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METHOD OF MONITORING DEPTH OF
ANESTHESIA AND APPARATUS FOR SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/593,188 filed on Jan. 31, 2012
entitled “METHOD OF MONITORING DEPTH OF ANES-
THESIA AND APPARATUS FOR SAME”, the entire dis-
closure of which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] Thepresentinvention relates generally to anesthesia
and in particular, to a method of monitoring depth of anes-
thesia and an apparatus for same.

BACKGROUND OF THE INVENTION

[0003] Anesthesiais typically used during surgery to main-
tain patients at a level of unconsciousness that is deep enough
to enable them to undergo the surgery without pain or recall.
It is undesirable to administer an excessive amount of anes-
thesia, as doing so can prolong the post-anesthesia recovery
period following surgery. Determining the proper amount of
anesthesia to administer requires a reliable measure of the
depth of anesthesia (DoA) of the patient during the surgery.
[0004] One approach to measuring DoA involves monitor-
ing electroencephalographic (EEG) signals acquired from the
patient during the administration of anesthesia. Several meth-
ods for monitoring EEG signals to determine DoA have been
described. For example, one method involves use of a Bispec-
tral Index (BIS™) monitor, developed by Aspect Medical
Inc., Newton, Mass., U.S.A., which utilizes a proprietary
algorithm for processing EEG signals to measure DoA.
[0005] Other methods have also been described. For
example, U.S. Pat. No. 6,934,579 to Mantzaridis et al. dis-
closes an anesthesia control system and a method of calcu-
lating an index representative of DoA. The method comprises
subjecting a patient to a repetitive audio stimulus and moni-
toring auditory evoked potentials (AEP) produced by the
patient, and then recording these auditory evoked potentials
using EEG recording means, and providing a signal corre-
sponding to the coarseness of the monitored AEP signal and
using this signal as an index indicative of anesthetic depth.
The raw AEP signal is divided into a series of sweeps. Each
sweep is synchronized with the repetitive audio stimulus, and
sweeps are recorded in sequence to produce a time averaged
sweep from which the anesthetic index is calculated. The
anesthetic index is constantly updated by repeatedly conduct-
ing a successive series of sweeps. The system and index signal
can be used as part of an anesthesia control system for regu-
lating the supply of anesthetic to the patient to maintain the
anesthetic index at a predetermined level.

[0006] U.S. Pat. No. 7,805,187 to Sarkela et al. discloses a
method and apparatus for monitoring the anesthetic state ofa
subject. Physiological signal data including EEG and possi-
bly also EMG signal components is acquired from a subject
and supplied to a monitoring process configured to derive,
based on the data, a state index indicative of the anesthetic
state of the subject. In order to extend the applicability of
conventional monitoring processes, the operation of the
monitoring process is controlled according to whether at least
onedrug inducing high-frequency EEG signal components is
administered to the subject. The presence of the high-fre-
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quency EEG signal components in the physiological signal
data may be detected automatically.

[0007] Tt may be challenging using some known EEG-
based DoA monitoring methods to identify and measure
changes in the different levels of consciousness following
loss of consciousness (LoC), especially during the mainte-
nance phase of the anesthesia administration protocol.
Improvements are thus desired. It is therefore an object of the
invention to provide a novel method of monitoring depth of
anesthesia and an apparatus for the same.

SUMMARY OF THE INVENTION

[0008] Accordingly, in one aspect, there is provided a
method of monitoring depth of anesthesia comprising: gen-
erating differential EEG signals from EEG signals acquired
by electrode pairs during an anesthesia protocol; processing
the differential EEG signals to determine at least one signal
feature; and monitoring changes in the at least one signal
feature to determine depth of anesthesia, wherein the at least
one signal feature at least one of normalized power of the
differential EEG signals acquired from at least one of the
electrode pairs, and wavelet bicoherence between the differ-
ential EEG signals acquired from at least two ofthe electrode
pairs.

[0009] Inoneembodiment, the wavelet bicoherence is cal-
culated between 5 to 18 Hz and 10 to 40 Hz frequency ranges
of the differential EEG signals. The normalized power may be
calculated within a 4 to 8 Hz frequency range of the differen-
tial EEG signals. The method may further comprise calculat-
ing a required dosage value of anesthesia based on the moni-
toring and delivering a controllable quantity of anesthesia to
a patient based on the calculated required dosage value.
[0010] In another aspect there is provided a system for
monitoring depth of anesthesia comprising: electrodes con-
figured to be placed on a subject’s scalp; and processing
structure for generating differential EEG signals from EEG
signals acquired by electrode pairs during an anesthesia pro-
tocol, the processing structure being configured to: process
the differential EEG signals to determine at least one signal
feature, and determine changes in the at least one signal
feature during the anesthesia protocol, wherein the at least
one signal feature comprises at least one of normalized power
of the differential EEG signals acquired from at least one of
the electrode pairs, and wavelet bicoherence between the
differential EEG signals acquired from at least two of the
electrode pairs.

[0011] In still another aspect there is provided a computer-
readable medium having embodied thereon a computer pro-
gram for monitoring depth of anesthesia, the computer pro-
gram comprising instructions which, when executed by
processing structure, cause an apparatus at least to: process
differential EEG signals generated from EEG signals
acquired by electrode pairs during an anesthesia protocol to
determine at least one signal feature; and monitor changes in
the at least one signal feature to determine depth of anesthe-
sia, wherein the at least one signal feature comprises at least
one of normalized power of the differential EEG signals
acquired from at least one of the electrode pairs, and wavelet
bicoherence between the differential EEG signals acquired
from at least two of the electrode pairs.

[0012] Instill yet another aspect, there is provided an appa-
ratus comprising: processing structure; and memory in com-
munication with the processing structure, the memory storing
computer-readable code, the computer-readable code when
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executed by the processing structure causing the apparatus at
least to: process differential EEG signals generated from EEG
signals acquired by electrode pairs during an anesthesia pro-
tocol to determine at least one signal feature; and monitor
changes in the at least one signal feature to determine depth of
anesthesia, wherein the at least one signal feature comprises
at least one of normalized power of the differential EEG
signals acquired from at least one of the electrode pairs, and
wavelet bicoherence between the differential EEG signals
acquired from at least two of the electrode pairs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Embodiments will now be described more fully
with reference to the accompanying drawings in which:
[0014] FIG. 1 is a schematic diagram of an apparatus for
monitoring depth of anesthesia;

[0015] FIG.2isaschematic diagram of an another embodi-
ment of an apparatus for monitoring depth of anesthesia;
[0016] FIG. 3 is a schematic view of an electrode arrange-
ment for acquiring EEG signals;

[0017] FIG. 4 is a graphical plot of squared-amplitude,
band-limited signals, calculated for differential EEG signals
acquired during an anesthesia protocol from the F4-Fz elec-
trode pair, for frequency band ranges 0 to 4 Hz and 12 to 16
Hz,

