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7) ABSTRACT

The present invention disclosed a device and method for
assessing in real time the hypnotic and analgesic effect in a
subject during wakefulness, sedation and general anaesthe-
sia via drug interactions and physiological signals. In a
preferred embodiment of the present invention, the analgesic
and hypnotic effect of drug(s) infused in a subject could be
accurately assessed in real time through the device and
method disclosed in the present invention, comprising steps
of receiving data from electroencephalography (EEG)
device, receiving data from brain impedance tomography
device, obtaining pharmacodynamic and pharmacokinetic
parameters of drug(s) infused in the subject, defining initial
indices of consciousness and nociception as a function of

(2) Date: Jan. 12, 2018 said EEG and brain impedance tomography data, and gen-
erating output of final indices of consciousness and nocice-
(30) Foreign Application Priority Data ption in real time from processing input of EEG, brain
tomography and drug interaction data using established
Jul. 17, 2015 (DK) corvveevere v PA 2015 00420 mathematical manipulation.
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DEVICE AND METHOD FOR ASSESSING
THE LEVEL OF CONSCIOUSNESS, PAIN
AND NOCICEPTION DURING
WAKEFULNESS, SEDATION AND GENERAL
ANAESTHESIA

FIELD OF THE INVENTION

[0001] The present invention generally relates to assessing
the level of consciousness, pain and nociception in a patient.

BACKGROUND OF THE INVENTION

[0002] Anesthesia is defined as a drug induced state where
the patient has lost consciousness, loss of sensation of pain
or response to any other stimuli. To obtain these objectives,
the anesthesiologist can use different classes of drugs,
mostly hypnotics and analgesics. This allows the patients to
undergo surgery and other procedures without the distress
and pain they would otherwise experience.

[0003] The state of analgesia for surgery is reached by the
administration of analgesics. The demand of analgesics
varies for each patient. Therefore there is a need for con-
tinuous preferably non invasive monitoring of the analgesia
effect in the patient. Nociception and the perception of pain
define the need for analgesia to obtain pain relief. Auto-
nomic responses such as tachycardia, hypertension, emo-
tional sweating and lacrimation, although non-specific, are
regarded as signs of nociception and consequently inad-
equate analgesia.

[0004] When administering enough doses of hypnotics,
the following loss of consciousness make that the patient
does not perceive the stimuli, but the neurovegetative and
somatic responses are not necessarily abolished. When
administering enough doses of analgesics they block the
nociceptive stimuli and prevent the neurovegetative and
somatic responses. However, they do not always produce a
loss of consciousness and amnesia.

[0005] Anesthesia is a dynamic process where the effects
of the anesthetic drugs are counteracted by the intensity of
the different stimuli. When this equilibrium is broken, the
patient could evolve to a different anaesthetic depth, without
the anesthesiologist being aware of it. The overall incidence
of intraoperative awareness with recall is about 0.2-2%, but
it may be much higher in certain high risk patients like
multiple trauma, caesarean section, cardiac surgery and
haemodynamically unstable patients. Sometimes the
patients could remember voices or even noises. In other
cases the patients cannot move and advice to the anesthe-
siologist that they are awake or are in pain during surgical
maneuvers. This is a complication that can lead to severe
postoperative psychosomatic dysfunction in almost 50% of
the patients. (Br J Anaesth 1998; 80:133-39). As intraopera-
tive awareness could be a major medico-legal liability to the
anesthesiologists and could lead to postoperative psychoso-
matic dysfunction in the patients, it should therefore be
avoided. (Lancet. 2000; 355:707-11; Adv Exp Med Biol.
2003; 523:135-47). Recently it has been shown that the
postoperative cognitive dysfunction was increased in
patients where anaesthetics were overdosed (J Neurosurg
Anesthesiol. 2013; 25(1):33-42).

[0006] One of the objectives of modern anesthesia is to
ensure adequate level of consciousness to prevent awareness
without inadvertently overloading the patients with anes-
thetics, which might cause increased postoperative compli-
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cations. There are several widely used clinical methods for
assessing the level of consciousness during general anaes-
thesia, including the Observers Assessment of Alertness and
Sedation Scale (OAAS) and Ramsey Sedation Scale. How-
ever, the disadvantages of using clinical scales in the oper-
ating room are that they cannot be used continuously and
that they are cumbersome to perform. Furthermore, they
require the patient’s collaboration, which in some cases
might be difficult, for example infants. This has led to the
investigation into automated assessment of the level of
consciousness.

[0007] Recently, some automatic devices have arrived on
the market to provide an objective quantification of the level
of consciousness of the patient. The most prevailing method
is the analysis using the electroencephalogram (EEG) where
a scalp EEG is recorded and subsequently processed by an
algorithm which maps EEG signal into an index, typically in
a range of 0 to 100. EEG based method is well-established
for assessing brain activity by recording and analyzing the
weak biopotential signals generated in the cortex of the brain
with electrodes attached on the skin of the skull surface. It
has been in wide use for decades in basic research of the
neural systems of the brain, as well as in clinical diagnosis
of various neurophysiological diseases and disorders.
[0008] However, EEG signal alone could not provide an
accurate assessment of aesthetic state of a patient, multipa-
rameter approach is proposed in some patents as shown
below.

[0009] U.S. Pat. No. 7,228,169 disclosed a method and
apparatus combining EEG and electromyography (EMG)
for determining the cerebral state of a patient with fast
response.

[0010] U.S. Pat. No. 7,925,338 described a system moni-
toring the hypnotic effect and analgesia effect by using EEG,
pharmacokinetic and pharmacodynamics models, and also a
cardiovascular function.

[0011] Therefore, there is a long felt and unmet need for
improved systems and methods for accurately assessing the
level of consciousness, pain and nociception in patients in
real time during wakefulness, sedation and general anaes-
thesia. The present invention is intended to comply with all
these needs.

