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physiological data from the patient and a t least one processor configured t o receive the physiological data from the plurality o f

o sensors, and determine, from the physiological data, signal markers indicative o f an apparent o r likely patient age. The at least one

processor is also configured to a t least one o f scale and regulate the physiological data using at least the apparent patient age to ere -

ate age-compensated data, and generate a report including the age-compensated data.



SYSTEMS AND METHODS FOR IMPROVED BRAIN MONITORING DURING GENERAL
ANESTHESIA AND SEDATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application is based on, claims priority to, and incorporates herein

by reference in its entirety U.S. Provisional Application Serial No. 61/877,800, filed

September 13, 2013, and entitled, "SYSTEM AND METHOD FOR AGE-APPROPRIATE

BRAIN MONITORING DURING GENERAL ANESTHESIA AND SEDATION."

STATEMENTREGARDING FEDERALLY SPONSORED RESEARCH

[002] This invention was made with government support under

DP2-OD006454, TR01-GM104948, and T32GM007592 awarded by the National

Institutes of Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[003] The present disclosure is generally directed to systems and methods for

monitoring patients states and, more particularly, relates to systems and methods for

monitoring and controlling patients states during medical interventions, evaluations or

procedures, such as receiving anesthesia or sedation, and using patient-specific

information.

SUMMARY OF THE INVENTION

[004] The present disclosure provides systems and methods for monitoring and

controlling patients using acquired physiological data, for use associated certain

medical interventions, evaluations or procedures, such as general anesthesia and

sedation. Specifically, the present invention provides systems and methods capable of

accurate brain monitoring, achieved via patient-specific characteristics identified in the

physiological data.

[005] A brain monitoring approach, in accordance with aspects of the present

disclosure, may be capable of determining patient characteristics, based on measured



brain signals, activity or functionality, and adjust a data acquisition process, modify a

display, or perform an analysis based on the determined patient characteristics. For

example, determined patient characteristics can include an apparent or likely patient

age, which can be similar or different from the patient's real age, as well as other patient

information.

[006] By way of example, systems and methods described herein may be used

to appropriately scale, modify and visualize acquired data. Also, systems and methods

described may be used to generate compensated data, such as age-appropriate data,

and conduct an accurate analysis based on the compensated or appropriately modified

or adapted data. By way of example, a patient condition or predisposition may be

assessed using an approach described herein. Specifically, patients potentially at higher

risk for post-operative cognitive conditions or disorders may be pre-operatively

identified, and given certain indications, such as specific regimens for anesthetic,

post-anesthetic, or intensive care, using information provided using systems and

methods herein. In addition, such an approach may be used to monitor anesthetic

responses in children to achieve anesthetic or sedative states reflecting the unique level

of development in brain circuits associated with different ages, age ranges, and a

patient's specific level of development.

[007] In accordance with one aspects of the disclosure, a system for

age-compensated monitoring of a patient experiencing an administration of at least one

drug having anesthetic properties is provided. The system includes a plurality of

sensors configured to acquire physiological data from the patient while receiving the at

least one drug having anesthetic properties, and at least one processor configured to

acquire physiological data from the plurality of sensors, and determine, from the

physiological data, signal markers at least consistent with a patient age. The at least one

processor is also configured to generate a report including at least the physiological

data adjusted for the patient age based on at least one of the signal markers. In some

aspects, the processor is further configured to identify signatures related to at least one

of an amplitude and a power spectrum to determine the signal markers from the

physiological data, adjust at least one of an amplifier gain and a scale for the report

including at least the physiological data in based on at least one of the signal markers

and the indication, assemble the physiological data into time-series data using a

multitaper approach to account for a dynamic range of signals spanning several orders



of magnitude. The system may further include a user interface configured to receive an

indication of at least one characteristic of the patient and wherein the processor is

further configured to adjust for the patient age based on the at least one a characteristic

of the patient.