[0018] FIG. 5 is a graphical plot of average normalized
power of differential EEG signals acquired during the anes-
thesia protocol from frontal and posterior electrode pairs;
[0019] FIG. 6is a graphical plot of relative phase coherence
between differential EEG signals acquired during the anes-
thesia protocol from bilateral sets of electrode pairs (F3-F7
and F8-F4) and (T5-P3 and T6-P4), and from frontal-poste-
rior sets of electrode pairs (F8-F4 and T4-C4) and (T4-C4 and
T6-P4);

[0020] FIG. 7A is a graphical plot of relative phase coher-
ence between differential EEG signals acquired during the
anesthesia protocol from a bilateral set of electrode pairs
(F3-F7 and F8-F4) and from a frontal-posterior set of elec-
trode pairs (F8-F4 and T4-C4);

[0021] FIG. 7B is a graphical plot of relative phase coher-
ence between differential EEG signals acquired during the
anesthesia protocol from a frontal-posterior set of electrode
pairs (F8-F4 and 14-C4), for frequency band ranges 8 to 14
Hz and 40 to 100 Hz;

[0022] FIG. 8A is a graphical plot of wavelet bicoherence
between differential EEG signals acquired during the anes-
thesia protocol from a bilateral set of electrode pairs (F3-F7
and F8-F4);

[0023] FIG. 8B is a graphical plot of mean wavelet bico-
herence between differential EEG signals acquired from six
patients during the anesthesia protocol from a bilateral set of
electrode pairs (F3-F7 and F8-F4) for frequencies of 5 to 18
Hz and 10 to 40 Hz;

[0024] FIG. 9A is a graphical plot of modulation index of
differential EEG signals acquired during the anesthesia pro-
tocol;

[0025] FIG. 9B is a graphical plot of mean modulation
index of differential FEG signals acquired from the six
patients during the anesthesia protocol, calculated for a 15 to
30 Hz phase and a 60 to 200 Hz amplitude; and

[0026] FIG. 10 is a graphical plot of mean Bispectral Index
of differential EEG signals acquired from the six patients
during the anesthesia protocol.
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0027] Turning now to FIG. 1, an apparatus for monitoring
depth of anesthesia is shown and is generally indicated by
reference numeral 20. Apparatus 20 is configured to process
electroencephalographic (EEG) signals acquired during an
anesthesia protocol to which a patient 22 is subjected, so as to
determine one or more signal features of the EEG signals.
Changes in the signal features are monitored during the anes-
thesia protocol to determine depth of anesthesia (DoA) of the
patient 22.

[0028] Apparatus 20 comprises a pre-processing module
24 that is in communication with a plurality of electrodes 26
positioned on the scalp of the patient 22. The pre-processing
module 24 is configured to receive incoming analog EEG
signals from the electrodes 26, to amplify the analog EEG
signals as necessary, and to convert the amplified analog EEG
signals to digital EEG signals for output.

[0029] Apparatus 20 also comprises a processing module
30 that is in communication with the pre-processing module
24. The processing module 30 is configured to receive the
digital EEG signals output by the pre-processing module 24,
and to calculate differences between two (2) digital EEG
signals, each obtained from a respective electrode 26, so as to
yield differential EEG signals. The processing module 30 is
also configured to carry out signal processing of the differen-
tial EEG signals to calculate the one or more signal features.

[0030] Apparatus 20 also comprises a display 34 and a
memory 36 that are in communication with the processing
module 30. The processing module 30 is configured to output
the differential EEG signals and the calculated signal features
to the display 34, where they may be visually monitored in
real time by an operator, such as for example an anesthesi-
ologist, during the anesthesia protocol. The processing mod-
ule 301s also configured to output the digital EEG signals, the
differential EEG signals, and the calculated signal features to
the memory 36 for storage. The stored digital EEG signals,
differential EEG signals, and calculated signal features may
then be later retrieved and processed, as desired.

[0031] In this embodiment, the pre-processing module 24,
the processing module 30, the display 34 and the memory 36
are embodied within a single general purpose computing
device, namely a laptop, tablet or personal computer or other
suitable processing structure.

[0032] The signal features calculated by the processing
module 30 in this embodiment comprise (i) normalized
power, (ii) relative phase coherence, (iii) wavelet bicoher-
ence, and (iv) modulation index. The methods used to calcu-
late each of these signal features are described below.

[0033] Normalized power is determined by first decompos-
ing each differential EEG signal into a plurality of narrow
band-limited signals using a finite impulse response filter of
order N. In this embodiment, the value of order N 1s 5000, and
the frequency band ranges into which each differential EEG
signal is decomposed are 0 to 4 Hz, 4 to 8 Hz, 8 to 12 Hz, 12
to 16 Hz, 16 to 20 Hz, 20 to 30 Hz, 30 to 50 Hz and 50 to 80
Hz.

[0034] The amplitude of each band-limited signal is then
squared, and values of squared amplitude are summed over a
predefined time period, t, to yield a signal power value, P.
The signal power value P is then divided by a baseline power
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value, Py, for the corresponding frequency band to yield a
normalized power value, P,, described by:

P, 1
Py = P_Z M
[0035] The baseline power value, Py, is obtained from a

baseline differential EEG signal that is acquired during an
initial “baseline” period prior to administration of any anes-
thesia, and which is decomposed using the finite impulse
response filter. The amplitude of each band-limited baseline
signal is squared, and values of squared amplitude are then
summed over a predefined baseline time period, tz, to yield
the baseline power value Py.

[0036] In this embodiment, the processing module 30 cal-
culates an instantaneous value of normalized power P, using
an instantaneous value of signal power value P¢, which is
obtained in a dynamic manner for time windows of t=30
seconds, as described by:

N @

Py =
N PB

where, for this embodiment, the values of t and t; are 30
seconds.

[0037] Relative phase coherence is determined by first cal-
culating a continuous wavelet transform of a signal, x(t), to
yield a complex-valued wavelet coefficient matrix, described
by:

W(o,5)=w(oT)+HW(0T) 3

where w and W are the real and complex wavelet coefficients,
respectively, over a scale o and with a time shift t.