SUMMARY OF THE INVENTION

[0012] It is one object of the present invention to provide
a device (100) for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising at least one processor
and at least one computer readable medium coupled to the
processor, said at least one computer readable medium
comprises operations executed by said at least one proces-
sor. The operations are:

[0013] a.receiving electroencephalography (EEG) data;

[0014] b. receiving drug interaction data of drug infused
in said subject;

[0015] c. defining an initial index of consciousness
(qCON) as a function of said EEG data and said second
set of data;

[0016] d. defining an initial index of nociception
(qNOX) as a function of said EEG data and said second
set of data;

[0017] e. providing final index of consciousness
(qCON") and final index of nociception (QNOX"). It is
within the scope of the present invention that said
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processor is configured to calculate said index of con-
sciousness (QCON(")) and said index of nociception
(@NOX(")) in real time using established mathematical
manipulation from input of said EEG data, said second
set of brain function data and said drug interaction data.
[0018] It is another object of the present invention to
provide the device as defined above, said operations further
comprising receiving a second set of data on state of brain
function from a brain impedance tomography device.
[0019] It is another object of the present invention to
provide the device as defined above, wherein said brain
impedance tomography is measured from the same elec-
trodes as said EEG positioned on said subject’s forehead.
[0020] It is another object of the present invention to
provide the device as defined above, wherein indices qCON
and qNOX are derived from a function of at least one
parameter selected from EEG spectra, energy ratios
extracted by a fast fourier transform, standard deviation of
Energy in EEG frequency band, rate of burst suppression,
brain impedance, plethysmographic curve or any combina-
tion thereof.
[0021] It is another object of the present invention to
provide the device as defined above, wherein said infused
drug has a group of effects consisting of: anesthetic, hyp-
notic, analgesic, or any combination thereof.
[0022] It is another object of the present invention to
provide the device as defined above, wherein said drug
interaction data including a group consisting of: pharma-
cokinetic data, pharmacodynamic data or any combination
thereof.
[0023] It is another object of the present invention to
provide the device as defined above, wherein said math-
ematical manipulation is selected from a group consisting: a
linear regression, a logistic regression, a fuzzy logic classi-
fier, a neural network, an Adaptive Neuro Fuzzy Inference
System (ANFIS), a quadratic equation or any combination
thereof.
[0024] It is another object of the present invention to
provide the device as defined above, wherein value of
hypnotic index qCON(") varies from 0 to 100, corresponding
to level of consciousness.
[0025] It is another object of the present invention to
provide the device as defined above, wherein value of
nociception index qNOX(') varies from 0 to 100, corre-
sponding to a probability of response to noxious stimuli.
[0026] It is another object of the present invention to
provide the device as defined above, wherein final indices
qCON' and qNOX' are optimized from qCON and qNOX
respectively, by including a group of parameters consisting
of: analgesics parameters, hypnotics parameters, analgesic
interaction, age, brain age or any combination thereof.
[0027] It is another object of the present invention to
provide the device as defined above, further comprising a
reference scale developed based on a group consisting of:
OAAS scale, Ramsay scale, effect site concentration of drug,
end tidal concentration of the volatile gases, response or lack
of response to noxious stimulation or any combination
thereof.
[0028] It is another object of the present invention to
provide the device as defined above, further comprising a
warning module configured for activating an alarm if the
least mean square (LMS) difference between the hypnotic or
analgesic effect assessed by the drugs pharmacodynamics
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(pharmacodynamics=PD) and that assessed by qCON or
gNOX is greater than set threshold; said LMS is expressed
as:

N
LMS pin tevel = Z (gNOX, - PDpain,)*
=1

N
LM, = ) (gCON, = PDhyp,)*
t=1

[0029] where PD,,, is the pain level assessed by the
pharmacodynamics, PD,, , is the hypnotic effect assessed by
the pharmacodynamics of the drugs administered to the
patient.

[0030] It is another object of the present invention to
provide the device as defined above, wherein prediction of
wake-up time after stopping anaesthetics is provided.
[0031] It is another object of the present invention to
provide a method for real time assessment of the hypnotic
and analgesic effect in a subject during wakefulness, seda-
tion and general anesthesia. The method comprising steps
of:

[0032] a. receiving electroencephalography (EEG) data;

[0033] b. receiving drug interaction data infused in said
subject;

[0034] c. defining an initial index of consciousness

(qCON) as a function of said EEG data and said second
set of data;

[0035] d. defining an initial index of nociception
(gQNOX) as a function of said EEG data and said second
set of data;

[0036] e. providing final index of consciousness
(qCON") and final index of nociception (qNOX").
[0037] It is within the scope of the present invention that
said index of consciousness (QCON(")) and said index of
nociception (qNOX(")) is calculated in real time via at least
one processor using established mathematical manipulation
from input of said EEG data, said second set of brain

function data and said drug interaction data.

[0038] It is another object of the present invention to
provide the method as defined above, further comprising a
step of receiving a second set of data on state of brain
function is obtained through a brain impedance tomography
device.

[0039] It is another object of the present invention to
provide the method as defined above, wherein said brain
impedance tomography is measured from the same elec-
trodes as said EEG positioned on said subject’s forehead.
[0040] Tt is another object of the present invention to
provide the method as defined above, wherein indices qCON
and qNOX are derived from a function of at least one
parameter selected from EEG spectra, energy ratios
extracted by a fast fourier transform, standard deviation of
Energy in EEG frequency band, rate of burst suppression,
brain impedance plethysmographic curve or any combina-
tion thereof.

[0041] It is another object of the present invention to
provide the method as defined above, wherein said infused
drug has a group of effects consisting of: anesthetic, hyp-
notic, analgesic, or any combination thereof.

[0042] It is another object of the present invention to
provide the method as defined above, wherein said drug
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interaction data including a group consisting of: pharma-
cokinetic data, pharmacodynamic data or any combination
thereof.

[0043] It is another object of the present invention to
provide the method as defined above, wherein said math-
ematical manipulation is selected form a group consisting: a
linear regression, a logistic regression, a fuzzy logic classi-
fier, a neural network, an Adaptive Neuro Fuzzy Inference
System (ANFIS), a quadratic equation or any combination
thereof.

[0044] It is another object of the present invention to
provide the method as defined above, wherein value of
hypnotic index qCON(") varies from 0 to 100, corresponding
to level of consciousness.

