The Beginnings of Electromedicine
Figure 2 illustrates both the electric bath and drawing sparks.
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Electrification of the whole body using the electric air bath
was perhaps the most spectacular of the static electricity
therapies. The patient was seated on a stool, which was on a
T THIS TIME when the IEEE is celebrating its centennial, well-insulated glass platform (about 27 x 42 in) with legs
and when electrical devices abound in medicine, it seems about 10 inches high. One electrode from the static electricity
appropriate to examine the beginnings of electromedicine, machine was connected to ground and the other was
which date from the early 1700's. In fact, there have been fastened to the patient's clothing, or held in the hand (Fig. 2).
four eras of electromedicine, each based on a specific type of The static electricity machines used were quite impressive;
electric current. These eras were the Franklinic, Galvanic, although a single-disk unit was used in the early days,
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FRANKLINIC ERA

The Franklinic era was ushered In with development of the
Leyden jar (capacitor) in 1 745 and the first practical electrostatic generator by Ramsden (1 768). Figure 1A illustrates the
first Leyden jar, which was a hand-held water-filler flask. The
more popular version shown in Figure lB was used by
Wheatstone. The Ramsden machine used by Galvani is
shown in Figure 1C.
Static Electricity
Franklin's name became associated with static electricity
following his use of it on paralyzed patients. Static electricity
was applied in several ways. It was applied to the whole body
on an insulating support, or via a local electrode from which a
spark was drawn. The capacitor discharge was also widely
used. With static electricity, the intensity of the voltage was
high and the current low. The capacitor-discharge pulse can
stimulate a motor nerve and skeletal muscle to produce a
twitch. Sensory nerves and receptors can also be stimulated,
giving rise to a sensation resembling a pin prick. If intense
enough, a capacitor discharge can evoke an ectopic heart
beat. Under special conditions, (e.g., myocardial infarction)
ventricular fibrillation can be induced. This event was apparently rare, however, for deaths from capacitor discharge
were virtually unknown. With these physiological responses
in mind, the therapeutic uses for static discharges will now be

reviewed.
Therapeutic Applications
Therapeutic static electricity took three forms; electrification of the whole body, drawing sparks from the body, and
discharge of the Leyden jar through electrodes placed over
specific regions. The term 'electric air bath' was used to
describe the first method, sparking or electric wind designated the second, and localized discharge identified the third.
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The therapeutic indications for the electric air bath were
many; perhaps the best were given by Garratt (1860) who
wrote,
"The author has found it of very marked advantage for some
individuals who, after great sickness or calamity, remained in a
low state of health, and yet present no discoverable reason
why they should not get better, only that there is a low tone of
the nerves and functions, that cannot be reached by medicine
or regimen."
Other indications for use of the electric air bath were many of
the symptoms of hysteria, paralysis, aphonia, hemianesthesia, catalepsy, contractures, and obstinate pain, particularly
from rheumatism. It was also recommended as a treatment
for chorea and torticollis.
Benjamin Franklin pioneered the study of lightning and
showed that it was the same as electricity derived from
static-electricity generators. However, it is surprising that
Franklin's name became associated with the therapy, because it had been used in Italy and Germany. Franklin's
account (1 769) of his experiences are related in a letter to
John Pringle, M.D., dated December 21, 1757. The letter
reads, in part,

"A number of paralytics were brought to me from different
parts of Pennsylvania, and the neighboring provinces, to be
electrified, which did for them at their request. My method
was, to place the patient first in a chair on the electric stool,
and draw a number of large strong sparks from all parts of the

affected limb or side. Then fully charged two six gallon glass
jars, each of which had about three square feet of surface
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found more capable of voluntary motion, and seemed to
receive strength. A man for instance, who could not the first
day lift the lame hand off his knee, would the next day raise it
four or five inches, the third day higher; and on the fifth day
was able, but with a feeble languid motion, to take off his hat.
These appearances gave great spirits to the patients, and made
them hope a perfect cure; but I do not remember that I ever
saw any amendment after the fifth day; which the patient
perceiving, and finding the shocks pretty severe, they became
discouraged, went home, and in a short time relapsed so that I
never knew any advantage from electricity in palsies that was
permanent."
Localized Capacitor Discharge
Despite Franklin's failures, localized capacitor discharges
were a popular therapy. The discharge was usually delivered
to the body by bringing the active electrode to the apparent
site of the complaint. The other side of the Leyden jar was
connected to another electrode on the subject or to ground.
Discharges were delivered to virtually every region of the
body for the most amazing reasons, such as barrenness in
women and impotence in men. Figure 3 illustrates the
delivery of discharges to the genitalia.
Perspective
It is interesting to speculate on the successes associated
with static electricity and capacitor discharges; however it is
difficult to be enthusiastic about some of the obviously
inappropriate applications. For example, from our present
perspective it is surprising that there was so much hysterical
paralysis to be treated. Notwithstanding the success in
treating this group, this mode of therapy could not be
sustained. Perhaps Duchenne (1872) put it best when he
I' jl l 1wrote, "This genre of electricity could not withstand the
proof of time and it has been abandoned frequently by general
,1|i1 jI i jphysicians, after having, on their part, the object of a kind of
infatuation." Although physicians slowly convinced themselves of the inability of static electricity to cure diseases, there
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static therapy, and the feeling of exhilaration experienced by
many patients, did much to keep this therapy alive far beyond

GALVANIC ERA

~

The Galvanic era was ushered in with discovery of the

_electrochemical cell. This cell, consisting of dissimilar metals

_
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Figure 1. A. The first capacitor (Leyden jar) (Kruger 1746)iB. the
capacitor used by Wheatstone (1843), and C. the Ramsden electrostatic generator used by Galvani. (1791).
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Figure 2. The electric air bath.
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twitches. Aldini (1819) gave the following account of one
experiment that is particularly impressive.
"On applying the conductors to the ear and to the rectum,
such violent muscular contractions were executed, as almost
to give the appearance of the reanimation." Recall that these
events occurred more than one hour after execution and
certainly did much to attribute resuscitative powers to

electricity.

The voltaic battery became the essential tool for galvanic
a series circuit of voltaic cells, it
became possible to send current of adequate strength
through body-surface electrodes to obtain a physiological
effect.

therapy. By arranging

Figure 3. Discharges delivered to the genitalia to cure "male
problems".
in an electrolyte bath, created a new type of current. Unlike
the Leyden jar, which produced only a pulse of current, the
electrochemical cell provided a constant and seemingly
inexhaustible flow of current. This meant that a long duration
stimulus was available for both physiological investigation
and medical therapy.
Discovery of the electrochemical cell is accorded to Volta
1800),
ho oppsed Galvani's
Gavani's (1791,
1 791 1792)
792) vews
views on
(1800), who
opposed
animal electricity. The famous controversy was won by
Volta, who was able to produce electricity without an animal,
culminating in the 'crown of cups' (Fig. 4A), and the voltaic
pile (Fig. 4B3), both of which produced substantial current.
This current was easily demonstrated by delivery of a strong
electric shock, by production of a spark when a short circui
was placed across the cell terminals, or by heat developed.i
the short-circuiting wire. Later, current strength was id
cated by the galvanometer and by the decomposition of an

electrolyte; the latter technique was at one time used to
define the standard ampere.
Following Volta's introduction of the electrochemical cell,
numerous investigators developed their own cells and arranged them in series to produce what became known as the
'medical battery'. The reason for the profusion of different

cells stemmed from a desire to provide constancy and
longevity of current. Figure 5 illustrates some popular cells of
the nineteenth century.
Galvanic or voltaic batteries were used to stimulate excitable tissue for investigative and therapeutic purposes, to
charge Leyden jars, to operate the induction-coil stimulator,
and to pass current through a heating element creating the
electrocautery.
It was Galvani's nephew Aldini (1 792, 1819), who popularized the stimulating effect of galvanic current. Interestingly, Aldini traveled to London to conduct experiments in
which a voltaic battery of 40 zinc and copper plates in dilute
muriatic (hydrochloric) acid, was applied to electrodes at
various sites on the body of a recently hanged criminal. The
corpse had lain in a room of 30'F for 1 hour and was then
transported to the College of Surgeons. There, Aldini and
several surgeons applied the electrodes of the voltaic battery
to different parts of the body and evoked strong muscular
10 IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

