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Dr. Alexander Forbes, one of the first electrophyslologists In
United States, while Professor at Harvard Medical School, had a
favorite toplc to get a conversation golng with a new group at
tea time or over lunch. He would ask: At what time in history
would they have preferred to live if they had a choice?

Almost Inevitably each answered: In the age that they
Individually lived. From there Forbes would tell endless
storles from the change in downtown Boston from horse drawn
street cars to electric cars, to his efforts with the Navy to
first use the vacuum tube as an amplifier to detect submarines
In World War I, and the past came alive. Then, we weren't so
sure that it would not have been better to llve in his time -

he was such a good story teller. 1 am very glad to have lived
In my time because not only did 1 live and work with ali the
kinds of Instruments except the capillary electrometer, but saw
and took part in the development of those from 1935 on and had
the pleasure of knowing all the persons who made EEG what it
Is. It Is hoped that by the selection of these few instruments
from the past the reader can see how we got from there to here.
| have limited the "here" to the early 1960s because anything
later would probably be within the time frame of the reader's
experlence. Also, | didn't want this article to appear more
biased than It does because of my own Intimate experlences.

Within the 100 years or more selected, and for the purposes of
EEG, one can consider the 50 years before Berger, the 25 years
after Berger, and then the next 25 years to the present (not
described here) as three vastly different periods because of

the development of Instruments made possible from corresponding
changes In the developments In physics - specifically electro-
magnetic theory, electron theory and the electron tube and
finally the transistor with off shoots of memorles, micropro-
cessors, and digital technlques.
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Until the last few years the definition of "Electroencephalo-
graph" has been described as "an electrical~brain-writer". We
came to think of an EEG as a multichannel device to economically
record continuous "spontaneous" electrical braln potentlals be-
tween palrs of electrodes for hours at a time. With the advent
of many possible ways of displaying electrical braln actlvity

now In existence or In people's minds, it appears that the
definition may need to be broadened less It become cbsolete.

In the same way, usage of the term "Evoked Response" has come
to mean those potentlals on the surface of the head which ara
synchronous responses to varlous peripheral stimulii that are
displayed by summatlon and averaging techniques. Lest we forget,
sclentists were evoking responses In nerve and muscle by stimu-
lation for the last hundred years or more. Long before Berger,
the anatomy of the brain was being charted by peripheral stimu-
latlon by recording electrodes on and In the braln of animals.

In fact, when looking at some of Dr. Forbes' unpublished string
galvanommeter records taken In the 1920s, [ think [ saw back-
ground potentlals that were probably spontaneous EEG potentials,
but at that time were probably considered noise and artifact
while he was searching for responses In the brain of animals to
remote stimulil. Such EEG potentlals were Ignored for three
years after Berger published In 1929.

When Dr. Glbbs started to look for clinical uses of braln waves
for the diagnosls of epllepsy, [ can remember some research
electrophysiologists taking the posltion that there was no sense
in doing it and that cliniclans should wait until the anatomy and
understanding of the braln's nervous system had been defined.
Dr. Forbes himself published a paper that criticlzed the Grass-
Glbbs Fourler Transform because no-way were sine waves per se
existent In the braln. Forbes and others could not be convinced
that the Fourler Transform does not pretend to define the compo-
nents of the original EEG as sine waves, but merely states that
the composite signal can be represented by a serles of sine waves
of certaln amplitudes and frequencles. Such was the understand-
Ing of mathematics by biologists at the time. ‘It took another

30 years before the next generatlon schooled In spectrum analysis
brought It out of the closet and made use of It. It should be
récognized that the present digital spectrum analysls called the
Fast Fourier Transform {FFT) makes stlll further assumptlons
departing from Fourier Theory, but it is still practical for EEG
in that it can be made to display an approximation to theory
nearly Instantaneously. Now we see that the merge of "clinical
EEG" and "Evoked Responses" of the early electrophysiologists
defining a whole new meaning to "Electroencephalograph'. It
remains now to corraelate single neuron responses to the summa-
tion of all electrical brain activity.
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This blt of history is limited to the Instrumentation for

"braln waves". However, since the EEG Instrument was the only
recording device with such high sensitivity, 1t got used for
many physlological varlables as transducers got developed to
convert pressure, movement, flow, volume, oxygen, CO,, etc.
to electrical potentlals. Since the EEG measured only cﬁanges

In potentlal above 0.1 Hz, a means was needed to make absolute
DC measurements so these varlables could have specific values
associated to the amplitude scales, Circuits were designed to
modify the Instrument to record DC for the physlologists.

Thus, application demanded that the polygraph be designed as a
separate instrument from EEG to replace the Smoked Drum
Kymograph (Figure 31). Now that EEGers are wlidening the
scope of their measurements, there Is a convergence of the EEG
and the polygraph In the same instrument as for sleep. A
monograph could be written about the history of polygraph and
transducer development alone.

Confining the history of EEG to the few Items illustrated here-
In from hundreds of contributlons to choose from, Inherently
means many slgnificant contributlons to improvements, stan-
dards, safety and convenlence are deleted. However, It Is
difficult to decide when to stop. | hope those who conslder
thelr pet contributlon should have been included will under-
stand.

In the beginning of EEG In the United States, most of us were
twenty-flve to thirty-five years old with boundless energy and
curlosity. EEGers from all over the country were on a flrst name
or nickname basls so close had our common Interests brought

us together. | have chosen to describe the people mentloned In
that way so as to try and establish the flavor of the 1930s and
1940s. It Is hoped thls bit of history will let the reader
understand what has gone on before and why. | wish | could
tell 1t as well as Forbes.
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Static Electroscope

In the late 15008, William Gilbert
devised the "Electroscope", the first
man made device to detect electri-
city. This was a pivoted metalllc
needle which deflected when approach-
ed by a rod of amber rubbed with slik
to produce a charge (known to anclent
Greeks). Ben Franklin (1700s) demon-
strated that two llnen threads, hung
close together and touched by the
amber rod, would separate because
each carrled like charges (which
repel). Madame Curle devised the
gold leaf electroscope (shown] to
Indicate the Intensity of radloactive
materlal which had been shown to
discharge the charged elactroscope.

