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(57) ABSTRACT

Evaluating Electroencephalogram (EEG) data includes
receiving initial EEG signals for a patient being subjected to
an anesthetic agent to minimize a response to surgical
stimulation; based on a similarity between the initial EEC
signals and a corpus of historical EEG signals, identifying a
reference series of EEG signals, wherein the reference series
of EEG signals comprises a time-ordered sequence of
expected EEG signals for the patient; receiving a subsequent
EEG signal for the patient after a change to a level of the
anesthetic agent has occurred; and displaying a difference
between the subsequent FEG signal and a one of the
expected EEG signals, wherein the difference is indicative of
a probability that the patient will respond to surgical stimu-
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METHOD AND SYSTEM FOR ANALYZING A
SERIES OF ELECTROENCEPHALOGRAM
(EEG) SIGNALS DURING ALTERED BRAIN
STATES

RELATED APPLICATIONS

[0001] The present application is a continuation-in-part of
U.S. patent application Ser. No. 15/797,221 filed Oct. 30,
2017 which claims priority and benefit of, U.S. patent
application Ser. No. 14/513,803 filed Oct. 14, 2014, which
claims priority to U.S. Provisional Patent Application Ser.
No. 61/889,578, filed Oct. 11, 2013 and is a continuation-
in-part of the previously filed U.S. patent application Ser.
No. 12/925,295 filed Oct. 18, 2010 and Ser. No. 12/925,296
filed Oct. 18, 2010 (now U.S. Pat. No. 8,401,631), which
themselves are continuation-in-part applications of the pre-
viously filed U.S. patent application Ser. No. 12/589,047
filed Oct. 16, 2009 (now U.S. Pat. No. 8,352,021) which is
a continuation-in-part of the previously filed U.S. patent
application Ser. No. 12/082,842 filed Apr. 15, 2008 (now
U.S. Pat. No. 7,720,531), the disclosures of which are
incorporated herein in their entirety. The present application
also claims priority to U.S. Provisional Patent Application
Ser. No. 62/573,840, filed Oct. 18, 2017, the disclosure of
which is incorporated herein in its entirety.

BACKGROUND

[0002] The present invention relates generally to monitor-
ing brain function during different states of consciousness
such as general anesthesia, coma or natural sleep and, more
particularly, to using electroencephalogram (EEG) data and
other physiological data to evaluate brain function.

[0003] The definition of the term “anesthesia” is—a lack
of awareness—or lack of sensation. For surgical purposes
this is generally achieved in two main ways: 1) infiltration
of a peripheral or more central nerve bundle with a local
anesthesia, which prevents the nerve impulse being pro-
cessed by the central nervous system and, thus, sensation (of
pain or otherwise is not perceived by the individual who
remains conscious and aware; and 2) general anesthesia
which requires a loss of consciousness in order for the
sensation not to be perceived by the individual. To date no
systems of monitoring brain function has produced a refer-
ence point beyond which one can absolutely state that there
exists a complete lack of consciousness at an anesthetic
dosage level low enough to be of practical value. Present
systems merely produce a measure of probability of loss of
consciousness when the anesthetic dosage level is at the low
end of the practical range.

[0004] The “depth of anesthesia” generally describes the
extent to which consciousness is lost following administra-
tion of an anesthetic agent. As the magnitude of anestheti-
zation, or depth of anesthesia, increases, an anesthetized
patient typically fads to successively respond to spoken
commands, loses the eyelid reflex, loses other reflexes,
undergoes depression of vital signs, and the like. Once
consciousness is lost there is a progression of effects on
brain function as higher concentrations or dose of anesthetic
agent are administered.

[0005] For clinical use, it is desirable to simplify the
results of EEG signal analysis of the foregoing, and other
types, into a workable parameter that can be used by an
anesthesiologist in a clinical setting when attending the
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patient. Prior techniques have included showing the EEG
signal in a relatively unprocessed form or showing a number
(or letter) without any other underlying data supporting that
number. Neither solution is helpful in a clinical setting;
especially, in the case of the “number” indicator, when the
number is at best a probability that the patient is not aware
Or conscious.

SUMMARY

[0006] Embodiments of the present invention relate to a
method for evaluating Electroencephalogram (EEG) data
that includes receiving initial EEG signals for a patient being
subjected to an anesthetic agent to minimize a response to
surgical stimulation; based on a similarity between the initial
EEG signals and a corpus of historical EEG signals, iden-
tifying a reference series of EEG signals, wherein the
reference series of EEG signals comprises a time-ordered
sequence of expected EEG signals for the patient; receiving
a subsequent EEG signal for the patient after a change to a
level of the anesthetic agent has occurred; and displaying a
difference between the subsequent EEG signal and a one of
the expected EEG signals, wherein the difference is indica-
tive of a probability that the patient will respond to surgical
stimulation.

[0007] It is understood that other embodiments of the
present invention will become readily apparent to those
skilled in the art from the following detailed description,
wherein it is shown and described only various embodi-
ments of the invention by way of illustration. As will be
realized, the invention is capable of other and different
embodiments and its several details are capable of modifi-
cation in various other respects, all without departing from
the spirit and scope of the present invention. Accordingly,
the drawings and detailed description are to be regarded as
illustrative in nature and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Various aspects of a system and method for anes-
thesia monitoring are illustrated by way of example, and not
by way of limitation, in the accompanying drawings,
wherein:

[0009] FIG. 1: EEG Spectra on a log-log graph with
arrows pointing to an alpha peak at 11 Hertz and a theta
trough at 7 Hertz.

[0010] FIG. 2: Multiple EEG spectra superimposed on the
same log-log graph. The x axis is frequency in Hertz. The
legend indicates the time during the procedure. Sevoflurane
was used with decreasing concentration as time progressed.
[0011] FIG. 3: The thin line spectrum illustrates the point
in the pathway of the maximum alpha peak and the thick line
spectrum is at a higher concentration. The segment to the left
of the peak is the low frequency segment and the segment to
the right of the peak is the high frequency segment. At the
higher concentration the peak is smaller, the low frequency
segment is steeper and the high frequency segment is less
steep.

[0012] FIG. 4: The thin line spectrum illustrates the point
in the pathway of the maximum alpha peak and the thick line
spectrum is at a lower concentration. As the estimated effect
site concentration decreased the alpha peak became smaller
and power at all frequencies below the alpha peak decreased.
The power at frequencies above the alpha peak did not
change.
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[0013] FIG. 5: The thick line EEG spectrum is the same as
the thick line in FIG. 4. Further reduction of the estimated
effect site concentration results in loss of power at all
frequencies.

[0014] FIG. 6: The EEG spectral pathways from fifteen
patients anesthetized with sevoflurane were evaluated and
examples of the maximum alpha peak spectra were selected.
The patients ranged in age across five decades. The thick line
is the average of the fifteen spectra. The spectra from a 23
year old and a 56 year old are also shown.

[0015] FIG. 7: The powers of two of the EEG spectra in
FIG. 6 were adjusted. The spectrum of the 23 year old was
decreased by 6 decibels and the spectrum of the 56 year old
was increased by 4 decibels.

[0016] FIG. 8A: Two spectra from a case with halogenated
inhaled agent. The thick line spectrum illustrates the point in
the pathway of the maximum alpha peak and the thin line
spectrum is at a higher concentration.

[0017] FIG. 8B: Two spectra from the same case as FIG.
8A. The thick line spectrum illustrates the point in the
pathway of the maximum alpha peak and the thin line
spectrum is at a lower concentration.

[0018] FIG. 9: Two of the most important features from
the EEG spectra that were used in FIGS. 3, 4, and 5 are the
power at the center frequency of the alpha peak and the
lowest point of the theta trough. Tracking these two param-
eters against the calculated effect site concentration of
propofol shows the concentration range for the zone of the
maximum alpha peak power. This figure also shows how the
two parameters change at concentrations above and below
that zone.

[0019] FIGS.10A-D: These figures illustrate four different
pathways.
[0020] FIG. 11: The solid line EEG spectrum is from a

patient at 1.35% isoflurane before incision. The dashed line
is the EEG spectrum after incision and at the same concen-
tration of isoflurane.

[0021] FIG. 12: Tllustrates that increasing the isoflurane
concentration to 1.61% isoflurane shifted the spectrum back
to being almost identical to the spectrum at 1.35% isoflurane
before incision.

[0022] FIG. 13: Reducing the sevoflurane concentration
produced multiple changes in the EEG spectrum.

[0023] FIG. 14: Adding an additional dose of fentanyl
without changing the sevoflurane concentration largely
reversed those changes.

[0024] FIG. 15: Superimposing the EEG spectra of 2%
sevoflurane and 1% sevoflurane plus additional fentanyl
illustrates how much the additional fentanyl reversed the
changes.

[0025] FIG. 16: The curved line indicates the relationship
between the calculated effect site concentration of fentanyl
and the amount of halogenated agent (or propofol) to
produce an adequate anesthetic. The line represents a value
that is the average for a group.