General Galvanism
General galvanism consisted of placing the positive electrode on the head and the negative electrode on the epigastrum or sacrum. The current flowed for one or two minutes
and great emphasis was placed on the use of low current. The
indications for use of this therapy were insomnia and pain.
Catelectrotonus (negative on the head), however, was recommended for daytime drowsiness. Other indications for
central catelectrotonus were nervous derangement and for
relief of "the wretched state of persistent drunkenness,
overeating and excessive smoking." Very many treatments
were required for the latter condition.
La Beaume (1826) provided the following guidelines for
galvanic treatment. He wrote:
"The degree of Galvanic power that I dispense depends on the
peculiarity of the case and the susceptibility of individuals; I
have, in some instances, imparted the force of two hundred
and eighty pairs of plates; in others, not more than three or
four. In some cases I have continued the application for an hour
and a half; and in others, not more than a few minutes. It is also
of importance to minutely observe the immediate effects of
Galvanism on the countenance and feelings of the patient, in
order to judge if an adequate excitement be produced. I have
said that no violent or painful sensations will be
already
occasioned by Galvanism, if judiciously
employed; when it is
otherwise, the cause should be attributed to the ignorance of
the operator, or to the wrong position of the conductors."

~

~

~

-

t~

"7'

..

.
7'~

A
~

A'

ppa

V
,

B

Figure 4. The first electrochemical batteries developed by Volta.
Each cell consisted of a copper and zinc (couple) in an electrolyte. A.
ilustrates the "crown of cups," a group of cells connected in series;
B. Hlustrates the Voltaic pile, in which the cells are stacked vertically,
the electrolyte being contained in paper between each copper and
zinc electrodes.
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Figure 5. Various types of cells and battery. A. Wollaston's version of the voltaic pattern, B. Daniell, C. Grove, D.
Bunsen, and E. Leclanche cells.

In modern terms, the intensity used varied from about 2 to
300 volts.
LaBeaume distinguished between the initial and subsequent effects of galvanic current. Describing the former, he
wrote:
"The immediate sensations usually produced by the administration of Galvanism are, a warmth about the parts to which
the conductors are applied; sometimes heat, titillation, and a
gentle irritation of the skin; a feeling like that of a passing
current, or an occasional dropping of water; flashes of light; a
metallic taste; increased secretion of saliva in the mouth and
throat; occasionally a disposition to cough; an agreeable thrill
through the body; pulsations at the part; and, oftentimes, a
general glow through the frame.
The subsequent effects generally experienced after the
application of Galvanism are, a glow in the body; warmth in the
hands and feet, and a gentle perspiration; the abatement or
removal of uneasy sensations; composure or exhilaration of
the animal spirits; better appetite and improved digestion;
sound and refreshing sleep; and increased discharges from the
bladder and the bowels. In other cases it occasionally produced
those feelings which are commonly called bilious, but which
very soon subside."
DECEMBER 1984

There soon arose a modification to general galvanism that
consisted of slowly moving the moist head electrode down
the neck and back. One can conclude that, with this
procedure, the varying electrode-subject resistance would
cause the current to vary and produce considerable sensory
stimulation.
The Electric Bath
A popular form of generalized galvanism consisted of
placing a patient in a tub (5.5 ft. long), made from insulating
material (e.g., porcelain or wood), and fiiled with water (Fig.
6). The patient reclined on a back rest, with head out of the
water. Direct current was passed through the water via plate
electrodes (1 x 1.5 ft.) at the head and foot of the bath. The
headward electrode was positive; this polarity was found to

be more relaxing than the reverse. According to Jones
(1920), with tap water warmed to body temperature, about
1/1 0 of the total bath current flowed through the subject. The
current was monitored with a milliammeter; but the current
was initially set by the therapist, who placed his hand in the
water to test the sensation. The final current was adjusted on

the basis of the patient's response, as sensation threshold
varied considerably among patients.
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stimulated with a nasal electrode. For poor vision, the optic
nerve was treated with an electrode near the weak eye.
4\<;>, Impaired audition was treated by applying a galvanic current
to an electrode in the water-filled ear canal. A stimulating
-fS &3\1electrode was placed below the tongue to treat impaired
Fx
./;atswtl
'N'
tat.The spinal cord was also treated with galvanism. The
__
tanode was placed over the suspected vertebra, and the
._. ,n7#>m7
b- T .,!'ar
current returned via an indifferent electrode. Typically, 15-60
.- j
S Xcells were used to deliver current for about 5 minutes, during
4 ~,,
which time a prickling sensation was experienced. The
indications for spinal treatment were ataxia and amenorrhea.
>,?
:iXi
f> X
An electrode was placed in the rectum to treat 'intestinal
'
h. : ^ NCTVI7.
/g S 2>atony' (constipation), and excellent results were claimed for
prostatic infection using an urethral electrode. Pneumogastric
(vagus) and cervical sympathetic nerves were treated with
Figure 6. Dr. Harshner's electrik (galvanic) bath (circa 1859), and galvanism, as were peripheral nerves and muscles. The vagus
the medical battery (upper left). Direct current was passed in the nerve was treated for two minutes, with the cathode at the
head-to-foot direction. Occasionally, current was passed through angle of the jaw and the anode on the manubrium. The
indications for treatment were asthma, spasmodic diabetes,
body segments by electrodes above and below the body.
and "certain afflictions of the heart" (Althaus 1873).

It is easy to imagine the wonderful tingling sensation
experienced by the patient, who could easily convince
himself that something good was happening. A possible
benefit of the bath was deduced from an experiment conducted by Humphry Davy (1807). He found that if he
immersed his fingers in a glass vessel filled with distilled
water connected with the negative pole of a galvanic battery,
alkali was excreted from his body and deposited in the pure
water. However, if the positive pole was in contact with the
water, then phosphoric, sulfuric, and hydrochloric acids were

Cardiorespiratory Resuscitation
Galvanotherapy was recommended for emergency resuscitation. A frequent occurrence was asphyxiation from coalgas fumes prevalent because of working conditions during
the Industrial Revolution. Galvanic current was also used in
the operating room. In the latter part of the nineteenth
century, the favorite anesthetic was chloroform because it
provided a smoother and faster induction than did ether.
However, in common with all anesthetics, respiration is
depressed. Chloroform has another nasty side effect, it slows
and stops the heart. Therefore, respiratory depression and
often cardiac arrest were not uncommon in surgical procedures, and the anesthetist had to be ever vigilant. To make
matters worse, resuscitation procedures were, at best,
limited. Thus, it was not unnatural that the reanimative
powers of galvanism were applied with remarkable results.
Perhaps the best account of galvanic cardiorespiratory resuscitation was presented by Green (1872), a surgeon who
routinely used chloroform, and kept a galvanic battery 'at the
ready' in the operating room. He stated that "One pole should
be applied to the neck and the other to the lower rib on the left
side." Figure 7 is the author's version of this procedure,
which Green applied successfully to resuscitate five of seven
patients who suffered sudden respiratory arrest, some being
pulseless.
It is quite clear that the intermittent application of galvanic
current twitched the respiratory muscles, stimulated cutaneous receptors, and may have stimulated the ventricles. It was
not uncommon to use a battery of over 200 cells, which
produces a stimulus of over 300 volts. Although the mechanism underlying these resuscitations will probably never be