Battery stimulator {circa 1850)
Claude Bernard

Alternating discs of copper and zinc
were connected In serles and the
whole Instrument was soaked in vine-
gar (acetlc acld) Just before usa.

It provided a constant DC voltage of
about 10 to 20 volts as it was
applled to the preparation-—probably
a frog. It could stimulate nerve but
not muscle leading Bernard to false
conclusions.

Induction coil (clrea 1850)
du Bols-Reymond

du Bols developed the Inductorium
(used for the naext 100 years) which
is basically a variable transformer.
When DC battery voltages were applled
Intermittently to the primary by
"make-break" contacts, which In turn
were actuated by the magnetic flux
Induced by the coll, pulsating AC
high voltages were produced on the
secondary for Faradic stimulation of
both nerve and muscle. Recording
with a crude statlc electrometar

du Bols was able to demonstrate DC
resting potentlals in both excised
nerve and muscle.
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Caplllary Electrometer (circa 1873)
Lippman

An electrometer operates according

to the laws of statlc electricity.

The caplilary electrometer relled

upon the change In curvature of a
tiny menlscus ¢of mercury within a
glass caplilary when an electric
potentlal was applied between the
mercury in the pool and that in the
caplilary, The menlscus changes
were observed with a microscope and/
or photographed with a shadowgraph
moving fllm camera. Although It was
uglugglish” and the frequency response
very poor, Waller |s credited with
demonstrating the flrst EKG In 1880,
Caton s also credited with using it
to demonstrate braln potentials In
1875, The caplllary contlnued to be
refined up until 1912 (Lucas}, One
is at the Harvard University museum.

Waller (clrca 1880)

Waller demonstrated the electrocar-
diograph of man and dog using the
capllilary electrometer. The Input
impedance of the caplilary was very
low, probably well below 1000 ohms.
In order to provide enough current
from heart potentials to cause a
good deflectlon, the electrode
Impedance had to be even lower.
Buckets of salt water Increased the
contact area and obtalned electrode
Impedances probably well below 100
chms.

For many electrophysiologlists the
Inductorium and the capillary elec-
trometer were thelr stimulator-
record Instruments from 1880 to 1910
when the string galvanometer became
the Instrument of choica.
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The d'Arsonval Galvanometer {1882)

When d'Arsonval Introduced the mirror reflect-
Ing moving~coll galvanometer, It had Immediate
application for very slow potentlals. A large
U-shaped electromagnet creates a magnetlc
fleld. A soft Iron core Is placed In the cen-
ter of the fleld creating alr gaps near each
magnetic pele. A rectangular coll of fine wire
(resistance about 5 KQ), Is suspended by wire
In the gaps. A concave mirror (M) to reflect a
light beam Is attached to one-end.

As current flows through the coll, it rotates,
The attached mirror deflects light beam propor-
tlonately. Current In the wires of the coil
near the North Pole are opposite in directlon

to the current In the wires near the South Pale
which causes the rotatlonal force. When the
current reverses, the rotation reverses. The
relatively large mass of the moving coll gave
early designs a time constant of about 4
seconds.

Grass EEG Ink Writing Osclilographs 1946

Figure 8 Is out of sequence In thls series by
over 60 years but placed here to show its her-
Itage as one of the most Important aspects of
analog-time display of Electroencephalography,
Note the simllarity with d'Arsonval's. The pen
has replaced the mirror. Geometry is changed
to accommodate the magnetic materlal which Is
hundreds of times stronger than was avallable
a hundred years ago. Response Is Increased by
1000 times to give a rise time of 4 milliseconds.

The Duddell Osclliograph (clrca 1897)

The Duddell Osclllograph is, in basic princl-
pla, much the same as the d'Arsonval, except
that the relatlvely large moving coll is

replaced by a single loop of wire. Effective-
ly, thls reduced magnet size, narrowed the alr
gap, reduced coll inertla and resistance to

only a few ohms, Improved the rise time, and
Increased the high frequency response to 2 kHz.
Sensitivity was very low.

Used by Travls, Jasper, Lindsley 1930s.
Requlred amplifiers and photography for EEG
recording.
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Dlode 1883
Thomas A. Edison

FILAMENY
When Edison was experimenting with the con-
struction of the "electric lamp", trying to

find materials for a fllament that would last

more than a few hours, he eventually used car-
bon In a loop configuration as shown. Edison
was an advocate of DC and had the equipment to
o produce and measure it. Although he had no

10 known use in mind, he put a sacond element In
the vacuum of the lamp and demonstrated that
when thls second element (plate) was made posl-
tive with respect to hot filament, current (G)
would flow. Electron theory had yet to be
developed.

QLA3D BULR

Electron Tube 1907: facliitated the firat

,..-J\-...,\ electronic amplifiers - Lee Deforest
7 \
/ oy Lee Deforest capltalized on Edison's discovery
\ of DC current flow from a hot cathode (F) to a
G{-—’\/\/\ | positive plate (P) by Inserting a grid (G) of
/ sparsely spaced fine wires with which he con-

trolled the flow of electrons by changlng the

¥ voltage between the grid and the cathode. When
1 tha grid was more positive, plate current would
Increase and when negatlve, current would de-
crease. Very little grid voltage and even less
grid current could contro! large plate currents
and thus large power. The source of power was
the plate battery; later a power supply. World
War | explolted the vacuum tube for many uses
including radio communications and submarine
detectlon ampiifiers. Beginning In . 1960 the
transistor replaced the tube In Instrumentation.