[0045] Tt is another object of the present invention to
provide the method as defined above, wherein value of
nociception index qNOX(') varies from 0 to 100, corre-
sponding to a probability of response to noxious stimuli.
[0046] It is another object of the present invention to
provide the method as defined above, wherein final indices
qCON' and gNOX' are optimized from qCON and qNOX
respectively, by including a group of parameters consisting
of: analgesics parameters, hypnotics parameters, analgesic
interaction, age, brain age or any combination thereof.
[0047] It is another object of the present invention to
provide the method as defined above, further comprising a
reference scale developed based on a group consisting of:
OAAS scale, Ramsay scale, effect site concentration of drug,
end tidal concentration of the volatile gases, response or lack
of response to noxious stimulation or any combination
thereof.

[0048] It is another object of the present invention to
provide the method as defined above, further comprising a
warning module configured for activating an alarm if the
least mean square (LMS) difference between the hypnotic or
analgesic effect assessed by the drugs pharmacodynamics
(pharmacodynamics=PD) and that assessed by qCON or
gNOX is greater than set threshold; said LMS is expressed
as:

N
Llwspain fevel = Z (qNOX, - PDpainr)z
=1
N
LMSip = ) (GCON, - PDhyp,)?
t=1

[0049] where PD,,,, is the pain level assessed by the
pharmacodynamics, PD,,, is the hypnotic effect assessed by
the pharmacodynamics of the drugs administered to the

patient.

[0050] It is another object of the present invention to
provide the method as defined above, wherein prediction of
wake-up time after stopping anaesthetics is provided.

[0051] It is another object of the invention to provide a
device (100) for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising at least one processor
and at least one computer readable medium coupled to the
processor, said at least one computer readable medium
comprises operations executed by said at least one proces-
sor, said operations are:
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[0052] a.receiving electroencephalography (EEG) data;

[0053] b. receiving drug interaction data of drug infused
in said subject;

[0054] c. defining an initial index of nociception
(qNOX) as a function of said EEG data and said second
set of data;

[0055] d. providing final index of nociception (QNOX");

[0056] wherein said processor is configured to calculate
said index of nociception (gNOX(")) in real time using
established mathematical manipulation from input of said
EEG data and said drug interaction data.
[0057] It is another object of the invention to provide a
method for assessing in real time the hypnotic and analgesic
effect in a subject during wakefulness, sedation and general
anesthesia, comprising steps of:

[0058] a.receiving electroencephalography (EEG) data;

[0059] b. receiving drug interaction data infused in said
subject;

[0060] c. defining an initial index of nociception

(qNOX) as a function of said EEG data and said second
set of data;

[0061] d. providing final index of nociception (QNOX");

[0062] wherein said index of nociception (qNOX(")) is
calculated in real time via at least one processor using
established mathematical manipulation from input of said
EEG data and said drug interaction data.
[0063] It is another object of the invention to provide a
device (100) for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising at least one processor
and at least one computer readable medium coupled to the
processor, said at least one computer readable medium
comprises operations executed by said at least one proces-
sor, said operations are:

[0064] a.receiving electroencephalography (EEG) data;

[0065] b. receiving drug interaction data of drug infused
in said subject;

[0066] c. defining an initial index of consciousness
(qCON) as a function of said EEG data and said second
set of data;

[0067] d. providing final index of consciousness
(QCONY);

[0068] wherein said processor is configured to calculate
said index of consciousness (QCON()) in real time using
established mathematical manipulation from input of said
EEG data and said drug interaction data.

[0069] It is another object of the invention to provide a
method for assessing in real time the hypnotic and analgesic
effect in a subject during wakefulness, sedation and general
anesthesia, comprising steps of:

[0070] a. receiving electroencephalography (EEG) data;

[0071] b. receiving drug interaction data infused in said
subject;

[0072] c. defining an initial index of consciousness

(qCON) as a function of said EEG data and said second
set of data;
[0073] d. providing final index of consciousness

(QCONY;
[0074] wherein said index of consciousness (QCON()) is
calculated in real time via at least one processor using
established mathematical manipulation from input of said
EEG data and said drug interaction data.
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BRIEF DESCRIPTION OF THE FIGURES

[0075] For a better understanding of the invention and to
show how the same may be carried into effect, specific
reference now to the drawings in detail, it 1s stressed that the
particulars shown are by way of example and for purposes
of illustrative discussion of the preferred embodiments of
the present invention only, and are presented in the cause of
providing what is believed to be the most useful and readily
understood description of the principles and conceptual
aspects of the invention. In the accompanying drawings:
[0076] FIG. 1 is a schematic illustration of output of the
indices qCON(") and gNOX(").

[0077] FIG. 2 is a representative diagram of positions of
the electrodes in the forehead of a subject.

[0078] FIG. 3 is an example of the brain impedance
plethysmographic curve.

[0079] FIG. 4 is a schematic illustration of output of the
index of consciousness qCON.

[0080] FIG. 5 is a schematic illustration of output of the
final index qCON'.

[0081] FIG. 6a shows the reference scale, NOXref, of
gNOX without compensation for response to noxious stimu-
lation.

[0082] FIG. 6b shows the reference scale; NOXref, of
gNOX with compensation for response to noxious stimula-
tion. The crosses indicate the value of NOXref when the
patient responds to noxious stimulation.

[0083] FIG. 7 is a schematic illustration of output of the
index of nociception qNOX.

[0084] FIG. 8 exemplary illustrates an evolution of gNOX
during infusion of an analgesic.

[0085] FIG. 9 is a sigmoid curve shows the conceptual
relationship between gqNOX(') and the probability of
response to a noxious stimulus.

[0086] FIG. 10 is a schematic illustration of output of the
final index qNOX'.

[0087] FIG. 11 exemplary illustrates an estimation of
wake-up time based on the index qCON'.

[0088] FIG. 12 shows the time frequency plot of the
frontal EEG from a subject of 19 years (a) and a subject of
84 years (b). On FIG. 12a the subject was anaesthetized
from 600 to 1800 s.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0089] The following description is provided, alongside
all figures of the present invention, so as to enable any
person skilled in the art to implement said invention and sets
forth the suitable examples of carrying out this invention.
The invention is applicable to other embodiments or being
practiced or carried out in various ways. It is also to be
understood that the terminology employed herein is for the
purpose of description and should not be regarded as lim-
iting.