[0038] Relative phase difference, Ad(t), between two gen-
eral signals, y,(t) and y, (1), is generally described by:

71020 = 1105, )

A = .
YO = e % 3, (0550

[0039] Accordingly, the relative phase difference between
complex wavelet coefficient matrices derived from two sig-
nals, namely W, (0,t) and W,(0,t), is described by:

W T)— W 5
A D) = arclanwl(o—’ Dwa(o, T) —wi (o, )0, T) &)

W (o, TW (0, 7) + Wy (0, T (o, T)

[0040] The relative phase coherence, p, between two sig-
nals for a given scale (~1/frequency) and a given time seg-
ment, T=[1-At,t+AT], is described by:

p(0. 1)~ (exp(iAg(@,T))) ©

where the angled brackets denote a time-average, and where
the value of the relative phase coherence, p, ranges from 0 to
1

[0041] In this embodiment, the processing module 30 cal-
culates the continuous wavelet transform for each of two (2)
differential EEG signals according to Equation (3), and then
calculates values of the relative phase coherence for the con-
tinuous wavelet transforms according to Equation (6).
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[0042] As will be appreciated, wavelet bicoherence gener-
ally represents the degree of higher-order coupling between
different frequency bands. The XYX wavelet cross-spectrum
is described by:

B,,.(01,0, Tl 0T (o T)dT M

where 1/0=1/0/0,+1/0,, and where the asterisk denotes the
complex conjugate. The XYX wavelet bicoherence is there-
fore the cross-bispectnim normalized in power to the range 0
to 1, as described by:

|Bxyx(o'lv T2, T)l (8)
VWx(or oWy (o, tPdT Wy (o, Dlde

bxyx(o—la 02, 1) =

[0043] Modulation index generally represents phase-to-
amplitude coupling of two (2) differential EEG signals. The
modulation index is calculated in accordance with an
approach described in the publication by Canolty et al.,
entitled “High gamma power is phase-locked to theta oscil-
lations in human neocortex,” Science, vol. 313, pp. 1626 to
1628, (2006). Each differential EEG signal is first decom-
posed into a plurality of narrow band-limited signals using a
finite impulse response filter of order N=5000. Each band-
limited signal is then standard-normalized by mean-subtrac-
tion, followed by division by the standard deviation, to a
obtain a standard normalized band-limited signal, x(t). The
Hilbert Transform is then applied to the standard normalized
band-limited signal x(t) to yield a complex-valued analytic
signal, z(t), described by:

2 {B=x O HEfefD) ©)

[0044] From the analytic signal, an analytic phase time
series, ¢(1), and an analytic amplitude time series, A0), are
calculated. The analytic phase time series ¢t) is calculated
by extracting the phase of z{t) at each time point, while the
analytic amplitude time series A(t) is determined by calcu-
lating the absolute value of z(t). In this embodiment, the
phase time series ¢(1) is calculated over a frequency range of
0 to 30 Hz, with 1 Hz increments, while the amplitude time
series A1) is calculated over a frequency range 0 to 200 Hz,
with 5 Hz increments. A composite function z,, (1) 1s then
constructed by combining the phase time series ¢ A1) of one
frequency band with the amplitude time series A(t) of
another, as described by:

(£y=A, ()" (10)

z
new

[0045] The mean of composite function z,,.,,(t) provides a
good indication of the phase-to-amplitude coupling between
the two signals. However, to offset any dominant contribution
of either the phase time series 9At) or the amplitude time
series A (t) alone, a normalization is carried out by creating a
surrogate signal 7. x(t,T,) through introduction of a time
delay T, between two signals, as described by:

2 el T =A (147 )t 11
sUR(T Aty

[0046] Values of surrogate signal zg,(t;T,) are calculated
for several values of time delay T, and from these values of
surrogate signal zg, (t,T,) a mean, 1, and a standard devia-
tion, o, are obtained, and are in turn used to calculate a
normalized mean, My ,r.p described by:

Myopi=M-1)/0, (12)
where M is the mean of the composite function z,,_, (t). The
value of the normalized mean My, 18 referred to herein as

the modulation index.
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[0047] 1In use, during an anesthesia protocol, the pre-pro-
cessing module 24 continuously receives analog EEG signals
from electrode pairs 26, and then amplifies the EEG signals
and converts the amplified EEG signals to digital EEG sig-
nals. The processing module 30 receives the digital EEG
signals output by the pre-processing module 24, calculates
differential EEG signals, and stores the differential EEG sig-
nals in memory 36. The processing module 30 also dynami-
cally calculates the values of normalized power, relative
phase coherence, wavelet bicoherence, and modulation
index, inthe manners described above, and stores these values
in memory 36. The processing module 30 also calculates
changes in the signal features by comparing the dynamically
calculated values of normalized power, relative phase cohet-
ence, wavelet bicoherence, and modulation index with previ-
ously dynamically calculated values of these signal features
stored in memory 36. The processing module 30 displays the
dynamically calculated values of the signal features and the
calculated changes in the signal features on the display 34 in
real time, where they may be monitored by the operator to
assess the DoA of the patient 22. In this embodiment, changes
in the value of normalized power in the 4 to 8 Hz frequency
range, and changes in the value of wavelet bicoherence
between the 5 to 18 Hz and 10 to 40 Hz frequency ranges, are
used to indicate changes in DoA during administration of
anesthesia.

[0048] The apparatus 20 may also comprise structure for
delivering a controlled dosage of anesthesia to a patient in
accordance with measured depth of anesthesia. For example,
FIG. 2 shows another embodiment of an apparatus for moni-
toring depth of anesthesia, and which is generally indicated
by reference numeral 120. Similar to apparatus 20 described
above and with reference to FIG. 1, apparatus 120 is config-
ured to process EEG signals acquired during an anesthesia
protocol to which a patient 22 is subjected, so as to determine
one or more signal features of the EEG signals. The apparatus
is also configured to monitor changes in the signal features
during the anesthesia protocol to determine the DoA. Appa-
ratus 120 is further configured to administer a controlled
dosage of anesthesia to the patient in accordance with the
signal features, so as to maintain the patient 22 at a desired
DoA.

[0049] Similar to apparatus 20 described above, apparatus
120 comprises a pre-processing module 24 that is in commu-
nication with a plurality of electrodes 26 positioned on the
scalp of the patient 22. The pre-processing module 24 is
configured to receive incoming analog EEG signals from the
electrodes 26, to amplify the analog EEG signals, and to
convert the amplified analog EEG signals to digital EEG
signals for output.

[0050] Apparatus 120 also comprises a processing module
130 that is in communication with the pre-processing module
24. The processing module 130 is configured to receive the
digital EEG signals output by the pre-processing module 24,
and to calculate differences between two (2) digital EEG
signals, each obtained from a respective electrode 26, so as to
yield differential EEG signals. The processing module 30 is
also configured to carry out signal processing of the differen-
tial EEG signals to calculate the signal features.

[0051] Apparatus 120 also comprises a display 34 and a
memory 36 that are in communication with the processing
module 130. The processing module 130 is configured to
output the differential EEG signals and the calculated signal
features to the display 34, where they may be visually moni-
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tored in real time by an operator, such as for example an
anesthesiologist, during the anesthesia protocol. The process-
ing module 130 is also configured to output the digital EEG
signals, the differential EEG signals and the calculated signal
features to the memory 36 for storage. The stored digital EEG
signals, differential EEG signals and calculated signal fea-
tures may be later retrieved and processed, as desired.
[0052] In this embodiment, the pre-processing module 24,
the processing module 130, the display 34 and the memory 36
are similarly embodied within a single general purpose com-
puting device, namely alaptop, tablet or personal computer or
other suitable processing structure.

