lee) 57
conductivity 5, 6
conductors
phase 8-9
primary 9
conjunctival burn 127
conjunctivitis, chronic 25
consumptive coagulopathy 127
contact point 90, 95 (fig.)
non-fatal injuries 52
corneal burn 25, 127
creatine kinase 99
crest temperature vs specific energy 204
(fig.)
crush injury 181
crystalloid, excessive 129
cubital tunnel syndrome 68
current 4
current path 144
cutaneous injury 123
cyclic adenosine monophosphate (cAMP)
182

death
apparent 16-21
delayed onset 20-2
immediate 16
dialectric breakdown 36-7, 315; see also
reversible electrical breakdown
direct current injuries 86
dissociated cerebral sequelae (incomplete
post-concussional syndrome) 23, 26
(table)
DMSO 71, 73 (fig.)
Doppler assay 66
double insulation 12-13
duration of contact 57
dynamic zone of stasis 170

eardrum rupture 127
elbow burn 113
electric arc 6-7
electric chair 3
electric conduction (ohmic) 34-6
electric fields
first order 337-9
in tissues 34, 147-8
electric impedance spectroscopy 205-13
automated techniques 208-9
interspecies similarity 210
pathology 210-13
probes 208
tissue specificity 210
electric impedance technique 216-36
see also impedance; resistance
electric mark on ungual phalanx 19 (fig.)
electric shock
intended/expected 13
parameter 7-8
electrochemical conversion at body surface
35 (fig.)
electrocompression 334-5
electrodes 239-45
electroencephalographic abnormalities 24
electrolyte derangements 66
electrometer amplifiers 247
electroporation (electropermeabilization)
44-6, 53-7, 302-3, 327-5
anistropic elastomechanical instability
theory 327-56; base state 330-5; first
order electric field 337-9; linear
stability analysis 335-7; marginal
curves 344-52; Maxwell stresses 337-9;
membrane elasticity 340-4; stability
maps 344-52
artificial planar bilayer membranes
309-10
biochemical mildness 315
cardiac cells 385
isolated cells 303-8
membrane recovery after 319-20
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molecular transport associated 318-19
pore sizes 317-18
reversible electrical breakdown 314
rupture in planar bilayer membrane
310-14
tissue 320-2
electroporation-related phenomena 302-3
electrostatic shock 8
electrothermal burns 19-20, 21 (fig.)
energy—distance determination of tissue
vitality 204 (fig.)
epidermis 35, 84
epidural abscess 107
escharotomy 66, 68, 130
extremities 112-20
management 114-20
see also upper extremity
Eyring rate theory 430, 431

Faradaic process 241-2

Faraday’s law 241

fasciotomy 66, 67 (fig.), 68, 90, 92 (fig.),
130

fibroblast 42-3, 47

muscle cell compared 49 (fig.)

finger, burn of 19 (fig.), 20 (fig.) 21 (fig.)

flame burn 163

flash burn 120

fluid loss into tissues 126

foot, electrothermal burn of 21 (fig.)

‘foot-in-the-door’ mechanism 319

four-electrode in vitro impedance chamber
246

four-electrode technique 2434

four-terminal one-port Kelvin
measurement 243

free fall (blunt trauma) 132

frequency 4, 60

furosemide 129

fusagenic proteins 71, 72 (table)

fuses 11-12

gall bladder necrosis 100

gastrointestinal bleeding 127

gastrointestinal symptoms/complications
100, 127

Gauss’s law 337, 338

glass, breakdown strength 38 (table)

Gouy—Chapman diffuse layer capacitance
240

ground fault circuit interrupter 12

grounding 6

Guyons canal compression 68

haematological complications 127
haemochromagen 89
haemoglobin release 126
haemorrhage, massive 126
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heart
countershock 361
direct damage 100
myocardium see heart muscle cells
rate/rhythm abnormalities 99
ST-T wave changes 126
heart muscle cells, electrical injuries 99—
100, 361-89
autonomic nervous system effect 365
cellular homeostasis alterations 387-8
electric field distribution 377-82;
bidomain model 377-82; current
density 377; monodomain model 377—
82; periodic stucture model 377-82;
potential gradient 377
electroporation 385
experimental observations 363-75; cell
contractility 371-4; cell contracture
threshold 371-4; cell membrane 374-5;
cell orientation effect 370-1; cultured
cell aggregates 367; enzymatically
isolated single cell 367-70; in vitro
muscle strip 365, 366 (fig.), 368 (fig.);
stimulus threshold 370-1; whole heart
363-5
external electric field effect on cardiac
cell potential 382-4; cell orientation
382—4; cell-to-cell coupling 384;
effective cell length 384; electric field
intensity 382; restricted extracelluar
space 384
future directions 388-9
potential gradient 386-7
theoretical models 376-7
heat damage see thermal damage
heat-death equation 255
heating 5
HeLa cells 273
Helmholtz—Perrin double-layer capacitance
240
hertz (Hz) 4
60 Hz transmission/distribution system
89
60 Hz, 120/240 V electrical system 10d
high-tension electrical injuries 145
high-voltage burns 85, 86, 88 (fig.), 220
high-voltage electrical injury model (Royal
Victoria Hospital, Montreal) 52-3
history 3, 105
hospital admissions (US) 83
hypermetabolism 128