excreted, and could be detected in the water.
The concept of electrolytic removal of substances by
galvanic current was embraced immediately, and it was
believed that the electric bath would extract poisonous
metallic ions and disease organisms from the body. This
concept obviously attracted many, and the electric bath
became the medical rage. Indications for its use were general
debility, a variety of types of paralysis, disorders of the liver,
spleen, kidneys, heart, and spinal column; scrofula, dyspepsia, and bronchitis; deficient nutrition and growth in infants;
as well as treatment for poor eyesight and a variety of
tumors.
Localized Galvanism
Probably because it appeared more logical to direct the
current to the ailing part, localized galvanism became more
popular than generalized galvanism. One electrode was often
placed over the affected organ, the other over its nerve
supply. The brain, however, was a favorite target for galvanism. Electrodes were arrayed forehead-to-occiput or mastoid, transtemporally, ear-to-ear, and apex-to-occiput. With a
unilateral application, hemicrania (one-sided headache) was
supposed to be cured. The same complaints described under
general galvanism were treated with cranial electrodes. Other
indications were cerebral anemia or hyperemia, hemiplegia,
tic doloreux and many diseases of the eye and ear.
"
A
With localized galvanism, the current was derived from a
l
battery of 5-25 cells and was applied for 1-10 minutes. With
low current applied to the head, the patient would feel warm
and somnolent. With higher current, dizziness and unpleasant
sensations, including the perception of light flashes, were
produced. Sometimes vomiting, blindness and even convulsions occurred.
lil1
Care was taken to specify the polarity, the current being
+
described as descending or ascending; in the former case the
positive electrode was central, and in the latter it was distal to
Volts
A$300
the neuraxis when peripheral nerves were treated.
Virtually all of the cranial nerves were treated galvanicly. Figure 7. Author's version of Green's method of resuscitation from
For a diminished sense of smell, the ofactory nerve was cardiac and respiratory arrest using galvanic (direct) current.
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volts), and a rheostat to control the current intensity. He also
used a metronome to inscribe time marks on the smokeddrum record, as well as to time the intermittent application of
// \\
galvanic current. In most of his experiments he used 120
stimuli per minute; but occasionally used 140 or 180. Figure
9 illustrates cardiograms of the heart beating normally (to the
left of the downward arrow) and during rhythmic galvanic
Needle
stimulation (between the arrows) at different rates. Ziemssen
remarked on the pulsus alternans produced by the rhythmic
stimulation of 180 per minute (Fig. 1C).
It is obvious that Ziemssen achieved closed-chest cardiac
subject. It is unfortunate that he did not
pacing
Bottery pursue inthisa human
therapy for pacing the many hearts arrested by
chloroform anesthesia.
Galvanic Cautery
The electrically heated thin platinum-wire cautery appeared
in the mid 1 800's and took many forms. The galvanic battery
was used to provide the heating current. Circular and elliptical
SGIIline
loops were standard, as was a v-shaped wire thermode. The
on
thermal cautery was used for coagulation and cutting; the
same activities now performed with the modern radiofre/
Sponge
quency electrosurgical unit.
Galvanopuncture
Galvanopuncture was a method of applying direct current
via a needle to produce a thermal or electrolytic lesion.
Sometimes, the monopolar technique was used in which one
or more needles (connected in parallel) were inserted into the
tissue. The return path was via a moist sponge electrode on
the skin at a convenient site. At other times, a bipolar
technique was used, in which two needle electrodes in the
Figure 8. Author's concept of Steiner's (1871) successful demon- tissue to be treated constituted the anode and cathode. When
stration of cardiac pacing in chloroform-arrested hearts (3 horses, 1 the monopolar technique was used, the needle was usually
donkey, 10 dogs, 14 cats, and 6 rabbits). The pacing stimuli were made positive. The needles were of bare or gilded steel, and
derived from a battery in series with a metronome (ilustrated as a were in contact with the tissue along the entire inserted
length. Typically, a battery of 10-15 cells was used. The
switch).
effect of polarity was described in terms of acidic at the
cathode and alkaline at the anode. Some tissue chemical
known with certainty, the events attracted considerable destruction was noticeable at the negative pole, but the
attention and demonstrated that galvanic current could be response at the anode was more substantial. The degree of
tissue destruction was controlled by selection of current
used for resuscitation.
intensity and duration.
Direct-Heart Cardiac Pacing
Perhaps the best illustration of the nature of galvanopuncSteiner (1871) also pointed out that cardiac arrest was a
frequent complication of chloroform anesthesia. He reported ture comes from Althaus (1 875), who described removal of a
that the heart could be made to beat by galvanopuncture, i.e., nevus using two needles in the treated tissue.
the application of direct current to a needle electrode. To
demonstrate this fact, he over-anesthetized horses, dogs,
cats, and rabbits to produce cardiac arrest. Heart action was witnessed by thrusting a needle through the left thorax and
14n
into the ventricle. With each heart beat, the needle visibly A
moved. When cardiac arrest occurred, he applied intermittent galvanic current to the needle to evoke a contraction; Figure 8
~
- ~~
illustrates the author's concept of this experiment. Steiner
.
recommended applying "the positive pole to the needle in the
heart, the negative pole in the pit of the stomach or on the left
20/min.
side of the breast in the 7th intercostal space." It is quite B
clear that Steiner had intentionally paced the chloroformarrested heart.
In 1882, von Ziemssen applied closed-chest cardiac pacing$ i
to Catherina Serafin, a 42-year old woman who had a very f
large defect on the anterior left chest wall due to resection of (180/min
a cartilagenous tumor. Her heart was covered only by skin
and was both visible and palpable. Seizing the opportunity,
|.
Ziemssen made smoked-drum kymographic records of the
movements of the aorta, pulmonary artery, atria, and ventri- Figure 9. The first examples of closed-chest cardiac pacing in the
cles. After recording normal movements of these structures, human, showing kymograph records of the heart movements of
Ziemssen placed stimulating electrodes at various sites on Catherina Serafin. A. illustrates pacing at 140/min, B. at 120, and C.
the skin above the heart and, occasionally, over the left at 180. Timing of delivery of the intermittent galvanic stimuli was
scapula. He used interrupted galvanic current to perform accomplished with a metronome. Pacing was started at the downward arrows and terminated at the upward arrows. The time marks
what now would be called closed-chest cardiac pacing.
Ziemssen used a 10-element (cell) battery (about 15-20 are 1 sec. apart (From Zhemssen 1882).

@?' Battery
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"As soon as the connection is made, a destruction of the
texture of the nevus is seen to commence, the blood vessels
and the skin withering away rapidly under the eyes of the
operator. The destruction is more thorough at the positive than
at the negative pole, and the worst parts of the nevus should
therefore always undergo the influence of the former. As a
rule, not a drop of blood is lost during the operation; but if, by
sudden movement of the child one of the needles should come
out prematurely and a drop of blood could appear, this can be
immediately coagulated and any hemorrhage checked, by
applying the positive pole to the puncture. . .When everything
morbid appears to have been electrolyzed, the action is
discontinued and the surface covered with a piece of goldbeater's skin. There is no pain or discomfort after the operation; no dressing is required, for there is no discharge; the scab
remains dry and falls off in ten or fourteen days, leaving the
healthy surface which gradually assumes the appearance of
the surrounding skin."