[0090] U.S. Pat. No. 7,725,173 discloses a method and
apparatus for measuring the responsiveness of a subject with
a lowered level of consciousness. In this system, the EEG
signal measured from a patient is digitized, filtered to
exclude high and low frequency artifacts and processed as
sets of 5 second time windows or “epochs”. The processing
method calculates the high-frequency power of the EEG
signal, defined as the power in a band extending from 20 Hz
to 35 Hz within a single epoch, and stores the calculated
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value. This calculation is repeated for each epoch producing
a time series (known as the first measure), which is the
high-frequency EEG power in each epoch. The processing
method then calculates a change variable indicative of the
changes in the high-frequency EEG power. The process first
finds the minimum value within the preceding 1 minute of
the first measure. The change variable is then determined by
subtracting the minimum value of the first measure from the
current value of the first measure. Finally, a responsiveness
index is calculated by averaging successive values of the
logarithm of the change variable over 30 minutes. The
responsiveness index is indicative of the mean/cumulative
high-frequency EEG power changes with respect to time.
The application teaches that other measures may be used
instead of high-frequency EEG power as the first measure,
such as EEG entropy or measures based on fractal spectrum
analysis, Lempel-Ziv complexity, or bispectral or muld
spectral analyses or the bispectral Index.

[0091] Brain impedance tomography was described pre-
viously by Pollard B I (Euro J Anaesthesiology 2011(28):
97-98). It provides a new imaging technique that sheds light
into human consciousness. Several publications (Anesthe-
siology 2003; 99(4):802-12) demonstrated effect site con-
centrations of drugs (e.g. propofol and remifentanil) could
be combined with an EEG derived index in order to generate
a more precise index of the level of consciousness.

[0092] PCT Application No. W02012010173 disclosed an
apparatus for the on-line identification of drug effect using
drug interactions and physiologic signals, in particular the
interaction between anesthetics and analgesics combined
with the EEG for precise assessment of the level of con-
sciousness in awake, sedated and anaesthetized patients.
Effect site concentrations of propofol and remifentanil are
fed as inputs into a model. In contrast, a method according
to some embodiments of the present invention, additionally
or alternately, uses inputs of hypnotics parameters and
analgesics parameters, which can include several different
parameters from the infusion. These new parameters could
be, but not limited to, infusion speed, variation of infusion
speed, total amount infused, integral and derivative of
amounts infused over a time window. Using inputs of
hypnotics parameters and analgesics parameters can provide
increased precision of the final output.

[0093] PCT Publication WO 2014/091291 A1 discloses a
method for determining probability of response to pain and
nociception of a subject during different levels of arousal.
The method includes utilizing input from an EEG sensor to
calculate an index of nociception. In contrast, a method of
some embodiments of the present invention, additionally or
alternatively, receives input of drug interaction data of drug
infused in a subject, and the calculation of index of con-
sciousness and index of nociception includes drug interac-
tion data. Calculating the index of consciousness and index
of nociception using drug interaction data can provide an
increased precision of the final indices.

[0094] In the present invention, a combination of param-
eters of EEG, brain impedance tomography, pharmacokinet-
ics and pharmacodynamics of drugs are employed. There are
publications (J Neurosci. Oct. 6, 2010; 30(40): 13211-
13219) suggesting that there is change in EEG data related
to subjects’ age, typically the EEG energy is lowered. Thus
there is need to develop method of quantitative assessment
of EEG age-related changes and incorporate the age param-
eter into EEG data (Electroencephalogram Clin Neuro-
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physiol. 1998; 107(6):415-21). So in the present invention,
the age and brain age are also used as an input to generate
the final indices of consciousness and nociception. With
increasing age the total energy and the energy in the alpha
band is decreased as shown in FIG. 12. In particular the
decrease in energy in the alpha band (10-15 Hz) during
anaesthesia between the young (FIG. 12a) and the elderly
(FIG. 12b) can be used to compensate the value of the
energy in the alpha band before entering the parameter to the
classifier. On the other hand, if, EEG data of the patient is
available before the anaesthesia is started then the patient
can be classified to a particular age group, possibly different
from the real age, this term is called “brain age”. This a
priory knowledge can be used to know which level of alpha
waves would be expected during anaesthesia. The objective
of the present invention is to provide a safe apparatus and
method using multiparameter approach for assessing in real
time hypnotic and analgesic effect of drug(s) in the patient
during wakefulness, sedation and general anaesthesia.

[0095] The term “brain impedance tomography” refers
hereinafter to the electrical impedance tomography of brain
function, the signal is recorded from the same electrodes as
the EEG device. There are a variety of devices, processors
and systems for the acquisition and processing of brain
tomography data.

[0096] The term “qCON” refers hereinafter to an index of
level of consciousness; the value varies from 0 to 100 and is
standardized, corresponding to level of consciousness from
low to high.

[0097] The term “qCON” refers hereinafter to the final
version of qCON; the value varies from 0 to 100 and is
standardized, corresponding to level of consciousness from
low to high.

[0098] The term “qNOX” refers hereinafter to an index of
nociception; the value varies from 0 to 100 and is standard-
ized, corresponding to probability of response to noxious
stimuli from low to high.

[0099] The term “qNOX"™ refers hereinafter to the final
version of QNOX; the value varies from 0 to 100 and is
standardized, corresponding to probability of response to
noxious stimuli from low to high.

[0100] The term “brain age” refers hereinafter to the age
corrected for certain EEG behaviours.

[0101] The term “drug” refers hereinafter to any kind of at
least one substance or medicament which has anaesthetic,
analgesic or hypothetic effect. The anaesthetic and hypnotic
drug(s) could be administered orally, by pumps, by injector,
by inhaler, by vaporizers or any combination thereof.