[0026] FIG. 17: The curved line from FIG. 16 can be
separated into three zones according to the rate of increase
in the amount of opioid required as the level of halogenated
agent or propofol is reduced.

[0027] FIG. 18: Changes in the EEG spectra with reduc-
tions of halogenated agent (or propofol) and the effect of
increasing the level of opioid can be used to determine a
subjects location on the curved line of FIG. 16. A is 3%
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sevoflurane. B is 2% sevoflurane. C is 1% sevoflurane. D is
1% sevoflurane plus additional fentanyl.

[0028] FIG. 19: The parameters of alpha peak center
frequency power and theta trough or peak power can be used
to locate a patient on the halogenated agent (and propofol)
versus opioid requirement curve.

[0029] FIG. 20: The Desflurane effect site concentration
was reduced from 0% in steps to 3.8% and then increased.
The alpha peak height is the difference in decibels between
the power at the center frequency of the alpha peak and the
theta trough or peak. The numerous dips were due to
responses to surgery and sometimes noise from the use of
electrocautery.

[0030] FIG. 21: The spectra are from the same case as
FIG. 20. The effect site Desflurane concentration is 3.8% for
all three spectra. The changes are due to the effect of surgical
stimulation.

[0031] FIGS. 22A-D: The spectra show a paradoxical
response. There are power decreases in alpha and theta and
a power increase in delta (0.25-3.5 Hertz) as a response to
surgical stimulation. The amount of the power changes
increased as the Desflurane concentration was reduced to
53%. This concentration produced the largest power
changes. Smaller power changes occurred with a further
reduction to 4.8%

[0032] FIG. 23: This illustrates paradoxical responses
where the heart rate goes up and the spectral edge frequency
(SEF) goes down. The paradoxical responses are largest at
5.3% (FIG. 22C).

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0033] The detailed description set forth below in connec-
tion with the appended drawings is intended as a description
of various embodiments of the invention and is not intended
to represent the only embodiments in which the invention
may be practiced. The detailed description includes specific
details for the purpose of providing a thorough understand-
ing of the invention. However, it will be apparent to those
skilled in the art that the invention may be practiced without
these specific details. In some instances, well known struc-
tures and components are shown in block diagram form in
order to avoid obscuring the concepts of the invention.
[0034] Embodiments in accordance with the principles of
the present disclosure encompass a system and method that
determines from a series of EEG signals and other patient
data the approximate probability of a subject responding to
surgical stimulation prior to surgical stimulation and the
effectiveness of the anesthetic state with regard to blocking
responses to surgical stimulation after it has occurred. The
system and method also determines from a series of EEG
signals and other patient data an estimation of the change in
probability of a subject responding to surgical stimulation if
the primary (inhaled halogenated anesthetic agent or propo-
fol) anesthetic and the analgesic agent levels change. The
information provided enables the anesthesia provider to
maintain an adequate anesthetic as the primary agent is
decreased by having a reasonable estimation of the amount
of opioid analgesic required with each reduction of the
primary agent.

[0035] Over the years many papers have been published
which reviewed neuroscience topics and suggested that they
may be important to understanding anesthesia. But so far,
few clinicians have used this information to change the way
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they practice. EEG based monitors were developed empiri-
cally and are alleged to measure the “depth” of anesthesia
which is a clinical, not a neuroscience based concept. It is
debatable whether or not these monitors have changed
anesthesia practice.

[0036] There is enough literature to support the concept
that an EEG signal can indicate that a patient is not con-
scious. This can be seen in a variety of presentations
including the density spectral array (DSA) which is avail-
able as a display option on many commercial EEG monitors.
However, the DSA can indicate the patient is not conscious
well below the level of one minimum alveolar concentration
(MAC). This means that even though a pattern in the EEG
indicates that a patient is not conscious, it does not mean that
they will not move or otherwise respond to surgical stimu-
lation. At a medical meeting for clinicians a professor of
anesthesia was explaining how the DSA indicated that the
patient was not aware and clinician participants said that
level of agent in that example was not adequate to control
blood pressure or prevent movement. One participant asked,
“Why not just use the calculated MAC value from the
end-tidal agent analysis to guide your anesthetic.” Neuro-
science based monitoring must address the issues of how
much analgesia would be needed and how effective is the
current level of analgesia if it is likely to gain widespread
clinical use. The clinical advantage of a neuroscience based
monitor that indicates a patient is unconscious is the sensi-
tivity or resistance to anesthetic agents of individual patients
can be determined and the level of anesthetic agent can be
reduced below the levels commonly used without the benefit
of such a monitor. This can only be done routinely if the
clinician knows how much analgesia is needed to prevent
response to surgical stimulation as the inhaled agent or
propofol is reduced.

[0037] When the end-tidal concentration of a halogenated
agent is increased from about 0.7 to 1.5 MAC the EEG
spectrum changes in a consistent manner for most patients.
The power in the trough of the theta range continues to rise
after the power of the peak in the alpha frequency range
reaches a maximum. By the definition of MAC it is dear that
at 1.5 MAC very few patients would require opioid supple-
mentation. From 1.2 MAC and lower it would we advisable
to maintain a constant level of opioid analgesia that would
need to be increased as the MAC level is reduced further.
The relationship between a) the theta trough or peak relative
to the alpha peak changing with anesthetic agent concen-
tration and b) the changing requirement for opioid supple-
mentation may not be coincidental and might be explained
using a neuroscience based explanation. Propofol does not
produce the large increase in theta amplitude that haloge-
nated inhalation agents do. Also propofol is not very effec-
tive without supplemental analgesia at blocking movement
responses to surgical stimulation. Propofol does not have as
much of an effect on potassium channels either. Perhaps the
power of the theta trough or peak rises with increasing
inhalation agent because of effects on potassium channels
results in greater hyperpolarization than the maximum effect
on GABA channels. The reversal potential for potassium
ions is much more negative than the reversal potential for
chloride ions which enter the neuron when GABA channels
open. Perhaps the lack of movement response that is the
basis of MAC is due to effects on potassium channels in
motor neurons causing hyperpolarization beyond the level of
hyperpolarization that can occur with GABA effects. This
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degree of hyperpolarization may be sufficient to prevent
action potentials even with the maximum depolarizing syn-
aptic input. If the degree of hyperpolarization is reduced
from there a movement response will occur unless analgesic
effects reduce the sensory related input to the motor neuron.
These two proposed mechanisms could indirectly link theta
power to opioid requirement.

[0038] Even if the EEG could accurately predict opioid
requirement, a method to indicate the effectiveness of anal-
gesia would be beneficial to minimize sudden responses to
surgical stimulus. Warnings before an impending response
would be beneficial for clinicians to fully utilize a system
that enabled the use of lower than routine levels of anesthetic
agent. As anesthetic agent and opioid level decrease toward
a response to surgical stimulation the relationship may be a
sigmoid curve. If this is true one would want to run the
anesthetic in the plateau at the top and want to have
indications if the patient is dose to the “edge” or beginning
to move down the slope. When the EEG spectrum during
anesthesia has a peak in the alpha range, there are at least
two shape features that occur in the frequency ranges higher
than the peak. With a log-log presentation there is often a
straight line sloping steeply to the upper end of the spectrum.
There can also be a “bump” or peak in the beta frequency
range. The presence or absence of this beta activity may be
an indication of opioid effectiveness.

[0039] An example of an EEG guided protocol would be
to track the changing shape and power of the EEG spectrum
with special attention to the theta and alpha regions. As the
primary agent is reduced and power in the theta region
decreases the level of opioid analgesia would be maintained
or increased. If a “beta bump” occurred in the EEG spec-
trum, additional doses of opioid would be administered in an
effort to eliminate it. Other indications of surgical stimula-
tion affecting the EEG would also be watched for. Cardio-
vascular responses to surgical stimulation without EEG
changes might be better treated with cardiovascular agents
than anesthetic agents. EMG responses would be interpreted
as a failure of analgesia.

[0040] TImplementing this protocol would benefit from a
display that can superimpose two individual spectra. This
would clearly show relative changes in the theta and alpha
regions as well as a “beta bump” before it becomes a beta
peak. A DSA would not likely do this very well. Controlling
the level of analgesia would utilize a pharmacokinetic model
with the EEG analysis display.

[0041] In summary, implementing neuroscience based
anesthesia practice uses methods of EEG analysis and
monitor displays that address the requirement and effective-
ness of analgesia at lower levels of propofol and inhaled
agents. The description below explains the theoretical basis
for how this can be achieved and why its implementation
would produce a better anesthetic.

[0042] One of the most commonly observed oscillations in
the EEG signal during anesthesia is in the alpha frequency
range (7-14 Hz). This occurs in the front half of the brain and
is different than the alpha oscillations which occur in the
occipital (back) region in subjects when they are awake. Two
detailed mechanisms have been proposed to explain frontal
alpha oscillations during anesthesia. They are the spindle
oscillations produced during natural sleep and the traveling
peak mechanism.

