Review

Hazards of Electrical Apparatus

John M. R. Bruner, M.D.*

Tines change and the tempo of change seems
to be accelerating. In the operating room of
the immediate post-War years, clectrical appli-
ances were sparingly used. Two or three out-
lets met the need for portable lighting, for a
suction pump, and the cautery. Today, how-
ever, 6 outlets may be taxed by the equipment
demands of regularly-performed surgical pro-
cedures.  As for the post-operative patient,
one duplex outlet at the bedside was ade-
quate a few years ago. Following surgery
today, however, 8 separate electrical appli-
ances, each requiring direct connection to a
power source, may accumulate at the bedside
of the patient in the recovery area.

Not only have electrical devices increased
in number, but radical changes have occurred
in the relations of patients to electrical equip-
ment. Most significant is that access to the
heart has proved feasible through a variety of
routes, permitting placement of metallic clec-
trodes in the myocardium or introduction of
catheters into the heart’s chambers. Con-
nected to clectrically-operated sensing and
stimulating devices, such wires or catheters
may represent a serjous assault on a vital organ
robbed of its protective shell.

The human body is an electrolyte solution
confined in a leathery bag, and the tough en-
velope of skin ordinarily offers high resistance
to the passage of electrical current. When
the protective cover is breached, however, tiny
voltages will cause substantial current to flow
through the electrolyte solution. If the myo-
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cardium is included in the resulting pathway,
ventricular  arrhythmia  follows, since heart
muscle is exquisitely sensitive to  electrical
stimulation.

Wet hands and electrical fixtures are a dan-
gerous combination because moist skin pro-
vides a low resistance path to pipes and earth
which are at the same potential as one of the
wires in household electrical systems. Only
the reckless or uninitiated, therefore, would
dare to stand in a tub of water while chang-
ing the bathroom light bulb. Yet the precise
electrical equivalent of this dangerous posture
is the leading cause of electrocution by medi-
cal apparatus.

The object of this presentation, therefore,
is to expose the simple mechanisms behind
electrocution.  Suggestions for safe conduct
will be offered, and the rationale of these ex-
plained. It is hoped that cnlightenment will
foster the ability to predict, recognize, and
intelligently cope with novel situations that
might prove dangerous to the uninitiated.

Scope

Ventricular fibrillation, easily produced by
electricity, is usually fatal in man. Devices
connected to outlets supplying 60 cycle alter-
nating current present the greatest hazard to
the greatest number of patients.  This review
is limited, therefore, to considering the ways
in which linc-operated devices may cause ven-
tricular fbrillation. Bums, fire hazard, res-
piratory arrest, and static electricity are ac-
corded passing consideration only to facilitate
orientation, illuminate rationale, or to counter
misunderstanding. The following will be
considered:

I. Background
A. Incidence
B. History, and Review of Literature
C. Electrical Energy
1. d.e. vs. ace.
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2. Units of measurement
Voltage
Flow
Power
Encrgy or Work

11. Electriral Shock
A. Fuactors Controlling Response
1. Duration of exposure
2. Current pathway
a. Density of current
(1) Applied through trunk
Nigmificant current levels
2 Applied direetly to heart
Historical review of methods
Current levels
b, Pathway res
Ohm's law

B. Evaluation of &hock Hazard
1. Exposure through tounk and skin
2. Dircet myoeardial application
3. Commereial standards

C. Summary

1L Electrical Wiring
A. Grounding
1. Definitions
2. Principles
3. Relative nature of grounding

8. Enginceering Practives
1. Circuit and system grounding
a. Terms
b. Transformer functions
e. Origins of grounded and ungrounded
cirenits
d. Grounded
(1) Purpo:
(2) Polarity
e. Shoek hazard in grounded and un-
grounded s
f. Ungrounded s

2. Enclosure grounding
3. Equipment prounding

C. Misconceptions About Grounding
1. “Explosion proof”
2, “Conductive”

1. 3-wire and multiple conductor systems

IV. The Anatomy of Electrocution: Specific situa-
tions eausing electric shock
A. Contact with Two Conductors
B. Contact with Ground amnd Live Conductor
1. Full line voltage and ground
2. AC-DC and transformerless devices
3. Leakage currents
a. Capacitance
(1) Powerlines and fixed installations
(2) Instruments
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b. Voltage division

(1) Insulation failure
Resistance deviees
Inductance devices

(2) Circuit design
Electroeardiograph
Pacemaker
Combinations of instruments

4. Summary

V. Improved Electrieal Safety
A, Introduction
B. Design and Engineering Factors
§. Grounding equipment properly
a. 3-conductor eable and plug
b, External ground wires inadequate
(1) Improperly attached
(2} Mechanienl failure
(3} Electrical inadequacy
¢. Lethal nature of adaptors
2. Design and expansion of power systems
Voltage differentials
(1) Causes
(2) Management
3. Isolution
a. By transformer
(1 Cireuits
2) Applinnees
b. Buttery-operated equipment

~

Maintenance

1. Cure of equipment

2. Reporting of faults

3. Regular testing
Mechanieal integrity
Palarity
Ground

. Supervision and Authority
1. Choice of individual
2. Need for information

VI. Summary

Incidence

The classification used by the National Cen-
ter for Health Statistics does not provide iden-
tification of the cause of electrocution in the
878 deaths attributed to accidents caused by
electrical current in 1963, though newspaper
files and a Navy study suggest that portable
cquipment plays a significant role.»*  The
number of cases of accidental electrocution
specifically resulting from medical devices is
not known, nor is it likely that meaningful esti-
mates regarding incidence will become avail-
able. It is unrealistic to expect full reporting
of events that have acquired medical-legal po-
tentialitics, and it is no coincidence that suc-
cessful resuscitation of human subjects char-
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acterizes all recent reports of medical clectro-
cution in the English language. Published re-
ports probably represent only a small fraction
of the total numbers of recognized iatrogenic
electrocution.  Furthermore, since electrocu-
tion as a possible adverse cffect of usage of
medical apparatus is a subtle and still novel
concept, it is likely that many episodes pass
unsuspected, the patient suddenly and inexpli-
cably dyving with unrecognized ventricular
arrhythmia.

History and Review of the Literature

Fatal shock from an ungrounded and de-
fective cardiac monitor was first reported in
The Lancet in April, 1960.> In September of
1961), Zoll and Linenthal issued a prophetic
waming that direct electrical stimulation of
the heart carried the risk of ventricular fibril-
laticn.d  Reference was made to carlier work
in which they showed that untoward ventricu-
lar responses “are particularly likely to occur
when stimuli are well above threshold inten-
sity or are longer in duration than . . . 210 3
milliseconds.” In 1961, Furman and his col-
leagues believed that 3 fatalities had occurred
due to line current leakage during use of an
intracardiac pacemaker in the control of heart
block.? Noordijk ¢t al. in 1961 presented 2
cases of electrocution associated with the at-
tachment of an electrocardiograph % in both
cases the patient had pacemaker leads previ-
ously implanted in the myocardium. The au-
thors stressed that “neither the electrocardio-
graph nor the pacemaker need be in operation
to give rise to a flow of current.” Later, Pen-
gelly and Klassen reported occurrence of ven-
tricular fibrillation when an electrical solder-
ing iron was used on pacemaker wires leading
to the myocardium.® In August, 1961, Zoll
and Linenthal's warning was restated by
Burchell.®

In 1962, Bousvaros et al. called attention to
electrically-induced ventricular fibrillation oc-
curring during cardiac catheterization.? Elec-
trocution was attributed to elimination of the
grounding mechanism of an injection pump:
a three-prong power plug supplied with the
equipment had been replaced by a two-prong
American-type connector. Additional episodes
were cited in excellent reviews by Lee,*® and
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by Starmer, Whalen, and Melntosh.'t  An
episode of fbrillation associated with endo-
cardial pacing was reported by Moulopoulos
and his associates in 1964 though the recon-
structed data are insufficient to explain the
mechanism of clectrocution.’*  Similarly, Rowe
and Zamstorfl reported ventricular fibrillation
during selective angiocardiography; although
clectrical transients might be implicated as
suggested, failure to establish a good cquip-
ment ground at the point closest to the patient
seems a more likely explanation for the events
reported.r?

Electrical Encrgy

Direct current and high- or low-frequency
alternating current are among the several
forms of electrical energy.  Each of these may
be pulsed or continuous.  Attention here will
be centered on one type of current: sustained
60 cycle a.c. available from commercial power
lines (fig. 1). That which is true of 60 cycle
current in the United States is probably valid
for the 30 cvele power from the mains in Great
Britain.