[008] In accordance with another aspect of the disclosure, a method for

age-compensated monitoring of a patient experiencing an administration of at least one

drug having anesthetic properties is provided. The method includes acquiring scout

data from the plurality of sensors, determining, from the scout data, a patient age, and

acquiring physiological data from the plurality of sensors. The method also includes

generating a report including the physiological data at least one of scaled and reported

against a scale based on the patient age. In some aspects, determining the patient age

includes determining signal markers from the scout data related to at least one of an

amplitude and a power spectrum and comparing the signal markers against an age

indicator. The method may also include regulating acquisition of the physiological data

based on the patient age, wherein regulating includes adjusting at least one amplifier

gain based on the patient age, and performing a multitaper analysis to account for a

dynamic range of signals spanning several orders of magnitude.

[009] In accordance with another aspect of the disclosure, a system for

age-compensated monitoring of a patient experiencing an administration of at least one

drug having anesthetic properties is provided. The system includes a plurality of

sensors configured to acquire physiological data from the patient, and at least one

processor configured to receive the physiological data from the plurality of sensors, and

determine, from the physiological data, signal markers indicative of an apparent patient

age. The at least one processor is also configured to at least one of scale or regulate the

physiological data using at least the apparent patient age to create age-compensated

data, and generate a report including the age-compensated data. In some aspects, the

processor is further configured to identify signatures related to at least one of an

amplitude and a power spectrum to determine the signal makers, adjust at least one

amplifier gain in accordance with the signal markers to scale the physiological data.

The system may also include a user interface configured to receive an input patient age

of the patient and wherein the processor is further configured to at least one of scale

and regulate the physiological data based on the apparent patient age and the input

patient age.



[0010] In accordance with yet another aspect of the disclosure, a method for

age-compensated monitoring of a patient experiencing an administration of at least one

drug having anesthetic properties is provided. The method includes acquiring scout

data from the plurality of sensors, and determining, from the scout data, a scale at least

consistent with a patient age. The method also includes regulating acquisition of the

physiological data based on the scale, and generating a report including the

physiological data associated with the scale. In some aspects, determining the scale

includes identifying age-correlated signal markers from the scout data and selecting the

scale from a plurality of scales based on the age-correlated signal markers, and

regulating acquisition of the physiological data comprises adjusting at least one

amplifier gain based on the scale.

[0011] In accordance with yet another aspect of the disclosure, a system for

age-compensated monitoring of a patient experiencing an administration of at least one

drug having anesthetic properties is provided. The system includes a plurality of

sensors configured to acquire physiological data from the patient, and a user interface

configured to receive an indication of at least one of a characteristic of the patient. The

system also includes a processor configured to determine, from at least the indication of

at least one of a characteristic of the patient, a likely patient age, and select a scale based

on the likely patient age. The system further includes a display configured to display

the physiological data against the scale. In some aspects, the processor is further

configured to determine, from the physiological data, an apparent patient age and select

the scale based on the apparent patient age and the likely age, and perform a multitaper

process to account for a dynamic range of signals spanning several orders of magnitude

to format the physiological data to be displayed against the scale.

[0012] The foregoing and other advantages of the invention will appear from the

following description. In the description, reference is made to the accompanying

drawings which form a part hereof, and in which there is shown by way of illustration a

preferred embodiment of the invention. Such embodiment does not necessarily

represent the full scope of the invention, however, and reference is made therefore to

the claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS



[0013] The present invention will hereafter be described with reference to the

accompanying drawings, wherein like reference numerals denote like elements.

[0014] FIG. 1A is schematic block diagram of an example physiological

monitoring system, in accordance with aspects of the present disclosure.

[0015] FIG. I B is schematic block diagram of another example physiological

monitoring systems, in accordance with aspects of the present disclosure.

[0016] FIG. 2 is an illustration of an example monitoring and control system, in

accordance with aspects of the present disclosure.