Galvanopuncture, or electrolysis as it became designated,
was widely used for the removal of skin blemishes such as
warts, moles, and nevi. The only other available treatments
employed caustic solutions or surgery. With the former
treatment there was the risk of poisoning, and with the latter
blood loss was common. Thus, galvanopuncture could compete well with both therapies.
A considerable activity was devoted to treating aneurisms
with galvanopuncture. With this technique the goal was to
induce a blood clot, which would, in turn, result in a deposit
of fibrous tissue. The use of galvanopuncture to treat
aneurisms appears to have originated in the late 1840's.
According to Courtot's (1847) medical thesis, it was well
known that when galvanic current was passed through
electrodes in the white of an egg, coagulation occurred at the
anode and a transparent gel was produced at the cathode.
Moreover, Courtot stated that Clavel had reported in his
medical thesis of 1847 that galvanic current delivered via a
needle electrode for one minute would completely close the
femoral artery of a dog. Thus, the clot-inducing properties of
galvanic current had been well established before 1850.
There is such a wealth of literature on galvanotherapy for

treating aneurisms that space permits inclusion of only a few
accounts. An excellent Editorial on the merits of galvanopuncture appeared in the British Medical Journal (1873). One
of the earliest reports is due to Petrequin (1849), a surgeon in
Lyon (France), who reported the successful treatment of a
fist-sized aneurism in the popliteal region of a 65-year old
man. The pulsations could be easily palpated and the
aneurism exhibited a bruit on ausculation. The tumor prevented the knee from bending.
Petrequin inserted four needles into the aneurism so that
they crossed within. Using a voltaic battery, the current was
passed through the needles in succession. After 16 minutes
of current flow, and in the presence of 6 physicians and
surgeons, the tumor was found to be hardened. The needles
were removed, and the patient returned to bed. The tumor
was examined daily, and by the third day had decreased in
size. By the thirteenth day the tumor was further decreased,
and the patient regained relatively normal leg motion. Petrequin (1850) went on to apply the technique to other patients.
He recommended the optimal placement of electrodes; at the
corners of a rectangle circumscribing the aneurism; two
electrodes placed parallel to the aneurism and two placed

promote clot formation, it was also used to promote the union
of bone fractures that failed to close despite all immobilization
and splinting efforts. Galvanotherapy, which is still used
today for non-unions, dates from Boyer's (1816) text on
surgical ddiseases A translation by
by Stevens contains descripsurgic
al ases
in
tevensccntans d as
tions of several cases In which the galvanic current was
passed transverse to and along the fracture line. In one
noteworthy case of a fracture that failed to unite after 13
months, the galvanic current was applied daily. "At the
expiration of two weeks the limb had become evidently less
flexible in the situation of the fracture and after a continuance
of the same treatment for six weeks, the man was able to
walk and leave the hospital cured." Unfortunately, no description was given of the electrodes, the number of cells,
and the duration of each treatment.
Perspective
Beyond its ability to produce a muscle twitch, there is no
doubt that many interesting uses were found for the application of galvanic, or direct, current. It is doubtful whether
generalized or localized galvanotherapy, applied with bodysurface electrodes, produced beneficial effects beyond making some patients feel exhilarated-although hysterically
depressed function was frequently restored. Such 'cures'
provided benefit to patients and impressed physicians who
perhaps were not fully aware of conditions that we now refer
to as being psychosomatic.
The use of intermittent galvanic current applied via chest
and neck electrodes, to twitch the respiratory muscles and
likely evoke ventricular contraction, was life-saving in cases
of respiratory and cardiac arrest due to chloroform anesthesia
overdose. The technique was abandoned probably when
anesthetic management improved, and the concept of intraoperative patient monitoring evolved.
The intermittent application of galvanic current for cardiac
pacing by Steiner in animals and by Ziemssen in man paved
the way for modern cardiac pacing, which did not occur until
a half century had passed.

THE FARADIC ERA
The faradic era came about with the invention of the
induction coil by Faraday (1831). However, it is generally
accepted that DuBois-Reymond introduced the induction-coil
(inductorium) stimulator to physiology in 1848. Figure 10
illustrates one of his instruments, which became the essential
tool for stimulating excitable tissue. The inductorium was
essentially a transformer whose output was controlled by
moving the secondary with respect to a fixed primary.
Two types of stimuli can be produced by the inductorium;
depending on whether or not an automatic current interrupter
is used in the primary circuit. Figure 11 illustrates the latter
use. When a battery (E), i.e., constant voltage, is applied to
the primary, a magnetic field of increasing intensity is
produced immediately. The current (I) flows in the primary
coil when the voltage is applied at time (M). The magnetic
field, changing because of the rise in current, induces a

diagonally.

Galvanopuncture therapy for aneurisms probably would t
have continued had surgery not made such great advances.
However, the bloodless technique of using direct current to
induce a clot should not be cast aside too readily, for there are
many instances when this form of therapy might be highly Figure 10. The Du Bois Reymond induction coil (inductorium)
desirable.
stimulator. The primary current was controlled by an interrupter (left).
Bone-Fracture Union
The output was controlled by moving the larger secondary coil toward
Although galvanopuncture was used to destroy tissue and and over the primary coil.
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Figure 11. Use of the inductorium to produce a make (M) and break
(B) shock by applying direct current to the primary coil.

voltage (eo) in the secondary. When the primary current
reaches its steady value, the magnetic field is no longer
changing and voltage is no longer induced in the secondary.
When the primary current is interrupted (B), the magnetic
field diminishes instantly, and a very high voltage of opposite
polarity is induced in the secondary. Thus, a relatively small
voltage pulse appears when the current starts to flow in the
primary; a much larger voltage pulse is delivered when the
circuit is broken.
It was often desired to deliver only the stronger break, or
second, shock. This was accomplished by placing a short
circuit across the secondary coil before applying voltage to
the primary. The short circuit was then removed from the
secondary and when current flow in the primary circuit was
interrupted, the break shock was delivered.
The second method of using the inductorium consisted of
placing an automatic current interrupter in series with the
primary coil. Figure 1 2 illustrates this arrangement, with the
current interrupter contact (I) on the armature (Ai) opposite
the iron-wire core of the inductorium. When a battery (E) is
applied to the primary coil, current flows through the armature contact, establishes a magnetic field in the core, and
produces the make shock across the secondary terminals.
However, the magnetic field attracts the armature, and the
primary current is interrupted, producing the break shock.

IPRIMARY

When the inductorium is operated thusly, the vibrating
armature current interrupter produces a train of small make
iand larger break shocks (eo) at the secondary coil output. The
frequency of the pulses depends inversely on the mass of the
armature, and directly on the stiffness of the leaf spring (L)
that restores its position when current ceases. Stimuli with a
frequency of perhaps 20-200 per second were attained. The
duration of the make and break shocks ranged from a fraction
to a few milliseconds, depending on the design of the
inductorium. When these stimuli were applied to skeletal
muscle or a motor nerve, a tetanic contraction resulted. The
term faradic stimulation was often used to denote that a train
of pulses was used as the stimulus.
In modern terminology, the induction coil delivers a train of
heavily damped sine waves of opposite polarity and unequal
amplitude. The inductorium resembles a constant-current
stimulator with an output that, although controllable, was
largely unknown in terms of current and pulse duration.
Nonetheless, the inductorium was an ideal stimulator for
producing a tetanic contraction in skeletal muscle and for
stimulating nerves in the central, peripheral, and autonomic
nervous systems.
Faradic Electrotherapy
Faradism was the term coined by Duchenne (1872) to
describe use of the train of short-duration current pulses
generated by a faradic (induction) coil. As with the other
forms of electric current, faradic current was applied to the
whole body (general faradization) and to specific regions
(local faradization), to treat a wide variety of ailments.
Before describing the various therapeutic applications of
faradic current, it is useful to recognize that the physiological
response to faradic current is much different than that of
franklinic (static) or galvanic (direct current) electricity.
Faradic current consists of a train of short-duration pulses,
and can thus produce a tetanic contraction in skeletal muscle;
whereas a discharge from the Leyden jar and direct current
can produce only a twitch. Moreover, a faradic pulse train can
stimulate sensory receptors (and their nerves), as well as
autonomic nerves.
General Faradization
Application of faradic current to the body along the headfoot axis was designated general faradization. Duchenne
(1872) stated, "The influence of this excitation can activate
secretions and transport; for example it can be felt in such
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Figure 12. The inductorium with a magnetically driven current interrupter in series with the primary coil. This
arrangement provided delivery of a train of makebreak stimuli, e0, called a faradic stimulus.
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and such an organ, according to individual disposition." Thus
he believed that a sensory response constituted part of the
therapy, in addition to the secretory action and obvious motor
response in skeletal muscle.
Treatment with faradic current consisted of having the
patient sit on a stool without a back or arm-rest. The bare feet
were placed on a copper electrode connected to one Lerminal
of the induction coil. (The soles of the feet were preferred for
current application because the thick skin there reduced
sensitivity.) It was considered poor technique to use a bowl
of water to hold the foot electrode, because it might be upset
as a result of muscular contraction. The other terminal of the
induction coil was connected to a copper-ball electrode, one
inch in diameter and covered with a moist sponge. The
therapist grasped this electrode with one hand and applied
the other hand to the patient's head. The therapist was thus
in series with the patient and induction coil, and could
therefore judge the appropriateness of the current strength.
Figure 1 3 illustrates the technique. Sometimes the patient
was contacted by a moist sponge held by the therapist. When
the therapist's hand was used as the electrode, the term
'electric hand' described the procedure. Commenting on
these techniques, Beard and Rockwell (1891 ) stated, "As the
current passes through his own person the operator can judge
. .::~~~~&~~~'X~~~