impedance 21618
experimental studies 219-36; methods
225-7; results 227-8
imaginary (reactance) 217
impedance spectroscopy 239-51
current distribution 245-7
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impedance spectroscopy (cont.)
electrodes 23945
measuring instruments 247-50
incidence (US) 83
industrial electrical accidents 15-29, 30
(table), 31 (fig.)
etiology 16
infection 128
inflammatory mediator model 148
inhomogenous resistance tissue model
145-7
initial assessment 105-6
initial lesions 18-20
instrumentation amplifiers 247-8
intensive care 18
International Electrotechnical Commission
publication 479, 16, 17 (fig.)
interphase nuclear pyknosis 190
intestinal necrosis 100
intestinal perforation 100
ion channel blockers 71
irreversible (mechanical) breakdown 310

joule heat (J) 145
joule heating 34, 38-40, 49, 144-5, 184
Joule’s law 145

kidney failure 20

Laplace equation 259
laws of physics 143-8
lectins 72 (table)
let-go threshold (phenomenon) 7, 38
patient’s inability to let go 85
lightning 7-8, 13-14, 60
incidence (Us] 83
linear dynamics 336
linear membrane mechanics 341-2
linear stability analysis 335-7
lip, burn of 19-20, 24 (fig.)
loop diuretics 129
low-voltage burns 85, 86, 87 (fig.)
lung, direct damage 100
see also pulmonary complications
lysosomes 71, 73 (fig.)

macromolecules
denaturation 58
synthetic 70
mafenide (Sulfamylon) 68
management 60-9, 114-20, 128-32
contact sites 131
cutaneous injury 61-3
debridement 11415, 185
escharotomy 66, 68, 130
extremities injury 114-20
fasciotomy 66, 67 (fig.), 68, 90, 92 (fig.),
130

fluid 129
horizons 70-1
infection control 129-30
microvascular free tissue transfer 119
monitoring 128-9
nerve injury 63-5
nutritional support 131
rehabilitation 69-70
skeletal injury 68-9
skeletal muscle injury 65-8
soft tissue injury 168-9
surgical techniques 169-76
wound 131
wound closure 107
mannitol 106, 129
marginal curves 344-52
mast cell 182
mathematical modelling 180-1
Maxwell-Boltzmann energy distribution
law 40, 192
Maxwell stresses 337-9
median nerve compression 101, 135
membrane elasticity 340-4
meningitis 107
methicillin 130
microstomia 86
mitochondrial membranes 284
mixed burns 19-20, 24 (fig.), 25 (fig.)
monitoring 128-9
mortality rate (US) 33, 122
motor nerve dysfunction monitoring 129
mummnification 113 (fig.), 119 (fig.),
124
muscle
atrophy 125
cell see muscle cell, skeletal
fibrosis 125
nonviable (necrotic) 89, 90-4, 124-5
periosseous 68-9, 114 (fig.), 222
tetanic contraction 69
vascular abnormalities 94, 125
viability determination 94
muscle cell, skeletal 36, 44
breakdown see rhabdomyolysis
fibroblast compared 49 (fig.)
impedance drop 54 (fig.) -
internal organelles 296 (fig.)
long axes 47
thermal injury 284-99; applications 297—
9; mechanical damage 293-7;
membrane permeability 284-92
thick/thin filaments 297 (fig.)
myocardial creatine kinase (MB-CK)
99-100
myocardinal infarction 125
myocardial necrosis 125
myoglobin release 47, 126
myoglobinuria 90
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myonecrosis see progressive muscle
necrosis

nerve 52
neurological sequelae 23-4, 70, 100-1, 108—
9, 127, 13249
biophysical mechanisms 144
cerebral 135
coma 135
high voltage 134-5, 13940
histopathology 136-7
investigations (University of Washington
Burn Center) 13742; demographics
138 (table); results 138-9
loss of consciousness 140
low voltage 134, 139
paraplegia 70, 108-9
peripheral nerves 125, 135-6, 140-1;
delayed sequelae 141-2
quadriplegia 108-9
seizures 140
spinal cord 25, 134, 136
sympathetic system 101
tetraplegia 70
neuromuscular responses 37-8
neurovegative sequelae 24, 28 (table)
[3'P]-NMR spectroscopy 232-3
non-fatal injuries, contact points 52
non-steroidal anti-inflammatory agents 144
non-thermal effects of electric fields 84
non-thermal tissue destruction by electricity
147
non-uniform tissue destruction 145
nylon, breakdown strength 38 (table)

ocular burns (ocular arc injuries) 18, 25-9
ocular sequelae 25-9
odema 88

local 101
Ohm’s law 5, 38, 143, 179
one-port electrode measurement 243
orthopaedic sequelae 127