[0102] The term “fast Fourier transform (FFT)” refers
hereinafter to an algorithm to compute the discrete Fourier
transform (DFT) and its inverse. A Fourier transform con-
verts time (or space) to frequency and vice versa; an FFT
rapidly computes such transformations. As a result, fast
Fourier transforms are widely used for many applications in
engineering, science, and mathematics.

[0103] The term “Observers Assessment of Alertness and
Sedation Scale (OAAS)” refers hereinafter a clinical scale to
evaluate the level of consciousness during general anesthe-
sia as shown in the table below:
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Score Responsiveness

Responds readily to name spoken in normal tone.
Lethargic response to name spoken in normal tone.
Responds only after name is called loudly or repeatedly.
Responds only after mild prodding or shaking.
Responds only after noxious stimuli.

No response after noxious stimuli.

[E SR PTIN SO Y

)

[0104] The term “Ramsey Sedation Scale” refers herein-
after a clinical scale to evaluate the level of consciousness
during general anesthesia as shown in the table below as
shown in the table below:

Score Responsiveness

6  No response to light glabellar tap or loud auditory stimulus
5 Sluggish response to light glabellar tap or loud auditory stimulus
4 Brisk response to light glabellar tap or loud auditory stimulus
3 Responsive to commands only
2 Cooperative, oriented, tranquil
1 Anxious, agitated, restless
[0105] Reference is now made to FIG. 1, which shows the

schematic illustration of output of the indices of level of
consciousness qCON(") and indices of level of nociception
gNOX(") from the device (100) and method disclosed in the
present invention. One or multiple channel EEG (110) and
brain impedance tomography are recorded (120) from four
scalp electrodes (10) positioned left, middle and right on the
forehead of a subject (FIG. 2). The EEG (110) and the
impedance tomography (120) together with the data from
pharmacokinetics and pharmacodynamics (140) of the
infused drug are all used as input to the device (100)
comprising at least one processor and at least one computer
readable medium coupled to the processor. The device (100)
accurately assesses in real time the hypnotic and analgesic
effect of the infused drug in the subject during wakefulness,
sedation and general anesthesia, through steps of: a) receiv-
ing data from EEG (110); b) receiving data from brain
impedance tomography device (120); ¢) obtaining pharma-
codynamic and pharmacokinetic parameters of drug(s)
infused in the subject; d) defining initial indices of con-
sciousness qCON and nociception qNOX as a function of
said FEG and brain impedance tomography data; and e)
providing output of final indices of consciousness qCON'
and nociception gNOX' in real time from processing input of
EEG, brain tomography and drug interaction data using
established mathematical manipulation. The mathematical
manipulation could be a linear regression, a logistic regres-
sion, a fuzzy logic classifier, a quadratic equation a neural
network or a hybrid between a fuzzy logic system and a
neural network such as an Adaptive Neuro Fuzzy Inference
System (ANFIS). The gNOX assumes low values if the
patient does not respond to noxious stimuli and high values
if the patient is responding,

[0106] According to one embodiment of the present inven-
tion, the pharmacokinetics and the pharmacodynamics
parameters of the infused drugs are input to the processing
module. The parameters could be amount of drugs infused,
in total or in a set time window, the derivative(s) of the drugs
infused, the plasma concentration, and the effect site con-
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centration assessed by the Schneider model, Minto model or
a model using an Adaptive Neuro Fuzzy Inference System
(ANFIS).

[0107] According to another embodiment of the present
invention, the mathematical model based on ANFIS is used
for the development of both qCON and qNOX. ANFIS is a
hybrid of an artificial neural network and a fuzzy logic
system, and was developed by Jang in 1993 (IEEE Trans on
Systems, Man and Cybernetics 1993, 23:665-685.) 1t rep-
resents a Sugeno-type fuzzy system in a special five-layer
feed-forward network architecture where the inputs are not
counted as a layer. The first order Sugeno fuzzy model was
originally proposed by Takagi and Sugeno in 1985 (IEEE
Trans. on Systems, Man and Cybernetics, 1985; 15:116-132)
and further elaborated by Sugeno and Kang in 1988 (Struc-
ture identification of fuzzy models. 1988; 28:15-33).

[0108] Standard learning procedures from neural network
theory are applied in ANFIS. Back propagation is used to
learn the antecedent parameters, i.e. the membership func-
tions; least squares estimation is used to determine the
coeflicients of the linear combinations in the rules’ conse-
quents. An epoch in the learning procedure has two passes.
In the first pass, which is the forward pass, the input patterns
are propagated, and the optimal consequent parameters are
estimated by an iterative least mean squares procedure,
while the antecedent parameters are fixed for the current
cycle through the training set. In the second pass, which is
the backward pass, the patterns are propagated again. In this
pass, back propagation is used to modify the antecedent
parameters, while the consequent parameters remain fixed.
This procedure is then iterated through the desired number
of epochs. If the antecedent parameters are initially chosen
appropriately, based on expert knowledge, then one training
epoch will be sufficient. This is because the least mean
square (LMS) algorithm determines the optimal consequent
parameters in one pass. Furthermore, if the antecedents do
not change significantly by use of the gradient descent
method, the LMS calculation of the consequents will not
lead to another result through successive epochs.

[0109] According to another embodiment of the present
invention, a Fast Fourier Transform (FFT) is applied to the
EEG and the energy in frequency bands is defined. Subse-
quently the ratios are calculated which are used as input to
the processing module. The Burst Suppression (BS) and
standard deviation of the EEG amplitude in a frequency
band and time window are used as well.

[0110] The burst suppression (BS) is extracted from the
time domain of the EEG (110) and a FFT is carried out on
the EEG which enables the calculation of the energy in
distinct frequency bands. This is has been disclosed in
Jensen E W et al. “Monitoring hypnotic effect and nocice-
ption with two EEG derived indices, qCON and gqNOX,
during general anaesthesia” (Acta Anaesthesiol Scand.
2014; 58(8):933-41).

[0111] A new element has been added to the algorithm,
which is the standard deviation of the logarithm to the
energy of frequency bands (for example, 5-40 Hz) during a
time window. It is used as an input to the processing module
as well. Calculation of said standard deviation is described
in the following paragraph.