|

by his own sensations whether it is too strong or too weak,
and by increasing or diminishing the grasp of his other hand
on the sponge (on the brass ball), can modify the strength of
the application without disturbing his apparatus. The wet
sponge on which he presses with the other hand, acts, as we
have seen, like a hydro rheostat." In practice, the current was
increased until it was "pleasantly painful" for the patient.
Comment was made that repeated use of this technique had
little effect on the therapist; although if many treatments are
given the therapist might be weary at day's end.
General faradism included slow lateral and dorsal movement of the hand (or sponge) over the head, face, and neck.
When the hand passed over the back of the patient's head,
Beard and Rockwell stated, "The current is felt through the
ramifications of the occipital nerves, giving rise offtimes to
sensations not only painless but absolutely agreeable."
While progressing over the neck, it was recognized that the
current could gain access to the cervical sympathetic pneumogastric (vagus), and phrenic nerves, as well as the brachial
plexus. At one point on the neck, called the clio-spinal center,
all of these nerves were stimulated. Beard and Rockwell
(1891) stated, "There is no other single place on the surface
of the body where the electrical influence can be communicated to so many important nerves as at the clio-spinal
center." They continued, "This application, so far from being
painful, is to many positively agreeable. The thrill which it
communicates to the nerves is often so delightful that the
~~~~~-*~~~~~~ ~patient requests to have the application prolonged."
As the electrode was passed downward over the spinal
column, a stronger current was needed to obtain a response.
gnaAs the hand (or sponge) passed the level of the kidneys and
spleen, it was moved laterally so that these organs could
receive the current. Along the path of the electrode, the
superficial muscles contracted tetanically. Beard and Rockwell reported, "if a strong current be applied over the lower
portion of the spine, between the upper border of the ossa
innominata, a slight sensation is sometimes, though by no
means uniformly, communicated to the rectum and male
genital apparatus, the penis and the testicles, through the

l

*..~

spinal

nerve

supply."

General faradization was used to treat a wide variety of
afflictions, such as dyspepsia, hypochondriasis, nervous

exhaustion, hysteria, neuralgia, rheumatism, paralysis, temporary constipation, and insomnia. Following the treatment,
most patients experienced a feeling of "enlivenment or
exhilaration" that lasted several hours. Many felt drowsy and
desired to sleep; this response is surprisingly similar to that
with the electric air bath. The relief of pain was a common
experience. Some felt hungry and a few needed to evacuate
the bowel and bladder, as also, not surprisingly, sometimes
during treatment.
Localized Faradization

The application of faradic current to selected regions of the
body paralleled the technique used with static and galvanic
current. However, unlike those stimuli, faradic current produced strong motor and autonomic effects. Some very

Figure 13. The "electric-hand" treatment in which the induction coil
stimulator was connected to one electrode below the patient's feet
and another under the physician's right hand. The physician's left
hand was the electrode which was passed over the surface of the
body. The physician regulated the current by varying his grasp on his
right-hand electrode.
16 IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

remarkable responses were obtained with localized faradization. As there was a preoccupation with stimulating motor
nerves, those sites on the body surface where they could be
excited most easily were sought. It was Ziemssen (1 864)
who first charted their locations. Using these motor points,
local faradization was practiced widely. Some of the indications for its use were peripheral and reflex paralysis and
neuralgia. Less obvious was its use for effusions, sprains,
local injuries, amenorrhea, diminished sperm production, and
atony of the bowel and bladder. In the latter two applications,
the bowel and bladder were evacuated prior to insertion of
the electrode. Surprisingly, the goal was not to promote a
contraction for evacuation; rather it was to treat the muscle
fibers with current.

DECEMBER 1984

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 09,2023 at 09:13:10 UTC from IEEE Xplore. Restrictions apply.

-

A

A

cal electrodes. He wrote, "Artificial respiration produced by
electric contraction of the diaphragm develops considerable
movement of air; increases the vertical diameter of the thorax
and the inferior half of its transverse diameter. Moreover
electric excitation of the phrenic nerves, which provide
contraction of the diaphragm, can also provide noisy respiration in the cadaver, some time after death."
Indications for use of rhythmic electrophrenic stimulation

+

given by Beard and Rockwell (1891) were respiratory arrest

drowning, and carbonic
opium poisoning, asphyxiation,
Ifrom
acid gas
poisoning. They also called attention to the fact that
there had been failures with this therapy. They wrote, "It is
, l |l l
useless to expect good results if five minutes have elapsed
since life appeared extinct." In citing the complications they
wrote, "A medical acquaintance informs us that an attempt
of this kind [faradization to produce inspiration], which he
made in a case of opium poisoning proved instantaneously
fatal in the patient. Under ordinary methods, the patient was
recovering, but in order to expedite the progress, faradization
W
C
U
was tried. One pole was placed on the ribs and the other
C t/\ 0
somewhere on the neck in order to find the phrenic nerve.
Immediately the patient ceased to breathe and no further
treatment availed to resuscitate her".
The fatal result just described was likely due to ventricular
\
^,
L
fibrillation. The conditions of one electrode probably near the
cardiac apex, a current pulse in the order of a millisecond or
I 11(
so, and a high current intensity, all favor cardiac excitation.
§lililillXi!;5(
«,Ill!lmD
The use of a much shorter duration pulse, which would still
stimulate a motor nerve such as the phrenic, and a slightly
Figure 14. d'Arsonval's (1893) apparatus for passing one ampere of different precordial electrode location, could have probably
high-frequency current through two subjects (D) in series with a 100- averted this fatality. At that time, however, the strengthduration curve had not been discovered, although ventricular
watt lamp (L), connected to a Hertz spark-gap oscillator.
fibrillation by direct cardiac stimulation had been produced by
The sensory organs, with the exception of the eye, were Hoffa and Ludwig (1850). By the 1920's phrenic nerve
also faradized. Faradization with an ear-canal electrode, a stimulation had been abandoned, being revived later by
nasal electrode, and a sublingual electrode were not uncom- Sarnoff, et al., (1948, 1950).
mon for impairment of the respective sensory system. Some Cardiac Pacing
It is very tempting to view the electrical resuscitation
of the autonomic nerves were also treated; the vagus was
stimulated with electrodes on the neck or in the esophagus. efforts of the nineteenth century with some enthusiasm in the
The cervical sympathetic nerve was stimulated with skin- light of our modern knowledge of cadiorespiratory resuscitasurface electrodes, although this treatment was controver- tion. However, certain basic physiologic facts must be
recognized. The galvanic resuscitations, in which a battery
sial.
was connected intermittently to neck and thoracic elecRespiratory Resuscitation
In the mid and latter part of the nineteenth century, trodes, could indeed produce a twitch in the respiratory
respiratory arrest due to chloroform anesthesia and coal-gas muscles along with a single ventricular contraction. With this
fumes was quite common. At this time, faradization was a technique, the hazard was minimal and the potential for
popular treatment, and it seemed logical that it be applied to success was high. When faradic current was applied to
produce a respiratory effort by stimulation of the phrenic electrodes in the same location, however, the situation
became vastly different. Although the respiratory muscles
nerves or the intercostal muscles.
Ziemssen (1857, 1864) appears to have been the first to could be tetanized to produce a strong inspiratory effort, the
use electrophrenic faradic stimulation with skin-surface elec- effect of such repetitive current pulses on the ventricles is
trodes. The following translation from his paper is due to fibrillation. Moreover, McWilliam (1887) had shown that
once started in warmblooded animals larger than the cat,
Althaus (1873).
rabbit, hedgehog, etc., ventricular fibrillation did not stop
"A servant-girl, aged 27, was found in her bed early one
morning, asphyxiated by charcoal fumes. Counter-irritation of
the skin proved unavailing in inducing respiration; [and when
Ziemssen was called in,l the pulse and respiration were almost
imperceptible; the skin was getting pale, the temperature of