paediatric electrical burns 153-67
high-tension injuries [59—65; arc burn
163; current effect 159; flame burn 163;
systemic effects 164-5
low-tension injuries 153-6, 157-9 (figs.)
outcome 167
treatment 165-6; high-tension injury 166;
low-tension injury 165
pancreatic necrosis 100
paralytic ileus 100
patchy necrosis 180, 184
pathogenesis of tissue injury 47-9, 179-86
pathophysiology 33-69, 122-3, 141
peptic ulcer 127
perineal burn 111
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peripheral nerves 47, 63-5
permanent disabilities 29, 31 (table)
phase conductors 8-9
phospholipase A 182
plugs 11
poloxamer-188 70
polyethylene, breakdown strength 38
(table)
pore 301, 310, 311, 317-18
distribution in bilayer—lipid membrane
427-9
supracritical 301, 311
pore trapping 310
post-concussional syndromes 27 (table)
incomplete (dissociated cerebral
sequelae) 23, 26 (table)
true 234
post-traumatic stress disorder 140
potassium chloride salt bridge 243
power 5
power line, source of injury 9-10
prethermal-shock nutritional deprivation
190
primary conductors 9
progressive muscle necrosis 93, 107, 113,
180, 202-5
angiographic findings 205
periosseous 114 (fig.)
prostaglandins 84
E2 182
E2a 182
protein denaturation 283
psychological sequelae 24, 28 (table), 70
pulmonary complications 126
pulse shocks 7-8

quadriplegia 108-9

Randles diagram 241 (fig.)
rat model 1834
reactance (imaginary impedance) 217
receptacles 10-11
red blood cells
lysis 434
.membrane 340
rehabilitation 69-70
renal complications 126
renal failure 126
resistance S, 8, 143, 179-80, 216
experimental studies 219-36; methods
225-7; results 227-8
respiratory arrest 18, 85
resuscitation 106
reversible electrical breakdown (REB) 301,
314-15
rhabdomyolysis 47-8, 53-7, 401-23
cable model analysis 403-11; charging
time 410-11; imaging induced
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rhabdomyolysis (cont.)
transmembrane potential 411; isolated
cell model 408-8; tissue model 409-10
electric field interaction with cells 403
electropermeabilization of muscle cell
membrane 413-20; cytomorphological
response 413-17; membrane
permeability changes 417-20
membrane electric breakdown 402
muscle impedance changes 402-3
tissue model 40911
Ringer’s lactate solution 106, 129

saline 34-5
salt bridges 243
scalp 107-9
seizures 140
sensory responses 37-8
sensory sequelae 25
sepsis, local wound 100
sequelae 22-9; see also permanent
disabilities

sinus tachycardia 126
skin

injury 123

resistance 84

thermal bones 131-2
skip wounds 199-200
skull 107-9
sodium bicarbonate 106
sodium pump 181-2
soft tissue patterns in acute electric burns

83-101

associated trauma 90

‘hidden damage’ 88

oedema 88

X-ray 90
sperm proteins 72 (table)
spinal cord injuries 25, 134, 136
stability maps 344-52
Staphylococcus aureus 130
startle reaction 7
Stern model of electrode interface 240
subcutaneous tissues 36
Sulfamylon (mafenide) 68
sympathetic system injury 101
synexim 72 (table)

technetium-99m stannous pyrophosphate
radionuclide scanning 66, 94-6, 97
(fig.), 219
temperature—time tolerance curve 255
tetraplegia 70
thermal damage 131-2, 144-5, 189-213
detection see electric impedance
spectroscopy
heat dose: thermal death equation 192-5
microscopic patterns 198-205;

concentrations at origins/insertions
200-1; core damage 201, 203 (fig.);
interelectrode damage 198-9; pattern
of damage/specific energy 201-2; peri-
electrode damage 198; periosseous
damage 199; progressive necrosis 202—
5; skip wound 199-200
microscopic patterns 205
primate model 195-6
systemic factors: perfusion 190-2
temperature-survival data 192-3
topic factors: thermal stress 189-90
thermal vs non-thermal effects, relative role
49-57
thermotolerance of cells 255-7
thresholds for effects of commercial electric
power 38, 39 (table)
thoracic cavity 100
thromboses 125, 126
thromboxane 170
A2 84,184
tissue values 37 (table)
tongue, burn of 19, 25 (fig.)
transformers 9
transmembrane potential induced by
electric fields 46-7
tropomyosin 295
troponin 295
trunk 109-11
see also abdominal cavity; thoracic cavity
tubular necrosis, acute 126
two-state rate process 40

ulnar compression 135
uniform resistance volume conductor
model 145
upper extremity
analysis of heat injury 254-74; results
265-71 )
current pathway through 47, 48 (fig.),
258-9 (fig.)
mummified 116
split thickness skin graft 119
theoretical model formulation 257-65
see also extremities
urinary pigment 89

ventricular fibrillation 8, 16
vestibular disturbances 29
vibration modes 3367
voltage 4

Warburg diffusion impedance 241
water, pure 34

wavenumbers 336

wrist 112

[t31Xe]-washout technique 94
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