[0053] The signal features calculated by the processing
module 130 in this embodiment comprise (i) normalized
power, (ii) relative phase coherence, (iil) wavelet bicoher-
ence, and (iv) modulation index. These signal features are
calculated in the same manners described above with refer-
ence to processing module 30.

[0054] The processing module 130 is also configured to
compare the values of the signal features with previously
calculated values of the signal features stored in memory 36.
The processing module 130 is configured to automatically
calculate a required dosage value of anesthesia required by
the patient 22, based on this comparing, and to display the
calculated required dosage value on the display 34.

[0055] The apparatus 120 also comprises an input device
(not shown) that is in communication with the processing
module 130. The input device is configured to convey input,
in the form of a desired dosage value entered by the operator,
to the processing module 130. In this embodiment, the input
device is a keyboard.

[0056] The processing module 130 is in communication
with dosage administration structure 140. The dosage admin-
istration structure 140 is configured to deliver a controllable
quantity of anesthesia to the patient 22 via a fluid delivery line
144, in accordance with the calculated required dosage value,
or in accordance with the desired entered dosage value if one
has been entered, received from the processing module 130.
In this embodiment, the dosage administration structure 140
comprises at least one reservoir (not shown) containing a
volume of a respective medical fluid, fluid delivery hardware
(not shown) configured to discharge a controlled volume of at
least one medical fluid from the at least one reservoir into the
delivery line 144, and fluid delivery hardware processing
structure (not shown) configured to control the fluid delivery
hardware in accordance with instructions received from the
processing module 130. In this embodiment, the at least one
medical fluid contained in the at least one reservoir comprises
at least one anesthetic fluid, and the delivery line 144 com-
prises at least one fluid conduit. It will be understood that each
medical fluid may be a liquid, a gas, or a mixture thereof.
[0057] In use, during an anesthesia protocol, the pre-pro-
cessing module 24 continuously receives analog EEG signals
from electrode pairs 26, and then amplifies the EEG signals
and converts the amplified EEG signals to digital EEG sig-
nals. The processing module 130 receives the digital EEG
signals output by the pre-processing module 24, calculates
differential EEG signals, and stores the calculated differential
EEG signals in memory 36. The processing module 130 also
dynamically calculates the values of normalized power, rela-
tive phase coherence, wavelet bicoherence, and modulation
index, inthe manners described above, and stores these values
in memory 36. The processing module 130 also calculates
changes in the signal features by comparing the dynamically
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calculated values of normalized power, relative phase coher-
ence, wavelet bicoherence, and modulation index with previ-
ously dynamically calculated values of these signal features
stored in memory 36. The processing structure displays the
dynamically calculated values of the signal features and the
calculated changes in the signal features on the display 34 in
real time, where they may be monitored by the operator to
assess the DoA ofthe patient 22. In this embodiment, changes
in the value of normalized power in the 4 to 8 Hz frequency
range, and changes in the value of wavelet bicoherence
between the 5 to 18 Hz and 10 to 40 Hz frequency ranges,
used to indicate changes in DoA during administration of
anesthesia.

[0058] The processing module 130 also monitors the cal-
culated changes in the signal features and automatically cal-
culates a required dosage value of anesthesia required by the
patient 22, and displays the calculated required dosage value
on the display 34.

[0059] Ifthe processing module 130 receives input from the
operator in the form of a desired entered dosage value, then
the processing module 130 communicates this desired
entered dosage value to the dosage administration structure
140. Otherwise, if no desired entered dosage value is received
by the processing module 130, then the processing module
130 communicates the calculated required dosage valueto the
dosage administration structure 140.

[0060] The dosage administration structure 140 in turn
delivers a controllable quantity of anesthesia to the patient 22
via a fluid delivery line 144, in accordance with the calculated
required dosage value, or in accordance with the desired
entered dosage value if one has been entered, received from
the processing module 130.

[0061] The following example illustrates various applica-
tions of the above-described systems and methods.

EXAMPLE

[0062] Digitized scalp EEG signals were sampled at 1024
Hz using disposable silver/silver-chloride electrodes, 9 mm
in diameter (XLTEK, Oakville, Ontario, Canada). Electrode
placement followed the international standard 10-20 system
recommended by the International Federation of Societies for
Electroencephalography and Clinical Neurophysiology (IF-
SECN), and as shown in FIG. 3. A common reference elec-
trode was positioned between Cz and Fz. EEG signals were
recorded from six (6) patients undergoing surgical proce-
dures requiring general anesthesia and having a duration of
approximately 1 hour. The patients were screened such that
they were not being prescribed central nervous system (CNS)
medications and did not have any diagnosed CNS pathology.
EEG signals were recorded continuously just prior to and
during anesthesia and surgery, and during the emergence
period following anesthesia and surgery. The bispectral index
(BIS™) was simultaneously recorded using a BIS™ monitor
(Aspect, Mass., USA). Prior to data acquisition, approval
from the University Health Network Research Ethics Board
of Toronto, Canada, was obtained, and all patients provided
written informed consent.

[0063] The anesthesia protocol referred to in this Example
comprised three (3) periods, namely an initial “baseline”
period prior to administration of any anesthesia, an “admin-
istration” period during which anesthesia was administered,
and an “emergence” period following the “administration”
period and during which no anesthesia was administered. The
“administration” period comprised two phases, namely an
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induction phase in which inducing anesthetics were admin-
istered, and a subsequent maintenance phase in which main-
tenance anesthetics were administered.

[0064] General anesthesia was induced with fentanyl (2-3
pg/kg) and propofol (2.5 mg/kg), followed by continuous
propofol infusion (140 pg/kg/min) to maintain an anesthetic
plasma level of propofol at 6 pg/ml for 5 minutes to allow for
EEG and BIS™ recordings at steady state. When the loss of
the eyelash reflex was noted, patients were subsequently intu-
bated. During induction of anesthesia, patients were routinely
ventilated to keep arterial oxygen saturation (Sa0,) above
97%. During the maintenance phase of anesthesia, patients
received a volatile anesthetic, sevoflurane, in an air/O, (1:1)
mixture, to achieve a steady mean alveolar concentration
(MAC) value of 1.2, and supplemental doses of fentanyl, as
required. This was maintained for the duration of surgery.
[0065] Five (5) anesthetic states are refened to in this
Example, namely “baseline”, “induction”, “1.0 MAC”,
“steady MAC”, and “emergence”. The “baseline” state cor-
responds to a period of data collection from awake patients
during the baseline period. The states of “induction,” “1.0
MAC” and “steady MAC” states occur within the “adminis-
tration period”. Specifically, the “induction™ state corre-
sponds to a period of data collection between 1 and 2 minutes
after administration of the inducing anesthetics. The exact
time of the “induction” state varied depending on the patient’s
response to include a window of time around the loss of
eyelash reflex to gentle prodding, which is defined herein as
the moment of loss of consciousness. The “1.0 MAC” and
“steady MAC” states correspond to the maintenance phase of
anesthesia achieved by the maintenance anesthetic, sevofluo-
rane. The “1.0 MAC” state represents a transitional state
towards a steady state, and the “steady MAC” state represents
an anesthetic state that is deep enough for surgical stimuli.
The “emergence” state occurs within the “emergence”
period, and represents a transitional state of awakening with
some responsiveness to commands but not full conscious-
ness, and includes a window of time around spontaneous
opening of the eyes.