the extremities low, and the rales in the trachea more marked.
The phrenic nerves were now rhythmically faradized. When the
chest was seen to expand, the girl began to cough, the cheeks
showed a faint flush, and the extremities became warmer.
Faradization was continued, with short interruptions, for two
hours, when respiration was fairly re-established. Eleven hours
afterwards respiration was regular, and the patient was quite
well the next day."
Despite occasional failures, rhythmic faradic phrenic-nerve
stimulation with skin-surface electrodes gained considerable
popularity. Duchenne (1872) devoted substantial space to it Figure 15. The condensing couch, showing d'Arsonval's method of
in his book De L'Electrisation Localisee, preferring transcervi- capacitive coupling via the large electrode below the mattress.
8 !tl vl l

i
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spontaneously. Despite these facts, clinicians repeatedly
described faradization of the heart with chest electrodes. It is
not possible to discover the number of catastrophic incidents
that occurred.
During the latter part of the nineteenth century, as social
conditions changed and medical knowledge increased,, the
causes of sudden and unexpected death were sought. For
example, respiratory and cardiac arrest would occur under
chloroform anesthesia. The first to speculate about these
events was McWilliam (1889), who distinguished between
syncope with and without survival. He postulated that in the
former case, the heart's action was inhibited, largely by vagal
action when there was survival, but by ventricular fibrillation
when there was no survival. He pointed out that the hypoxia
resulting from the former could lead to the latter-a fact that
he demonstrated in open-chest dogs.
McWilliam realized that with vagal cardiac arrest, rhythmic
stimulation delivered to the ventricles would produce a
contraction and a flow of blood from the heart. After having
demonstrated the correctness of his thesis in dogs, he then
postulated the use in man, of what we now call cardiac
pacing although he never used the technique.
McWilliam's thoughts on cardiac pacing in man were,
unfortunately, unheeded until 1932 when Hyman built the
first pacemaker and used it clinically for atrial pacing. Even
this demonstration went unheralded until 1952, when Zoll
performed his life-saving studies with closed-chest pacing in
patients with Stokes-Adams disease. (The story continues
from here with the article in this issue by Wilson Greatbatch,
"Implantable Pacemakers: A Twenty five year Journey")
Ventricular Defibrillation
Modern ventricular defibrillation dates from the work of
Kouwenhoven and his associates, who in the early 1930's
started to use 60-Hz alternating current to defibrillate canine
hearts with directly applied electrodes. The fact that ventricular fibrillation was a lethal cardiac arrhythmia was known ever
since Hoffa and Ludwig (1850) produced it by applying
faradic (induction-coil) current to canine ventricles. In the
latter part of the nineteenth century, there was much interest
in the effect of electric current on the heart. In addition to
d'Arsonval, other investigators of this phenomenon included
Prevost and Battelli, who reported studies in 1899 on the
effect of direct current, capacitor-discharge current, and
alternating current. Experimenting with different current
intensities and body-surface electrodes, they were able to
produce respiratory arrest and ventricular fibrillation. They
found that low-voltage shocks produced ventricular fibrillation, but high-voltage shocks did not. In fact, the latter
defibrillated hearts that were in fibrillation.
It is interesting to note that Kouwenhoven and his associates (Geddes, 1976) ultimately discovered the Prevost and
Batelli papers, which had been available for more than three
decades, as had been the recognition of ventricular fibrillation
as a clinical entity. However, there were few clinical electrocardiographs available until the 1920's. Without these instruments, ventricular fibrillation would have been difficult to
diagnose. The discovery of Prevost and Battelli in no way
diminishes the important contributions of Kouwenhoven and
his colleagues, who gave us both direct-heart defibrillation
and closed-chest cardiac compression.
Perspective
Faradic stimulation became extremely popular as a therapeutic technique in the late 1800's. Its use, however, did not
persist-even for respiratory resuscitation. Although Sarnoff
and his colleagues revived it in 1948 and 1950, it never did
regain its position as a resuscitative procedure for treating
sudden respiratory arrest. However, this technique is being
revived for diaphragmatic pacing by Glenn (1978) who has
developed an implanted phrenic-nerve stimulator, and by
Geddes, et al. (1 984), using transchest electrodes.
18 IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

D'ARSONVAL ERA

The d'Arsonval era was characterized by the use of highfrequency current applied to living tissue in order to achieve
bulk heating; a technique that came to be known as
diathermy. This type of current was also applied to a smallarea electrode on or over tissue, to produce localized heating.
With a point electrode, cutting and dessication of tissue, and
coagulation of blood vessels, is accomplished; the three
functions of the modern electrosurgical instrument. However, before these applications could occur, it was necessary
to discover the physiological response to high-frequency
current.

Physiological Response

Toward the end of the nineteenth century, considerable
interest was focused on choice of the best type of electric
current as a source of commercial electrical energy. Edison
pioneered the use of direct current; Tesla was the champion
of alternating current. There naturally arose the need to know
the physiological effects of these two types of current. It was
soon recognized that extremely low power loss was associated with long-distance transmission of high-voltage alternating current, and interest in direct current distribution faded
quickly. Unquestionably, the leader in research on the physiological effects of alternating current was Arsenne d'Arsonval,
physician at the College of France.
In his studies of the importance of frequency, d'Arsonval
immediately encountered the problem of generating alternating current over a wide frequency range. There were alternators that could provide current of 20 to a few 1 00 Hz. To
extend the range, d'Arsonval obtained a special Gramme
alternator that produced current up to 10,000 Hz; but he
needed generators for much higher frequencies. For this
purpose he used a spark-gap oscillator.
d'Arsonval performed studies to determine the effect of
high-frequency current on the body (1891, 1893, 1894,
1897). His landmark experiment is shown in Fig. 14. He used
a Hertz spark-gap oscillator consisting of two Leyden jars (B)
and an air-core coil (C - C'). The ends of the coil were
connected to a series circuit consisting of a 100-watt light
bulb (L) and two human volunteers (D). When high voltage
was applied between the oscillator terminals, an arc (A - A')
was struck, connecting the coil and Leyden jars (capacitors),
and formed an oscillating resonant circuit. An alternating
current of about one ampere, with a frequency of about
500,000 Hz was delivered through the two subjects and the
light bulb, which glowed brilliantly. d'Arsonval noted that
with three amperes, a disagreeable sensation of heat was
encountered.
Clearly, d'Arsonval had shown that high-frequency current,
when delivered to the body by conductive electrodes, did not
produce contractions in skeletal muscle; nor did it stimulate

Figure 16. Inductive heating of
d'Arsonval (1894).

a man and rabbit described

DECEMBER 1984

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 09,2023 at 09:13:10 UTC from IEEE Xplore. Restrictions apply.

by

sensory receptors. Thus was the stage set for the controlled
application of high-frequency alternating current.
d'Arsonval proceeded to show that substantial current
could be passed through the body by capacitive coupling.
Figure 1 5 illustrates a subject on a chaise longue, with an
electrode below the cushion connected to the (vertical) coil of
the high-frequency oscillator; the other end of the coil is
connected to an electrode in the subject's hand. With this
method, more than 300 mA could be passed through the
subject. The name used for the chaise longue became the
'condensing couch'. Later, when capacitive coupling was
used, the term 'condensation' was sometimes used to
describe diathermy.
Inductive heating was also demonstrated by d'Arsonval.
Figure 16 illustrates a rabbit and a man inside long solenoids
through which high-frequency current flowed. With the
inductive method, no metallic contact is made with the
subject. Moreover, the current induced in the subject is not
confined to the surface of the body. From this and the
previous study, d'Arsonval anticipated medical diathermy.
Long-Wave Diathermy
d'Arsonval's first experiments were conducted with electrodes that made electrolytic contact with the body. The
frequency he used (500 kHZ) corresponds to 600 meters,
which is designated a long wavelength. Soon physicians
began to use frequencies of one MHz and higher to produce