[0017] FIG. 3 is a flowchart illustrating the process steps associated with a mode

of operation for a monitoring system, in accordance with the present disclosure.

[0018] FIG. 4A is a flowchart illustrating the process steps associated with

another mode of operation for a monitoring system, in accordance with the present

disclosure.

[0019] FIG. 4B is a schematic diagram illustrating steps in accordance with

aspects of the present disclosure.

[0020] FIG. 4 C shows an example scale adjustment in accordance with aspects of

the present disclosure.

[0021] FIG. 4D is a schematic diagram illustrating steps in accordance with

aspects of the present disclosure.

[0022] FIG. 5 is an illustration of example EEG spectrograms during

propofol-induced general anesthesia across a range of ages, in accordance with the

present disclosure.

[0023] FIG. 6 is a graphical illustration of total EEG power and representative

spectrograms in patients of different ages during sevoflurane anesthesia in accordance

with the present disclosure.

[0024] FIG. 7 shows graphical examples illustrating mean EEG spectrograms of

patients in different age groups undergoing sevoflurane anesthesia in accordance with

the present disclosure.

[0025] FIG. 8 shows graphical examples illustrating mean EEG spectra of patients

in different age groups undergoing sevoflurane anesthesia in accordance with the

present disclosure.



[0026] FIG. 9 s shows graphical examples illustrating mean EEG coherograms of

patients in different age groups undergoing sevoflurane anesthesia in accordance with

the present disclosure.

[0027] FIG. 10 shows graphical examples illustrating mean EEG coherence of

patients in different age groups undergoing sevoflurane anesthesia in accordance with

the present disclosure.

[0028] FIG. shows EEG coherence in the alpha frequency band for patients of

different ages undergoing sevoflurane anesthesia in accordance with the present

disclosure.

[0029] FIG. 12 shows the representative EEG spectrograms and cohereograms in

patients 14 months of age or less undergoing sevoflurane anesthesia in accordance with

the present disclosure.

[0030] FIG. 13 shows representative EEG spectrograms in patients 17 months of

age or less undergoing propofol anesthesia in accordance with the present disclosure.

[0031] FIG. 14 is a graphical illustration of total EEG power in patients of

different ages undergoing propofol anesthesia in accordance with the present

disclosure.

[0032] FIG. 15 is a graphical illustration of slow oscillation EEG power in patients

of different ages undergoing propofol anesthesia in accordance with the present

disclosure.

[0033] FIG. 16 is a graphical illustration of alpha band EEG power in patients of

different ages undergoing propofol anesthesia in accordance with the present

disclosure.

[0034] FIG. 17 shows total, slow oscillation, and alpha band EEG power in

patients of different ages undergoing propofol and sevoflurane anesthesia in

accordance with the present disclosure.

DETAILED DESCRIPTION

[0035] In the United States, nearly 60,000 patients receive general anesthesia

per day to safely undergo surgical procedures, a large fraction of which are elderly, 60

years of age or older. Unlike treatment younger patients, anesthetic management of

older patients requires additional care and carries higher risks. For example, the doses



of anesthetics required to achieve the same level of general anesthesia in the elderly can

range from 10 to 50 percent less than those required for younger patients. Also,

increases in heart rate and decreases in blood pressure are more likely with older

patients following induction of general anesthesia by bolus administration of a

hypnotic, and measures are routinely taken to prevent the consequences of these

expected changes.

[0036] Post-operative conditions in the elderly following general anesthesia and

sedation are also a growing concern. For instance, delirium is an acute form of

dysfunction whose symptoms include disorientation, impairment of attention and

memory, while post-operative cognitive dysfunction ("POCD"} is a persistent cognitive

disorder that lasts from a few hours to several days or months. Specifically, POCD can

range from difficulty with fact-finding and memory impairment to dementia and

Alzheimer's-like symptoms. In addition, the prevalence of more subtle forms of POCD,

which may go undetected without formal neuropsychological testing, may be greater

than currently appreciated. Although it is presently unclear as to what degree

anesthesia and sedation influence such conditions, as population ages, the fraction of

the elderly patients who will require therapeutic and diagnostic procedures will

continue to increase.