D.C. ts. A.C. Current represents the flow
of clectrons through a conductor. In the case
of direct current, electron travel may be inter-
mittent but is always in the same direction.
In contrast, alternating current is electrical
cnergy in which the direction of electron flow
reverses at regular intervals.  Here the pres-
sure of the current rises to a peak then de-
clines to zero. Electron flow begins in the
opposite direction and pressure again reaches
a peak but now with opposite sign.  Pressure
then retumns again to the bascline, having com-
pleted two altemations or one full cycle.
Graphically, the fluctuations of pressure (and
current) describe sine waves. In 60 cycle
a.c., 120 reversals or altemations occur each
second. Each pulse occupies about 8 milli-
seconds. This may appear to be rapid oscilla-
tion but it is of extremely low frequency when
regarded as part of the entire spectrum of
clectromagnetic wave motion.

Units of Mcasurement. VOLTAGE is electro-
motive force (c.m.f.)—the pressure driving
electrons through a conductor. It is analogous
to the difference in water pressure between
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Number 2
All applionces, equipment, and wite Ractitier, tronsistor, vacuum tobe,
SouRCE !
connecied 1o domestic power supply. | Dbattery, copacitor.
Long: Sbort:
DURATION | More than 10 millissconds. Lass than (0 millisecands.
Usually mere than 1710 second. Usually 2-4 millisaconds.
PARAMETER
N OF BIOLOGIC | Flow rate Total energy
Fic. 1. Alternating  ,upoprance
current (!s{t) compared
with Pulsed Direct Cur-
" tes1 wott—-second
rent (right). uNITS Ampere, Milliampere, Microompere 1 joules) wolt—sucon
Ac (X3
POLARITY AND { \
WAVEFORM . [ G IR
Fibritlotion Stimulation
EFFECTS | p ¢ aetibribtation. brillation.
AND USES | <Countershack® Cardisvassion.
Pacemaker

a faucet and the end of a long hose.  The unit
of clectrical pressure is the volt.

Frow: The measure of electron flow is the
ampere. The ampere is analogous to “liters
per minute” or “gallons per day™ in gas or
hydraulic systems. It is a rate expression.
Those accustomed to thinking of flow in terms
of quantity per unit of time (as in liters per
minute) may find “ampere” confusing since
neither quantity nor time is mentioned ex-
plicitly. Included in the definition of “am-
pere,” however, are both a time interval and
a specific quantity of electrical charge. The
time is one second; the quantity of charge is
one coulomb.® A flow of one coulomb per
second is one ampere. The single word “am-
pere” is, therefore, a complete rate of flow
expression indicating the amount of change in
electrical charge with respect to time.

Powen: If water is caused to tum a wheel,
and if the flow rate and pressure drop are
known as water passes the wheel, then one
may estimate the power applied by the flow-
ing liquid. Power is the rate of doing work,
the product of pressure and flow. The clee-
trical expression for power is the watt. One
ampere at a pressure of one volt is one watt
of power.

Exercy: Power multiplied by the time over
which the power is applied vields a measure

° Electrons, 6.28 X 10%, constitute the unit of
electrical charge, one coulomb.

of energy expended or work accomplished.
It is a statement of the total quantity of elec-
trons moved and the pressure gradient against
which the movement was accomplished. The
electrical expression for cnergy is the watt-
second, equivalent to onc joule. Energy-
producing instruments such as the d.c. defibril-
lator are thus calibrated in watt-seconds or
joules. Smaller quantitics of energy, as re-
quired for ignition of explosive gas mixtures,
are measured in micro-joules.  \Where large
quantitics of energy are to be supplied, a con-
venient expression is the kilowatt-hour.

Electrical Shock
Factors Controlling Response

Two factors largely determine human re-
sponse to electrical shock: (1) duration of
exposure and (2) current pathway.

Duration of Exposurc. Short pulses of less
than 10 milliseconds’ duration have unique
effects that may be further conditioned by the
point in the cardiac cycle at which the pulse
of current is injected. A single twitch or non-
repetitive response is the rule following a
stimulus of 2 to 4 milliseconds. Fibrillation
is not expected from stimuli under 10 milli-
scconds unless energies vastly in excess of
threshold are applied.’® In the millisecond
range, total energy of the stimulus determines
whether or not a response is evoked. Short
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pulses have important therapeutic applications
such as cardine pacemaking and direct current
defibrillation.

In marked contrast to short stimuli, the
usual response to current applied for tenths
of seconds is ventricular fibrillation, and here
the controlling factor is amperage rather than
energy (fig. 1).

The striking differences in response to long
and short shocks reflect the ability of exter-
nally-applied currents to outrun rate-limited
biologic processes that maintain normal elec-
trical potential across the cell wall. Electron
flow causes localized and partial depolarization
of the cell membrane. If imposed depolari-
zation is about 15 per cent of the total mem-
brane potential and takes place over a suffi-
cient area, the Jocus of breakdown spreads.€
In the healthy cell, repolarization of a stimu-
lated area proceeds at a rate fixed by enzy-
matic activity and by active transfer of jons
across the cell wall. A steady polarized state
can be achieved if the extemally applied cur-
rent is small though continuous; only when
clectron flow rate increases beyond a critical
level does the balance tip toward depolariza-
tion and propagated response. During the in-
terval of a very brief stimulus, however, there
may be little time for significant repolarization
to occur.  Net depolarization is then purely a
function of the energy of the stimulus.  This
establishes the rationale for calibrating in
terms of energy those instruments (pacemaker,
d.c. defibrillator) which discharge their output
in a few milliseconds. On the other hand,
where hazards of line-powered apparatus are
concerned, exposure usually spans one or more
cardiac evcles and may be regarded as con-
tinuous. In the latter situation, current be-
comes the most important consideration. As
for voltage, it is relevant only as a secondary
determinant of energy or current.

In summary, shocks of short duration com-
monly evoke a single myocardial twitch fol-
Jowed by restoration of rhythmic contraction.
When sustained currents are applied to the
mammalian myocardium, however, fibrillation
is the expected result.

Current Pathway. Since current is the con-
trolling factor in accidental electrocution, how
much current is dangerous? The answer de-

JOHN M. R. BRUNER

Anesthesiology
Mar.~Apr. 1967

pends upon how the current is applied. If
current enters through the thumb of the right
hand and exits through fingers of the same
hand, intense local muscle stimulation and se-
vere bums may follow, but cardiac irritation
is unlikely. On the other hand, if current
passes from right arm to Ieft arm, some frac-
tion of the total current will pass through the
heart.  Similarly, the heart, in part, lies in the
path of current passing from arm to leg. How-
ever, if skin, muscles, and other structures are
by-passed by a myocardial clectrode, then all
of the applicd current obviously must pass
through the heart.

Until the advent of sophisticated medical
clectronic apparatus, most accidental electro-
cution resulted from currents travelling from
limb to limb through the intact skin of the
victim, and the effects of clectrical current
applied by this route will be examined first.
Information presented in table 1 summarizes
work done by Dalziel’* and by Kouwen-
hoven.'® It is assumed that 60 cycle current
is applied for one or more cardiac cycles.

The lowest level of current just perceptible
is about one milliampere. Altemating current
of this magnitude is recognized as a faint
tingling scnsation. (Recognition of current is
far more acute if the skin is broken, or if the
electrodes are applied to mucous membrane
such as the tongue.) As current is increased,
perception increases and local muscle stimula-

TasLe 1. Effects of Electric Current

60 Cyele Through Trunk (1 fecond Contact)

AMPERES EFFECTS
0.001 Threshold of perception.  Tingling.
0.016 “Let-go current.”

Pain. Possible fainting, exhaustion,
mechanical injury.

Heart and respiratory function con-
tinue.

to (.L050

Ventricular fibrillation.

0. 2ord . i
l1to2or Respiratory center intact.

Sustained myocardial contraction fol-

lowed by normal rhythm.
Temporary respiratory paralysis.
Burns if contact area is small.

6.0 or more.
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tion becomes more apparent. At a level of
about 16 milliumperes, the subject is unable
to release his grip on the electrical conducter;
this is the “let go” current. Inability to “let
go” is the result of stimulation of skeletal
muscle, forearm flexor muscle strength being
greater than that of the extensors.