[0112] The power in a frequency band, Pn (for example,
5-40 Hz) is measured and the logarithm is calculated, termed
Log(Pn). The standard deviation (SD) of n consecutive
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values of Log(Pn) is calculated. This value is termed SDPn.
Smoothing is then carried out, defining

SDPn_old=(1-a)xSDPn_old+axSDPn (1)

[0113] where n is an integer in the range of 5 to 100,
typical value ofnis 10; and a is in the range of 0 to 1, typical
value of a is 0.03. The SDPn_old is estimate of the mor-
phology of the EEG before Burst Suppression occurs. This
is characterized by periods of low amplitude EEG followed
by bursts, however the low amplitude EEG is not as sup-
pressed as during burst suppression, hence this morphology
is termed near burst suppression (NBS).
[0114] The SDPn_old is then an input to the processing
module, typically an ANFIS or a multiple logistic regres-
sion.
[0115] According to another embodiment of the present
invention, initial indices of consciousness qCON and noci-
ception QNOX are defined as a function of said EEG data,
the device (100) provides output of final indices of con-
sciousness qCON' and nociception gNOX' in real time from
processing input of EEG and drug interaction data using
established mathematical manipulation. The mathematical
manipulation could be a linear regression, a logistic regres-
sion, a fuzzy logic classifier, a neural network or a hybrid
between a fuzzy logic system and a neural network such as
an Adaptive Neuro Fuzzy Inference System (ANFIS).
[0116] According to another embodiment of the present
invention, the impedance is measured from the same elec-
trodes as the EEG (as shown in FIG. 2). The impedance
changes as a function of anesthesia. The brain impedance
tomography curve on its own is a correlate to the brain blood
flow, the amplitude and the derivative of the plethysmo-
graphic curve is proportional to the brain blood flow, this is
shown in the recent patent application by Jensen E W
(Denmark Patent Application No. 201500062). The brain
flow will typically decrease during anaesthesia, but could
also decrease due to loss of blood or because of vasospasms
which could occur in the ICU. An example of the brain
impedance tomography curve recorded from a patient in
wakefulness is shown in FIG. 3, where x-axis represents
time (s) and y-axis represents impedance signal.
[0117] The plethysmographic curve of brain impedance is
achieved by applying a constant current of 50-800 pA
between the upper and lowest electrodes on the scalp (as
shown in FIG. 2). The current will seek the path with the
lowest impedance, i.e. the blood filled arteries. Hence the
more blood present the impedance will be lower and con-
sequently the voltage as well. The voltage plethysmography
of each heart-beat is a correlate to the brain volume per beat
(BV). The voltage plethysmogram (VP) will show periodic
fluctuations from which the heart rate (HR) can be detected.
[0118] The HR could also be detected from the ECG 15
and the two compared to assure correct performance. From
BV and HR the blood flow per minute (BF) can be computed
by

BF=HRxBV )

[0119] The range of BF is O to 10 I/min, while the normal
physiological range is 1 to 6 I/min.

[0120] The impedance is measured in the range 5-300 000
Hz and used for both indices qCON and qNOX. With
periodic intervals the mean impedance between electrodes
and skin is measured. This is done in a low frequency range,
typically 70 Hz. In the present invention the impedance
curve is passive, which means it does not change with
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stimuli. The plethysmographic curve is averaged over a time
window, for example 10 s, and this value, typically 20-50
Ohm, is used as an input to the processing module. If the
impedance is high, that is above 10 KOhm, then typically
more artifacts occur and compensation in the gqCON index
should be made. A continuous measurement of the imped-
ance is carried out at a frequency in the range of 10-100
KHz, typically at 50 KHz.

[0121] According to another embodiment of the present
invention, the qCON algorithm was developed using four
EEG frequency ratios (15), the burst suppression rate (35)
and the standard deviation (25) of EEG spectral ratios over
a time window (e.g. 10 s) as shown in FIG. 4. The EEG
spectral ratios were fed into an Adaptive Neuro Fuzzy
Inference System (ANFIS) or a quadratic equation. A ref-
erence scale was developed based on the OAAS scale and
the Ramsay scale. The effect site concentrations of drug(s)
(e.g. propofol and remifentanil) and the end tidal concen-
tration of the volatile gases are used as a consistency control,
ie. data where the OAAS or Ramsay level indicates a
different state (awake vs anaesthetized) than what is
expected from the anaesthetics concentrations, are rejected
and not used in the training of the model. The ANFIS model
is trained using the spectral ratios, the burst suppression and
the standard deviation as input while the reference clinical
scale was the output. The BSR is the percentage of near
isoelectric EEG in a window of 30s. Both suppression and
bursts should have duration of more than 1 s in order to add
up to the final BS count, detected by a Maximum-Likelihood
algorithm. The frequency ratios are calculated every second,
thus the qCON is updated every second. An exponential
moving average has been applied in order to smooth rapid
transitions. Assuming no artifacts in the EEG, the fifty
percent update time of qCON is 5 s. The frequency ratios are
defined in the following equation:

E, ©)]
Frequency, = 20xlog
EIOI
[0122] where
[0123] E, =E(1-44 Hz)
[0124] E,=E(4-8 Hz)
[0125] E, E(8-13 Hz)
[0126] E,=E(11-22 Hz)
[0127] E,=E(33-44 Hz)
[0128] The index qCON is defined as a combination of

EEG spectral and EEG time parameters, the brain imped-
ance tomography data is added as an input as well as shown
in FIG. 4.

[0129] The reference is now made to FIG. 5, which shows
the flow chart of the final version of gCON, termed qCON'.
The main parameter is qCON, which is then optimized by
other parameters including frequency bands (15), analgesics
parameters (45), hypnotics parameters (55), analgesic inter-
action (65), age (75) and brain age (85) as shown in FIG. 5.
Item 15 are additional frequency bands. gNOX is used to
compensate the qCON'. The items 45 to 65 are all related to
the drug interactions, for example, pharmacokinetics and
pharmacodynamics of the hypnotic drug (e.g. propofol) and
the analgesic drug (e.g. remifentanil). The interaction
between the drugs is typically defined by using an ANFIS
model. The age (75) and brain age (85) are input as well. The
EEG mean behavior changes with age that is why age is an
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input. However, there is an interpersonal variation of the
alpha waves, and potentially other EEG bands, i.e., the
subject might be 40 years old but his alpha waves while
awake corresponds to a subject of 50 years old. The brain
age is used to correct for this variation. So the value of brain
age is also used as an input to the processing module. These
parameters are combined to produce the final index gCON'
by using ANFIS model, linear logistic regression, quadratic
equations or other algorithms known in the state of the art.