[0043] It is known that natural sleep produces spindle
waves which are EEG oscillations that occur approximately
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within the alpha range. The experimental preparations that
were used to develop the mechanism of seep spindles most
often Involved some form of anesthesia. The spindle and
traveling peak mechanisms as they apply to anesthetized
subjects are of interest. The sleep spindle mechanism
applied to anesthesia will be referred to herein as the spindle
mechanism.

[0044] Cortical pyramidal, thalamocortical, and reticular
thalamic neurons are three types of neurons that are required
to produce spindle waves that are detectable in the EEG.
Reticular neurons are GABAergic, mutually inhibit, and
hence can synchronize each other. Since reticular neurons
project to thalamocortical neurons, reticular neurons can
synchronize thalamocortical neurons together with other
reticular thalamic neurons. Thalamocortical neurons are
excitatory and project to both pyramidal and reticular neu-
rons. Some cortical pyramidal neurons project back to
thalamocortical and reticular thalamic neurons exciting both
and thus completing a loop. If the membrane potential of
reticular and thalamocortical neurons are in a narrow range,
hyperpolarized a few millivolts from their usual potential
when awake, spindle waves may occur. In this membrane
potential range, depolarizing input from corticothalamic or
thalamocortical neurons will cause reticular thalamic neu-
rons to depolarize and start cycles of depolarization and
hyperpolarization at the frequency of spindle waves. In the
depolarizing phase these neurons will fire bursts of action
potentials. These action potentials will release GABA which
will hyperpolarize thalamocortical neurons. The result is a
rebound depolarization which may end with an action poten-
tial. This action potential produces dendrite potentials in
pyramidal neurons at the frequency of spindle waves. The
EEG primarily reflects dendrite potentials in pyramidal
neurons since these neurons are oriented parallel to each
other and perpendicular to the surface of the cortex. Reticu-
lar thalamic neurons determine the frequency of the spindle
waves and can be loosely understood to be pacemakers for
spindle waves.

[0045] The widely acknowledged concept that the mem-
brane potential of both reticular thalamic, and thalamocor-
tical neurons must be in a narrow range of membrane
potential for spindle oscillations to occur is related to a
calcium channel (T channels) that both types of neurons
possess. The T channel requires a period of hyperpolariza-
tion prior to depolarization in order for it to open. T channels
can remain open and depolarize the neuron for a much
longer period of time than depolarization produced as a
result of a sodium channel based action potential. This
prolonged depolarization can result in multiple action poten-
tials instead of a single action potential. This is referred to
as a “burst” and that the thalamocortical and reticular
thalamic neurons have transitioned into “burst mode”.

[0046] The main points of this sleep spindle mechanism
are that the frequency of the oscillation is determined largely
by the reticular nucleus of the thalamus and does not
produce oscillations substantially above or below the alpha
range. All that is required to produce spindles is that
thalamocortical and reticular thalamic neurons are in a
particular range of membrane potential that is more negative
than the membrane potential of these neurons when a subject
is awake. This situation occurs during natural sleep when the
brainstem projection of depolarizing neuromodulators such
as acetylcholine, histamine, and norepinephrine are reduced
from levels that occur in subjects who are awake.
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[0047] Anesthesia could change the membrane potential
by any of several known effects. Possible mechanisms
include potentiating GABA receptors, potentiating potas-
sium ion channels, and/or inhibiting Th ion channels in
reticular thalamic and thalamocortical neurons. The above
mentioned mechanisms for change in membrane potential
would be considered to be direct effects on thalamic neu-
rons. Indirect mechanisms would include mimicking sleep
by decreasing depolarizing projections from the brainstem to
the thalamus.

[0048] There are differences between the characteristics of
sleep spindles and anesthesia induced alpha oscillations. The
major difference is that sleep spindles usually consist of sets
of approximately a dozen oscillation cycles which are tem-
porally separated from each other by gaps of several sec-
onds. Alpha oscillations observed during anesthesia can
have many more cycles in a set and the sets can occur less
than one second apart. These differences may be explained
by anesthetic agent inhibition of the Ih channel. It is thought
that hyperpolarization during sleep spindles activates Th
which depolarizes thalamic neurons and terminates the
spindle. During natural sleep this prevents another spindle
for a few seconds. Models of sleep spindles and anesthesia
induced alpha rhythms indicate that inhibition of Th would
result in continuous spindles.

[0049] Theories of consciousness based on synchroniza-
tion of 40 Hz oscillations have been proposed previously, it
is not unreasonable that 40 Hz oscillations are major com-
ponents of the mechanism of consciousness but such theo-
ries remain incomplete. The traveling peak mechanism
involves anesthetic agent effects on GABA receptors reduc-
ing the frequency of a 40 Hz oscillation that is generated in
the cortex.

[0050] A study conducted with volunteers to whom propo-
fol was administered in a stepwise manner and that tracked
induction and emergence found that during sedation prior to
loss of consciousness a peak in the EEG spectrum occurred
in the beta frequency range (13-24 Hz). The frequency of
this peak decreased as the level of propofol increased and
entered the alpha frequency range (8-12 Hz) at loss of
consciousness. During emergence and the return of con-
sciousness the frequency of the observed peak increased
back into the beta range. The peak in the EEG spectra was
named the “traveling peak” because it changed frequency
with propofol level. Emergence was the reverse of induction
in regard to the frequency shift in this traveling peak. Beta
band activity with sedation and anesthesia induction has
been reported before and has been established as a common
phenomenon.

[0051] A neurophysiologic mechanism for the traveling
peak was proposed and tested with a computer model. The
model and proposed mechanism involve a 40 Hz oscillation
which occurs in cortical neurons prior to anesthesia.
GABAergic inhibitory interneurons are critical to the corti-
cal generation of the 40 Hz oscillation. As the level of
propofol increases in the brain, GABA is potentiated at an
increasing rate prolonging its inhibitory effects, which
results in a decrease in the frequency of the oscillation. It has
been proposed that when the frequency decreases to the
alpha range the cortical based oscillation entrains the thal-
amic neurons into the oscillation. The mechanism of con-
sciousness continues to function but with continuously
increasing impairment up until this point when the thalamus
is entrained by the cortical rhythm. The entrainment of
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thalamic neurons includes the neurons of the reticular
nucleus of the thalamus. Reticular thalamic neurons then
synchronize with many thalamocortical neurons which in
turn synchronize large areas of the cortex through the
thalamocortical loop. The synchronization of large cortical
areas is not compatible with consciousness. In theory, at that
point the subject would not be able to process sensory input
or stored memories at the level of the frontal cortex. This
proposed mechanism will be referred to herein as the
“traveling peak mechanism”.

[0052] In a later article this proposed mechanism was
expanded to include a second mechanism to explain the loss
of occipital alpha rhythms. These rhythms are well known
and occur only in the awake state with eyes closed and the
subject relaxed. A third mechanism was proposed for the
occurrence of frontal alpha rhythms which occur after the
loss of consciousness with anesthesia as the occipital alpha
oscillations end. The phenomenon of alpha rhythms stop-
ping hi the occipital cortex and beginning in the frontal
cortex at loss of consciousness is also well known. This
observation has been termed “anteriorization of alpha”.
Since occipital alpha rhythms end and frontal alpha rhythms
begin approximate to the loss of consciousness, it may
appear that the same mechanism causes both with just a shift
in location. However, in reality they are two different
mechanisms.

[0053] The second and third mechanisms cited the effect
of propofol on both GABA receptors and the voltage regu-
lated ion channel, hyperpolarization-activated cation current
“Ih” in thalamic neurons. The inhibition of Ih by propofol
has been established. The Th channel is a nonspecific cation
channel that predominantly increases sodium conductance.
Hyperpolarization activates this channel which then depo-
larizes neurons shortening the duration of hyperpolarization
induced by other ion channels. Anesthetic agents inhibit this
channel causing thalamic neurons to remain longer at a
hyperpolarized membrane potential. The model proposes
that this action of anesthetic agents stops occipital cortex
projecting thalamic neurons from producing action poten-
tials in the alpha frequency range. Those neurons have ion
channels which produce oscillations in the alpha range when
depolarized and do not produce these oscillations when
hyperpolarized. In contrast, frontal cortex projecting thal-
amic neurons have a different set of voltage dependent ion
channels. Hyperpolarization caused by the inhibition of Th
will allow these thalamocortical and reticular thalamic,
neurons to activate each other in a “ping pong” manner. The
frequency of this “ping pong” effect is in the alpha range
because of the kinetics of the hyperpolarization activated
voltage gated ion channels present in these neurons. The
cortical traveling peak mechanism entrains thalamic neurons
into their oscillation when the frequency decreases into the
alpha range. Added to this concept of entrainment of a
cortical based oscillation can be added an alpha oscillation
intrinsic to the thalamus due to the “ping pong” effect
between reticular thalamic and thalamocortical neurons.

