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Introduction
In October 1996 the Food and Drug

Administration approved the use of a new
monitoring device of anesthetic effect that
integrates various electroencephalogram
(EEG) descriptors into a single dimension-
less, empirically calibrated number, the
Bispectral Index (BIS, Aspect Medical
Systems, Natick, MA).1 The BIS monitor
is the latest innovation in the quest for a
reliable monitoring device of anesthetic
depth, the “holy grail” of monitoring for
anesthesiologists.2 This new monitor is
gaining acceptance in the anesthesia com-
munity, but  the basic concept of this idea
goes back to the early 1950’s. At that time
Albert Faulconer and Reginald Bickford
from the Mayo Clinic first systematically
investigated EEG changes induced by
various anesthetic agents.3-5 In a pioneer-
ing project, they went a step further and
attempted to create the first closed-loop
anesthesia delivering device, the servo-
controlled anesthesia machine, aimed at
automatic control of anesthetic depth via
EEG guided delivery of anesthetic agents.6

The following is an illustration of some
of the problems associated with this
groundbreaking idea.

Electroencephalography and anesthe-
sia: the early years

Richard Caton, a physician in
Liverpool, first noted the occurrence of
electric potentials in the brains of animals
in 1875.7 In 1890, von Marxow described
the effects of chloroform anesthesia on
brain waves.8 In 1929, Hans Berger, a psy-
chiatrist in Jena, Germany and the “fa-

This article won the 2001 AHA Resident Essay Contest Award and has been peer reviewed and accepted
for publication in the Bulletin of  Anesthesia History.

ther of electroencephalography,” demon-
strated that the electric potentials of the
human brain could be recorded from elec-
trodes placed on the surface of the head.9

Four years later he described the loss of
alpha-waves in the EEG caused by chloro-
form anesthesia.10 In 1937, Gibbs and as-
sociates noted that the EEG was sensitive
to anesthetic agents and pos-
tulated:

A practical appli-
cation of these obser-
vations might be the
use of the electroen-
cephalogram as a mea-
sure of the depth of
anesthesia during sur-
gical operations. The
anesthetist and sur-
geon could have be-
fore them on tape or
screen a continuous
record of the electrical
activity of both heart
and brain.11

Shortly thereafter, EEG
changes were reported with
the use of cyclopropane12

and barbiturates.13 In the
early 1950’s, Faulconer and
his colleagues studied the
EEG changes produced by
ether,3 sodium thiopental,4

and cyclopropane5 under ac-
tual surgical conditions.
They classified the results of
administration of an anes-

Fig.1: Characteristic patterns of successive electroenceph-
alographic levels of ether anesthesia as described by
Courtin, Bickford and Faulconer in 1950.3 Levels IV to VI
represent progressively increasing suppression to burst
intervals. Level VII is isoelectric. (From Faulconer A,
Bickford RG: Electroencephalography in Anesthesiology.
Springfield, Charles C Thomas, 1960. Courtesy of Charles
C Thomas, Publisher, Springfield, Illinois).

thetic agent into distinct patterns identi-
fiable on the EEG, based upon the obser-
vation that “the electric output of the
brain would decrease progressively from
the stage of light anesthesia to that of deep
anesthesia.”14 After identifying 7 distinct
EEG levels (Fig. 1) with ether adminis-
tration,3 6 with cyclopropane anesthesia,5

Continued on page 4
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and 5 with pentothal anesthesia,4

Faulconer was convinced that the EEG
could be used “as a reliable index of the
depth of anesthesia.”15 His finding that
increased arterial ether concentrations
correlated nicely with greater EEG depres-
sion linked the electrophysiologic effect
of ether to a measure of anesthetic uptake
and lent further credence to the use of
EEG as a measurement of anesthetic
depth.16

The development of the servo-con-
trolled anesthesia machine

Faulconer was searching for a more sci-
entific basis to assess anesthetic depth, as
he recognized that since John Snow’s early
clinical observations in 185817 ”the diag-
nosis of depth of anesthesia in this man-
ner has never been an exact science but is
truly an art.”6 Convinced that “EEG
changes occurring during surgical anes-
thesia might provide a basis for a more
objective and exact estimate of the depth
of anesthesia,”6 he and Bickford developed
the first automatic EEG controlled anes-
thesia delivering system. Bickford was the
driving engineering force behind the
project.18

Their servo-controlled anesthesia ma-
chine was based upon the principle that
“the output of cortical electrical energy
falls off consistently in relation to increas-

Fig. 2: The principle of the servo control mechanism after Faulconer and Bickford 15. The patient EEG (left) is the physiologic
variable measured and ultimately drives the electromechanical translator (top center) of the drug delivery system (top left). The
raw EEG is integrated over specified time intervals and amplified to increase output (see integrator pulses on right) to the drug
delivery system as a function of total EEG amplitude. (From Faulconer A, Bickford RG: Electroencephalography in
Anesthesiology. Springfield, Charles C Thomas, 1960. Courtesy of Charles C Thomas, Publisher, Springfield, Illinois).

ing depth of surgical anesthesia”19 and
consisted of an EEG monitor recording
cortical electrical activity obtained from
a single fronto-occipital electrode pair
placed on the scalp of the patient. The
EEG voltages were summated with an in-
tegrating circuit and converted to pulses
proportional in number to the time-inte-
grated EEG potential. These integrator
output pulses triggered a stepping relay
leading to a syringe pump-driven admin-
istration of a unit dose of the anesthetic
agent into the circulation or anesthesia
circuit (Fig. 2). The frequency of dosing
and thus anesthetic depth was indepen-
dently adjustable by changing the gain of
the EEG voltage output. Thus the servo-
controlled anesthesia machine delivered
a predetermined unit dose of anesthetic
agent at a rapid rate when the summated
EEG potential was high (fast or high am-
plitude EEG activity), and at a slower rate
when the pattern revealed less activity.
Bickford compared the principles of this
design to “application of engineering prin-
ciples to the human that have been known
since James Watt invented the governor for
his steam engine.”6