Above 16 milliamperes, current becomes in-
creasingly  painful.  Mechanical injury may
oceur as a result of powerful contraction of
muscles. Despite pain and fatigue, however,
heart and respiratory function continue. It
has been suggested that currents in the 50
milliampere range could cause death through
suffocation due to spasm of the chest wall and
respiratory muscles.  As far as documented
episodes are concerned, however, this appears
an unlikely mechanism of death.® As the cur-
rent through the trunk approaches 100 milli-
amperes in the experimental animal, increasing
numbers exhibit ventricular fibrillation. When
currents in the range from }io ampere up to
2 or 3 full amperes are passed through the
trunk for one or more seconds, sustained dis-
organization of ventricular contraction is likely.

If the test current is increased still further,
reversal of effect may be demonstrated.  In-
stead of fibrillation, alternating currents on the
order of 6 amperes are associated with a myo-
cardial contraction sustained as long as the
current is flowing. When the current is shut
off, the heart relaxes. After a delay, the ven-
tricle commonly resumes rhythmic contraction.
Very large currents, then, cause sustained con-
traction rather than fibrillation. Here, then,
is the rationale for deliberate defibrillation of
the myocardium by application of altemating
current.t  Passage of current of this magni-
tude commonly results in bums, particularly if
the area of electrode contact is small. Central
respiratory paralysis can also occur, and may
be protracted. Where the current path has
not directly involved the respiratory center,
however, it is probable that respiratory paraly-
sis of long duration is secondary to cerebral
hypoxia.

In summary, there is a band of values asso-
ciated with ventricular fibrillation when alter-

 With the a.c. defibrillator, duration of current
flow is limited to one or two tenths of a second
to minimize heating.
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nating current is passed through the trunk and
intact skin. The lower limit of the dangerous
range is 100 milliamperes, and extends to 2
or 3 full amperes.

Formerly it was not possible for electrocu-
tion to occur unless current passed through
the skin and body of the victim. This has
changed in the past two decades. Deliberate
as well as accidental application of electricity
directly to the heart must now be considered.
The first successful therapeutic application of
electricity to the exposed human heart was
reported in 1947 by Beck ¢t al., heralding a
revolution in the medical use of electricity.??
In 1952, Zoll reported success in applying
“pacemaking” electrical pulses to the closed
chest to resuscitate the human heart from ven-
tricular standstill.? In 1938, Weirch et al.
implanted pacemaker wires directly into the
exposed human myocardium.**  Subsequently,
Thevenet, and co-workers proposed intemal
stimulation without resorting to thoracotomy.
They placed a pacemaker electrode percutane-
ously into the ventricular myocardium by
puncture of the anterior chest wall with a 20
gauge needle?? At the same time, Furman
and Schwedel also showed that very small
clectrical pulses could stimulate if channelled
directly to the heart.® The approach con-
sisted of passing a catheter clectrode from a
peripheral vein into the right atrium, a tech-
nique used in animals eight years previously
by Callaghan and Bigelow.**

Since 1938, stimulation of the human myo-
cardium by tiny controlled electrical currents
has been widely utilized.  Parallel with refine-
ment of stimulation techniques, methods of
cardiac catheterization have increased in so-
phistication.  Techniques have evolved for
measurement of flow or pressure by indwelling
venous and arterial catheters terminating in
electromechanical tiansducers, and for visu-
alization of chambers and valves through use
of x-ray contrast media injected under pres-
sure from electrically-triggered pumps. A
fluid-flled catheter can serve as an electrode,
for any electrolyte solution such as saline or
blood conducts clectricity; an even better con-
ductor is 30 per cent diatrizoate (Hypaque).?
Thus, because of catheters, probes, or wires
leading from within the chest to terminals
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outside the body, there are many occasions
on which the unprotected heart is exposed to
the ¢lectrical environment of the outside world.

What can be expected if electricity is ap-
plied directly to the myocardium, unprotected
by chest wall and skin®> The biologic re-
sponse remains the same, but the significant
level of current is markedly lowered. Applied
directly to the myocardium, current producing
fibrillation is approximately 11,000 that re-
quired in a subject shocked through intact
integument.  This has been demonstrated by
Whalen et al. (table 2).=* Through an clec-
trode catheter placed in the right ventricle of
a dog, 60 cycle altenating current was ap-
plied for 2 seconds. Fibrillation regularly fol-
lowed exposure to currents averaging 258
microamperes. In some cases fibrillation could
be produced by currents as small as 20 micro-
amperes. In other studies by these investiga-
tors, fibrillation was deliberately induced to
facilitate surgical repair of cardiac lesions
while patients were on cardio-pulmonary by-
pass under moderate hypothermia (30 to 34°
C.). Alternating current was delivered via
two steel plates applied to the myocardium.
\When the plate clectrodes were fairly large,
2.3 cm. in diameter, average current required
to produce fibrillation was 3.3 milliamperes.
The lowest fibrillatory current was 1.5 milli-
amperes. In four other cases, use of smaller
electrodes was associated with further reduc-
tion in the current required to induce fibrilla-
tion: the average was 383 microamperes.
Moreover, fibrillation was produced in one
subject by a current of only 180 microamperes.

These data introduce a new order of mag-
nitude into our thinking about the hazards of
clectrical apparatus.  Fibrillatory currents are
measured in millionths of one ampere. Passed

le 1. (Whalen, Starmer, and Melntosh,® reproduced with the permis

on of the

through the intact skin, they would be im-
pereeptible and  without physiologic  cffect.
The further potentiation of fibrillatory ca
bility observed with small clectrodes deserves
emphasis.  As pointed out by Whalen et al.,
the tendency to cause fibrillation is probably
related to the density of current flowing
through a particular region of myocardium. A
given current is less likely to cause fibrillation
when spread over a large arca, rather than
concentrated in a small section of the myo-
cardium.

The route of application is important, there-
fore, because it controls current density, de-
termining how much current reaches the heart
and whether it will be focused on a small arca
of myocardium. In addition, the route by
which current is applied is important because
resistance of the route limits the total current
permitted to flow.

A reciprocal relationship between current
and resistance is expressed in Ohm's law which
states that electrical pressure in volts is the
product of resistance (R) in ohms and current
(I) in amperes:

V=IXRor I=V/R

Current is, therefore, directly proportional to
applied voltage and inversely proportional to
pathway resistance.  Provided  resistance is
great cnough, little current flows cven though
driving voltage is high.

The generalization is offered that lethal clee-
trical shock has been observed infrequently in
the past not so much because of avoidance of
energized conductors but, rather, because of
high resistances through which current must
pass to complete a circuit. Support for this
statement will be offered in the examples
which follow.
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Evaluation of Shock Hazard

Exposure Through Trunk and Skin. To esti-
mate shock hazard under certain conditions,
real numbers for resistance and voltage are in-
troduced into Ohm’s equation (fig. 2). Volt-
age may be regarded as a constant whenever
a wall outlet directly supplies the driving
force. Therefore, current flowing through the
subject is determined solely by the pathway
resistance.®

In man, the resistance of the current path-
way from onc extremity to another by intact
moist skin is about 1,000 ohms. With 110
volts and a 1,000 ohm resistance, resulting cur-
rent is 100 milliamperes, squarely in the fibril-
latory range (fig. 2a). Since these values of
voltage and resistance prevail in evervday ex-
posure to clectricity, the possibility of ven-
tricular fibrillation is rcal. Most of the ¢
trical resistance of the body is contributed by
the skin. Skin resistance is subject to extreme
variability, thickness as well as dnvness lead-
ing to increased electrical resistance. While
palms and soles arc nearly always thick and
resistive, even thin areas of integument may
be resistive when environmental relative hu-
midity is low. Thus, values up to a million
ohms (one megohm) are not unusual under
dry conditions. Let us assume that an inter-
mediate value of 100,000 ohms represents skin
resistance in a fairly dry environment. If this
value is substituted in Ohm's equation (volt-
age remaining constant at 110) the resulting
current is one milliampere (fig. 2b), a current
hardly perceptible, in sharp contrast to the
potentially lethal level in the first example.
The only change has been the resistance fac-
tor. Current flow, therefore, is greatly influ-

° For practical purposes, power lines are con-
stant voltage sources: wall outlets deliver elec-
tricity at a pressure of 110 volts regardless of the
current load imposed.  Though actual values vary
from somewhat less than 110 to more than 120
depending upon the regulation of the generating
system and distribution network, 110 volts
convenient number representing the range of i
terest.  Voltage or emf. {clectromotive force) is
often symbolized by E. For simplicity, however,
V will be used throughout this paper as the svin-
bol for voltage. Similarly, “resistance” and the
symbol R will serve to denote restrictive forces in
cirenits, though it is recognized that “impedance”
is more accurate for expression of complex forces
apposing the flow of alternating current.