Elnthoven String Galvanometer 1901

Einthoven's String Galvanometer provided an
Instrument sensitlve enough to directly record
the EKG without distortlon. For thls achleve-
ment, Einthoven recelved the Nobal Prize In
1924.

Sensitivity was 1 mV/cm and frequency response
Projuction ‘EU ] to 200 Hz. Vlisuallzation of the string move-
Microucope o cq:&l.:"_’ ment was possible through a hole drilled in the
K2R0 @/ Ters magnet. A microscope magnified the image, and
an optical system projected it onto moving flim.
The string was a gold plated quartz filament.

Quortz Srlng Reslstance was 4 KQ to 8 KQ.

13
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String Galvanometer Amplifier 1920
Alexander Forbes

Dr. Forbes abtalned the string galvanometer made by Hindle In U.S.A, in
1910 and used It at Harvard Medlcal School, Physlology untll his demise

in the 1960s. His training In physics and as a navigator/sallor of re-
known qualified him to work on submarine detection devices during World
War | at Submarine Signal Company (now Raytheon Company) where he learn-
ad the Intricacles of vacuum tube amplifiers. !mmedlately when the war
ended ha started work on an amplifier o drive his string galvanometer.

Up until his contributlon the only means of "amplification" was by
microscope or by projaction of Images of mechanical displacements.

Forbes also developed a high speed, moving flim camera to photograph the
Image of his string to provide time axis.

His 62 page paper In the Amerlcan Journal of Physlology In 1920 is a
classic study in which he explered every state of the art at that time

to produce thls amplifier, to increase its sensitlvity from one milll-

volt per centimeter to 50 microvolts per centimeter and its Input Imped-
ance from 4K-BK to 500 KQ. Frequency response of his string was from
DC to 200 Hz. All this brought nerve physlology and cortical potentlals
nearer o the recording ranges that we know today. It would have been
sultable to see EEG with electrodes from the surface of a man's head.
LIke all other early electrophyslologlsts he used silver-sliver chloride
electrodes to gain stabllity, low polarization, low impedance and good
low fraquency response.
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Motor driven "Mechanical" exponentiel R-C sweep circuit and synchronous stimulator.
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Cathode ray oscllioscope 1922
Gasser and Erianger

These two physiologists got together at Washington Unlversity, St. Louls
and developed the first cathode ray oscllloscope and even bullt their
own tube. Unfortunately they never could get their tubes to stay work-
Ing. Eventually they got one from the Bell Telephone Labs who were also
starting to develop a tube (Johnson, 1921). One of thelr trlal tubes Is
at the Washington University and ls shown in Flgure 18. The amplifier
clrcuit they used was similar to Forbes In that it used cascaded ampli-
fier stages and did not have a differentlal Input. [t had a frequency
respanse of several thousand cycles and for the first time fairly accu-
rately recorded a single nerve potential. Sensltivity was probably

about 50 milllvolts/em. The circult diagram shows not only the ampll-
fler with galn of 450 but also motor driven potentlometers that provided
the time axls voltage and a synchrenous stimulus pulse by make-break
contacts {on the same shaft) that provided a pulse for the primary of an
induction transformer. Photographs of the trace were taken by holding
photasensitive paper agalnst the face of the tube. With sufficlent
repetitive responses, a record was obtained. This instrument was not
sultable for EEG because of its low sensitivity.

It was not untll the early 1930s that commerclal CROs became avallable.
Most physlology labs bullt thelr own.
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First Reported Human EEG 1929
Berger 1877-1941

Berger, like many others of his time, worked first with the Lippmann
Capillary Electrometer and about 1910 changed to a string galvanometer
to study electrical activity In animals - EKG and nerve physlology. In
1924 he was able to get a string with a sensitlvity of 1 mV/cm and fre-
quency response to 200 Hz. He began recording on humans about then and
found that If he recorded from persons with skull defects, he could put
needles near the cortex and thus get potentlais large enough to record.
He did not geat an amplifier until 1931, long after he reported human 10
Hz alpha waves In 1929. Sensitivity was enhanced by a double coll
galvanometer by Slemens In 1926 which gave a sensitivity of about 130
microvolts per centimeter. We do not find any of his records with
voltage callbratlons. It was on this device he was able to record the
EEG (21} shown here. Records were always on photographic paper with
lengths only one to three minutes. Since the Input Impedance of his
Instruments was 3 KQ to 10 KQ, he used non-polarizable pad electrodes
(23) of very low Impedance on the surface of the head. On occaslon he

Augen affen Augm gesshlossen
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also used a large capacitor to keep

out DC potentials and was aware that o
this limited all responses below 2.5
Hz. When he was able to get an e

amplifler (1931) by Slemens (25) he
was more Impressed by its high Input
Impedance than he was by the In-
creased sensitlvity It provided him.

Berger was such a qulet, unassuming

man that It Is little wonder that A
his published treatise on human

braln waves lay unrecognized until

1933 when Adrian found it. [t was

11

nearly as much a job to discover
Berger as it was braln waves.
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Instruments - England 19208-1930s: Matthews

Brlan Matthews (later Sir Brlan) was the prominent
English physicist-engineer who worked with the
physiologist Adrlan (later Lord Adrlan) as instru-
ment bullder par excellence. A Matthews mirror
galvanometer (1923) with frequency response above
2 kHz is shown. It did require a vacuum tube
amplifier to be useful for physlologlcal potentlals.