[0066] Differential EEG signals were obtained by calculat-
ing differences between digital EEG signals acquired from
neighboring electrodes. Various frequency ranges were ana-
lyzed according to their ability to discriminate states by
power. The frequency ranges analyzed were 0 to 4 Hz, 4 t0 8
Hz,8to 12Hz, 12to 16 Hz, 16 to 20 Hz, 20 to 30 Hz, 30 to 50
Hz and 50 to 80 Hz.

[0067] EEG signals showed distinct high-frequency com-
plex activity during the “baseline” period, and then transi-
tioned to lower-frequency, more rhythmic activity during the
“administration” period. Time-frequency analysis using the
wavelet transform revealed that the power of EEG signals at
frequencies above 20 Hz was high during the “baseline” state,
and then significantly diminished with administration of
anesthesia, whereas EEG signals in the frequency range
below 20 Hz exhibited an opposite trend.

[0068] To quantify these changes, normalized power was
calculated as described above and with reference to Equations
(1) and (2). Differential EEG signals were decomposed into
narrow band-limited signals using a finite impulse response
(FIR) filter of order 5000. FIG. 4 shows graphical plots of
squared amplitude band-limited signals. For each patient,
normalized power was calculated for each of the frequency
ranges, at each of the five anesthetic states, for the frontal
region (F3-Fz and F4-Fz electrode pairs) and the posterior
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region (P3-Pz and P4-Pz electrode pairs). The average nor-
malized power in the frontal and posterior regions of the six
(6) patients during the “baseline” state is summarized in Table
1 below for each frequency range.

TABLE 1
Frontal Posterior

Average Standard Average Standard

Frequency ©v?) Deviation (uv?) Deviation
Oto4 Hz 180.44 66.26 14.76 6.21
4to 8 Hz 12.15 434 3.37 042
8to 12 Hz 8.87 231 4.54 0.91
12to 16 Hz 8.05 214 4.26 1.71
16to 20 Hz 7.38 230 3.58 1.49
20to 30 Hz 23.99 8.74 8.46 4.00
30to SO Hz 62.08 26.65 16.97 9.72
50to 100 Hz 182.28 103.67 40.13 24.72

[0069] During the “baseline” state, the average normalized

power in the low frequency range (<4 Hz) was 18.89+6.49
times higher in the frontal region than in the posterior region.
This large discrepancy was observed to decrease quickly
upon introduction of the induction anesthetics, which
reduced the average normalized power in the frontal region by
12.60+1.28 fold within seconds of application (not shown). In
contrast, the average normalized power in the posterior region
was much less affected by the introduction of the induction
anesthetics, and decreased by only 1.78+0.41 fold (not
shown). Power remained low in both regions for a brief time
period, ranging from 50 to 250 seconds depending on the
reaction time of each patient to the anesthetics. The average
normalized power then suddenly increased and reached a
maximum in 8.17+3.48 seconds after the loss of eyelash
reflex, as shown in FIG. 4A. After reaching this maximum,
the average normalized power then gradually decreased in
both regions until stabilizing at a level comparable to that in
the frontal region during the baseline state (152.0+45.8% ,
p=0.343) but was 6.79+1.02 times higher than that in the
posterior region during the baseline state (p=0.00001). Over-
all, at the low frequency range (<4 Hz), the high power
observed in the frontal region was reduced by the anesthetics,
and decreased to below the average normalized power in the
posterior region during the “administration” period.

[0070] Average normalized power in the 4 to 8 Hz fre-
quency range followed a similar trend to that of the <4 Hz
frequency range, but was more sensitive to the maintenance
anesthetic, sevoflurane. After a reduction of power during the
“induction” state, the average normalized power in this range
was observed to increase monotonically from the start of
sevoflurane until reaching the “steady MAC” state. The aver-
age normalized power during the “steady MAC” state was
73.0% (p=0.047) and 109.9% (p=0.0091) greater than that
during the “1.0 MAC” state for the frontal and posterior
regions, respectively. The average normalized power
decreased during the “emergernce” state and remained low for
several minutes following the cessation of sevoflurane, but
increased to that of the “baseline” state or greater as patients
regained consciousness. The average normalized power in the
4 to 8 Hz frequency range was stronger in the frontal region
during the awake state, but to lesser degree than was observed
in the <4 Hz frequency range, as may be seen in Table 1.
[0071] Average normalized power in the 8 to 12 Hz fre-
quency range and the 12 to 16 Hz frequency range was ini-
tially very small during the “baseline” state, and then
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increased considerably upon administration of sevoflurane
following introduction of propofol/fentanyl, as may be seen
in FIG. 5. The average normalized power in the 12 to 16 Hz
frequency range was particularly sensitive to sevoflurane, as
both the starting and stopping of sevoflurane resulted in
abrupt increases in average power, as may be seen in FIG. 4B.
This increase began several minutes after the start of sevof-
lurane, and peaked subsequent to reaching 0.5 MAC but
several minutes before reaching the “1.0 MAC” state. The
average normalized power then decreased, and remained at a
steady value until sevoflurane was turned off. At the termina-
tion of sevoflurane, the average normalized power was
observed to increase abruptly, before returning to the level of
the “baseline” state, as may be seen in FIG. 4B. This trend was
observed in both the frontal and posterior regions.

[0072] Average normalized power in the 16 to 20 Hz fre-
quency range increased slightly during administration of
anesthesia, while normalized power in the 20 to 30 Hz fre-
quency range did not show significant change during admin-
istration of anesthesia. However, during patient recovery in
the “emergence” state, average normalized power in the >30
Hz frequency range increased greatly in both the frontal and
posterior regions, with larger increases in the frontal region.
Additionally, the average normalized power in the >30 Hz
frequency range was high during the “baseline” state, but
abruptly decreased during the “induction” state and remained
low during the “administration” period until recovery during
the “emergence” state.