HAZARDS OF ELECTRICAL APPARATUS
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F1c. 2. Currents resulting from common combina-
tions of resistance and voltage.

enced by skin resistance, subject to wide varia-
tion.

In Britain, clectrical service is at 220 volts
which might be expected to increase greatly
the hazards of clectrical apparatus. However,
if the higher voltage is placed in Ohm’s equa-
tion and a reasonable value for resistance as-
sumed for skin, resulting current is only 2
milliamperes (fig. 2¢). This represents little
increased hazard over 100 volt power distri-
bution.

Resistance is a measure of the ability to
hinder the flow of current or insulate against
dissipation of a charge. Conductivity, the
property that dissipates static charges, is the
reciprocal of resistance.  Conductive materials
are used to avoid accumulation of static elec-
tricity in anesthetizing locations where poten-
tially explosive combinations of gases are pres-
ent.  Conductive materials include flooring,
shoes, and all surfaces upon which movable
objects may be placed.  Because of the re-
ciprocal relationship between resistance and
conductivity, the steps taken to protect against
the hazards of static electricity enhance the
danger of clectrocution from clectrical outlets
and apparatus. The Code for the Use of
Flammable Anesthetics suggests reasonable
compromises between the opposing concepts
involved in protecting against the hazards of
these two types of cleetricity.?® The operating
room floor shall be tested at five sites. The
average of the 5 values shall not be more than
1,000,000 ohms, but not less than 235,000
ohms. No one of the sites shall test lower
than 10,000 ohms. Taking the minimum per-
missible value of 10,000 ohms and inserting it
into Ohm’s equation (voltage remains at 110},
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the current will be limited to 10 milliamperes
(fig. 2d). This current is perceived readily
but will probably not cause biologic damage.

Examples so far have assumed “normal” skin
resistance. Under certain conditions, skin re-
sistance may diminish substantially. Consider
the physician attempting to resuscitate a pa-
tient by use of closed chest cardiac compres-
sion and electrical defibrillation. The hands
are wet with perspiration or clectrode paste,
and the palms share in the vasodilatation as-
sociated with effort. Under these conditions,
skin resistance may readily drop to 500 ohms,
and susceptibility to accidental electrocution
increases sharply.

‘Shock Hazard and Dircct Myocardial Ap-
plication of Electricity. In evaluating shock
hazard when electricity might be applied di-
rectly!to the myocardium, a shift in perspec-
tive i4 required. Concem is with microam-
peres irather than milliamperes. Spurious cur-
rents {ip to several hundred microamperes are
commbnly associated with line-powered appa-
ratus, currents that may flow through a pa-
tient unless preventive steps are taken. There-
fore, extreme hazard must be considered to
exist for the patient bearing a cardiac catheter
or myocardial clectrode, and all equipment
must be considered dangerous until proved
otherwise.

Shock Hazard and Commercial Standards.
Underwriterss Laboratories, industry  stand-
ards, and Federal regulatory agencies do not
provide guidance concerning safety of appa-
ratus since the possibility of direct myocar-
dial stimulation is not acknowledged in any
code or standard available through 1963.%7: 28
The most widely available and respected codes
relative to electrical safety are based on stud-
ies performed a quarter of a century ago.®
According to the Underwriters’ Laboratories,
“Shock hazard shall be considered to exist
. . . at an exposed live part if the open cir-
cuit potential is more than 25 V and the cur-
rent with a 1,500-ohm load is more than 5
ma.” % Although adequately defining hazard-
ous values for electricity applied through the
trunk, today’s codes do not vet recognize that
milliampere currents, applied directly to the
heart, exceed by ten to a hundred times the
fbrillatory threshold. In addition to lack of
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effective standards, there is no obligation to
submit medical devices to inspection by any
public or private agency prior to marketing.
Responsibility for safety and effectiveness ulti-
mately rests with the user.

Summary

In accidental exposure to electricity, the
level of current determines whether fibrilla-
tion occurs. Current flow is directly propor-
tional to voltage and inversely proportional to
resistance.  If the current pathway is through
skin and body, the order of magnitude for dan-
gerous current is 100 milliamperes.  1f the
pathway is through a myocardial electrode,
however, microampere values are significant.

ErecrricaL. WIRING

Microampere currents may be lethal.  Ohm's
law defines current as voltage divided by re-
sistance. To stop flow of minuscule currents,
then, resistance must approach infinity, or
driving voltage must approach zero. A path-
way of infinite resistance amounts to isolation
of the patient from the power system. Unde-
sirable voltages. on the other hand, can be
erased through proper grounding of apparatus.
Isolation and grounding, opposite sides of the
same coin, are concepts vital to rational use
of electrical apparatus. Also bearing directly
on the hazards of electrical apparatus are de-
sign conventions observed in domestic and in-
stitutional wiring, while patient safety is fur-
ther conditioned by the attention afforded
technical factors and manual operations dur-
ing installation and repair of power systems.

Grounding. “A ground is a conducting con-
nection, whether intentional or accidental, be-
tween an clectrical circuit or equipment and
earth, or to some conducting body which
serves in place of the earth.” 3! “Grounded
means connected to carth or to some conduct-
ing body which serves in place of the earth.” 3!

Principles. The carth may be regarded as
an infinite reservoir of electrical charges. If
an electrical charge is placed on an object and
the object is then touched to earth, the
charged body gains or loses electrons until it
reaches the same potential as earth. Because
the earth’s capacity to give up or receive elec-
trons is virtually without limit, earth is the

Ancsthesiology
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Fic. 3. The relative
nature of “grounding.”
As a result of a constant
current (L) flowing
down a wire to ground,
point_p _acquires a po-
tential  dilference (volt-
age) relative to ground.
Voltage at p is propor-
tional to the resistance
of the grounding con-
ductor. Because of this
voltage, current will How
to ground through any
other connection hetween
p and ground. Current
flow is inversely propor-
tional to the resistance
of cach conductor. A
patient may serve as a
second pathway for cur-
rent to ground.
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ultimate reference point for clectrical neutral-
ity. (The British speak more aptly of “earth-
ing” rather than “grounding.”)  Since any
charged object connected to earth loses its
charge and assumes the same potential or clec-
trical pressure as the earth, it follows that no
pressure difference can exist between any pair
of objects connected to carth. Relative to
carth and to each other, the voltage between
two grounded objects is zero.

Relative Nature of Grounding. In practice,
the quality of the connection to carth assumes
great importance since no connection or wire
is perfect. Some resistance is always present;
and when current flows through resistance,
pressure drop occurs.  Thus, owing to current
flow through resistance in its ground wire, a
“grounded” object may no longer be at ground
potential. The actual pressure difference rela-
tive to ground is proportional to resistance and
to current (V=IXR). The objective of
grounding is to make V as small as possible.
The relation to the clinical situation will be
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described in the following paragraphs and by
figure 3.

Let a constant current flow through a wire
to ground. If the wire were a perfect con-
ductor, resistance would be zero, and electri-
cal pressure at any point on the wire would
be the same as carth. Any real wire to ground
has resistance, however, and current flow re-
sults in voltage drop across the obstruction.
A point on the wire “upstream” from the re-
sistance, then, is not at ground potential but
has voltage. The numerical value of the volt-
age is the product of current times the resist-
ance (referred to as “IR drop™). ’

Let the “upstream”™ point be designated p
(fig. 3¢) and assume that another wire is now
connected between p and ground. The volt-
age at p will drive current through this second
conductor so that two wires, then, are con-
ducting current from point p to ground. The
total current distributes itself between the con-
ductors in inverse proportion to their resist-
ances. If one path has a resistance 1/10 that
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Switch, open. Switch, cl/osed. Caopgocitors.
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Ground, fo cAoss/s. Ground, fo eorth.

Fic. 4. Some clectrical symbols. Note that
the terms “open” and “closed” applied to clectric
switches convey meanings directly opposite to the
meanings of the same words npplimy to valves in
fas or water systems.

of the other, then flow through the path of
lesser resistance will be ten times the flow
through the more resistant pathway. The
less resistant path is a better “ground,” but
both conductors act as “grounds” and current
flows through ecach.