[0037] Changes in the brain's gross anatomy, associated with normal aging, have

been demonstrated by prominent loss of volume and thickness in the prefrontal cortex,

particularly in the dorsal medial and dorsal lateral prefrontal cortices, as well as the

lateral parietal and lateral temporal cortices. Such loss of volume and thickness in the

prefrontal cortical regions, which play prominent roles in attention and executive

function, is consistent with the findings from numerous psychological experiments

showing age-related decreases in performance on tests of attention and executive

function. Prominent changes that have been reported in the viscerosensory region of

the caudal insular cortex also appear to undergo relatively prominent thinning with

normal aging. Other studies, regarding whether there is loss of thickness or volume in

other brain regions, such as the primary sensory and motor cortices, paralimbic and

limbic areas, hippocampus and entorhinal cortex, and the cingulate and insula, have

provided mixed results.

[0038] In one study, young and middle-aged patients showed cortical thinning to

be greatest in heteromodal associative cortices and in regions of high postnatal surface



expansion. This is consistent with the idea that areas that had the greatest postnatal

development show the greatest level of thinning, that is, the first-in-first-out

hypothesis. However, it was found that cortical thinning in individuals 80 years and

older was greatest in the primary sensory/motor cortices and regions of low postnatal

surface area expansion. As a consequence, those investigators postulated that different

factors affect cortical vulnerability as a function of age. Early on, developmental factors

may confer vulnerability, whereas late in life factors specific to the primary sensory and

motor cortices confer vulnerability.

[0039] Another group compared two independent samples of adult individuals

who were cognitively normal when scanned at baseline. In one sample, 25 of the

individuals were cognitively normal on follow-up and seven were Alzheimer's disease

converters after an average follow-up of 11.1 years. In the second sample, 25

cognitively normal individuals were compared with seven Alzheimer's disease

converters with an average follow-up of 7.1 years. The Alzheimer's disease converter

individuals in both groups could be readily distinguished from the cognitively normal

individuals by a small but consistent decrease in cortical thinning measured in nine

pre-specified areas of interest. Cognitively normal individuals with mild thinning at

baseline were more likely to convert to Alzheimer's disease than those with thicker

cortical areas. It was subsequently confirmed that using a cortical thickness MRI

biomarker was a reliable predictor of the likelihood for patients to develop Alzheimer's

disease. The findings suggested a way to distinguish a patient who is cognitively normal

from the one who is at risk for Alzheimer's disease, and could be helpful in identifying

the extent to which postoperative cognitive disorders are related to exposure to

anesthetic agents and surgery, and susceptibility to cognitive decline due to evolving,

yet preclinical, Alzheimer's disease symptoms.

[0040] Contrary to some beliefs, normal brain aging does not entail substantial

neuronal loss and cell death, but rather appreciable changes in neuronal morphology,

with decreases in neuronal volume not uniform throughout the neocortex. Most

noticeable are morphological changes occurring in the prefrontal cortex and the

hippocampus, where synapse changes and the dendritic arbors and dendritic spines of

pyramidal neurons decrease appreciably in size and number. There is also loss in white

matter and increase in ventricular size, however it is postulated that changes in



cognitive function seem more tightly related to the synaptic changes rather than gray

matter or white matter changes.