[0073] Communicationbetween neuronal ensembles lies at
the heart of information coding and binding in the brain, as
discussed in the publications by M. Joliot, U. Ribary and R.
Llinas, entitled “Human Oscillatory Brain Activity near 40
Hz Coexists with Cognitive Temporal Binding,” PNAS, vol.
91, pp. 11748-11751, 1994, and by G. Buzsaki and A. Dra-
guhn, entitled “Neuronal Oscillations in Cortical Networks,”
Science, vol. 304, pp. 1926-1929, 2004. Such communication
can be quantified by measuring the phase-to-phase coupling
between signals obtained from different brain regions. Rela-
tive phase coherence, which quantifies the relative degree of
phase coordination between two signals, provides a good
indication of the phase-to-phase coupling. Relative phase
coherence was calculated from the continuous wavelet trans-
form as described above and with reference to Equation (6),
for various electrode pairs, including bilateral electrode pairs
(F7-F3 and F8-F4), (T3-C3 and T4-C4) and (T5-P3 and
T6-P4), as well as anterior-posterior pairs (F8-F4 and T4-C4),
(F8-F4 and T6-P4), (T4-C4 and T6-P4), (F7-F3 and T3-C3),
(F7-F3 and T5-P3) and (T3-C3 and T5-P3).

[0074] Exemplary phase coherence plots of these electrode
pairs are shown in FIG. 6, in which the upper two graphical
plots show the relative phase coherence of bilateral electrode
pairs, and the lower two graphs show the phase coherence of
right-hemisphere anterior-posterior electrode pairs.

[0075] During the “baseline” state, strong relative phase
coherence was observed at frequencies below 15 Hz for all
electrode pairs, with a peak in the 5 to 9 Hz frequency range,
as may beseenin FIGS. 6 and 7A. The anterior-posterior pairs
also showed significant relative phase coherence (>0.4) at
frequencies above 30 Hz during the “baseline” state (see FIG.
7A). During the induction of anesthesia, frequency ranges
having significant relative phase coherence (>0.4) became
broader and, by the time of loss of eyelash reflex, relative
phase coherence at frequencies below 40 Hz was significant.
Meanwhile, relative phase coherence for frequencies above



US 2013/0197339 Al

50 Hz remained very low during administration of anesthesia
following the loss of eyelash reflex, despite some signals from
some electrode pairs exhibiting high relative phase coherence
at frequencies above 50 Hz during the baseline period.

[0076] Significant relative phase coherence was observed
for all electrode pairs during the maintenance phase in the 8 to
14 Hz frequency range (i.e. the “alpha rhythm” frequency
range), as may be seen in FIGS. 6 and 7A. The average
relative phase coherence in the 8 to 14 Hz frequency range
before anesthesia was 0.369+0.034 (0.326+0.093 and
0.390+0.087 in bilateral and anterior-posterior electrode
pairs, respectively), which then increased to 0.678+0.052
(0.619+0.044 and 0.708x0.088, in bilateral electrode pairs
and anterior-posterior electrode pairs, respectively) during
the “steady MAC” state. It is important to note that the relative
phase coherence of alpha rhythm between bilateral electrode
pairs was higher in the posterior region (0.4350.045) than in
the frontal region (0.220+0.031). However, this was reversed
during the “steady MAC” state, when the relative phase
coherence of the posterior region (0.621+0.062) was slightly
lower than that of the frontal region (0.661+0.078). Several
minutes after termination of sevoflurane, this strong relative
phase coherence in the alpha rhythm began to decrease, fol-
lowed by a sudden increase of relative phase coherence at
frequencies above 40 Hz, as may be seen in FIG. 7B. This
increase in coherence at frequencies above 40 Hz was most
prominent in the anterior-posterior electrode pairs, which
were the same electrodes that also showed significant relative
phase coherence at frequencies above 40 Hz during the “base-
line” state, as may be seen in FIGS. 6 and 7A. Even for the
bilateral electrode pairs, where high-frequency relative phase
coherence was absent during baseline, a noticeable increase
in high-frequency phase coherence was observed, especially
for the posterior bilateral pairs (T5-P3 and T6-P4). As
patients began regaining consciousness, this high-frequency
relative phase coherence subsided. It is also interesting to note
that the strong high-frequency relative phase coherence was
briefly seen during induction a few seconds before the loss of
eyelash reflex, and before the appearance of the strong rela-
tive phase coherence in the alpha rhythm, as may be seen in
FIG. 6, inset.

[0077] Wavelet bicoherence can be used to quantify sec-
ond-order interactions occurring between signals during
cross-frequency coupling. The wavelet bicoherence was cal-
culated as described above and with reference to Equation (8),
for signals obtained from bilateral frontal electrodes (F7-F3
vs. F8-F4), bilateral central electrodes (T3-C3 vs. T4-C4),
ipsilateral frontal to central electrodes (F8-F4 vs. T4-C4), and
ipsilateral central to posterior electrodes (T4-C4 vs. T6-P4).
Strong wavelet bicoherence was observed in the 5 to 18 Hz
and 10 to 40 Hz frequency ranges during anesthesia. This
phenomenon was most readily seen between bilateral and
frontal electrodes. As with relative phase coherence, because
wavelet bicoherence is an averaged quantity over a period of
time, the choice of window size can influence the measured
wavelet bicoherence. To this end, window sizes of 1 to 5
seconds, using 1 second increments and a 50% window over-
lap, were investigated. A 5 second window size was used in
this Example, as it produced the most consistent and promi-
nent results, particularly in the 5 to 18 Hz and 10 to 40 Hz
frequency ranges. FIG. 8A shows exemplary wavelet bico-
herence plots of one patient during the anesthesia protocol,
with each frame representing one of the five anesthetic states.
Strong wavelet bicoherence in the 5 to 18 Hzand 10 to 40 Hz
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frequency ranges became evident as the patient entered the
maintenance phase, namely during the “1.0 MAC” and
“steady MAC” states. An image clustering technique using an
8-connected neighbor search was utilized to define a bi-fre-
quency region of interest. The total strength of wavelet in
these identified clusters per frame was calculated to quantify
the strength of wavelet in the 5 to 18 Hz and 10 to 40 Hz
frequency ranges. The average wavelet bicoherence over 30
second windows around each of the five anesthetic states was
computed for all patients, and is graphically plotted in FIG.
8B. As may be seen, the wavelet bicoherence significantly
increased upon introduction of the induction anesthetics, and
then further increased upon the introduction of the mainte-
nance anesthetics, but decreased during emergence.

[0078] In addition to phase and cross-frequency coupling,
neuronal systems communicate through phase-to-amplitude
coupling, as described in the above-referenced publications
by Canolty et al. and by Buzaki et al., and in the publications
by W. D. Penny, E. Duzel, K. J. Miller and J. G. Ojemann
entitled “Testing for nested oscillation,” Journal of Neuro-
science Methods, vol. 174, pp. 50-61, 2008, and by J. Lisman
entitled “The theta/gamma discrete phase code occurring dut-
ing the hippocampal phase precession may be a more general
brain coding scheme,” Hippocampus, vol. 15, pp. 913-922,
2005. The amplitude of neuronal activity at one frequency
range can be coordinated with the phase of activity at another,
typically lower frequency range. The modulation index mea-
sures this phase-to-amplitude coupling by computing a cor-
relation between the amplitude of one frequency and the
phase of another frequency. Modulation index was calculated
as described above and with reference to Equation (12) for the
following electrode pairs: F7-F3, T3-C3, T5-P3, F8-F4,
T4-C4 and T6-P4. The frequency range used for the ampli-
tude signal was 0 to 200 Hz with 5 Hz increments, while the
frequency range used for the phase signal was 0to 30 Hz with
1 Hz increments. Each modulation index was calculated
using 6 seconds of EEG signal duration, with a 3 second
overlap.