The patient’s role in the relative nature of
grounding is indicated in figure 3d. Let hypo-
thetical point p be replaced by an instrument,
such as a recorder, connected to a domestic
power line. While the frame of the instru-
ment may deliberately by “grounded,” an al-
temate path to ground is provided through
the patient. The second path leads over a
sensing electrode to the patient and thence
to ground via another device. If the frame of
the recorder is near power line potential. the
pressure differential will drive current from in-
strument to carth by any available path: (1)
the deliberate ground path and (2) the route
through the patient. While the dcliberate
“ground” will carry most of the current if
connections are sound, a small fraction of the
total current will flow through the altemate
path. If the equipment’s deliberate ground
path is a poor conductor, however, most of
the current flows through the patient.

In general, any conductive path may act as
a “ground.” An intended path may be a better
“ground” by virtue of less resistance. If the

Anesthevivlory
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effectiveness of the preferred “ground” is com-
promised by faulty connections and rising re-
sistance, however, the proportion of the total
current through altemate pathways to ground
will increase. A good ground is a conductor
that is neardy perfect, so that the product of
current and resistance remains close to zcro
regardless of current flow through the wire
itself (fig. 3a).

The function of grounding may be viewed
cither in terms of voltage or of current—us
pressure or as flow.  With respect to voltage,
a “good ground” implies that there is no volt-
age differential (“IR drop™) between true
carth and the grounded object; although other
pathways to ground may exist, no force is
available to drive clectrons through these
paths.  Viewed with respect to current, a
“good ground” offers such low resistance that
it diverts to itself all except a negligible frac-
tion of the available current.

Engincering Practices

Three applications of grounding are recog-
nized in power systems and clectrical appa-
ratus: (1) circuit and system grounding, (2)
conductor enclosure grounding and (3) equip-
ment grounding,.

Circuit and System Grounding. An clectri-
cal circuit is a combination of conductors sup-
plving power to receptacles, appliances, or
lighting fixtures. Electrical pressure exists be-
tween or “across” the two wires in a conven-
tional circuit. The circuit is completed by
allowing pressure to do work, driving elee-
trons through an appliance connected between
the wires. A completed cireuit is said to be
“closed.” Incorporated in each circuit is an
overcurrent protection device such as a fuse
or circuit-breaker. “opening” the circuit if the
load is excessive. Multiple circuits arising
from a common source coustitute an electrical
distribution system.  Altemating current sys-
tems are supplicd by transformers which in
turn are parts of larger systems and distribu-
tion nctworks.

A transformer consists of two coils of wire
on an iron core. The coils are not connected
to each other. Electromagnetic induction
transfers power from the input coil (“pri-
mary”) to the output (“secondary”). The
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ratio between input and output voltages is
determined by the ratio between the num-
bers of tums of wire on the primary and
secondary coils. A transformer, therefore, may
have two independent functions: (1) it iso-
lates the primary circuit from the sccondary,
and (2) it transforms voltages.§ Connections
at the sccondary coil determine whether the
system supplied by the transformer will be
grounded or ungrounded (fig. 3). If there is
no connection between ground and any part
of the secondary winding of a transformer, no
clectrical pressure relationship is established
between either of the sccondary terminals and
ground. While a lamp connected across both
output wires would light, a lamp connccted
between ground and either one of the output
wires would not. A single circuit arising from
the secondary coil of such a transformer would
be an “ungrounded” circuit. A group of cir-
cuits arising from the secondary winding of
this transformer would be an ungrounded sys-
tem.  Ungrounded systems are also known as
isolated systems.

At the origin of a grounded system, in con-
trast, a connection is made between earth and
one terminal of the output winding of the
transformer, “grounding™ one limb of the sec-
ondary and placing all conductars on this side
of the circuit at earth potential. The carthed
side of a grounded circuit is called “cold” or
“neutral.”  The opposite, non-grounded  ter-
minal of the transformer output coil, at a pres-
sure of 110 volts relative to the grounded side,
is spoken of as the “hot side.” “high side,” or
“live” conductor. The distinguishing charac-
teristic of a grounded system, then, is that the
pressure differential between the two conduc-
tors also exists between one of the conductors
and ground.

The purpose of system grounding is to limit
the voltage stresses applied to it through ex-
posure to lightning or to voltages higher than
those for which the system is designed (as
might occur with breakdown of insulation be-
tween secondary coil and high voltage primary
coil).

§ In the autotransformer, there is only one coil,
and the input and output cireuits are not isolated
from cach other.
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It is essential that polarity, that is, consist-
ent identity of the “hot” and “cold” conduc-
tors of a grounded system, be maintained
throughout the wiring complex; reversal of
polarity may be disastrous.** Black insulation
is used for conductors on the hot side of the
svstem; connections are made to brass-colored
terminals.  All switches and overload protec-
tion devices are inserted in the hot side of the
circuit.  This insures that conductors down-
stream from the switch or circuit-breaker are
actually dead—avithout pressure with respect
to ground—when the circnit is broken.  For
example, should a switch be inserted in the
“wrong” side of the line supplying a lamp fix-
ture, the lamp socket will remain live with
respect to ground even though the lamp is off.
On the neutral or cold side, identity is main-
tained by use of white insulation and silver-
colored terminals. In order to insure that all
dependent circuits continuously maintain the
relationship to ground established at the source
of power, in permanent wiring the grounded
conductor is never interrupted by a switch or
fuse.

Portable lamps and motors can be inter-
changed between grounded and ungrounded
svstems since similar plugs are used. The ap-
pliances recognize only the voltage differential
between conductors, identical in the two sys-
tems. For the same reason, the hazard for an
individual in contact with two conductors is
extreme in both systems. Shock hazards for
grounded individuals, however, are quite dif-
ferent. Simultancous contact with ground and
the “hot” conductor of a grounded system may
be lethal. In the case of the ungrounded sys-
tem, however, there is no hot wire, and a
grounded subject may with impanity handle
either conductor.
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The mechanism of most electrical accidents
is obvious if it is appreciated that (1) full
line voltage exists between earth and the hot
conductor of a grounded system, and (2) al-
most all electrical circuits in buildings in the
United States are grounded.

Operating rooms are a major exception to
the general use of grounded systems. There
are two reasons for resort to an isolated elec-
trical system. First, an ungrounded system
affords added protection from high amperage
electrocution in environments where human
contacts with grounds are frequent and of low
resistance.  Second, an ungrounded electrical
system diminishes fire and explosion hazard,
since a fault to ground through insulation fail-
ure is not associated with a large flow of cur-
rent (causing heat and sparking) as is the case
in a grounded system. A fault to ground sim-
ply converts the nongrounded system to a
grounded one. Though isolated systems have
advantages, the liabilities are several.  First,
grounding of an isolated system goes unde-
tected. To insure that the system is indeed iso-
lated requires a continuously-detecting ground
fault indicator, and the integrity of the de-
tector itself must be tested at regular inter-
vals. A second disadvantage is that installa-
tion of a ground fault indicator intreduces, be-
tween the isolated system and ground, a link
through which currents up to 500 microam-
peres may pass undetected. This is important
relative to microampere electrocution.  “Un-
grounded” operating room circuits are not
really isolated from the patient with an ar-
terial cannula or a myocardial clectrode.

Finally, an ungrounded system requires in-
terposition of an isolation transformer between
the regular grounded electrical system and the
special operating room circuits.  For techni-
cal reasons, the power handling capacity of
isolation transformers and derived circuits is
limited. The complicated system involving
isolation transformer, detector, and special
wiring must be replicated for every one or two
operating rooms.

In summary, at one or more points in an
electrical system. one conductor of the system
can be connected to carth. Such a system is
said to be grounded.  In contrast, an electrical
system having no conductor at a fixed poten-

JOHN M. R. BRUNER
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tial relative to carth is ungrounded. Trans-
formers, in addition to altering voltage, may
isolate ungrounded from grounded circuits.
For practical purposes, transformer isolation of
operating room circuitry is relative isolation at
best, offering some protection for working per-
sonnel, good protection from high energy ares
resulting from faults to ground, but in no way
guaranteeing  against microampere electrocu-
tion.