Another development of Matthews was the direct
Inkwriting electrocardlograph (clrca 1926). It

also made usa of a three stage capacity coupled amplifier. Its maln con-
tribution was the pen motor which consisted of the electromagnetic driving
colls coupled by a niechanical leverage to amplify displacement of a low
Inertia long pen. The chart drive system was driven by a spring wound
clock-type motor (28).
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Differential Amplifiar 1934: Matthews

One of Matthews contributlons was the application of the fnput differantlal
amplifier to electrophyslology. This is not the classical differential
amplifier with a large common mode resistor In the common cathode return
to ground or to negative. The latter Is belleved to have been described
by Bell Labs also In the early 1930s. The large common resistor tends

to automatically equallze the amplification of the two Input tubes and
improve common mode discrimination ratio (CMR). EEG ampliflers with suc-
cesslve stages of this latter design were flrst introduced by Grass and

did much to eliminate Interference, crosstalk, power supply problems and
physioclogical artifacts.
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Inkwrlter records by Adrlan and Matthews on the Matthews Inkwriter in
1933. Comparison of brain waves from a water-beetle preparation In dark-
ness and light (upper record) and from human subject (Adrlan) with eyes
closed and open (lower record). In both the rhythm Is abollshed during

visual activity.

Adrian came to U.5.A. and reported he had verifled 10 Hz brain waves on
humans as reported by Berger, 1929, He called it the Berger Rhythm, At
the ANA meeting at Atlantlc City on June 4, 1934, Adrlan was Instru-
mental In assuring that Hans Berger got credit for the discovery.
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Computers Massachusetts Institute of Technology 1927-1930

One of the filrst analog computers and certalnly the most advanced and
precursors to vacuum tube digital computers were two developed under Dr.
Vannevar Bush at M.l.T. In the late 1920s. The early one was 100%
mechanical and the second was combinad electrical/mechanical [no vacuum
tubes). The latter Is Included here to show the state of computer art

at that time and the originality and bearing on subsequent designs that
led to the first step of our present computer technology.

Smoked Drum Kymographs vs the Physlologic Polygraph to 1950s

Before stable DC ampllfiers, transducers and polygraphs, time related
physiologlc measurements were recorded on the "smoked drum kymograph!.
This conslisted of glossy paper whose surface was coated with smoke from
a kerosene flame then placed on a vertlcal cylindrical drum which was
rotated by a spring wound clock motor for a time axls. Forces, dis-
placements, pressure, stimulll, etc., were directly translated by

strings, springs, pulleys, levers, plvots, and dlaphragms to bamboo
straws posltloned and plvoted to act as styll to scratch a line of smoke
off the paper when actlvated by the physlological event. This pre-
polygraph procedure had little applicatlon outside experimental physlol-
ogy. The record was made permanent by coating the paper by dlpplng Iin
varnish. This record was made by Mrs. Ellen Grass In 1934 for her
degree in physlology.
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Lee Travis
lowa City (clrca 1920s)

Travls was one of the best educators
In our fleld, as Indicated by hls
Ph.D. graduate students who have
been In or near EEG since then.
They Include: Herb Jasper, Don
Lindsley, John Knott, Chuck Henry,
all of whom added to the foundation
of EEG as a clinical procedure. In
the late 1920s Dr. Travis built
amplifiers and adapted them for
listening to sounds created from
electrical muscle responses. He
later recorded responses on mirror
osclllographs and then on an Ink-
writer. Unfortunately his early
amplifiers were transformer coupled
and thus did not have adequate low
frequency response for good EEG.

EEG at Brown University 193%
Jasper

Sample of the flrst human EEG tracing taken at the Bradley Hespital,
Providence, Rhode Island, by Jasper and Carmichael July 9, 1934.

Record, which shows prominent alpha rhythm was made with a Westinghouse,
galvanometer-type mirror oscillograph Duddell type. TIme line 25 Hz.
Frequency response: from 1 to over 1 kHz good amplitude linearlty
amplifiers by Andrews. Required photography.
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EEG at Harvard 1933-1935
Davis, Lindsley, Derbyshire, Simpson

Hallowell Davis, (student of Alexan-
der Forbes) In the early 1930s had
Lovett Garceau, engineer, bulld the
acoustic lab (35) with the apparatus
shown here for creating sound stimu-
Il and recording the auditory re-
sponses on a8 CRO. It also had a one
channel Western Unlon Morse Code
inkwritar which subsequently was
used to record EEG by such notables
as Davis, Gibbs, Lindsley, Derby-
shire, among others, during the 1934-
1935 era. [n the course of doing

her thesls on hearing, Ellen Grass
(nd Robinson} came to the medical
school to work under Davis In 1935.
One of the first EEGs In U.5.A,. was
recorded In the Davis' lab.

Some Early Publications on Brain Electrical Activity
Lindsley

Dr. Lindsley lists the following persons who published on "braln activ-
Ity” up to 1933 to 193& when Adrlan and Matthews in England conflrmed
the EEG In man to which Berger Is now known to have dedicated his work
beginning In 1924 and published In 1928. This list Is far from all
Inclusive. From 1934-1935 on when Glbbs, Davls, and Lennox Identifled
the splke and wave as specific to twelve petlt mal patlents, clinlcal

EEG was established and Instruments specifically dedlcated to EEG became
avallable,

Caton (1875}

Fleischl von Marxow (1890)
Beck (1890)

Danllewsky (1891)

Gotch and Horsley {1891)
Beck and Cybulski (1892)
Larinow (1898)

Trivus (1900])

Tchirlev {1904)

Kaufman (1912)
Prawdicz~-Neminskl (1913)
Cybulskl and Macleszyna (1919)
Prawdlcz-Neminsk| (1925)
Berger (1929)

Bartley and Newman (1930)
Bartley and Newman (1931}
Travis and Herren {1931)
Travis and Dorsey (1931)
Davis and Saul (1931)

Adrian (1931)

Adrian and Buytendijk (1931)
Bishop and Bartley ([1932)
Travis and Dorsey (1932)
Fischar (1932)

Kornmilller (1932)

Parkins (1933)

Bartley (1933)

Gerard, Marshall, and Saul (1933)
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Davis' Lab, Harvard Medical School 1934