[0054] A computer model indicates that if the Th channel
is completely inhibited the alpha oscillations will not stop.
The “ping pong” mechanism is similar to the mechanism of
sleep spindles and may be considered a variation of the
mechanisms proposed for sleep spindles. One major differ-
ence between the “ping pong” and the classic sleep spindle
mechanism is that in the “ping pong” model the oscillation
is created by thalamocortical and reticular thalamic, neurons
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stimulating each other in a reciprocal fashion. The sleep
spindle mechanism proposed by M. Steriade emphasized
that the reticular thalamic neurons paced the oscillation
because a surgically isolated reticular nucleus continued to
produce the characteristic oscillation. In subsequent publi-
cations by Steriade and colleagues, the mechanism allowed
that there were significant effects on the oscillation by the
interaction between cortical, thalamocortical, and reticular
thalamic neurons.

[0055] Natural sleep produces its characteristic EEG phe-
nomena as a result of a reduction of brainstem induced
depolarization of the thalamus and cortex. There are mul-
tiple brainstem nuclei which project depolarizing neuror-
nodulators to the thalamus and cerebral cortex. There is a
nucleus in the brainstem that can affect the activity of all of
these nuclei. This nucleus is the ventrolateral preoptic
(VLPO) nucleus. When the VLPO is active (“on”) it projects
GABA to multiple brainstem nuclei which reduce their
projection of depolarizing neuromodulators to the thalamus
and cortex. When the VLPO is less active (“off”) these
brainstem nuclei are released from inhibition. These same
nuclei also project back to the VLPO which acts to shut
down the VLPO when the arousal nuclei are active. This
relationship has been called a “flip flop switch” because
there are sudden changes between on and off. There can be
confusion since when the VLPO is “on” the brainstem
arousal system is “off” due to active inhibition. If the VLPO
is “off” the brainstem arousal system is released from active
inhibition. To avoid confusion the phrase brainstem arousal
system is “on” (or “off””) will be used instead of the VLPO
is “off” or “on”.

[0056] The VLPO switch is thought to be important in the
regulation of natural sleep. Studies have been conducted to
determine whether the VLPO nucleus is involved in mecha-
nisms of anesthesia. In a study using rats as subjects,
isoflurane increased activity in VLPO neurons but only one
third as much as natural sleep. The membrane potential of
cortical or thalamic neurons (i.e. level of hyperpolarization
or depolarization) is the result of the sum of the directly
acting hyperpolarizing effects of anesthetic agents and the
depolarizing effects of the brainstem arousal system. If
additional anesthetic agents such as opioids or dexmedeto-
midine could reduce the influence of the brainstem arousal
system to the levels similar to that which occur in natural
sleep, less anesthetic agent would be required to achieve the
same degree of hyperpolarization of the thalamus and cor-
tex.

[0057] If the spindle mechanism was in effect during
anesthesia with very low activity of the brainstem arousal
system, alpha oscillations would continue at low levels of
anesthesia during emergence without much increase in fre-
quency of the oscillation. If the brainstem arousal system
was active during emergence the spindle mechanism would
stop as the anesthetic agent level was reduced because the
active brainstem arousal system would depolarize the thala-
mus and cortex in that case the traveling peak mechanism
could function and if it did the frequency of the alpha
oscillation would increase well into the beta range unless the
patient regained consciousness first.

[0058] The VLPO inhibits nuclei that project arousal
neuromodulators. If the VLPO is “off” that only takes the
“brakes” off. That does not cause the arousal nuclei to
become fully active. Presumably, some stimulation must
oceur to cause the arousal system to become highly active.
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There is evidence that at reduced levels of anesthesia,
activating the brainstem arousal systeni can result in emet-
gence from anesthesia and inhibiting the arousal system
delays emergence. If the brainstem arousal system activity
was as low during anesthesia as it is during natural sleep and
remained at that low level while anesthetic agents were
eliminated, the thalamus and cortex would continue to be
hyperpolarized despite anesthetic agent levels that were
below the level where loss of response occurred during
induction. At these low levels of anesthetic agent some
effects from the agent would remain, but the effects related
to low arousal system activity would become the dominant
effect. In this scenario a subject could transition from
anesthesia to a state indistinguishable from non-REM natu-
ral sleep.

[0059] The phenomenon of the alpha peak decreasing in
amplitude without increasing in frequency seemed to occur
most often when intravenous opioid was administered at
levels high enough to result in very low respiratory rates or
the absence of spontaneous respiration. These examples
would be consistent with the spindle mechanism and the
possibility of the brainstem arousal system being suppressed
by opioid effects during emergence. If this phenomenon was
due only to blocking of residual nociception from surgery,
epidural anesthesia would produce the same effect. How-
ever, the cases with supplemental epidural anesthesia fre-
quently developed a beta peak during emergence.

[0060] The phenomenon of the alpha peak increasing in
frequency during emergence appeared to occur most often
with either epidural or lower doses of intravenous opioid. In
many of those cases the alpha peak frequency never
increased to above 15 or 16 Hertz. It is possible that
observation was achieved with a variation of the spindle
mechanism and did not become the beta oscillation that is
part of the traveling peak mechanism.

[0061] In other examples which demonstrated a dear beta
peak during emergence, it appeared possible that a beta peak
formed separately from the alpha peak. There were also
examples with alpha and beta peaks clearly occurring at the
same time and behaving independently. If the beta peak
occurred simultaneously with the alpha peak and ended
when the alpha peak ended it may be that some form of
“harmonic” mechanism occurred which may be mostly a
single mechanism. Perhaps there are two separate mecha-
nisms but they become synchronized at harmonic multiples.
If the beta peak continued after the alpha peak ended then
they may have been caused by separate mechanisms.

[0062] The appearance of a beta peak cannot be explained
by the spindle mechanism. There have been many articles
published in the neuroscience literature regarding thalamo-
cortical oscillations related to sleep spindles using a wide
variety of experimental methods. There are no examples of
sleep spindle related oscillations that can explain the “trav-
eling peak” observation. A GABA effect on a cortical based
40 Hz rhythm which is the basis of the traveling peak
mechanism is possible but is not the only possible explana-
tion for a beta oscillation. There are 40 Hz oscillations
generated in thalamic nuclei and the same GABA effect
could be at work there.

[0063] Determining a level of opioid that would suppress
the brainstem arousal system could be used to develop a
strategy for the administration of anesthesia that would
produce an emergence that would greatly reduce or possibly
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eliminate an excitement phase or delirium. An example of
such a strategy might be as follows:

[0064] 1) Anesthesia is induced in the usual fashion.

[0065] 2) Intravenous opioid and the hypnotic agent
(propofol or inhalation halogenated agent) levels are
raised to a high enough level to likely put the brainstem
in the mode of reduced projection of arousal neuro-
modulators (VLPO highly active).

[0066] 3) Then the hypnotic agent is gradually reduced.
Analgesia sufficient to prevent arousal is maintained
and watched closely to prevent a decline below the
critical level. In some embodiments, this might be
achieved by a continuous infusion of remifentanyl.

[0067] 4) In some embodiments, dexmedetomidine
would be useful because of its unique effects on the
brainstem arousal system.

[0068] 5) Maintenance level of the hypnotic agent
would be such that if the brainstem arousal system
switched on, the cortical and thalamic effects of the
hypnotic agent would prevent awareness.

[0069] 6) Monitoring the EEG spectra would be ben-
eficial to verify that hypnotic and analgesic agent levels
are appropriate. Near the end of the procedure the
hypnotic agent level would be reduced further. After
the last potentially painful element of the surgical
procedure ends, the hypnotic agent should be discon-
tinued.

[0070] 7) No stimulation by the anesthesia provider
should occur until the hypnotic agent’s cortical effect
has diminished enough so that consciousness will
return at brainstem arousal.

[0071] Insummary, induction is designed to flip the brain-
stem arousal system to the “off” state. Then the analgesia
level is closely followed to prevent flipping the brainstem
arousal system to the “on” state until the end of the proce-
dure. High levels of propofol or inhaled agent are not
required to prevent consciousness once the brainstem switch
is flipped to the “off”” state. If patient responses to surgical
stimulation result in movement, hypertension, or tachycar-
dia and the EEG pattern does not show any change in the
alpha band oscillations, these responses can be interpreted as
spinal cord or autonomic nervous system reflexes and
treated with agents specific to those reflexes rather than
increasing the level of the inhaled anesthetic agent or
propofol. If the thalamocortical oscillation theory is correct
and brainstem arousal activity could be controlled during
anesthesia maintenance and emergence, then employing this
anesthesia strategy could prevent intra-operative awareness,
the excitement phase, and delirium during emergence.