[0079] As may be seen in FIG. 9A, a strong modulation
index between the frequency ranges of 15 to 30 Hz (phase)
and 60 to 200 Hz (amplitude) was observed in awake patients
for all electrode pairings, suggesting strong phase-to-ampli-
tude coupling between beta and gamma activities (“beta-
gamma coupling”). The value of modulation index was ini-
tially high during the induction phase, but began decreasing
several seconds before the loss of eyelash reflex. The beta-
gamma coupling was longest lived in the temporal-central
regions, persisting for 11.7 and 12.3 seconds longer than that
of the frontal and temporal-parietal regions, respectively (not
shown). In addition, the beta-gamma coupling was also stron-
gest in the temporal-central region with amodulation index of
4.16=1.15, as compared with 2.22+1.23 for the frontal region
and 1.75+0.99 for the temporal-parietal region, as measured
during the baseline period. These results suggest that beta-
gamma coupling is most prominent in the temporal-central
region of the brain during the awake state.

[0080] The value of the modulation index significantly
decreased in all three regions of the brain several seconds
after the introduction of induction agents, and even prior to
the loss of eyelash reflex. The value of modulation index then
remained below 1 throughout the entire “administration”
period. This result suggests that the communication between
and within the neuronal systems is disrupted by anesthetics.
Although a full recovery from general anesthesia typically
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takes hours, patients regain consciousness within minutes
after termination of anesthetics, the first sign of regained
consciousness being spontaneous opening of the eyes. Aver-
age modulation indices of the six (6) patients calculated at the
time of spontaneous eye opening showed partial recovery,
with values of 1.99+0.44, 2.35+0.62 and 1.12+0.13 for fron-
tal, temporal-central, and temporal-parietal regions, respec-
tively. The average modulation indices of the six (6) patients
for each of the three regions considered are summarized in
FIG. 9B. Overall, the modulation index showed a high sen-
sitivity to the transition during the early induction phase of
anesthesia.

[0081] Without the ability to communicate with patients
under anesthesia, the precise anesthetic state of the patient is
difficult to ascertain. This is especially problematic since
patients typically reach a state of unconsciousness within
minutes of the administration of induction agents and remain
unconscious after switching to a maintenance anesthetic such
as sevoflurane, without additional outwardly-observable
physiological signs. Although loss of consciousness 1s typi-
cally defined as a loss of response to mild prodding, as
described in the publication by J. W. Johansen, entitled
“Update on bispectral index monitoring,” Best Practice Clini-
cal Anaesthesiology, vol. 20, no. 1, pp. 81-99, 2006, after the
patient reaches loss of consciousness, the patient experiences
continuously changing levels of consciousness despite the
absence of obvious physiological signs. It is more than likely
that these changes in consciousness correspond with changes
in the brain’s electrical activity.

[0082] However, several signal features observed during
this study correlated more strongly with the initial loss of
consciousness, and namely the loss of eyelash reflex. These
signal features include an increase of low frequency (<4 Hz)
power, an abrupt decrease of high-frequency (>25 Hz) power,
and an abrupt decrease in the modulation index of beta and
gamma rhythms. Such an increase of low frequency power
and a decrease of high-frequency power have been described
in association with state of sedation and with light anesthesia
in previous studies, namely in the publications by A.
Cimenser et al., entitled “Tracking brain states under general
anesthesia by using global coherence analysis,” PNAS, vol.
108, no. 21, pp. 8832-8837, 2011, by B. Antkowiak and H.
Hentschke, entitled “Cellular mechanisms of gamma
rhythms in rat neocortical brain slices probed by the volatile
anaesthetic isoflurane,” Neuroscience Letters, vol. 231, pp.
87-90, 1997, and by A. Nayak, R. J. Roy and A. Sharma,
entitled “Time-frequency spectral representation of the EEG
as an aid in the detection of depth of anesthesia,” Annals of
Biomedical Engineering, vol. 22, pp. 501-513, 1994.

[0083] Additionally, concurrently recorded Bispectral
Index (BIS™) showed sensitivity at detecting the loss of
consciousness, with the largest drop in the Bispectral Index
occurring around the time of loss of eyelash reflex, as may be
seen in FIG. 10. Although an additional significant decrease
in the Bispectral Index was observed between the “induction”
and “1.0 MAC” states, the majority of this decrease occurred
prior to administration of the maintenance anesthetic, sevof-
lurane. The average Bispectral Index several seconds before
the start of sevoflurane was 37.42+7.19 (not shown), which is
not significantly different from the average Bispectral Index
during the “1.0 MAC” state, which was 33.44£10.11 (p>0.
05). These results suggest that the main difficulty inherent in
monitoring DoA is identifying and measuring changes in the
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levels of consciousness following the event of loss of conci-
ousness, especially during the maintenance phase of anesthe-
sia.

[0084] However, it has been observed during this study that
some signal features are sensitive to change during the main-
tenance phase of anesthesia. One such feature is the wavelet
bicoherence between the 5 to 18 Hzand 10 to 40 Hz frequency
ranges, which showed a monotonically increasing trend dur-
ing the maintenance phase until the “steady MAC” state was
reached, as shown in FIG. 8B. Additionally, the normalized
power in the 4 to 8 Hz frequency range also showed a mono-
tonically increasing trend during the maintenance phase of
the “administration” period until reaching the “steady MAC”
state, especially in the posterior region, as shown in FIG. 5 for
the case of average normalized power.

[0085] Although in the above embodiments, the pre-pro-
cessing module, the processing module, the display and the
memory are described as being embodied within a single
general purpose computing device, in other embodiments, the
pre-processing module, the processing module, the display
and the memory may alternatively form part of another
device, such as for example a medical instrument or other
medical equipment. Still alternatively, the pre-processing
module, the processing module, the display and the memory
may be embodied in two or more devices.

[0086] Although in embodiments described above, differ-
ential EEG signals are obtained by calculating differences
between digital EEG signals, each of which is obtained by
amplifying a respective analog EEG signal as necessary, and
converting the amplified analog EEG signals to digital, in
other embodiments, the differential EEG signals may alter-
natively be obtained in other ways. For example, in one alter-
native embodiment, differences may be calculated between
analog FEG signals, amplified as necessary, and then con-
verted to digital to obtain the differential EEG signals.
[0087] Although embodiments have been described above
with reference to the accompanying drawings, those of skill
in the art will appreciate that variations and modifications
may be made without departing from the scope thereof as
defined by the appended claims.