Donald B. Lindsley was a subject for Glbbs, Davls, and Lennox (1935).
The operator of the apparatus in this particular plcture Is A. J. (BIl)
Derbyshire, who has spent much of hls professional life In EEG work.
The electrodes on Dr. Lindsley's head conslst of a crown made of wire
and saline scaked cotton bandage for ground (021 and a hypodermic
needle In the vertex for [51}'
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Ink record taken on Derbyshire on above apparatus showilng eyes open -
eyes closed.
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Ink record of Lindsley when asked to describe the angle the clock hands
made when hands of clock were at 10:15. Eyes were closed.
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Letter from Gibbs to Grass 1935
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{*Push—-pull® early name for "differential amplifiers")

Clinical Electroencephalograph 1935: Grass-Gibbs

{n late May of 1935 Dr. Frederic Glbbs contracted with Albert Grass

while at M.|.T. to build three channels of EEG amplifiers to drive the
Western Unlon Morse Code Inkwriting undulator to be deliverad by Septem-
ber 1, 1935 at a cost of $1000.00. Dr. and Mrs. Glbbs were going to
spend the summer visiting Berger and others in Germany working on EEG.
These amplifiers were to be ready when he returned. They were ready.
Subsequently, In early 1936, the flrst Grass Ink writers were produced.
These two pages from a letter from Dr., Glbbs In August 1935 show some of
the things he saw and heard In Europe Including the Matthews differen-
tlal ampliflier clrcult and a design for Inkwriters by To¥nhnes. Such

long visits were a vital link for science at that time.



THE ELECTROENCEPHALOGRAPHIC HERITAGE 19

Mﬂ—-rsf/t—w"’""‘ -
TR

(tnnovative but not practical)

This letter Is five pages long and part of It Is documented here to show
that it took a whole summer by boat travel, (without beneflt of air

trave! or workable telephones) to explore what was belng done In Germany
and England. Gibbs did it and thus the work of Berger, Kornmliller, and
Fischer In Germany and Adrlan/Matthews In England was brought back to
U.S.A. and expanded by Gibbs and others to get clinical EEG off to a
flying start here. But remember In Europe the dark clouds of World War
Il were approaching and free sclentlfic work there was getting to be
Impossible. Berger became a victim of the war.

Please note Adrian came to U.S5.A. In 1934 and reported at the ANA that
he had verified Berger's work. Lennox and others of the Neurology
Department at Harvard where Globs worked were members of the ANA.
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Glbbs-Lennox-Petit Mal 1935

In 1934 Dr. Glbbs ¢ame to Boston from Johns Hopkins via the Johnson
Foundation, University of Pennsylvania. Motlvated to learn about epl-
lepsy, he sought out Dr. Willlam Lennox, world renowned eplieptologlst,
and to find out about recording equipment that Davis had at the Depart-
ment of Physlology at Harvard. There he saw the advantage of Instant
recording Inkwriters for recording EEG as described previously. He con-
tracted with Garceau, Davis's englneer, for a single channel "portable
EEG" using a Western Unlon Undulator bullt in World War I for recording
Morse Code - |l.e. DOT-DASH. The portable "EEG" falled to work consist-
ently. Glbbs, frustrated, came to M.l.T. for advice and found Albert

Grass In 1935,

Glbbs, Davis, and Lennox reported In December of 1935 single channel ink
records on twelve petit mal patlents, grand mal patlents, sleep, over-
ventllation, and effects of some anaesthetics, confirming In man what
others had published on animals. The availabllity of immediate ink
recordings, even with poor quality, to view whlle the patlent was still
hooked up to relate "cause and effect" of artifacts and observed condl-
tions of the patlent was what gave the Glbbs' a declded advantage over

others In the U.S.A.
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Records from Seven Petit Mal Patlants

As can be seen above the Undulater records were distorted badly. Not
only were they non-linear in amplitude (actually amplitude sensitlvity
Increased with amplitude until the magnets stuck) but frequency response
was barely "out" to 24 Hz - | won't use the word "linear" hare. Worst
of all they ware not consistent as can be seen on Traces 3 and 4. It s
amazing that misinterpretations did not abound.
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Grass Model I Electroencephsalograph 1935

Regretfully, we do not have a picture of the first three channel EEG
bullt for Dr. Glbbs. The ampliflers were completed and driving the
recording heads of three undulators by October 1935. New llnear moving
coll pen writers were designed and Installed early In 1936.

In 1936, Model I EEGs were made for Davis, Schwab, and others In the
Boston area. Sixty channels of Model I were made by 1938. The plcture
shown here was built for Hal Davis and hls wife Pauline as a two channel
EEG. Hal and Pauline designed the "console". The principle of the
design was to have a long table top to view the record, the Ink wrliter

on the right, and a rofl paper take-up device on the left. Knee space
was provided. Remember control consoles for any kind of instrument were
not yet considered. The basic design Is Included in EEGs today.

The clrcults consisted of flve stages of cascaded differentlal vacuum
tube amplifiers (see Matthews). The last stage was a power stage to
drive the inkwrlter. The first three stages were powered by automoblle
storage batterles, the last two by an AC power supply. The advent of
stable regulated power supplies with low nolse and 60 Hz ripple had to
walt for another twenty years for transistors before all batteries could
be eliminated.

Model I did more than establish baslc parameters to record EEG. Belng
the only avalilable high sensitlvity amplifier with a bandwldth of 1.0 Hz
to 10,000 Hz It was used for such things as single nerve cell response
using microslectrodes by Renshaw, for CRQ amplifiers for dozens of
famous baslc physiologlsts Including Cannon, Rosenbleuth, Morlson.
Furthermore, the kinds and values for control of filter and sensitivity,
chart speeds, callbratlon, and even master electrode montage selectors
were establlshed and are essentlally the same In 1984 for EEG.
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Fred and Erna Gibbs brought thelr three channel "set of boxes" and
writer to every mental hosplital In Massachusetts, and with Dr. Lennox
examined every varlety of mentally disturbed patlent. For the AMA
annual meeting In Kansas Clty, June, 1936, the EEG was transported In
Dr. Glbbs' car and demonstrated with live eplleptic patients. The AMA
honor award was glven to Drs. Gibbs, Lennox, Davis, and Erna Gibbs and
Albert Grass for the demonstration.