[0072] The assertion that this strategy for the administra-
tion of an anesthetic could prevent intra-operative aware-
ness, the excitement phase, and delirium during emergence
relies on a thalamocortical oscillation based theory of anes-
thesia and consciousness as opposed to the continuous
incremental impairment theory of anesthesia. The thalamo-
cortical oscillation based theory relies on synchronized
oscillations linking widespread areas of the cortex. During
consciousness this is accomplished by means of 40 Hz
oscillations. During non-REM sleep, spindle oscillations
synchronize large cortical areas with 7-15 Hz oscillations in
a manner that is not compatible with consciousness. The
theory is that achieving and maintaining the anesthetized
state involves a similar mechanism. The anesthetized state is
not a lower “level of consciousness” but in contrast, no
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consciousness because the neurons are interacting in a
manner that may be similar to how they interact during
non-REM sleep and is considered to be incompatible with
generating consciousness. The mechanism that produces
switching between the two states is the change in membrane
potential of thalamic neurons. Natural sleep and awareness
switch back and forth due to brainstem activity changing the
membrane potential of thalamic neurons. According to the
theory, if an anesthetic regimen maintained the thalamus at
a hyperpolarized membrane potential, then intra-operative
awareness would be prevented. If an anesthetic regimen
could reduce brainstem arousal activity to a level similar to
non-REM sleep and maintain that activity level while the
inhaled agent or propofol levels were reduced to low enough
levels, the subject would return to consciousness when
brainstem activity increases to levels typical of conscious-
ness. Excitement and delirium would occur only if the
brainstem arousal system was active but unable to overcome
the hyperpolarizing effects of residual anesthetic agents and
reestablish consciousness.

[0073] In order to implement the clinical strategy outlined
above it is beneficial to determine the minimum level of
opioid analgesia necessary as the level of inhaled agent or
propofol is lowered. This can be done by using a series of
EEG spectra and other data.

[0074] A common sequence in the practice of anesthesia is
to induce anesthesia with enough quantity of anesthetic
drugs for the patient to tolerate the high initial stress of
endotracheal intubation and surgical incision. This is fre-
quently a high enough level to induce the EEG pattern of
burst suppression. It is common practice to reduce the level
of anesthesia after incision. Maintenance of anesthesia is
often below the level where burst suppression occurs as it is
not usually necessary to maintain this high a level of
anesthesia for the duration of the procedure. If the level of
anesthesia is reduced too much the patient may react to the
surgical manipulations with movement or cardiovascular
reflexes. It is possible to safely reduce the level of anesthesia
into that range and prevent such responses if enough anal-
gesia is added to the anesthetic protocol.

[0075] It would be advantageous to have a method to
analyze the EEG which would enable the anesthesia pro-
vider to reduce the level of agent without potentially harmful
reflex responses to surgical stimulation.

[0076] The EEG signal during anesthesia consists of mul-
tiple fluctuations in amplitude that appear to be the combi-
nation of multiple oscillations over a range of frequencies.
The power (amplitude squared) at each frequency of the
EEG signal can be determined with the fast Fourier method
and displayed as a spectra (FIG. 1). The relative powers of
different frequencies create an “EEG spectral shape”. The
shape often consists of peaks, troughs between peaks, and if
a log-log presentation is used there are often straight lines.
As the anesthetic agent is reduced from a high concentration
the power of each frequency will change. When the power
at all frequencies change by the same amount the shape will
not change but the overall power will. When the power of
some frequencies changes more than others the shape will
change. In many cases both the shape and the overall power
will change. (That is, the power at some frequency ranges
will change more than others.) EEG spectra can be recorded
and displayed in an overlaid arrangement as the anesthetic
agent is reduced from a high concentration. The series of
changes in the spectra can be referred to as a “pathway” for
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that individual. FIG. 2 is a set of spectra from a patient which
is an example of a pathway. The highest concentration of
anesthetic agent occurs at the beginning of the case and
decreases as time goes forward.

[0077] A group of similar patients receiving similar anes-
thetic regimens and producing the same pathway of EEG
spectra as the anesthetic is reduced can be used as a
reference for a new individual who appears to follow the
initial part of the pathway. Since the sensitivity to anesthetic
agents varies, an individual’s EEG spectra within a series
may be a better indication of that individual’s level of
anesthetic effect than a measurement of the concentration of
the agent.

[0078] Propofol plus an opioid such as fentanyl is one
example of a category of anesthesia protocol known as “total
IV anesthesia” (TTVA). The change in EEG spectra shape
and amplitude from high concentration to low concentration
is biphasic. The initial change in the power of the alpha peak
is to increase as the propofol concentration declines. Further
reduction in the concentration results in the power of the
alpha peak declining. The EEG spectra in the sequence with
the maximum alpha peak power can be used for a reference
spectrum in the pathway. There are other changes in the
shape and amplitude of the EEG spectra during this process.
The sections of the spectra above and below the alpha peak
often form a straight line on a log-log presentation. These
two segments can be referred to as the “high frequency
segment” and the “low frequency segment”. EEG spectra
from an anesthetic agent concentration above the maximum
alpha peak power reference spectrum have a low frequency
segment that is steeper than the low frequency segment of
the reference spectrum and a high frequency segment that is
less steep than the corresponding segment of the reference
spectrum. These changes are illustrated in FIG. 3.

[0079] As the concentration of propofol is reduced further,
the power at every frequency point from below and includ-
ing the alpha peak is reduced. This is illustrated in FIG. 4.
Further reductions can decrease the power at every fre-
quency point of the spectrum (FIG. 5).

[0080] The power of EEG spectra at any point in the
pathway is generally related to the patient’s age (FIG. 6). In
order to use a set of spectra in a reference pathway to
compare with the spectra of a patient it is beneficial to adjust
the power in one of the two sets of spectra. This can be done
by finding a spectrum in the patient that matches the
maximum alpha peak spectra of the reference pathway and
adjust the patient spectrum’s power until the part of the two
spectra at frequencies above the alpha peaks overlap. This is
illustrated in FIG. 7. The amount of power adjustment is
beneficially applied to all the spectra in the pathway.
[0081] The phase where the power of the entire EEG
spectrum decreases can be used as an indication of the level
of propofol if it is used as part of a sequence or pathway. A
single spectrum in that range can have a shape similar to a
spectrum at a higher or lower level of propofol, but without
knowing the power adjustment needed for this patient,
interpreting the patient’s spectra can be difficult to perform
accurately. This is in direct contrast to EEG based anesthesia
monitors that rely on the current EEG spectral data without
using Et in the context of a pathway.

[0082] The maximum alpha peak spectral shape in the
propofol plus opioid pathway often matches the maximum
alpha peak spectral shape in the halogenated inhaled agent
plus opioid pathway. The two pathways tend to diverge
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above and below that point in theft pathways. The center
frequency of the alpha peak usually shifts to lower frequen-
cies and the power in the theta region (3.5-7 Hz) rises as the
concentration of the inhaled agent increases above the
concentration at the maximum alpha peak spectral shape.
Below the concentration of the maximum alpha peak the
opposite occurs. This is illustrated in FIGS. 8A-B.

[0083] Once it is determined that the subject with either
TIVA or inhaled halogenated agent anesthesia has spectra
that match one of the known pathways it is possible to use
a few parameters to track the pathway without matching the
spectra. The most useful parameters are the power of the
center frequency of the alpha peak, the power of the theta
trough or peak, the frequency of the alpha peak and the slope
of the high frequency approximation line. This is illustrated
in FIG. 9. One problem with this method is that if the
subject’s spectral shapes no longer match the spectra in the
reference pathway the parameters alone may no longer be an
accurate representation of the subject’s level of anesthesia.

[0084] Evaluating pathways from many individuals
reveals that there are several pathways that occur. FIG. 2 and
FIGS. 10A-D show several pathways. This implies that
utilizing EEG spectral data to determine the probability of a
reflex response to surgery for an individual should first
determine which EEG pattern pathway to use. A universal
quantitative EEG algorithm based on spectral analysis as
used in several commercial EEG “depth of anesthesia”
monitors is inaccurate for many individuals for this reason.
In accordance with the principles of the present disclosure,
accuracy for an individual is improved by utilizing a method
that both identifies the correct pathway and the present
location on the correct pathway. Patient factors and choice
of anesthesia technique determine which pathway occurs.