[0130] According to another embodiment of the present
invention, the index of nociception gNOX is developed by
fitting the EEG data to a reference scale similar to qCON.
The reference scale is composed of the index of conscious-
ness gCON, the concentrations of infused drug (in this case,
remifentanil) and response or lack of response to noxious
stimulation such as tracheal intubation, Laryngeal mask
airway (LMA) insertion or incision as shown in FIGS. 6a
and 6b.

[0131] The reference is defined as the following:

[0132] If qCON=<20, then NOX,, ~0;

[0133] If 20<qCON=40, then NOX, . ~1;

[0134] If 40<qCON=<60, then NOX,efZZ;

[0135] If 60<qCON=<80, then NOX,gf:3;

[0136] If 80<qCON=<100, then NOX,gf:4.

[0137] The effect site concentration of remifentanil (CeR-

EMI) is added afterwards,
NOX,,~NOX,,+6-CeREMI

[0138] Ifthe patient responds to a noxious stimulation (for
example, moves after noxious stimulation), then NOX,_=10
for a period of 1 minute after the noxious stimulation FIG.
60. Otherwise, NOX, remains unchanged as shown in FIG.
6a.

[0139] The NOX,, is then transformed to the 0 to 100
scale:

NOX,,~NOX,,x10

[0140] According to another embodiment of the present
invention, the input to the gNOX model includes the 4
frequency ratios (95), ranging from 1 to 44 Hz. The gNOX
is compensated by qCON as shown in FIG. 7. If qCON is
below 25, it is assumed that the patient is in such deep
anaesthesia state that response to noxious stimulation is
unlikely. The qNOX uses equation (3) as described for
calculation of qCON. The denominator Eta is the same, but
the four frequency ratios (95) are different. For example, the
frequency ratios below are used:

Es=F(1-8 Hz)
E=F(8-13 Hz)
E,=E(21-26 Hz)

E,=E(30-44 Hz)

[0141] According to another embodiment of the present
invention, gNOX changes alongside with the effect site
concentration of analgesics. FIG. 8 shows that changes in
the index qNOX correlate to change of the effect site
concentration of remifentanil, an analgesic. The x-axis
denotes time while the y-axis denotes gNOX in the range of
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0 to 100 and the effect site concentration of remifentanil.
When no analgesics are administered to the patient, the
value of gNOX is high, indicating that the patient has a high
probability of responding to noxious stimuli, leading to
haemodynamic complications as myocardial infarction or
stroke. When the remifentanil starts to take effect, then the
gNOX drops to a lower value, indicating less probability of
response to a noxious stimulus. However, a very strong
noxious stimulus might cause the gNOX to increase
although analgesia has been administered.

[0142] According to another embodiment of the present
invention, the range of the gNOX is 0 to 100 corresponding
to the probability of response to noxious stimuli following a
sigmoid shaped logistic regression as shown in FIG. 9.
gNOX at a value of 100 corresponds to a probability of
response to noxious stimuli close to 100%. In contrast,
gNOX at a value of 0 corresponds to a total block of noxious
stimuli, which could be obtained by local anaesthetic drugs
or high concentrations of analgesics (e.g. remifentanil).

[0143] Reference is now made to FIG. 10 shows the flow
chart of final version of gNOX, termed gNOX'. gNOX'
includes additional information such as analgesics param-
eters (45), hypnotics parameters (56), analgesic interaction
(65), age (75) and brain age (85) as shown in FIG. 10. The
reason for entering additional parameters is the same as for
the qCON. For both qCON' and qNOX' no underlying
formula is used, the relationship is governed by the training
data.

[0144] The optimal formula for defining the output, the
qCON' and the gNOX, are obtained by training the model,
with data where both the input and the output are known.
This is a data driven approach with no underlying function
governing the relationship between input and output.

[0145] According to another embodiment of the present
invention, the least mean square (LMS) difference between
the pain level assessed by the drugs concentration
(pharmacodynamics=PD) and the pain level assessed by the
gNOX is calculated. The LMS difference between the hyp-
notic effect assessed by the drugs concentration
(pharmacodynamics=PD) and the hypnotic effect assessed
by the qCON is provided as well. This could be expressed
as:

LMS i rever=2e 1 (QNOX,~PDpain, @
LMS,,=Z.,"(qCON,~PDhyp,)* Q)
[0146] Where PDpain is the pain level assessed by the

pharmacodynamics, PDhyp is the hypnotic effect assessed
by the pharmacodynamics of the drugs administered to the
patient. The resulting LMS difference is sent to a warning
module configured for activating an alarm if said LMS is
greater than set threshold.

[0147] According to another embodiment of the present
invention, prediction of wake up time after the anaesthetics
have been stopped, which is a useful parameter for the
anaesthesiologist for the further planning of the patient flow,
is provided. This is accomplished by the average slope of the
qCON'. By estimating the slope over a time window, the
time until qCON' is above a certain threshold can be
calculated, as shown in FIG. 11, where x-axis represents
time and y-axis represents qCON' in the range of 0 to 100.

Jul. 26,2018

[0148] The qCON and gNOX could be calculated accord-
ing to the quadratic equation as shown below,

Output=
Intercept + Z ay; «Inpui; + Z ay; # Inpur‘-2 + Z a3 % Input; + Inputj

ij>i

[0149] Where ij=1 to 6; a,=Linear coefficients;
a,=Quadratic coefficients; and a;=Interaction coefficients

[0150] The model structure can be seen in FIGS. 13 and
14.
[0151] The EOG is an abbreviation of Electrooculogram,

which can be calculated as the amount of peaks that are
above a certain amplitude threshold in a window of EEG.