[0041] With normal aging, there is a decrease in the synthesis of the major brain

neurotransmitters including acetylcholine, dopamine, serotonin and glutamate and also

a decrease in the number of receptors for these neurotransmitters. Aside from

presumed impairment of inter-neuronal communication in general, the mechanism

through which decreases in neurotransmitter levels contribute to specific changes in

brain function is not well characterized. Decreased monoaminergic neurotransmitter

levels have been related to increased proclivity toward depression and a decline in

motor function in the elderly. Also, decreases in acetylcholine levels have been

associated with Alzheimer's disease, and use of anticholinergic drugs in the

peri-operative period is associated with an increased incidence of post-operative

delirium particularly in older patients. These associations underlie the rationale to

develop anticholinesterase inhibitors as a therapy to Alzheimer's disease and the

general recommendation to avoid anticholinergic drugs, if possible, in the perioperative

period to reduce the incidence of delirium in older patients. Despite the long- standing

hypothesis of anticholinergic medications playing a role in delirium, administration of

the anticholinesterase drugs has not been established as an effective therapy.

[0042] The aging brain also has a diminished maintenance capacity, in that

factors that act to preserve normal function decline and are less effective. For example,

neuroprotection and neurogenesis are important features that decline with normal

aging. In addition, the brain becomes more susceptible to factors that impair functions,

such as oxidative stress and inflammation. Since the brain is especially susceptible to

oxidative stress, consuming a higher fraction of oxygen relative to the other parts of the

body, aggravated oxidative stress has been shown to increase with aging, while

antioxidant activity decreases. As such, oxidative stress facilitates neuronal injury

through modifications of DNA, proteins and lipids, leading to altered mitochondrial- and

Ca 2+-mediated functions and an increase in reactive astrocytes. For example, the

brain-derived neurotrophic factor is postulated to play an important role in

neurogenesis, yet also has antioxidant and anti-inflammatory effects. Thus, decreased

brain-derived neurotrophic factor activity in the hippocampus impairs stem cell activity

in the nearby dentate gyrus. Similarly, telomeres, the DNA-protein complexes that

protect DNA from damage, tend to shorten with age, as well as with processes that are



genotoxic and cytotoxic. Given that neurons in the brain generally do not die or divide,

cellular damage typically accumulates it with aging. Together these factors contribute

to a decrease in plasticity with age.

[0043] In spite of greater understanding of the aging brain derived from

functional imaging, neurophysiological and epidemiological studies, appreciably

changes in management of elderly patients receiving anesthesia care have not taken

place. Many long-standing edicts for managing elderly patients receiving general

anesthesia and sedation have been reinforced by the findings from recent studies. For

example, in one retrospective study, the same level of sedation during colonoscopies for

elderly patients (≥ 73 years] was achieved as with younger patients by administering a

significantly lower weight-adjusted and total dose of propofol. In another retrospective

study of propofol use in the emergency room, elderly patients were found to require a

lower induction dose relative to the young patients and a lower overall dose compared

to both young and middle-aged patients. Also, it was shown that pretreatment with

midazolam reduced the amount of propofol needed for the induction of general

anesthesia and the hypo-tensive response to induction in patients 65 years and older.

Furthermore, in a randomized controlled trial, it was found that using the bispectral

index (BIS] to titrate anesthetic delivery reduced the anesthetic exposure, and hence

the incidence of delirium in the immediate postoperative period and the likelihood of

POCD three months following surgery.

[0044] In addition to brain changes due to normal brain aging, specific

neurodegenerative disorders are also associated with specific anatomic features, such

as the neurofibrillary tangles and amyloid plaques commonly related to Alzheimer's

disease, and micro-vascular changes, associated with lacunar stroke, leukoaraiosis,

vascular dementia as well as Alzheimer's disease. For example, recent studies have

provided information in relation to postoperative outcomes of patients with

preoperative cognitive impairments. In a double-blinded protocol, BIS values and time

to extubation were compared in a cohort of patients with MCI and age-matched

controls. The MCI patients required significantly lower induction doses of propofol and

had significantly lower BIS scores before induction, immediately after induction and a

few minutes following discontinuation of the propofol and remifentanil infusions. The

investigators suggested that use of standard BIS target values for the general population