[0085] Embodiments in accordance with the present
invention capture EEG signals for a patient during initial
stages of being administered anesthesia. During the initial
stages, the anesthesia typically includes a relatively higher
level of primary agent and a relatively lower level of
analgesic agent. Historical data related to the anesthesia
being administered to the patient is also available. The
patient’s EEG signals are used to search the historical EEG
signals to identify an EEG signal similar to the patient’s
EEG signal. The similar EEG signal is selected as a refer-
ence pathway comprised of a number of “steps” wherein
each “step” represents a respective EEG signal as it changed
during a procedure. In reality, the EEG signals of the
reference pathway can be an average of EEG signals from
multiple subjects. The reference pathway represents the
progression of the EEG signals that did not result in a subject
having a response to surgical stimulation. As the primary
agent and analgesic agent are changed during a surgical
procedure, a determination is made whether the patients
current EEG is similar to the next “step” (i.e., EEG signals)
in the reference pathway. The expectation is that the patient
will likely respond in a manner similar to that of the
reference pathway and, thus, at each step the patient’s EEG
is likely to be similar to the EEG of the corresponding step
of the reference pathway. Displaying the two EEG signals in
a manner that provides evidence that they are similar to one
another provides a clinician when reassurance that the
combination of primary agent and analgesic agent being
administered to the patient is sufficient to prevent the patient
from responding to surgical stimulation.
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[0086] In some instances the patients EEG signals may
closely match those of the reference pathway but the com-
bination of anesthetic agent and analgesic agent may not be
sufficient to prevent a response. Thus, physiological
responses to surgical stimulation can be monitored as well.
If a patient’s heart rate rises more than a predetermined
threshold (e.g., 10%) or the patient moves, then this infor-
mation can also be used to determine that the patient is not
following an expected course of behavior.

[0087] Surgical stimulation can change the shape and
amplitude of the EEG spectral pattern. FIG. 11 shows
subject in at 1.35% isoflurane before and after incision. The
effect of increasing the primary anesthetic agent without
adding an analgesic agent is illustrated in FIG. 12. This is the
same subject and demonstrates that it took a higher level of
isoflurane to produce a similar EEG spectral pattern during
surgery than it did before incision.

[0088] Increasing the anesthetic agent or adding analgesia
with opiate, regional anesthesia or other types of agent can
partially or completely reverse the change due to stimula-
tion. FIG. 13 demonstrates a major change in the EEG
spectra after sevoflurane is reduced from 2% to 1% during
surgery. Fentanyl was administered and fentanyl partially
reversed the changes that occurred after the primary agent
sevoflurane was reduced as illustrated in FIG. 14. FIG. 15
compares the spectra at 2% sevoflurane with the spectra at
1% sevoflurane and a higher level of fentanyl.

[0089] FIGS. 13-15 demonstrate that for a model of anes-
thetic requirement to utilize the EEG spectral pattern, the
model, in accordance with the principles of the present
disclosure, interprets the EEG spectral pattern in the context
of surgical stimulation and the level of analgesia.

[0090] FIG. 16 is a diagram that demonstrates the rela-
tionship between the effective concentrations for a haloge-
nated agent and an opiate analgesic agent for adequate
anesthesia in an “average” subject. The curve showing the
relationship between hypnotic and opioid requirement has
three zones (FIG. 17). In zone one a small amount of opioid
is all that is required to prevent a response to surgery. In zone
two additional reductions in hypnotic agent require increas-
ing amounts of opioid. In zone three small reductions in
hypnotic agent require increasingly high levels of opioid.
Zone two is the most efficient zone. The other zones can be
seen as unbalanced with an excessive amount of one of the
two agents.

[0091] The EEG spectra path can be used to place a
subject on the curve in FIG. 18. The EEG spectra in a
pathway are useful for this purpose. It is possible to use the
parameters extracted from the spectra as illustrated in FIG.
19 for this purpose. Zone two is where the maximum alpha
peak occurs. Zone three is where small reductions in hyp-
notic agent produce large reductions in the power of the
alpha peak and the theta trough or peak. Zone three is where
reductions in the opioid effective concentrations result in
large changes in the spectra which can be reversed by
additional opioid. Thus, FIGS. 16-18 illustrate how a change
in an EEG signal can be used to maintain adequate anes-
thesia as the primary agent is decreased by having a rea-
sonable estimate of the amount of opioid analgesic required
with each reduction of the primary agent. In FIG. 18, the
change in primary agent from B to C (e.g., 2% to 1%) results
in the changed EEG power spectrograms that include a
change in alpha peak frequency and the presence of a beta
peak. The addition of fentanyl (to the 1% sevoflurane) in an
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amount to achieve position D results in the EEG signals that
are very similar to one another even though the primary
agent has been reduced from 2% to 1%.

[0092] The line of FIG. 18 represents a two-dimensional
graph of the probability that a patient, based on a population
of subject physiologically similar to the patient, will respond
to surgical stimulus. Values for the combination of primary
agent and analgesic agent that are above the line represent a
probability that the patient will not respond while values
below the line represent a probability that the patient will
respond. A “response” can include, for example, a 50%
likelihood that the patient will move, a 95% chance that the
patient’s heart rate will increase by a particular amount, or
a 10% increase in a patient’s blood pressure.

[0093] Regardless, historical data can be collected and
analyzed to determine the shape, slope, and other charac-
teristics of the line of FIGS. 16-19 and associated with
different EEG signals such as the power spectrograms
shown in FIG. 18 and the EEG spectrum data shown in FIG.
19. Thus, as a level of the primary agent is lowered (e.g.,
from B to C) an estimate of the amount to increase the
analgesic agent can be determined so as to remain on (or
within a predetermined proximity) to the line of FIGS.
16-19.

[0094] 1In the particular EEG signals of FIG. 18, the EEG
signal at position C with the smaller amplitude power at low
frequencies, the lower and shifted alpha peak, and the
presence of a beta peak is indicative of a state of anesthesia
wherein the patient is more likely to respond to surgical
stimulus than a subject having an EEG signal similar to that
at position B. The line of FIG. 18 provides an estimate of
how much additional analgesic agent is likely to cause the
EEG signal of the patient to return to being similar to that at
position B. Thus, the curve or graph of FIG. 18 in conjunc-
tion with identifying matching EEG signals can be used to
identify a combination of anesthetic agent and analgesic
agent which will achieve a desired level of anesthesia to
minimize the patient’s likelihood of responding to surgical
stimuli. At position B, the patient has a first probability of
responding to surgical stimulation but at position C, the
patient has a different, second probability of responding to
stimulation (e.g., more likely to respond). An accompanying
change in the patient’s EEG signal or other physical
responses can confirm the greater likelihood of responding.
The horizontal distance from position C to the line or graph
(e.g., position D) of FIG. 18 provides an estimate of the
amount to increase an analgesic, agent in order to return to
substantially the first probability. The term “substantially”
recognizes that the return to the first probability may not be
exact and includes a return to a probability that is within a
predetermined proximity of the first probability (e.g., 1%, or
5%, or 10%, etc.).

[0095] Tt is not to be inferred that any system of param-
eters or indices based on, extracted from, or created from
EEG data, spectral or otherwise related to the EEG signal
will work as well for this purpose as the EEG spectral
pathway concept.

[0096] What follows is an example of how to use a series
of EEG spectra to optimize an anesthetic.

[0097] 1) For induction and before the start of the
surgical procedure one would adjust the propofol or
inhaled agent to a level above the maximum alpha
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peak. A skilled artisan would know an estimate of this
level based on the primary agent and physiological
attributes of the patient.

[0098] 2) Begin reducing the level of propofol or
inhaled agent while maintaining a low level of analge-
sia with about one nanogram/milliliter of estimated
fentanyl effect site concentration.

[0099] 3) As the level of the propofol or inhaled agent
is reduced there will be a gradual change in the
patient’s spectra until that level is below the level of
propofol or inhaled agent that resulted in of the maxi-
mum alpha peak power in the selected reference path-
way of spectra. The level of anesthetic agent at the
maximum alpha peak is actually a zone and not a single
value.

[0100] 4) Then there will be larger declines especially in
the alpha and theta regions with small reductions of the
anesthetic agent. There may be the appearance of a beta
peak or a shift of the frequency of the alpha peak into
the beta range. At this level of anesthesia the opiate will
affect the spectra by counteracting the effect of surgical
stimulation as illustrated in FIGS. 13-15. At this level
of halogenated agent or propofol a high dose of opiate
may after the EEG spectra by direct action.

[0101] 5) The anesthesia provider can decide to use this
low level of propofol or halogenated agent with higher
levels of opiate analgesia or to go back up with the
propofol or halogenated agent and use a lower level of
opiate anesthesia. In either case, the goal is to control
the level of the agent and/or opiate to cause the patients
current EEG spectrum to be similar to the appropriate
spectrum from the selected reference pathway.

[0102] 6) Another option is to start the anesthetic as
total IV anesthesia and if the EEG spectra changes
indicate that the surgical stimulation is not effectively
blocked by moderate concentrations of propofol and
opiate, a small amount of halogenated agent will be
added.

[0103] Ifthe anesthetic agent level is sufficiently high, the
response to surgical stimulation will be largely a cardiovas-
cular reflex without a movement response. If this occurs for
several minutes, the cardiovascular reflex will likely
decrease. This is indicated by an initial increase and then a
decrease in the heart rate. If the anesthetic agent is then
reduced repeatedly in stages without adding an analgesic
agent, it may be possible for the patient to tolerate surgical
stimulation at a level of anesthetic agent so low that the
patient would be expected to move in response to incision.
This is explained by a neural process termed “accommoda-
tion”. This sequence is illustrated in FIG. 20. At this low
level of anesthetic agent the patient did not move but had
changes in the EEG spectra (FIG. 21). The changes in the
EEG spectra that are observed in the above example mimic
lower levels of inhaled agent.