therapeutic heat. Doyen (1917), a surgeon, used a spark-gap
radiofrequency generator (one MHz) connected to electrodes
to warm hypertensive patients prior to surgery so as to lower
blood pressure and thereby reduce bleeding.
Long-wave diathermy was used to treat a wide variety of
ailments. Elevated temperature (fever therapy) was popular
at that time, as was the use of heat to relieve pain originating
from a variety of causes. There were also numerous inappropriate applications of long-wave diathermy. Complications
were by no means absent; if the electrodes were poorly
applied, skin burns due to arcing under the electrodes were
not uncommon. Such radiofrequency burns are painful, often
deep, and slow to heal. It is therefore not surprising that
when a non-contact method of radiofrequency heating,
namely short-wave diathermy, became available, the popularity of long-wave diathermy diminished rapidly.
Short-Wave Diathermy
It was the development of power vacuum tubes, in the
pioneering days of radio during the early 1920s, that permitted the generation of sufficient high-frequency power to
produce tissue heating. High-frequency (88 MHz) short-wave
diathermy using electrodes in direct contact with the skin
was developed in that same era. The use of skin-contact
electrodes with this high-frequency generator provided little
advantage over the lower frequency instruments. Nonetheless, heating with short-wave power had been demonstrated.
A considerable step forward was made by Schereschewsky (1926, 1933) when he showed that heating could
be produced by capacitive coupling. Using frequencies ranging from 8.3 to 130 MHz (36-2.3 meters), he heated a mouse
in a celluloid box, with electrodes placed outside of the box.
Short-wave diathermy started in Europe around 1925,
according to Stiebock (1 935) who referred to his own studies
in Vienna. He reviewed the literature, cited Schereschewsky's research, and provided the first indications for the
use of short-wave diathermy. He advocated its use for
intermittent claudication, gangrene of the foot, carbuncle of
the upper lip, and eczema. Partial success was encountered
in treating otosclerosis. However, it was Schliephake who
championed the cause for short-wave (20-meter) diathermy
using capacitive electrodes. His book, Les Ondes Electriques
Courtes en Biologie, published in Paris in 1938, contains a
wealth of information on the technique which employed
electrodes covered by glass chambers, later called glass
DECEMBER 1984

boots.
There was considerable controversy over the mechanism
of the therapeutic benefit of short-wave diathermy. Some
believed that the beneficial effect was due to heat; others
suggested that there was a non-thermal effect. It was soon
recognized that enhanced blood flow played an important
role. A remarkable photograph showing vasodilation produced by short-wave diathermy was presented by de
Cholnoky (1937). Figure 17 is a reproduction of his micrograph of the swimming membrane of a frog before (A) and
after (B) treatment with diathermy. The remarkable thermal
vasodilation is beautifully evident in the center of the
illustration.
Vacuum-Tube Electrodes
Several localized diathermy techniques employed capacitive electrodes made of glass and containing air at low
pressure. These devices, often called vacuum electrodes,
vacuum-tube electrodes, or luminous electrodes, produced

'a

A

B

Figure 17. Vasodilation in the swimming membrane of a frog. Abefore short-wave treatment; B-after short-wave treatment (From
de Cholnoky 1937).
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Figure 18. Vacuum tube electodes: (A, B) body-surface tubes, (Cl
rectal tube, (D} urethral tube, and (E} vaginal tube.

radiation, e.g., visible light, heat, ultraviolet light, or soft xrays, depending on the applied voltage and the pressure
within the glass envelope. Such electrodes were applied to
the body surface or in a body opening. Figure 18 illustrates
typical examples of body surface (A, B), rectal (C), urethral
(D), and the vaginal (E), electrodes. A set of such electrodes
came in a velvet-lined, polished wooden case with a contoured well for each electrode. A universal connector in a
handle accepted any of these electrodes, and allowed connection to be made with one terminal of the diathermy
machine. The return path for the current was via a hand-held
or dispersive electrode placed on the body. When the patient
could lie on the condensing couch, the large spring mattress
provided the return path for the current.
When one of these electrodes was used, it emitted visible
light, the color of which depended on the degree of vacuum in
the electrode. According to Eberhart (1916), the pressure in
vacuum electrodes ranged from 10-3 to 10-6 atmosphere.
With a low vacuum, the glow was reddish. Decreasing the
pressure caused the color to become blue, then violet, and at
about 10-4 atmosphere, whitish; with a higher vacuum
invisible ultraviolet radiation was produced. When an extremely high vacuum was used, it was believed that soft xrays were generated. Thus, the properties of these electrodes
depended on their internal pressure, as well as the applied
voltage and the type of gas contained therein.
It is noteworthy that when many types of vacuum electrode were passed just above the surface of the skin, there
occurred a faint but characteristic crackling sound. It was
believed that ozone and oxides of nitrogen were produced by
this technique. In addition, the skin was heated; therefore the
electrode had to be moved continuously. Cumberbatch
(1939) stated that the procedure stimulates secretion from
the sebaceous glands, and this secretion condenses on the
glass leaving an oily film that must be removed after the
treatment. If the electrode emitted ultraviolet rays, ozone
was created; therefore the electrode would have germicidal
properties.
There were many uses for vacuum electrodes. However,
not all practitioners recognized the different properties of the
different types of electrodes. Although most therapists had a
full range of electrode shapes, few had the different types in
each shape. By far, the most popular was the mediumvacuum electrode, which emitted "an agreeable purplish
glow," as many textbooks stated. In accounts of the various
therapies, it was not always stated which type (e.g., high or
low vacuum) was used.
The body tube was moved above the surface of the scalp to
treat alopecia, and over the skin to treat herpes zoster,
neuritis, psoriasis, and acne vulgaris. In the latter case, the
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ultraviolet light and ozone are obviously beneficial. The same
electrode was used for the pain of gout and rheumatism. The
vaginal electrode was applied for menstrual pain and vaginal
discharge. The vaginal and urethral electrodes were used in
cases of discharge due to infection, as were the rectal and
aural electrodes.
Microwave Diathermy
The use of microwaves for tissue heating had to await the
availability of radiofrequency generators capable of continuously delivering up to 100 watts. Krusen (1947), of the Mayo
Clinic, reported on his early (around 1937) interest in
microwave heating, when he consulted Lee DeForest, inventor of the triode vacuum tube. However, technology was not
available for this requirement. Generators of centimeterwavelength radiofrequency current were being developed at
the Bell Telephone Laboratories. At that time (1938), these
magnetron generators were only capable of producing a few
watts of continuous power. Later in that year, the klystron
was developed, which offered the promise of higher power.
Krusen had followed these developments closely, and made
serious attempts to obtain these devices. Unfortunately,
World War 2 (1939-1945) had begun, and these devices
were classified 'secret,' being destined for radar.
Following the war, Krusen found a cavity magentron at the
Massachusetts Institute of Technology capable of producing
400 watts at 3000 MHz. By June 1946, he had obtained one
of these devices through the courtesy of the Raytheon Co. It
then became possible to create a suitable microwave generator and to use it to evaluate the capability of microwaves to
heat living tissue.
The first tissue microwave heating studies were conducted
by Dr. Leden, a Fellow in Physical Medicine, working with Dr.
Krusen. The 3000 MHz (10 cm) energy was directed at dog
limbs using a hemispherical radiator, 3.5 inches in diameter,
placed 2 inches above the skin. Using needle thermocouples,
the temperature was measured at two depths before and
after application of the microwave energy. It was well known
to Leden that accurate temperatures could not be obtained if
the thermocouples were in the microwave field. With the
thermal dose of 65 watts for 20 minutes, a temperature rise
of 3-5°C was produced.
Electrosurgery
In electrosurgical procedures, localized high-frequency alternating current flows through living tissue to produce
dessication, coagulation, or cutting. These three effects
depend on the current intensity, the type of active electrode,
and the technique used. In the United Kingdom the term
'surgical diathermy' is used for the technique. The term
electrocautery is sometimes incorrectly used to designate