Enclosure Grounding. Conductor enclosure
grounding entails provision to minimize haz-
ards of electrical shock stemming from failures
at connections and failures in insulation. Con-
ductor enclosures include metal conduit, cir-
cuit-breaker and junction boxes, and the hous-
ing for the familiar convenience outlet or re-
ceptable shown in figure 6. All conductor
enclosures are installed in mechanical conti-
nuity: each outlet box is connected to metal
conduit and in tum bonded to other metal
boxes wherever further outlets are required.
Through metal-to-metal junctions a trail of
electrical continuity leads retrograde to the
point at which the electrical service enters the
building. Here the enclosures are connected
to ground. just as the cold side of the system
connects to ground. The purpose of conductor
enclosure grounding is to offer any stray cur-
rent an easy path to ground. If the “hot”
wire accidentally touches an outlet box or
conduit, a circuit is completed directly to
carth. Instead of the conductor enclosure re-
maining at line voltage and being a chronic
and potentially lethal threat to personnel, a
large surge of current to ground occurs.  This
current, passing also through the fuse of cir-
cuit-breaker in the “hot” side of the line, melts
the fuse and disconnects the entire circuit at
its origin an instant after the fault has oc-
curred. It is essential that integrity of the en-
closure ground pathway be maintained from
earth to the most remote outlet in the system.

Equipment Grounding. Just as deliberate
grounding of conductor enclosures mitigates
shock hazard at fixed outlets. deliberate
grounding of non-current-carrving metal parts
of appliunces is recommended to minimize
hazards from faults in portable equipment.
“Non-current-carrving  parts” include frames,
supports, handles, shiclds, cabinets, lamp hous-

Anesthesiology
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Fic. 6. Convenience outlet. Binding serews on

receptacle body join conductors of like polar
entering from opposite ends of box. (Blncﬁnwi o3
join screws on far side of receptacle.)  For pur-
poses of illustration, striped wire has been snbsti-
tuted for green-insnlated wire, the conventional
color for grounding conductors.  The grounding
wire leads to a screw continuous with the eceen-
tric slots in the duplex receptacle.

ings, motor shells, and all exposed metal not
intended to be energized by the power line.
Reliable grounding of portable cquipment is
accomplished by introducing a third wire into
the power cable.  Green insulation, or green
insulation with a vellow stripe, identifies the
ground wire. One end is attached to the
metal frame of the appliance, the other enters
a three-prong plug in company with the power
conductors and attaches to a third prong
which mates with an eccentric slot in the wall
receptacle (Rg. 6).  This slot is in clectrical
continuity with the conductor enclosure and
provides a low resistance path from appliance
frame to carth. The intent is that the resist-
ance of the cquipment ground path will al-
ways be much lower than the resistance of
any other path including the body of the user.
If a power tool is properly grounded, insula-
tion failure between the case and the hot side
of the power line results in a blown fuse in-
stead of raising the case to a lethal electrical
potential.

Misconceptions About Grounding

Operating room personnel often have mis-
conceptions about the terms “grounded,” “ex-
plosion-proof,” and “conductive.”  These are
entitics; they may overlap, but are not syn-
onymous.

HAZARDS OF ELECTRICAL APPARATUS 400

“Explosion-proof” devices, those intended
for use in hazardous locations, satisfy complex
requirements described in Chapter 3, “Special
Occupancies,” of the National Electrical
Codet  Proper grounding is usually neces-
sary, but grounding does not make a device
explosion-proof.  An X-ray machine may be
grounded, for example, but quite unsuitable
for use in hazardous locations.

“Conductive”™ floors and fumishings are re-
quired in operating rooms. “Conductive” re-
sistance is measured in thousands of ohms,
while pathway resistance between carth and
a grounded appliance should be a small frac-
tion of an ohm. Devices suitably conductive
for dissipation of static charges are wholly in-
adequate for equipment grounding in the con-
text of shock hazard.

Three-Wire and Multiple-Conductor
Systems

In many wiring systems having three con-
ductors, two are for power, the third for
grounding only. However, other 3-wire sys-
tems exist such as the 110-220 volt “entrance
service” for homes and small institutions.  This
system is also used to feed heavy appliances
such as electrical ranges, drvers, and air-condi-
tioners. Here the third or “neutral” wire is at
ground potential but is a power conductor. A
potential of 220 volts exists between the other
two wires, while between either one of the 220
v. pair and ground the voltage is 110. Indi-
vidual cirenits at 110 v. are derived from the
grounded or neutral wire plus cither of the
other conductors. Still another type of 3-con-
ductor system is 3-phase electrical service used
for heavy machinery and for power transmis-
sion. Here none of the three conductors is
grounded. Rarely encountered in ward or op-
erating room work, 220 v. and 3-phase systems
are mentioned for completeness, and to point
out that a third conductor in a system or ap-
pliance does not necessarily indicate the pres-
ence of an equipment ground.

Generally speaking, in 110 v. systems and
appliance cords in the United States, green
insulation identifies the equipment ground,
while power conductors are designated by
white, black, or red insulation. For electronic
devices, however, entirely different color codes
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are used. Moreover, there are no industrial
standards for identification either of voltage
or function of conductors, cables, plugs, and
sockets leading to or from patients. For fixed
installations as well as for portable equipment,
therefore, circuit diagrams showing the func-
tion of conductors and connectors should al-
ways be available.

SreciFic MECIaxmsys INvoLvED 1N
ELEcTrICAL SHOCK

There are two ways that electrocution may
oceur: the victim contacts two wires of dif-
fering potential, or he is interposed between
ground and the live conductor of a grounded
circuit.

Contact with Two Conductors

Simultancous contact with two conductors
of differing potential substitutes the victim for
the lights or motor that the system was de-
signed to operate. Individuals required to
work on live power lines and switch boards are
exposed to this hazard which should othenwise
be rare since live conductors are expected to
be protected from tampering. However, re-
placement costs coupled with the fact that old
svstems function reasomably well means that
many systems in use today were installed prior
to the development of modem safety codes.
The resulting fire or shock hazard is illus-
trated in figure 7.

Fic. 7. Fuse box in heavily-travelled corridor
adjacent to patient’s room. Jury-rigged extension
outlet makes it imnpossible to close door, while
extension cord js subjected to crushing. Exposed
brass bus bars carry both sides of electric power
line, within cach reach of adult visitors, infirm
patients, and larger children.

JOHN M. R. BRUNER
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Contact with Live Conductor
and Ground

Most electrocutions are the result of a
grounded subject coming in contact with the
hot conductor of a grounded circuit.  Since
the victim may not be grounded directly, and
since contact with the live side of the circuit
may occur through devious extensions of the
hot conductor, this category of electrical acci-
dents is extremely variable. Indeed, the effect
may be so remote from the canse as to be
mysterious.

Contact Between Ground and Full Line
Voltage.  Serious electrical hazard develops
when the metal frame of an apparatus comes
in contact with the nongrounded side of the
power line; metal parts not designed to be
current-carrving then become an extension of
the hot side of the circuit. This is the most
common mechanism of clectrocution, second
only to direct contact with live wires.

Vulnerable to wear and abuse, appliance
cords and cable connections are prime sites
for insulation failure. In the case of the
roentgen-ray machine illustrated in figure 8,
heavy cable leading to the head of the ma-
chine was intended to be anchored mechani-
cally by a clamp with a threaded bushing.
The threads have been stripped, however, and
the clamp has fallen from its socket. Subject
to traction and torsion, the cable is attached
only by current-carrving wires not intended to
be a mechanical support.  Strain on these
wires, and on the binding posts within the ap-
paratus, may permit metal-to-metal contact be-
tween a conductor and the roentgen-ray tube
housing. In addition to this, the timer cable
on the base of the machine ends in a defec-
tive plug held together with surgical tape.
Thus, one heavilv-used picce of equipment
presents two good opportunities for sparking
or for power line contact with the frame of
the machine. Should the frame become ener-
gized, a patient or attendant in contact with it
and with ground could be clectrocuted.  Con-
tact between patient and machine might occur
through a bed frame (against which the ma-
chine is firmly placed when roentgenograms
are taken on the wards), while grounding
of the patient could be accomplished through

Anestheinloy
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an clectrocardiographic monitor, a pacemaker
wire, or through the column of clectrolyte in
a nasogastric tube ending a few millimeters
from the diaphragmatic surface of the heart.

A.C.-D.C. and Transformerless  Devices.
Line-operated  electronic devices not using a
pawer transformer constitute a special class of
apparatus offering unique opportunity for hu-
man contact with one side of the power line.
Included are a.c-d.e. radios, small phono-
graphs, compact clectronic devices, and those
designed to operate on direct current as well
as on alternating current.

In transformerless deviees,
power cord is connected directly to the chassis.
Chance alone. according to which way the
power plug is inserted in the wall rcupmdc
determines whether the chassis of the device
is connected to the live or to the grounded
side of the line.  An ac-d.c. radio at the pa-
tent’s bedside thus may be a live wire, and
patient contact with a plumbing fixture or
grounded appliance can complete a lethal
circuit.