Roll versus folding chart paper 1937
Grass

Rolls of chart paper -no lines-were
the means for EEG recording with
Ink, In the beginning. Access to the
record within the roll required
spllling records all over the floor

or as Dr. Henry Is doing, winding
from one mandrel to another. At the
Loomls lab they developed a “gulllo-
tine" which cut the paper In about
one meter long sheets, then bound it
all together wilth nuts and bolts.

The motivation to do something sbout
roll paper was far greater than to
develop amplifiers, stimulators, etc.
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Grass came across folded paper then
used in billing machines (46). It

was called "register paper” because

It Involved several precollated

folded, perforated sheets with
punched holes In the side (llke
todays computer paper) driven by pin
wheels and hand cranked. It was a
glant step at the time to find a
printing press manufacturer to help
design a press to make EEG paper.
This was done In 1937-1938 and was
improved in the early 1950s to break
the ground for making a high speed
offset printing press for Grass EEG
paper. The EEG paper speed of 30 mm
per second was standardized for
U.S5.A, In 1937 by Davis, Gibbs, and
Grass. Flgure 43 shows Dr. Charles
Henry, 1937; Flgure 44 Dr. and Mrs.
Glbbs, 1937. Figure 46 shows the
plece of the original register paper
on which a frequency response was
run. The sine waves were created by
the output of a photoelectric cell

from light passed through a narrow
slit and passed by an "off center"
clrcular disc driven by a high speed
motor. The shadow of the disc fell
on the photocell. Electronlc oscll-
lators with frequencles below 100 Hz
had not yet been developed.

23
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Model IT EEG 1938~1946: Lindsley's Labs

Dr. Lindsley came to Brown, Bradlay Hospital, Providence, after Jasper
moved to Montreal. He Inherited the four channel photo recording
Duddell mirror osclilograph made by Westinghouse and ampliflers by
Andrews. These were modifled by Grass to drive the Grass Inkwriter for
Model II, vear 1939-1940.

About 1000 channels of Model I, four and slx channels were made, all
with essentially the same technical response characteristics as produced

In 1984 -- most going to the armed services during World War II. Rella-
bility and abllity to work well in front line hospltals was the main
priority. Shipped In water tight contalners, some were thrown overboard
in the Pacific and floated to shore. They ware also used In the selec-
tlon of pilots and on men physically and mentally Injured In battle, in
post-War hospltals. Most pre-War EEGers in U.5. and Canada were enlist-
ed In these war programs. This photo of Lindsley was taken about 1946
at Northwestern Unliversity and shows a typlcal EEG as used In the war.
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Jaspar-Penfleld, Montreal Neurologlcal Institute, Canada 1939
Frover 1-5.—Participants and invited guests at the opening of the Electro-

Flrst conference on physiclogical Laboratories in The Montreal Neurological Institute, February
the use of EEG dur- $4-26, 1089, Firat row; left to right: Robert B. Echwab, 8. Hamphreys, Herb-
Ing braln surgery. ert Jasper, A, Olpriani, Garret Hobart, N. Fraser, W. V. Cone, Second row!

L. F. Nims, David P. C. Lioyd, Joseph G. Hughes, Etanley Oobb, B. Newton

Harvey, Alfred L, Loomis, Alexsnder Forbes, Hallowell Davly. Third row:
Colin Buasel. (unidentified), Margaret Rhelnberger, E. J. Baldes, G. E. Hall,
Theodore C. Brickson, John B, Goodwin, Theodore J. Oass, Molly R, Harrower-
Brickson, Mra, Robert 8. Bchwab, Arthur Hividge. Fourth row: Howard L.
Andrews, Joseph Evans, Donald Y, Bolandt, (unidentified), Joln Kershman,
J. Boy Bmitk, Donald B, Lindsaley, Oboh-Imh Li, S8lmon Dworkin,

American EEG Soclety == — =y
First Meeting 1947 i

. AT 118 e |
The American EEG Society was organ- | AMERICAN SOCTEY
lzed post-World War II and held Its ~ 1
filrst formal meeting In Atlanti 7 - =
Clty In conjunction. with the ELECTROENCEPHAL CORAPIY |
Amerlcan Neurological Assoclation In |
1947 -- Herb Jasper was the flrst |
president; Fred Gibbs was the next. {
i
1
1

The first seeds for a soclety exclu- Fost _ Lereadd Mooris
slve for EEG were planted In the Prst sl e ‘e i
informal meetings held from 1936 on e 0% L4 and 15, 04T

in Boston, Providence, Hartford, New
York Clty and Montreal. New dliscov-
erles were discussed monthly. These {
meetings were the basis of the East- {’\’ I

3

ern EEG Society and eventually AES.
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Mode! IO EEG, 1946
Fred and Erna Glbbs