[0104] Another pattern can also occur which is termed the
“paradoxical response”. In that case the EEG spectral
changes mimic a higher level of inhaled anesthetic agent.
FIGS. 22A-D show a series of paradoxical responses at
different agent concentrations. It is possible that the para-
doxical response is due to subject activating their intrinsic
analgesic responses. This could be used to administer anes-
thesia without opiate agents. One would lower the inhaled
agent until the paradoxical response is maximized and



US 2019/0216389 A1

maintain that concentration. In the case illustrate in FIGS. 22
A-D the concentration of maximum paradoxical response
was 5.3%.

[0105] The response could be tracked with a diagram as
illustrated by FIG. 23. This illustrates another way to use
EEG spectral pathways to provide useful information to the
clinician administering anesthesia. The method can be
applied to not using opiate analgesics or using other agents
in an anesthetic protocol such as ketamine, lidocaine, or
other agents.

[0106] Ifthe patient has an effective level of analgesia due
to the administration of an opiate (such as fentanyl to
achieve an effect site level in the range of about 1-4 ng/ml)
there will likely be very little cardiovascular responses to the
surgical stimulation as the primary anesthetic agent is
reduced. If the primary agent is reduced, the anesthetist
should maintain and probably increase the level of analgesic
agent since the presence of analgesia has prevented the
phenomenon of accommodation. It is also to be remembered
that accommodation is often specific to the area of the body
where surgery is performed. For instance, if the surgeon is
going to operate on both legs, the development of accom-
modation on one leg will not prevent a response when
surgery starts on the other leg.

[0107] The alpha peak and the theta trough or peak have
been discussed. The beta peak or “hump” (plateau) can also
be useful. FIG. 2 shows an example of the opiate plus
inhaled agent pathway. There is no bump or peak in the beta
frequency range (14-25 Hertz) in FIG. 2. FIG. 11 shows two
spectra with a beta “hump” or plateau. There was no opiate
used in this case. FIG. 13 shows a beta hump becoming a
beta peak when the inhaled agent is reduced. FIG. 14 shows
that the beta peak is reduced back to a plateau with the
addition of fentanyl without changing the level of the
inhaled agent. These are examples of how a specific feature
in EEG spectra within a pathway can be used to determine
the effects of the level of opiate analgesia and the effective-
ness of increasing the level of opiate analgesia.

[0108] An example method for implementing the above
described embodiments can include the steps of:

[0109] 1) Record and digitize a patient EEG signal.

[0110] 2) Transform EEG to a log-log power spectro-
gram as described in the above-identified patents and
patent applications incorporated by reference.

[0111] 3) Use a pattern match algorithm, as described in
the above-identified patents and patent applications
incorporated by reference, to find all possible matches
for individual spectra and hence all possible pathways.

[0112] 4) Use series of spectra and other data (age,
measurements provided by other monitors and operator
input) to identify pathway and location on pathway.

[0113] 5) Adjust the power of one of the spectra to
produce a match with an appropriate spectrum in the
reference pathway. Use the amount of the adjustment
for subsequent spectra.

[0114] 6) Locate current situation of patient for opiate
recommendation for this point in the pathway. For
example, the anesthetic, agent can be reduced as com-
pared to the pathway and the analgesic agent increased
so that the current EEG spectra or data continues to be
similar to the EEG spectra or data of the pathway.

[0115] 7) Detect indications of response to surgical
stimulation during the entire recording on this patient.
The response can be detected based on the patients
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current EEG data deviating from the expected EEG
data represented in the pathway.

[0116] 8) Use responses to surgical stimulation to
modify opiate level versus response probability table.
The responses can include a patients increased heart
rate, increased blood pressure or movement. The
response can also include a change in the EEG spectra
or data.

[0117] 9) Display information for anesthesia provider.
The displayed information can be overlaid spectro-
grams of the patient and the pathway or can be other
information indicative of a similarity between the
patient’s EEG signal and the EEG signals of the
pathway.

[0118] Example embodiments have been described above
that rely on power spectrograms of EEG signals to be
utilized in determining deviations of a patients behavior
from an expected pathway. However, one of ordinary skill
will recognize that other presentations, derivations, and
methods to characterize or parameratize the EEG signal can
be used without departing from the scope of the present
disclosure. The underlying shape and characteristics of an
EEG signal is based on oscillations that are detected within
different frequency ranges. Thus, various methods of char-
acterizing an EEG signal in a way that captures the attributes
of the different oscillations can be used in order to compare
a patient’s current EEG signal with that of an expected EEG
signal on a reference pathway. As described above, for
example, the slope of a high-frequency line in a log-log
power spectrogram can be compared, the frequency and
amplitude of an alpha peak can be compared, the differences
in the beta-frequency ranges can be compared, the power
amplitude in different frequency regions can be compared,
the absence of a peak can be determined, or the theta trough
or peak regions can be compared. Thus, features are the
result of oscillations in the networks of neurons in the brain
that generate the signal are within the scope of what can be
compared to determine the differences in EEG signals
described above.

[0119] A pathway is a series of characterizations of the
BEG signal as the effective concentration of the primary
anesthetic agent (“hypnotic” effect agent, i.e. inhalational
anesthetic or intravenous anesthetic (propofol, etomidate,
barbiturate, etc.)) changes over a range of values. Thus, a
pathway captures such information as changes in the series
of spectral (or other characteristics) of the EEG signal that
can occur because of changes in the primary agent, stimu-
lation (i.e. surgical or other manipulations), other agents
being added such as opiate analgesics (but not limited to) the
effect of added agents or changes in the primary agent on the
responses. The changes can also include any characteristic
of the EEG signal plus any additional physiological signal
(i.e. cardiovascular, respiratory, autonomic nervous system,
etc.)

[0120] In general, the characteristics of the patient path-
way are compared to data from a library of pathways to
provide information to an observer that indicates what
happened to others with a similar pathway is likely to
happen to the current subject. Thus, an indication can be
provide about the probability and nature of responses to
stimulation at current levels of agents as well as changes in
the probability if agent levels are changed. Furthermore, the
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patient continues to be monitored in order to determine the
probability changes with new data from the subject such as
responses that occurred.

[0121] Evaluating Electroencephalogram (EEG) data
includes receiving initial EEG signals for a patient being
subjected to an anesthetic agent to minimize a response to
surgical stimulation, based on a similarity between the initial
EEG signals and a corpus of historical EEG signals, iden-
tifying a reference series of EEG signals, wherein the
reference series of EEG signals comprises a time-ordered
sequence of expected EEG signals for the patient; receiving
a subsequent EEG signal for the patient after a change to a
level of the anesthetic agent has occurred; and displaying a
difference between the subsequent EEG signal and a one of
the expected EEG signals, wherein the difference is indica-
tive of a probability that the patient will respond to surgical
stimulation.

[0122] Evaluating Electroencephalogram (EEG) data
includes receiving initial EEG signals for a patient being
subjected to an anesthetic agent associated with a first
probability for responding to surgical stimulation; identify-
ing at least one expected pathway of EEG signals, wherein
the at least one expected pathway of EEG signals comprises
a time-ordered series of expected EEG signals for the patient
based on the anesthetic agent; receiving a subsequent EEG
signal for the patient after a change to a level of the
anesthetic, agent has occurred; based on the change to the
level of the anesthetic agent, determining a change from the
first probability to a second probability for responding to
surgical stimulation; and calculating an amount of increase
to an analgesic agent to administer to the patient to return
substantially to the first probability for responding to surgi-
cal stimulation.