Leakage Currents. Previous paragraphs dis-
cussed exposure to full line voltage and to cur-
rents attenuated only by the victim's resist-
Now considered are the origins and
risks of “leakage currents,” representing en-
ergy loss in tems or deviees.  Though small
in relation to the total energy consumed by a
device, electrical leakage may be well within
the range of physiologic importance.  Leakage
currents are characterized by arising through
high resistance, in series with (added to) that
offered by a potential victim.  Leakage cur-
rent amperage, therefore, is usually  quite
small. Owing to capacitance, leakage currents
are commonly associated with alternating cur-
rent power systems, and may also arise through
The latter can occur acei-

one wire of the

aee.

voltage division.
dentally due to insulation failure; or design
considerations may cause leakage deliberately
to be built into an appliance.

Substantial capacitance exists between metal
conduit and enclosed conductors of alternating
current.  This capacitance will permit current
to flow across any conncction between one of
the conductors and ground (even in an un-
grounded or isolated circuit). Current flowing
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;. 8. Portable roentgen-ray machine with de-
fective cable clamp (top centcr) and patched pluyg
on timer cable.  (Sce also figure 22.)

solely due to capacitance is known as “charg-
ing current.” [t may attain a value of nearly
two milliamperes for every thousand feet of
conductor in metal conduit.* Viewed in terms
of microampere values capable of causing
ventricular Abrillation by direct myocardial
stimulation, current derived from conduit ca-
pacitance could be lethal. However, there are
no convincing data establishing leakage cur-
rent due to power line capacitance as a factor
in clectrocution by medical devices.

What is the role of capacitance within ap-
pliances and instruments® Between power
transformer windings and chassis, or between
other components and ground, there undoubt-
edly exist small values of capacitance which
might cause leakage currents. There are, how-
ever, no adequately documented reports of
electrocution due to leakage currents resulting
from capacity coupling inside line-powered in-
struments.  Since reports of accidental electro-
cution by medical devices do not as a rule
delineate the total electrical environment at
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Ry
LINE (input) — e e el
100 volts ,
Ry S0 voits LOAD (output)
Fic. 9. Simple voltage divider. R: and Re

are resistors. In this example, R: has been made
equal to Rs; therefore, the load or output voltage
is one half of the line or supply voltage. By
choosing appropriate values of resistance, any de-
sired fraction of the line voltage could be applied
to the load.

the critical moment, one cannot deny the pos-
sibility that capacitance might have been at
work on some occasions.§

In all probability the major source of leak-
age currents is a more simple mechanism: volt-
age division. A voltage divider (fig. 9) is an
arrangement of resistors making available as
output any given fraction of input voltage.
Accidents occur when an appliance acts as a
voltage divider so that some portion of the

¢ Though instrumentation capacitance was in-
criminated in the report by Mody and Richings, it
was not of the stray variety. A 0.1 microfarad
capacitor was physically present to link the pa-
tient with the live side of the power line.™

votrs. /4,48 INSULATION FAULT.
Frome is close fo line

~ pateatial of 110 volts.

» Littie rasistance is in
Series with line.

HEATER
ELEMENT

APPLIANCE
FRAME

zer0
wolts.

Fic. 10. Heater with insulation fault as voltage divider.

JOHN M. R. BRUNER
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power intended to drive the device is “picked
off” and diverted around the device, passing
through a leakage circuit involving the victim.
Between power line and ground there is a
partial “short circuit” in which the patient is
a resistance element. The victim's fate hinges
upon the available voltage and the sum of
other resistances in series with his limb of the
circuit (fig. 3). Most reported instances of
fatrogenic electrocution are readily explainable
by such voltage division (a) either built into
the instrument or (b) arising from insulation
failure. The common formula for disaster calls
for three clements: (1) an ungrounded, line-
operated device, acting as a voltage divider,
(2) a grounded subject, and (3) some form
of myocardial contact insuring low-resistance
and high current density.

Figure 10 shows how voltage dividers may
be created if an insulation fault allows wire to
contact the metal frame of an appliance. If a
fault occurs near that extremity of the wiring
connected to the hot side of the line, not only
is there little resistance in series with the line,
but nearly the full 110-volt pressure appears
on the appliance frame. However, if acci-
dental contact is relatively far-removed from
the hot side near the ground end of the wir-
ing, the voltage will be low. In addition, the
maximum current will be attenuated by the

APPLIANCE
HEATER FRAME
ELEMENT
Iy
&

INSULATION FAULT.
Frome is close fo ground
potentiol. Substontial
rasistonce is in series
with lina,

wolts. |

Voltages are relative io

system ground which is ordinarily at earth potential.
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resistance of the interposed length of wire.
Thus, a gamut of voltages from full line volt-
age to zero is possible in leakage currents. A
further consideration that limits current is the
fault itself. A fault consisting of a film of
moisture on a terminal block has much higher
resistance than metal-to-metal contact through
broken insulation. Values for current as well
as voltage are conditioned by the relative re-
sistances in the main and leakage circuits, and
division of current takes place coincident with
division of voltage.

The foregoing example, valid for truly re-
sistant components such as heaters, serves to
summarize the problems of voltage dividers,
and accounts for most cases of accidental clec-
trocution. It is, however, an oversimplification
with respect to motors and transformers com-
posed of hundreds of feet of wire wound into
coils. These exhibit a special property of in-
ductance.  Effects of the latter are present
only when 2 motor or trunsformer is in opera-
tion. The principle of inductance is developed
in the following paragraphs.

The measured resistance of the wire in a
fractional horsepower motor is 1 or 2 ohms,
an insignificant barrier to current flow. If this
resistance were the sole impedance to flow,
the motor would bum out the instant it was
turned on. However, when altemating cur-
rent flows through a coeil, inductance creates
a voltage in the coil which is directly opposed
to the voltage of the power line. This “back
clectromotive force” causes substantial im-
pedance to the flow of altemating current.
That the “back e.m.f.” is present only when
the device is operating is of importance with

WOTOR FRAME

—

SWITCH OPEN.
MOTOR OFF.
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respect to shock. Suppose, for example, metal-
to-metal contact develops between the case of
an electrical drill and the midpoint of the
magnet windings of the motor. Use of a con-
ventional 2-bladed unpolarized plug, or re-
sort to a “cheater,” makes it easy to plug in
the motor so that the motor’s own switch is in
series with the cold side of the line. (Switches
break the continuity of one wire only; it is rare
to find an appliance having a two-pole switch
which interrupts both sides of the line.) The
motor will not operate with the switch open,
but it is nonctheless connected to the hot side
of the line; so is the case of the drill. Owing
to the fault and to the negligible resistance of
the intemal wiring, the motor case will be at
full line potential of 110 volts relative to
ground.  When the switch is closed and the
motor running, however, voltage midway in
the windings must be half the line value.
(The midpoint of the winding was defined as
the locus of the fault.) Therefore, voltage on
the drill case drops to 35. Thus, there is less
voltage on the case—and less shock hazard—
when the motor is running than when off!
Another way of looking at the same ex-
ample is from the viewpoint of the current that
would flow through a human body, a relatively
high resistance, interposed between ground
and the faulty motor. The resistance of the
wire in the motor is negligible. Even when
running, the motor offers relatively little im-
pedance to flow of current, perhaps 50 or 100
ohms. Therefore, most current will follow the
casy path through the windings of the motor
to ground, rather than through the body.
However, when the motor is off, current is no

MOTOR FRAME
—

Fic. 11, Short circuit to frame of de_\'ir.;e

Volrmeter
Shows
55 vors
o0 growst
SwTCH CLOSED.
MOTOR RUNNING.
ing ind Infl of closed and
1 Unpolarized plug has permitted

opened switch.  Fault is at inidp

t of
appliance switch to lodge in grounded side of line.
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Electric appliance close to water
faucet, an excellent opportunity for human ground-
ing. Arrow indicates defective cable to non-
grounding, 2-conductor socket.

Fic. 12.

longer offered a choice. The cold limb of the
circuit is open or broken, and there is no way
for cusrent to flow from line to ground except
through the victim. The entire motor is at
line voltage because the switch is in the
“wrong” side of the circuit, and the operator
holding the drill is virtually plugged into the
wall socket. Thus, a fanlty machine plugged
in but turned off may be more lethal than one
tumed on!