What is claimed is:

1. A method of monitoring depth of anesthesia comprising:

generating differential EEG signals from EEG signals

acquired by electrode pairs during an anesthesia proto-
col;

processing said differential EEG signals to determine at

least one signal feature; and

monitoring changes in said at least one signal feature to

determine depth of anesthesia, wherein said at least one
signal feature comprises at least one of normalized
power of said differential EEG signals acquired from at
least one of said electrode pairs, and wavelet bicoher-
ence between said differential EEG signals acquired
from at least two of said electrode pairs.

2. The method of claim 1, wherein the wavelet bicoherence
is calculated between 5 to 18 Hz and 10 to 40 Hz frequency
ranges of said differential EEG signals.

3. The method of claim 1, wherein the normalized power is
calculated within a 4 to 8 Hz frequency range of said differ-
ential EEG signals.

4. The method of claim 1, further comprising:

calculating a required dosage value of anesthesia based on

said monitoring.
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5. The method of claim 4, further comprising delivering a
controllable quantity of anesthesia to a patient based on said
calculated required dosage value.

6. The method of claim 1, further comprising delivering a
controllable quantity of anesthesia to a patient based on a
calculated required dosage value.

7. The method of claim 2, wherein the normalized power is
calculated within a 4 to 8 Hz frequency range of said differ-
ential EEG signals.

8. The method of claim 7, further comprising:

calculating a required dosage value of anesthesia based on

said monitoring.

9. The method of claim 8, further comprising delivering a
controllable quantity of anesthesia to a patient based on said
calculated required dosage value.

10. A system for monitoring depth of anesthesia compris-
ing:

electrodes configured to be placed on subject’s scalp; and

processing structure for generating differential EEG sig-

nals from EEG signals acquired by electrode pairs dur-

ing an anesthesia protocol, said processing structure

being configured to:

process said differential EEG signals to determine at
least one signal feature; and

determine changes in said at least one signal feature
during said anesthesia protocol, wherein said at least
one signal feature comprises at least one of normal-
ized power of said differential EEG signals acquired
from at least one of said electrode pairs, and wavelet
bicoherence between said differential EEG signals
acquired from at least two of said electrode pairs.

11. The system of claim 10, wherein the wavelet bicoher-
ence is calculated between 5 to 18 Hz and 10 to 40 Hz
frequency ranges of said differential EEG signals.

12. The system of claim 10, wherein the normalized power
is calculated within a 4 to 8 Hz frequency range of said
differential EEG signals.

13. The system of claim 10, wherein the processing struc-
ture is configured to automatically calculate a required dos-
age value of anesthesia based on said changes in said at least
one signal feature.

14. The system of claim 13, further comprising dosage
administration structure configured to deliver a controllable
quantity of anesthesia to a patient via a fluid delivery line.

15. The system of claim 14, wherein said dosage adminis-
tration structure is further configured to deliver said control-
lable quantity of anesthesia based on said calculated required
dosage value.

16. The system of claim 11, wherein the normalized power
is calculated within a 4 to 8 Hz frequency range of said
differential EEG signals.
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17. The system of claim 16, wherein the processing struc-
ture is configured to automatically calculate a required dos-
age value of anesthesia based on said changes in said at least
one signal feature.
18. The system of claim 17, further comprising dosage
administration structure configured to deliver a controllable
quantity of anesthesia to a patient via a fluid delivery line.
19. The system of claim 18, wherein said dosage adminis-
tration structure is further configured to deliver said control-
lable quantity of anesthesia based on said calculated required
dosage value.
20. A non-transitory computer-readable medium having
embodied thereon a computer program for monitoring depth
of anesthesia, said computer program comprising instruc-
tions which, when executed by processing structure, cause an
apparatus at least to:
process differential EEG signals generated from EEG sig-
nals acquired by electrode pairs during an anesthesia
protocol to determine at least one signal feature; and

monitor changes in said at least one signal feature to deter-
mine depth of anesthesia, wherein said at least one signal
feature comprises at least one of normalized power of
said differential EEG signals acquired from at least one
of said electrode pairs, and wavelet bicoherence
between said differential EEG signals acquired from at
least two of said electrode pairs.

21. An apparatus comprising:

processing structure; and

memory in communication with the processing structure,

the memory storing computer-readable code, the com-

puter-readable code when executed by the processing

structure causing the apparatus at least to:

process differential EEG signals generated from EEG
signals acquired by electrode pairs during an anesthe-
sia protocol to determine at least one signal feature;
and

monitor changes in said at least one signal feature to
determine depth of anesthesia, wherein said at least
one signal feature comprises at least one of normal-
ized power of said differential EEG signals acquired
from at least one of said electrode pairs, and wavelet
bicoherence between said differential EEG signals
acquired from at least two of said electrode pairs.

22. The apparatus of claim 21, wherein the wavelet bico-
herence is calculated between 5 to 18 Hz and 10 to 40 Hz
frequency ranges of said differential EEG signals.

23. The apparatus of claim 21, wherein the normalized
power is calculated within a 4 to 8 Hz frequency range of said
differential EEG signals.

24. The apparatus of claim 22, wherein the normalized
power is calculated within a 4 to 8 Hz frequency range of said
differential EEG signals.

* #* * #* #®



THMBW(EF)

AR E (T AR AGE)

FRI&R B A

RBA

IPCH 35
CPCHKS
L A
ShERaEsE

BEGF)

WS RRERSIREE Y 75 SR B E KBRS R A B AR IRV EEGE & 7=
£ EZ9EEGES , A BEDEEGEFTUBEEL —MEFHEHILENE
D NEFSRBENEUBERERE, FIREL—MESRBLEIEMN

R ERE Y 5 AN R E

US20130197339A1 K (2E)R
US13/755634 HiEH
#2275 5 CORPORATION

BARDAKJIAN BERJ L
KANG EUNJI ELLEN

BARDAKJIAN, BERJ L.
KANG, EUNJI ELLEN

A61B5/00 A61B5/0478 A61B5/04

2013-08-01

2013-01-31

patsnap

A61B5/726 A61B5/048 A61B5/4821 A61B5/742 A61B5/4839 A61B5/0478 A61B5/04012

61/593188 2012-01-31 US

Espacenet USPTO

™
M Display

3oy lemol
T H— A BB IREN £ S EEGESMNIA—LHERIMME D FH A iR w Hemery

R EDEEGES BB/ NEMETHRNED -1

Processing

150
b~

module

Fre-processing
module

A (A

Dosage

14 administration F~w M0

structure

4

1o patient


https://share-analytics.zhihuiya.com/view/fe9d4cb3-7d09-44c6-8b52-bd955aa4ed56
https://worldwide.espacenet.com/patent/search/family/048870816/publication/US2013197339A1?q=US2013197339A1
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=%2220130197339%22.PGNR.&OS=DN/20130197339&RS=DN/20130197339