[0123] The above described embodiments include track-
ing a series of EEG spectra from a subject as the subject
continues to be under the influence of an anesthetic agent
and/or an analgesic agent. Based on the tracking, matching
the patient’s series of EEG spectra to a series of EEG spectra
from a collection of EEG spectral series can be performed
based on their distribution of power over the entire EEG
frequency range (i.e. their “shape™). As part of the matching,
a relative weight can be assigned to each shape feature so
that it is given more or less importance. For example, the
power or frequency of the alpha peak can be given one
weight while the theta trough or peak or the slope of a
high-frequency region can be assigned a different weight.
Each EEG signal can be characterized based on a combi-
nation of weighted features to determine whether or not a
match occurs. As used herein, a match does not imply
absolute equality but, rather, implies a statistical calculation
indicative of the two EEG signals being similar to one
another within a predetermined threshold. The matching
also can involve compensating for variations in EEG power
between individuals. As a result, the spectra in a series (both
the patient’s and the reference) can be associated with an
estimate of the effective concentration of the anesthetic and
analgesic agents which allows adjusting the parameters of
the method of estimating the effective concentration of the
agents as indicated by changing (or not changing) spectra.
Furthermore, the spectra in a series can be associated with
indicators of physiology as pertains to the level of response
to surgical stimulation for both the current subject and such
indicators in the reference series such that the spectra in a
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series can be associated with indicators of the level and
nature of surgical stimulation.
[0124] As described in the above-noted patents and patent
applications incorporated by reference, the steps and pro-
cesses of the above-described methods can be implemented
on a computer-based platform so as to occur autonomously.
The probability curves and graphs of FIGS. 16-18 can be
stored so as to be accessible to computer software executing
on a processor. The patient’s EEG signals as well as the
historical pathways EEG signals can be collected, analyzed,
manipulated and stored using computer software executing
on a processor. Thus, the similarity and/or differences
between two EEG signals can be determined and character-
ized by the computer software. Furthermore, the computer
platform can Include a display which presents information to
a user about the differences in EEG signals. As one example,
the display can include two EEG signals (e.g., a pathway
signal and a patient signal) overlaid on one another so that
differences between the two are visually discernable. Thus,
embodiments of the present invention include a processor in
communication with a memory that stores executable
instructions. The processor when executing the instructions
performs the operations to achieve and implement the meth-
ods and functional steps described herein.
[0125] The previous description is provided to enable any
person skilled in the art to practice the various embodiments
described herein. Various modifications to these embodi-
ments will be readily apparent to those skilled in the art, and
the generic principles defined herein may be applied to other
embodiments. Thus, the dams are not intended to be limited
to the embodiments shown herein, but are to he accorded the
full scope consistent with each claim’s language, wherein
reference to an element in the singular is not intended to
mean “one and only one” unless specifically so stated, but
rather “one or more.” All structural and functional equiva-
lents to the elements of the various embodiments described
throughout this disclosure that are known or later come to be
known to those of ordinary skill in the art are expressly
incorporated herein by reference and are intended to be
encompassed by the claims. Moreover, nothing disclosed
herein is intended to be dedicated to the public regardless of
whether such disclosure is explicitly recited in the claims.
No claim element is to be construed under the provisions of
35 US.C. § 112, sixth paragraph, unless the element is
expressly recited using the phrase “means for” or, in the case
of a method claim, the element is recited using the phrase
“step for.”
What is claimed is:
1. A method for evaluating Flectroencephalogram (EEG)
data comprising:
receiving initial EEG signals for a patient being subjected
to an anesthetic agent to minimize a response to sur-
gical stimulation;
based on a similarity between the initial EEG signals and
a corpus of historical EEG signals, identifying a refer-
ence series of EEG signals, wherein the reference series
of EEG signals comprises a time-ordered sequence of
expected EEG signals for the patient;
iteratively performing the steps of:
receiving a subsequent EEG signal for the patient after
a change to a level of the anesthetic agent has
occurred; and
determining whether or not the subsequent EEG signal
is similar to a one of the expected EEG signals,
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wherein a difference is indicative of a probability
that the patient will respond to surgical stimulation.

2. The method of claim 1, wherein the difference is
indicative of an amount of analgesic agent to increase to
minimize the response to surgical stimulation.

3. The method of claim 1, wherein the difference is
indicative of an amount of anesthetic agent to increase to
minimize the response to surgical stimulation.

4. The method of claim 1, wherein each of the initial EEG
signals are arranged as a respective log-log frequency
domain patient power spectrogram.

5. The method of claim 4, wherein each of the historical
EEG signals are arranged as a respective log-log frequency
domain reference power spectrogram.

6. The method of claim 5, wherein the smarty comprises
a similarity between respective high-frequency attributes of
the patient power spectrogram and the reference power
spectrogram.

7. The method of claim 6, wherein the respective high-
frequency attribute of the patient power spectrogram com-
prises a first best-fit line of a high-frequency portion of the
patient power spectrogram

8. The method of claim 7, wherein the respective high-
frequency attribute of the reference power spectrogram
comprises a second best-fit line of a high-frequency portion
of the reference power spectrogram.

9. The method of claim 5, wherein the smarty comprises
a similarity between a first attribute associated with a first
alpha peak of the patient power spectrogram and a second
attribute associated with a second alpha peak of the refer-
ence power spectrogram.

10. The method of claim 9, wherein the first attribute
comprises a first power value of the first alpha peak and the
second attribute comprises a second power value of the
second alpha peak.

11. The method of claim 9 wherein the first attribute
comprises a first frequency value of the first alpha peak and
the second attribute comprises a second frequency value of
the second alpha peak.

12. The method of claim 5, wherein the similarity com-
prises a similarity between a first theta trough or peak of the
patient power spectrogram and a second theta trough or peak
of the reference power spectrogram.

13. The method of claim 5, wherein displaying the dif-
ference comprises:

concurrently displaying the patient power spectrogram

and the reference power spectrogram in an overlaid
arrangement.

14. The method of claim 13, further comprising;

before displaying the patient power spectrogram and the

reference power spectrogram, adjusting an amplitude
of at least one of the spectrograms.

15. The method of claim 14, wherein adjusting the ampli-
tude of at least one of the spectrograms comprises:

calculating a first best-fit line for a first high-frequency

portion of the patient power spectrogram;

calculating a second best-fit line for a second high-

frequency portion of the reference power spectrogram;
and
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adjusting a respective amplitude of at least one of the
spectrograms such that the first best-fit line and the
second best-fit line at least partially overlap.

16. The method of claim 1, wherein the response to
surgical stimulation comprises one or more of the patient
moving or an increase in the patients blood pressure more
than a predetermined threshold.

17. The method of claim 1, wherein the response to
surgical stimulation comprises an increase in the patients
heart rate above a predetermined threshold.

18. The method of claim 1, wherein the change to the level
of anesthetic agent is a decrease in the level.

19. A system for evaluating Electroencephalogram (EEG)
data, the system comprising:

a memory storing executable instructions; and

a processor in communication with the memory and

configured, when executing the executable instructions

to perform operations comprising:

receiving initial EEG signals for a patient being sub-
jected to an anesthetic agent to minimize a response
to surgical stimulation;

based on a similarity between the initial EEG signals
and a corpus of historical EEG signals, identifying a
reference series of EEG signals, wherein the refer-
ence series of EEG signals comprises a time-ordered
sequence of expected EEG signals for the patient;

receiving a subsequent EEG signal for the patient after
a change to a level of the anesthetic agent has
occurred; and

displaying a difference between the subsequent EEG
signal and a one of the expected EEG signals,
wherein the difference is indicative of a probability
that the patient will respond to surgical stimulation.

20. Amethod for evaluating Electroencephalogram (EEG)
data comprising:

receiving initial EEG signals for a patient being subjected

to an anesthetic agent to minimize a response to sur-
gical stimulation;

based on a similarity between the initial EEG signals and

a corpus of historical EEG signals, identifying a refer-
ence series of EEG signals, wherein the reference series
of EEG signals comprises a time-ordered sequence of
expected EEG signals for the patient; and

iteratively performing the steps of:

receiving a subsequent EEG signal for the patient after
a change to a level of at least one of the anesthetic
agent or an analgesic agent has occurred;

determining whether or not the subsequent EEG signal
1s similar to a next one of the expected EEG signals,
wherein the similarity is indicative of a probability
that the patient will respond to surgical stimulation;
and

providing a display of that is indicative of the similarity
of the subsequent EEG signal with the next one of
expected EEG signals.

* #* * #* #®



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

#RI&ZBAA
4PN
IPCH %5
CPCH %5
11 AR
HhEREESE

BEG®)

WL EE ( EEG ) HESFERWBEREAN B ENIBKREEGES ,
LA /M3 F R RIBEY W AL E T HEECE S M LEEGE S M ERIE
ZERMELY | RFSERINEEGES , EHSERIINEEGES2
FATERENRREFNTAEEGE S 73, E R EMBFIKFELE
N BEEWMEENEEGE S, F AR RMEMEECE S NMMMEEGES
Z—ZEANER AR ZEREREEX FARRIBAM LA ABER,

patsnap
AT ERTEHRORSH R 2T —RIINER (EEG ) BN AENRE

US20190216389A1 NI (»&E)B 2019-07-18

US16/164531 RiEH 2018-10-18
SCHEIB CHRISTOPHER

SCHEIB , CHRISTOPHER

SCHEIB , CHRISTOPHER

SCHEIB CHRISTOPHER

SCHEIB, CHRISTOPHER

A61B5/00 A61B5/048 A61B5/04

A61B5/4821 A61B5/048 A61B5/04012 A61B5/743 AG1B5/7275

62/573840 2017-10-18 US

Espacenet USPTO

Halogenated Agent

1 2 3 4
Fentanyl ng/mi effect site concentration


https://share-analytics.zhihuiya.com/view/ae91d1bc-1a08-45f6-b5e8-95a534349f29
https://worldwide.espacenet.com/patent/search/family/067213403/publication/US2019216389A1?q=US2019216389A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220190216389%22.PGNR.&OS=DN/20190216389&RS=DN/20190216389