JOIN M. R. BRUNER

Mar.-Apr. 1967

Motors are good sources of leakage currents.
Deterioration of insulation permits contact be-
tween sharp metal magnet laminations and
fragile enamclled wire. Leakage may occur
where the carbon brushes are held to the
frame, or across terminal blocks, binding posts,
and starting capacitors.  Leakage is aggra-
vated by water, blood, dirt, humidity, over-
heating, and mechanical abuse. Other sources
of leakage currents are transformers, heating
units, air-conditioners, hemodialysis and extra-
corporeal circulation units, hypothermia equip-
ment, inhalation therapy apparatus, suction
pumps, clectric fans, injection pumps, cardiac
monitors, and soldering irons.

In figure 12 the classic elements for acci-
dental ciectrocution are portrayed. Through
a plug and cable casually patched with sur-
gical tape, power is supplied from an un-
grounded outlet to a small refrigerator ad-
jacent to a water tap, the latter a superb de-
vice for grounding of man. Should insulation
further deteriorate and allow line potential to
develop on the ungrounded refrigerator, the
hands could easily provide the final link in a
circuit from line to ground.

—

ic of elect di

Fic. 13. Scl

clearly identified on original d

Captions have been added. All components were
il pplied with hine, 1956.

Anesthesiology
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The foregoing examples concemed leakage
currents arising through insulation failure.
Quite apart from these, however, are leakage
currents from voltage dividers built into cer-
tain types of clectronic apparatus. Instead of
being allowed to “float” as a result of isolation
from the power line by the instrument’s trans-
former, it has been common practice to place
the chassis of an electronic instrument at a
fixed point in relation to line voltage in order
to reduce noise and improve stability. This is
accomplished by ¢ cting a small capacitor
or a high value resistor between the chassis
and one side of the line, thus linking chassis
to line voltage while still presenting a high
impedance to flow of electrons. An example
of a commonly-used instrument with chassis
linked to the power line is the electrocardio-
graph.

Figure 13 is a circuit diagram of a still
widely used electrocardiograph manufactured
in the 1950's. Figure 14 is a detail of the
schematic concemed with patient leads and
power line connections. Two important points
are to be noted. First, the right leg lead is
comnected to the chassis (ground symbol)
through a 3 milliampere fuse. In the context
of ventricular fibrillation by direct myocardial
stimulation, this amounts to direct connection
of patient to chassis. Second, the chassis itself
is connected to one side of the power line
through two resistors in series, for a total re-
sistance of 200,000 ohms. The “off-on” switch
does not interrupt the limb of the power line
connected to the chassis, and since the patient
is always c ‘ted to the chassis, he is al-
ways connected to the power line as long as
the machine is plugged in, whether on or off.

This eclectrocardiograph was designed to
produce the best tracing when the “cold™ or
grounded side of the power line goes to the
chassis.  However, the two-prong plug on the
power cord is not polarized. Therefore, chance
alone determines whether the chassis of the
machine connects to the hot or the cold side
of the line. To determine whether the plug
has indeed been inserted with proper polarity,
the operator must touch the housing of a neon
light on the instrument’s control panel. If the
light goes on, the plug should be withdrawn,
tuned 180 degrees, and reinserted. In the
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Fic. 14.
di (fig. 13), 0] con-
nection between indifferent limb lead and power
line through chassis and two 0.1 megohm resis-
tors. FI10l is a 5,000 microampere fuse.

Detail of chicn;omrdiogr?ph_ wiring

interim, however, the chassis has been at the
same potential as the line. Since the patient’s
right leg is cted to the ch the pa-
tient has been raised to 110 volts relative to
ground. Even if grounded by another route,
however, neither operator nor patient experi-
ences shock on contact with the “hot” ma-
chine. The 200,000 ohm resistance limits the
maximum current flow to 0.35 milliamperes,
below the threshold of perception, and far less
than the maximum “safe” level accepted at the
time of manufacture of the machine. How-
ever, the stage is partly set for ventricu-
lar fibrillation. Two additional “props™ are
needed: a current path to the myocardium,
and a good return path to ground.

Figure 15 shows how fibrillation may be
induced. The power line to the ECG machine
supplies 110-115 volts pressure relative to
ground. A cardiac 1 ker with impl 1
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clectrodes establishes a direct connection be-
tween heart muscle and ground (via an equip-
ment ground wire in the power cord, or an
external wire from pacemaker chassis to water
pipe). The impedance to current flow is the
sum of resistance in the path from voltage
source to ground. The built-in resistance of
the ECG machine is 200,000 ohms; a reason-
able value for resistance through the patient
and myocardial electrode is 1,000 ohms; and
there is virtually zero resistance in the link
from pacemaker electrode to earth. The total
resistance of the current pathway is, therefore,
201,000 ohms. According to Ohm’s law, 0.57
milliamperes will flow under these conditions.
370 microamperes passed dircctly through a
tiny area of myocardium is far in excess of
that capable of preducing fibrillation. Ven-
tricular fibrillation under these circumstances,
therefore, is neither surprising nor mysterious;
it is inevitable.

A variety of besides
may serve to ground a victim. Possibilitics
include the frame of a motor-operated bed,
the ground plate of an electrosurgical unit,
or an arterial pressure transducer. Pacemakers
are singled out for special attention as ground-
ing devices because of the myocardial or endo-
cardial electrode. Each electrode has but a
small area of contact with the heart, and
through this narrow junction all of the avail-
able leakage current is channelled. Though
total current may be very small, current den-

doni 1
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Fic. 13. Components
for ventricular  fibrilla-
tion. In manufacture,
one of the binding posts
for internal pacing leads
is 1 to the frame
of the pacer. The pace-
maker is then grounded
through a third wire in
the power cable, or
throngh an external
ground to a water or gas
pipe.  Fibrillation is in-
evitable.

sity is high, and current density is the factor
of importance relative to fibrillation.

Summary. Electrocution can oceur  with
any combination of equipment that provides
three elements: first, a connection to ground;
second, clectrical potential relative to ground;
third, connection of these through the subject.
Where direct myocardial contact is provided,
leakage currents are the most likely cause of
electrocution.  The role of capacitance in cre-
ating leakage currents has not been estab-
lished for medical devices. The most prob-
able source of leakage is simple resistive volt-
age division built into, or developing within,
a line-operated appliance.

IntPROVED ELECTRICAL SAFETY

The years snce World War II have wit-
nessed marked expansion in the use of elec-
trical power. While 40 or 60 ampere clec-
trical service was once adequate for homes,
100 ampere service now barely suffices.  Ex-
panded utilization of electrical power offers
increased opportunity for contact with lethal
electrical potentials. Moreover, “modem liv-
ing” involves qualitative changes that contrib-
ute to electrocution hazard.  Fixtures in old
construction may not have been shock-proof,
but the user was isolated from earth by
wooden framing and floors. The only grounds,
supplicd by plumbing and the earth itself,
were remote from clectrical sources. There
were no outlets in bathrooms, few in kitchens,
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and clectricity was not needed in cellars ex-
cept for the oil burmer and an overhead Tamp.
Tools were hand-operated.  Thus, there was
little opportunity to make contact with a good
ground and with live equipment at the same
time. In recent years, however, radical
changes have occurred.  An array of electrical
appliances and power-operated tools have
been placed in the hands of the unskilled.
To operate these conveniences, electricity has
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the hospital by moisture, bodily exposure, and
the need to place clectrical appliances in direct
contact with patients.

The following paragraphs offer an approach
to cnlightened use of clectrical apparatus.
Design and engineering factors, maintenance,
supervision, and the need for information will
be considered.

Design and Engincering Factors

Equij t G li The most impor-

been brought into locations where grounding
opportunities abound: the bascment, dark-
room, garage, laundry, patio, and garden.
Grounding opportunities are further expanded
by changes in construction methods including
metal framing, concrete slab floors, metal lath,
and metal tubs and counters. As a result,

recent news articles cite a toaster, a portable
drill, washing-machines, and the family swim-
ming pool as instruments of clectrocution.
Lethal though electricity may be in the home,
opportunities for accident are multiplied in

Fic. 16. Patient undergoing hemodialysis. Direct-writing electrocardiograph is at right.

tant safety measure is proper grounding of
cquipment.  All exposed metal parts of clec-
trical equip t, and the cl and frames
of all electrical devices, should be grounded
if the devices are operated from line power.
Moreover the ground should be connected be-
fore the device is supplied with power, and
the connection to ground broken only after the
device is fully disconnected from the power
conductors. These requirements are best
served by a three-conductor plug. The third

External ground wire (amows) clipped to ECG machine, passes to painted pipe. Dialysis

apparatus is at extreme left.
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