Testing this closed-loop system in ani-
mals showed “that a desired level of sur-
gical anesthesia could be maintained au-
tomatically for long periods of time (two
to three days) without human interfer-
ence.”6 In 1950, the first human trial with
50 patients undergoing major abdominal

surgery was presented before the section
of surgery, general and abdominal, at the
99th annual session of the American Medi-
cal Association in San Francisco. The au-
thors concluded that “as an outcome of
this work it was seen that there were
changes in the electroencephalographic
pattern of sufficient clarity, magnitude
and consistency to allow these changes to
be related to depths of anesthesia progress-
ing from loss of consciousness to complete
respiratory paralysis.”6 The researchers
also noted that “the EEG foretells a change
in depth of anesthesia many seconds be-
fore the change is apparent to an anesthe-
tist. Thus the system is more capable than
an anesthetist of maintaining a constant
level.”6 In a letter of discussion accompa-
nying the publication, William Estes, a
surgeon from Bethlehem, PA remarked:

My only qualification to discuss
this report is that I have seen this
remarkable machine in action. It is
most uncanny and dramatic to ob-
serve the automatic record of the
patient’s condition unfold, includ-
ing both the electrocardiographic
changes and the electroencephalo-
graphic record, while the little click
every few seconds indicates the au-
tomatic administration of small in-
crements of the anesthetic agents.
The mechanism by which all this is
accomplished is most baffling to a
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mere surgeon. Although the full sig-
nificance of a machine of this char-
acter in the field of anesthesia is at
this time difficult to predict, the im-
mediate potentialities are most im-
pressive and seem epoch making.6

With limited data-processing resources
at that time, Faulconer and Bickford re-
fined the servo-controlled anesthesia ma-
chine by trying to minimize outside elec-
trical interference from sources other than
the EEG signal.20

Faulconer also noted significant indi-
vidual variability in observations early in
his research.16 But in contrast to “the tran-
sient and somewhat inconstant nature of
the clinical signs, and the variations in
their interpretation by different individu-
als,”16 he found the EEG patterns of anes-
thesia to be more objective6 and believed
in the clinical and research applications
of his “servo-anesthesia”;19 a notion that
was not shared by all of his colleagues.21

However, both Faulconer and Bickford
were well aware, that “automatic control
cannot be more reliable than the
electroencephalographic information on
which it operates.”22

This statement reflects one of the fun-
damental problems associated with auto-
matic anesthesia control: the need for a
reliable neurophysiologic endpoint to pro-
vide an assessment of anesthetic depth to
guide the unit dosing of a closed-loop an-
esthetic administration system. While the
spectrum of effects constituting general
anesthesia and anesthetic depth is still
hotly debated,23,24 blocking the somatic
motor response to painful stimuli is widely
used as an indicator of anesthetic ad-
equacy. The end-tidal concentration of
anesthetic agent required to achieve this
unresponsiveness (MAC) remains the
benchmark of anesthetic potency.25,26

More than a decade before the concept
of MAC was introduced, and in an era
where muscle relaxants were not yet rou-
tinely used, the servo-controlled anesthe-
sia machine was designed to achieve im-
mobility during surgical stimuli by in-
creasing the concentration of the anes-
thetic agent until burst suppression in the
EEG occurred.19 Although this level of
anesthesia would be considered unneces-
sarily deep by modern standards, it was
an appropriate way to provide satisfactory
surgical conditions at a time when sophis-
ticated pharmacological tools and moni-
toring equipment were limited.

Why the servo-controlled anesthesia
machine did not gain widespread popu-
larity following its introduction into clini-

cal practice remains unclear, but the
need for constant supervision and ad-
justment and the development of new
pharmacologic agents, particularly
muscle relaxants, may have played
significant roles (Professor P.
Southorn, Mayo Clinic, Rochester,
MN; personal communication).
Faulconer and Bickford, however, de-
serve recognition for opening a new
chapter in the quest for monitoring
anesthetic depth by first recognizing
the potential usefulness of EEG
monitoring to guide the delivery of
anesthetic agents almost half a cen-
tury before the BIS monitor.

New research over the last decade
has painted an even more complicated
picture about monitoring anesthetic
depth than originally anticipated. Re-
cent research attempts to relate so-
phisticated computer-processed EEG
to clinical anesthetic depth have re-
sulted in inconclusive findings.27,28

Other autonomic or
electrophysiologic measurement tech-
niques, such as auditory evoked po-
tentials29 or contractility of the lower
esophagus30 do not consistently cor-
relate with anesthetic depth either.31

The BIS monitor, designed to mea-
sure the hypnotic component of an
anesthetic regimen, has been shown
to predict loss of consciousness and
loss of recall with good probability
under certain clinical conditions.32,33

vice, the servo-controlled anesthesia ma-
chine (Fig. 3). More than 40 years later the
same idea, EEG monitoring to assess an-
esthetic adequacy, has been reintroduced
to the anesthesia community in the form
of the BIS monitor. An increasing num-
ber of recent publications in the anesthe-
sia literature indicate the great interest as
well as the ongoing controversy, but the
quest for adequate monitoring of anes-
thetic depth continues.
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