did not apply to patients with MCI. Also, in a prospective study of delirium and POCD in



patients undergoing coronary artery bypass surgery, nearly half of patients had

postoperative delirium associated with a significantly lower Mini Mental State

Examination ("MMSE"} score compared to those who did not develop delirium. The

patients with postoperative delirium had a significantly greater drop in MMSE than the

non-delirium group, and this difference lasted for 30 days following surgery. Also, six

months following surgery, a higher fraction of patients in the delirium group had not

returned to their preoperative baseline. In addition, an in-vivo study suggested that

desflurane may be less deleterious than isoflurane to Alzheimer's disease patients

requiring anesthesia. Together, these studies suggest that patients with impaired

cognitive function preoperatively may be at greater risk for cognitive dysfunction in the

immediate post-operative period and that this dysfunction may persist for several

months following the surgery.

[0045] Use of electroencephalogram ("EEG] recordings to monitor and diagnose

cognitive states in elderly patients has been previously demonstrated. For example, in

one study, cortical gray matter was analyzed both using magnetic resonance imaging

("MRI"} and cortical EEG rhythms, in cognitively normal individuals, individuals with

amnestic mild cognitive impairment ("MCI"} and Alzheimer's patients. Relative to the

cognitively normal individuals, the MCI individuals displayed a decrease in the alpha-1

rhythm (8-10.5 Hz] source. Compared with the cognitively normal and the MCI

individuals, the Alzheimer's disease patients had a decrease in the amplitude of the

alpha-1 rhythm source and an increase in the amplitude of the delta rhythm (2-4Hz]

source. Overall, for the MCI and Alzheimer's disease patients, lower cortical gray matter

volume and poor performance on cognitive tests were associated with lower alpha-1

and higher delta sources, suggesting that resting-state EEG measurements may provide

ways of diagnosing impaired cognitive states. Also, some studies showed that the brain

states of patients under general anesthesia may be tracked using the unprocessed EEGs

and corresponding spectrograms. In addition, it was shown that differences likely exist

between the unprocessed EEGs and spectrograms of cognitively normal elderly, MCI

and Alzheimer's disease patients under general anesthesia. Similarly, observations of

patients in the operating room showed that there are differences in EEG measurements

between young, middle-aged and elderly patients under general anesthesia.

[0046] Similarly, there is growing concern that anesthetic exposure in children

could result in significant lasting changes in brain function or development, including



neurodegeneration. Presently, existing EEG-based anesthetic brain monitors are not

approved for use in children. The ongoing development of brain circuits throughout

childhood suggest that anesthesia-induced EEG signals could take different forms

compared to their adult counterparts, which in turn suggests that adult monitors might

misinterpret anesthesia-induced EEG signals in children. Establishing the correct dose

of anesthetic drugs in pediatric patients is a high priority in order to limit the

potentially damaging effects of anesthetic exposure.

[0047] Therefore, considering the above, there continues to be a clear need for

systems and methods that take into account information related to brain age,

development, and function for monitoring patients undergoing medical procedures.

[0048] The present disclosure, in recognizing the need for accurate and

appropriate brain monitoring not found in previous technologies, provides systems and

methods directed to determining and using patient-specific from brain signals. For

example, age-related information may be determined or inferred. As will become

apparent, systems and methods described herein may be particularly beneficial for

applications associated with medical procedures, including general anesthesia and

sedation. For example, such approaches may be used to pre-operatively identify

patients potentially at higher risk for post-operative cognitive conditions or disorders.

In addition, age-related information may be used to give certain age-appropriate

indications or treatments, such as specific regimens for anesthetic, post-anesthetic, or

intensive care.