Model IIT Grass EEG was concelved In
1939 when the materials end technol-
ogy became avallable but development
time for such mundane products had
to walt untll the end of the war.
About 5000 Model III, 8 channe! and
Model I¥, 16 channel were made and
shipped worldwide. These were the
flrst 8 and 16 channel EEG instru-
ments ever made. With the post-War
boom In neurology and the founding
of the Amerlcan Academy of Neurol-
ogy, clinical applications of EEG
really took off. Papers on new
findings In EEG were profusely pub-
lished In whatever Jjournal would
accept them. The EEG Journal, spon-
sored by AES, with Herb Jasper,
chlef editor, was published In
Canada. It eventually became an
Internatlonal journal and moved to
Holland. The original Glbbs EEG
Atlas was published In 1941 and was
followed In 1950 with the updated
three volume edition. Electrocorti-
cography started by Penfleld and
Jasper {clrca 1939) at Montreal
Neurological Institute had now
become an accepted procedure and
spread to Chicago, Phoenix and all
points of the compass. Other EEG
instrument manufacturers in the
U.S.A. at the time were Offner,
Medcraft and Rahm. Offner worked
with Gerard In Chlcago and also
started production In the mid 1930s
with his own company.
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Concept of Fourler Transform of EEG: Letter from Gibbs to Grass 1936
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Fourler Analysis of EEG 1938-1944
Grass—Glbbs

The application of Fourler analysls to communication theory was Intro—
duced by Bell Labs. and by Gulllemin at M.1.T. In the late 1920s and
early 1930s. | was fortunate to study under Guillemin and was Intrigued
with Fourler and with the synthesls of fllter networks. When later
exposed to the nonrecurrent waveform of EEG, | couldn't walt to get
Glbbs interested. This letter from Fred Gibbs In 1936 Is evidence that
he was Interested and provided money and facllitles. Also note the
reference to a Rochelle salt crystal pen writer that Offner had helped
develop. The Inabllity of this latter device to stand the work demanded
by EEG limited its usefulness.

Flgure 55, from a paper published In 1938, shews the single channel
analog Fourfer system developed for Glbbs. Though It was accurate,
probably more so In abiding by theory than the Fast Fourler Transform of
digital systems, it relled on recording the EEG on photographic fllm and
thus took time to develop and run through the analyzer. Nevertheless,
the Glbbs were game and spent the next seven years analyzing thousands
of EEG records in every concelvable respect; sleep, time sequence, all
the epllepsies, mental patients of all kinds, murderers, anesthesla,

ete. John Knott, Chuck Henry and many others came to study and help.
At one time at least 30 persons were involved In processing EEG records
to Fourler Transforms.

Since the Gibbs primary search was for a specific identiflcation means

for apilepsy and other braln disorders for each indlvidual patlent and
since It appeared this could not be done, they sbandoned the project in
1945 when they moved to Unlversity of Illinois to work with Gerard. The
study did not get the attentlon It deserved by others for several
reasons. It was war time, most all researchers were away and It proba-
bly was not understood by many. The analysis was not "on line", only
one channe! was displayed at a time but most of all, neurologists were
looking for specific patient/malady diagnosls to avold reading tons of

EEG records. Since It couldn't do that, It was doomed, but It showed
what could and couldn't be expected and the problem of specific waveform
pattern recognition remains to be solved. However, It was the forerun-
ner of serially produced FFTs used profusely today.

Gibbs was Ingenious and developed many ways of trying to display the
Transform Including wood cutouts as shown in Figure §7. He made hun-
dreds of these plywood sets to display the changes In the frequency
spectrum with time,' sleep, blood chemlstry, drug uptake, anesthesla,
etc. Bickford thirty years later called the display of sequence spec-
trums "Compressed Spectral Array" (CSA).
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Schematic block diagram of the Grass-Gibbs EEG frequency analysls by
Fourler Transform 1939, Albert M. Grass and Frederic A. Gibbs. A
Fourler Transform of the Electroencephalogram. Journal of
Neurophysiology, November 1938, |, 521-526.
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Spectral Array with the third dimension of time. Glbbs 1941
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In 1940 the AMA again made an award to the team for thelr efforts.

Hiprinted from the Jovawar o Exssuumewrat Pevcmolosy,
Vol. 31, No. 6 Decomber, 1042
Erintedt s 0, 8, A,

FOURIER TRANSFORMS OF THE ELECTROENCEFHALO-
GRAM DURING SLEEP:

BY JOHN R. ENOTT, Unicersity of lows,
FREDERIC A. GIBBS, Busten City Hospital,
AND
CHARLES E, HENRY, Westorn Prrrroe University

Previous analyses of the EEG during sleep (1, 2, 4, 6, 7, 8) have
relied upon categorical descriptions of the record in terms of pre-
dominant types of electrical activity. Categorical descriptions of
any phenomena mask the dimensionality of the data to which they
are applied and may thus be comewhat incomplete, if not misleading,
In the caze of the EEG, categorizing masks the fact that the record
is composed of a continuous series of frequencies and amplitudes.

59 The current nomenclature applied to the EEG during sleep suggests
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Instrumentation of Electrocorticography

This display "AD" from the EEG Journal in 1950 indicates the Instrumen-
tation of that perlod for electrocorticography. Cortical electrodes

made of cotton wicks with e silver wire Interface and kept wet with

saline were designed by Erna Glbbs and the holder was made by Grass.
Depth electrodes with 10 sliver rings and holder to drive the electrode In
were developed for Perclval Balley, John Green, Gibbs, and others. The
first square wave electronic stimulator designed with timing clrcults and
developed for RADAR during World War II was bullt by Grass and used for
the technlques developed by Penfleld.
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The Third International Congress
of Electroencephalography and
Clinical Neurophyslology,
Cambridge, MA, September 1953

Figure 61 of the Grass Booth shows
Models I (1935), II (1938) and IO
{1946) Indlcating development of
EEGs over the previous 20 years.
The photos on the walls are of non-
U.S.A. EEG laboratories, mainly In
South America, sent as proxles for
those who could not come. Not all
are posted but It represents the
extent of the practice of EEG world-
wide. Flgure 62 shows two scientists
who contributed much to neurophysi-
ology and EEG, and who presanted
papers. Lord Adrlan s untangling
the micrephone cable from Dr.
Alaexander Forbes.