1. A device assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising at least one processor
and at least one computer readable medium coupled to the
processor, said at least one computer readable medium
comprises operations executed by said at least one proces-
sor, said operations are:

a. receiving electroencephalography (FEG) data;

b. receiving drug interaction data of drug infused in said

subject;

¢. defining an initial index of consciousness (QCON) as a

function of said EEG data and said second set of data;

d. defining an initial index of nociception (QNOX) as a

function of said EEG data and said second set of data;

e. providing final index of consciousness (qCON') and

final index of nociception (QNOX"); wherein said pro-
cessor is configured to calculate said index of con-
sciousness (QCON(")) and said index of nociception
(gQNOX(")) in real time using established mathematical
manipulation from input of said EEG data and said
drug interaction data.

2. The device according to claim 1 said operations further
comprising receiving a second set of data on the state of
brain function from a brain impedance tomography device.

3. The device according to claim 2, wherein said brain
impedance tomography is measured from the same elec-
trodes as said EEG positioned on said subject’s forehead.

4. The device according to claim 2, wherein indices
qCON or gNOX are derived from a function of at least one
parameter selected from EEG spectra, energy ratios
extracted by a fast fourier transform, standard deviation of
Energy in EEG frequency band, rate of burst suppression,
brain impedance plethysmographic curve or any combina-
tion thereof.

5. The device according to claim 1 wherein said infused
drug has a group of effects consisting of: anesthetic, hyp-
notic, analgesic, or any combination thereof.

6. The device according to claim 1 wherein said drug
interaction data including a group consisting of: pharma-
cokinetic data, pharmacodynamic data or any combination
thereof.

7. The device according to claim 1 wherein said math-
ematical manipulation is selected form a group consisting: a
linear regression, a quadratic equation, a logistic regression,
a fuzzy logic classifier, a neural network, an Adaptive Neuro
Fuzzy Inference System (ANFIS) or any combination
thereof.
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8. The device according to claim 1 wherein value of
hypnotic index qCON(") varies from 0 to 100, corresponding
to level of consciousness.

9. The device according to claim 1 wherein value of
nociception index qNOX(') varies from 0 to 100, corre-
sponding to a probability of response to noxious stimuli.

10. The device according to claim 1 wherein final indices
qCON' or gNOX' are optimized from qCON or qNOX
respectively, by including a group of parameters consisting
of: analgesics parameters, hypnotics parameters, analgesic
interaction, age, brain age or any combination thereof.

11. The device according to claim 1 further comprising a
reference scale developed based on a group consisting of:
OAAS scale, Ramsay scale, effect site concentration of
drug(s), end tidal concentration of the volatile gases,
response or lack of response to noxious stimulation or any
combination thereof.

12. The device according to claim 1 further comprising a
warning module configured for activating an alarm if the
least mean square (LMS) difference between the hypnotic or
analgesic effect assessed by the drugs pharmacodynamics
(pharmacodynamics=PD) and that assessed by qCON or
gNOX is greater than set threshold; said LMS is expressed
as:

N
M{Spain fevel = Z (qNOX, = PDpain,)z
=1
N
LMSiy, = ' (aCON, ~ PDhyp,)?
=1

where PD,,,.,, is the pain level assessed by the pharmacody-
namics, PD,,  is the hypnotic effect assessed by the phar-
macodynamics of the drugs administered to the patient.

13. The device according to claim 1 wherein prediction of
wake-up time after stopping anaesthetics is provided.

14. A method for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising steps of:

a. receiving electroencephalography (EEG) data;

b. receiving drug interaction data infused in said subject;

c. defining an initial index of consciousness (qQCON) as a

function of said EEG data and said second set of data;

d. defining an initial index of nociception (QNOX) as a

function of said EEG data and said second set of data;

e. providing final index of consciousness (qCON') and

final index of nociception (qNOX";
wherein said index of consciousness (QCON(")) and said
index of nociception (gNOX(")) is calculated in real time via
at least one processor using established mathematical
manipulation from input of said EEG data and said drug
interaction data.

15. A device for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising at least one processor
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and at least one computer readable medium coupled to the
processor, said at least one computer readable medium
comprises operations executed by said at least one proces-
sor, said operations are:

a. receiving electroencephalography (FEG) data;

b. receiving drug interaction data of drug infused in said

subject;

c. defining an initial index of nociception (QNOX) as a

function of said EEG data and said second set of data;

d. providing final index of nociception (qNOX");
wherein said processor is configured to calculate said index
of nociception (QNOX(")) in real time using established
mathematical manipulation from input of said EEG data and
said drug interaction data.

16. A method for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising steps of:

a. receiving electroencephalography (EEG) data;

b. receiving drug interaction data infused in said subject;

¢. defining an initial index of nociception (qQNOX) as a

function of said EEG data and said second set of data;

d. providing final index of nociception (QNOX'); wherein

said index of nociception (QNOX(")) is calculated in
real time via at least one processor using established
mathematical manipulation from input of said EEG
data and said drug interaction data.

17. A device for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising at least one processor
and at least one computer readable medium coupled to the
processor, said at least one computer readable medium
comprises operations executed by said at least one proces-
sor, said operations are:

a. receiving electroencephalography (FEG) data;

b. receiving drug interaction data of drug infused in said

subject;

¢. defining an initial index of consciousness (QCON) as a

function of said EEG data and said second set of data;

d. providing final index of consciousness (QCON");
wherein said processor is configured to calculate said index
of consciousness (QCON(")) in real time using established
mathematical manipulation from input of said EEG data and
said drug interaction data.

18. A method for assessing in real time the hypnotic and
analgesic effect in a subject during wakefulness, sedation
and general anesthesia, comprising steps of:

a. receiving electroencephalography (FEG) data;

b. receiving drug interaction data infused in said subject;

c. defining an initial index of consciousness (qCON) as a

function of said EEG data and said second set of data;

d. providing final index of consciousness (qCON");
wherein said index of consciousness (qCON(") is calculated
in real time via at least one processor using established
mathematical manipulation from input of said EEG data and
said drug interaction data.
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