electrosurgery; by definition, an electrocautery is an electrically heated instrument for performing surgery. An important
distinction is that with the electrocautery no current flows
through the tissue.
Just before the turn of the twentieth century, the race was
on to develop bigger and better induction coils, i.e., ones that
could produce longer and thicker sparks of higher frequency
current. Thus, the Ruhmkorff, Oudin and Tesla coils were
widely available, as was the Hertzian spark-gap oscillator.
With any of the high-frequency coils, it was customary to
draw sparks from an electrode held over the skin to destroy
superficial blemishes. According to Doyen (1909), Pozzi
named this technique fulguration (fulgur-lightning). No returnpath electrode was used; the capacitance of the subject to
ground provided the return path for the current. Doyen carried
out histological studies and discovered that the tissue damage did not extend beyond 3-5 mm below the skin surface.
He also investigated methods of destroying malignant tumors
at a greater depth.
Certain points should be noted in Doyen's research; for
example, he found that he needed a return-path electrode and
thus used the wire mattress on which the patient lay. He
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introduced coagulation by placing the electrode in contact
with the tissue and he introduced the bipolar technique. He
also carried out temperature studies on the tissues surrounding the active electrode. Although he did not have fine control
over the current intensity, his control was such that he
recommended the technique for removal of malignant tumors
in the esophagus and larynx. Some years later (1917) he
published the first textbook on electrosurgery, Surgical
Therapeutics and Operative Techniques, which was translated from the French into English by H. S. Browne.
Unaware of the European research, William L. Clark, of
Philadelphia, was conducting experiments leading to the
development of electrosurgery. Clark presented his initial
results at the American Electro-Therapeutic Association
meeting in Saratoga Springs, New York, on September 14,
1910. In his classic (1911) paper, Clark wrote:
"A static machine of large output was procured. A 5 H.P.
motor was used to drive 12 revolving plates of special
construction for strength and durability, capable of 2,000
revolutions per minute giving about twenty times the output of
the ordinary static machine. By varying the size of Leyden jars
used as resonators, all thermic degrees were obtained, from
hyperemia to cauterization. [Figure 19 is the author's concept
of Clark's equipment]. I experimented with my own hand for
the milder effects, and with an ordinary cake of soap for higher
degrees of heat. A balance was struck when it was possible to
dessicate a piece of soap through a piece of paper without
charring or discoloring the paper, and by extracting the plug of
soap and crushing it between the fingers it was pulverized. The
soap immediately surrounding the dessicated areas was very
wet, as it could not evaporate on account of the paper, and
condensed on the soap. When no paper was used, small
droplets condensed upon the surface of a small mirror held in
close proximity. It was found that the same effect was
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obtained with raw iiver and potato. This seemed good proof
that the exact degree of heat for dessication was attained,
which could be sustained without increasing the degree and
without danger of burning. Small warts and moles were next
successfully treated, after which I became more pretentious
it to epithelioma, exuberant granulaand cautiously
cutaneousapplied
tions,
hemorrhoids, tattoo marks,
pigmentations,
acne postules, X-ray keratosis, lupus and one case of bladder
papilloma, aided by the catheterizing cystoscope. Its applicability in various other conditions will suggest itself. By slightly
increasing the intensity of the current and bringing the metal
point in closer contact, a destructive effect may be produced
through fluids, as is necessary in the case of tumor of the
bladder."

Clark stated that the radiofrequency current sterilized the
incision, deadened the nerve endings, and sealed small
bleeders. He then recounted his experience with 317 lesions
in 78 patients in which he treated " 1 5 epitheliomas, 2
lipomas, 12 pigmentations, 3 granulating ulcerations, 12
hemorrhoids, 4 tattoo marks, 1 0 acne, 58 X-ray keratosis, 4
chancroids, 10 condyloma, 1 bladder papilloma, 4 lupus
lesions, 60 moles, and 122 verruca".
The team that really promoted and popularized use of
electrosurgical techniques consisted of Cushing and Bovie,
the latter being a physicist who was attached to the Harvard
Cancer Commission. Bovie had developed an electrosurgical
unit for excising carcinomas. According to Fulton (1946),
Cushing became aware of Bovie's work in the spring or
summer of 1926 and contacted him. Together they developed a dual electrosurgical unit, one part providing cutting
current and the other generating coagulating current. They
then developed the loop, ball, and point electrodes, each of
which could be mounted in a sterilisable handle. Harvey
Cushing then used the dual-purpose Bovie unit (which
operated at 1-3 MHz) to remove brain tumors, with so little
bleeding that he called back many of his previously inoperable
patients for surgery. In 1928 he published his results and
shortly thereafter interested the Leibel-Flarsheim Co. in
duplicating the device for commercial sale.
While Cushing was pioneering the use of radiofrequency
current in neurosurgery, Ward (1925) had developed a unique
5 HP MOTOR XvnLmethod of arresting bleeding in small vessels. His discovery is
best told in his own words: "The operator grasps the clamp
on the vessel in his left hand and holds it at right angle<; to the
surface and clear of all contact with the body except at the tip
where the vessel is caught. With the right hand, the active
electrode (needle) touches the hemostat at any convenient
point and remains a fraction of a second or longer when a
small ring of electrocoagulation forms at the end of the
instrument, which is now removed. There is no bleeding, and
the small area of coagulation is soon absorbed without slough
or hemorrhage." Figure 20 was redrawn from Ward's paper.
Dispersive Electrode
No dispersive (return-path) electrode was used with many
of the first electrosurgical instruments. The return path for
LEYDEN JARS
the current was provided by the capacitive coupling between
the subject and ground. With this arrangement, there is a high
probability of skin burns due to accidental contact between
the patient and ground. The first dispersive electrode was
described by Iredell, et al., (1919) in the U.K. They used a
bare metal plate, about 3 x 1.5 inches, pressed against the
OUTPUT F Cd
patient's skin by the nurse. When the electrode became
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Figure 19. Author's concept of Clark's electrosurgical instrument,
comprising a 12-disk electrostatic machine and a spark-gap oscillator,
consisting of a coil and Leyden jars and an active electrode. No
dispersive electrode was used, the return-path for the current being
by Cd and Cd', the distributed capacitances to ground.
DECEMBER 1984

warm, the current was turned off, and the electrode was
moved to another site. Mitchell and Lumb (1919, 1962), also
in the U.K., reported that a typical dispersive electrode of that
time measured 6 x 9 inches. They recommended 9 square
inches of electrode area for every 100 watts of electrosurgical power. They suggested that a soft lead plate covered by a
towel soaked in saline was an effective dispersive electrode.
Perspective
By 1930 the advantages of electrosurgery were well
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Figure 20. Ward's (1925) method of applying current to a hemostat

to control bleeding in small vessels.

the pulses now being generated electronically. The pain relief
from the electric hand treatment might have been due to
what is achieved with modern TENS; both treatments use
similar stimuli. Respiratory pacing, produced by bursts of
stimuli applied to the phrenic nerve via an implanted generator, is an approved therapy for paralysis of the diaphragm due
to a lesion high in the spinal cord or in the respiratory center.
Respiratory pacing by stimulation of the inspiratory motor
nerves using chest-surface electrodes and trains of shortduration pulses is presently undergoing reinvestigation.
Perhaps the d'Arsonval era is the one that has provided the
most survivors. Short-wave and microwave diathermy are
now standard therapies for a variety of ailments in which
thermally induced vasodilation is of benefit. The same
technique is being used with higher power to devitalize
malignant tumors. In addition, the electrosurgical unit is an
essential tool for cutting tissue and coagulating blood vessels.
There may be, hidden among some of the abandoned
techniques, some phenomena that merit renewed investigation. We now have abundant instrumentation and technology
that can be applied; we are now more critical and have more
theory to draw upon. Perhaps a second look at some
discarded electrotherapies is in order.
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