Productlion models of Electroencephalo-
graphs from Europe were displayed at
this Congress. We regret not having
plctures of those that came, but the
EEGs illustrated on the following
pages are reprasentative of that

time and taken from advertisements.
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Evoked Response, 1951
Gaorge Dawson

George Dawson from Cambridge,
England was the first to successful-
ly demonstrate Instrumentatlion for
racording repetitive physiologic
responses that were smaller than the
background nolse. Dawson did this
with vacuum tubes and analog tech-
nology which defined the basic re-
quirements by segmenting the time
axis Into small Increments and ad-
ding all the response activity for
each segment of time In a storage
capacitor that was synchronous with
the stimuli. After a large number
of responses, most of the nonsynch-
ronous actlvity of the brain wave
canceled and the activity of re-
sponses from stimull added up. This
Ingenious system was enhanced as
soon as solid state memories were
available to store the time segment-
ed response and later when digital
computer technology created the pre-
sent Evoked Response systems.
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[From the Procsodings of the Physiclogiosl Sovéety, 19 May 1981.)
Jouraal Plysiology, Val. 115,

A summation technique for detecting small aignals iz a large
irrepular backgroond. By G. D, Dawson. Neurolagioal Besoarch Unat,
Modioal Rescarok Council, Nationgl Hoepitel, Quess Sguare, London,
w.e. 1

The cerebral zesponses to nerve stirulation which can be pioked ap from the
soalp in man are small in relation to spontansous ativity of scalp muscle and
brain. They have been detccted by superimposing a number of records; this
emphssises reguler features, while the irregular background appears as & diffuss
thickening of the whole trace (Dawson, 1947, 1950), In a wsjority of subjects,

Fig. L. Aa experiment to detert certbral reaponses when *be loft nlnar nerve was stimplsted ad
the wrist omes per seoond. The upper Hnp of tracen shows seta of 55 records sapecinmpossd
and the lower line the averages of theps given by the madkine, In A, from ks confralatess)
sealp, there way sae slovirode on the midline anvl one over the vght contral sulvos, In B,
frem tho iprilnteral sealy, the recond was taken from the sume midiine elertrods and one
evar the lefb coateal mdevs. In C is shown the vesull of meking she electrods over the santral
sulous poutive to that an the mudling by B 4V, The lucgest spikss in the time scalon show
inl-nvdsofmnm.m!mnﬂnﬂuuumppmdlmmmmmdeﬂlm

however, the level of unwanted activity is too high for superimposition to
show clearly the form and distribution of the responses. A mueh grezter
degree of diserimination may be obtained if instead of superimposing tha
records they are added to obtain the mean. Waves not rogularly related to the
stimuli are inaigmificant in the mean curve. To see kow valuable this method
was likely to be sets of records were measured by hand end averaged. When
the results were plotted the responses became progremively cleazer ae the
number of resords added increnced from 5 to 40.

The appuratns to ba demonstrated antomatically adds suoeessive potantin}
wavefarms from the scalp during e series of etimuli and it displays the sam
continuonaly. The additions are made in u bank of condenserw to which the

{r.e.o
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Offner Electroencephalographs
1935-1960

It is with regret we do not have many
photos of Dr. Frank Offner's early
contributions to EEG Instrumentation.
His work paralleled that of Grass.

He worked for Dr. Ralph Gerard at
the University of |lllnols before
forming his company to make EEGs.
His early EEG designs used Rochelle
salt Inkwriters made In conjunction
with the Brush Co. of Claveland.
While having higher frequency re-
sponse they showed serious deteri-
oration with temperature. When he
changed thls design, he did sell many
EEGs as shown In Flgure 66 and many
more of the Type D shown in Figure
67. There also was a smaller verslon
of the Type D (68).

Dr. Offnar was the flrst to Introduce
transistors to EEGs In the late 1950s
with the Type "T". Figure 68 illus-
trates this effort with one of the
first "portable” EEGs. In the early
1960s he sold his company to Beckman
and returned to academic life at
Northwestern University. The "Aver-
age Reference" electrode which he
developed with Dr. Douglas Goldman
was one of his lasting contributlons.
These lllustrations of Offner's EEGs
are taken from journal advertisements.
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EEGs of 1950 to 1960

By 1950, the 8 channel EEG was the
established standard. In the mid
19505, sixteen channel Instruments
were Introduced, and became the
instrument of cholce by 1970.
Multichannel instruments like these
of Offner and Grass from the Unlted
States and EEGs from Europe (which
follow) were made possible by two
developments. Flrst the narrow Ink-
writers using d'Arsonval galvanom-
eters which were concelved by Grass
in the 1930s. Second, the invention
of the transistor by Shockley at

Bell Laboratorles In the mid 1950s.
The flrst apparent advantages of the
transistor as compared to the vacuum
tube were the éxtremely high effi-
clency, lower operating voltages,
and very small size. These three
features led to minlaturization and
low heat dissipation. Thousands of
subsequent developments led to
greater reliabllity and stabllity of

all parameters needed for accurate
measurements.

The early transistors were made from
germanium which had large tempera—
ture effects. In a few years slli-
con became the material of choice
and transistor design settled.

Grass Introduced the Model 6 EEG In
1961 which used the best of vacuum
tubes and sllicon solid state devices.

In the pages that Immedlately fol-—
low, this treatise on the early EEG
design concludes with coples of
advertisements of other manufactur-
ers showing the configuratlions that
had daveloped during the 1950s.
Very faw new, major, Improved-
performance of changes In the basic
operational features of EEGs occur-
red during the 1960s and 1970s,
This treatise will stop here and
leava 1t to another time to evaluate
application of digital techniques to
the electroencephalograph par se
design beginning In the late 1970s.
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CAT-Computer of Average Translents = Evoked Response System

During the first 10 years after Dawson (Figure 63), summatlon/averaging
devices were built by Investigators In their own laboratories. The CAT
was the flrst system offered commercially In the U.S.A. "to separate the
Evoked Response from random actlvity.”
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