[0049] As will be described, a number of approaches are provided describing

how patient-specific information, such as an apparent or likely patient age information,

could be used to improve brain monitoring during anesthesia or sedation using systems

and methods provided. For example, given a patient age, the most appropriate EEG

signatures could be utilized, specified in terms of spectrum and/or coherence, for

example, to infer the level of anesthesia or sedation. Specifically, in very young children

less than one year old, the EEG spectrum and coherence in the anesthetized state show

a different form compared to older children or adults. In this instance, the

characteristic spectrum and coherence for this age group could be used to infer when

patients are anesthetized. In another example, in older children and in adults,

knowledge of the patient's age could be used to establish the most appropriate scale to

use for displaying the EEG or processed EEG such as the spectrogram.



[0050] As will be described, in one mode of operation, systems in accordance

with this disclosure could use a patient's age to select the most appropriate

age-dependent EEG signatures, specified in terms of spectrum and/or coherence, for

example, to infer the level of anesthesia or sedation for that patient. In another mode of

operation, the systems as described could be configured to analyze a patient's EEG, and

use it to infer that patient's apparent age or brain age. In yet another mode of

operation, the present invention could use both the patient's age as well as the patient's

EEG to both infer the patient's apparent age or brain age, and to select the most

appropriate age-dependent EEG signatures to infer the level of anesthesia or sedation

for that patient. These different modes of operation would employ a quantitative or

computational representation of the relationship between anesthesia-induced EEG

patterns, different brain states or states of consciousness, and age. This quantitative or

computational representation could take the form of reference databases, or listings, to

include mathematical or statistical models relating EEG patterns and age.

[0051] Referring now to the drawings, FIGs 1A and I B illustrate example patient

monitoring systems and sensors that can be used to provide physiological monitoring of

a patient, such as age-compensated monitoring of a patient experiencing an

administration of at least one drug having anesthetic properties.

[0052] For example, FIG. 1A shows an embodiment of a physiological monitoring

system 10. In the physiological monitoring system 10, a medical patient 12 is

monitored using one or more sensors 13, each of which transmits a signal over a

cable 15 or other communication link or medium to a physiological monitor 17. The

physiological monitor 17 includes a processor 19 and, optionally, a display 11. The one

or more sensors 13 include sensing elements such as, for example, electrical EEG

sensors, or the like. The sensors 3 can generate respective signals by measuring a

physiological parameter of the patient 12. The signals are then processed by one or

more processors 19. The one or more processors 19 then communicate the processed

signal to the display 11 if a display is provided. In an embodiment, the display 11 is

incorporated in the physiological monitor 17. In another embodiment, the display is

separate from the physiological monitor 17. The monitoring system 10 is a portable

monitoring system in one configuration. In another instance, the monitoring system 10

is a pod, without a display, and is adapted to provide physiological parameter data to a

display.



[0053] For clarity, a single block is used to illustrate the one or more sensors 13

shown in FIG. 1A. It should be understood that the sensor 13 shown is intended to

represent one or more sensors. In an embodiment, the one or more sensors 13 include

a single sensor of one of the types described below. In another embodiment, the one or

more sensors 13 include at least two EEG sensors. In still another embodiment, the one

or more sensors 13 include at least two EEG sensors and one or more brain oxygenation

sensors, and the like. In each of the foregoing embodiments, additional sensors of

different types are also optionally included. Other combinations of numbers and types

of sensors are also suitable for use with the physiological monitoring system 10.

[0054] In some embodiments of the system shown in FIG. 1A, all of the hardware

used to receive and process signals from the sensors are housed within the same

housing. In other embodiments, some of the hardware used to receive and process

signals is housed within a separate housing. In addition, the physiological monitor 17 of

certain embodiments includes hardware, software, or both hardware and software,

whether in one housing or multiple housings, used to receive and process the signals

transmitted by the sensors 13.

[0055] As shown in FIG. IB, the EEG sensor 13 can include a cable 25. The

cable 25 can include three conductors within an electrical shielding. One conductor 26

can provide power to a physiological monitor 17, one conductor 28 can provide a

ground signal to the physiological monitor 17, and one conductor 28 can transmit

signals from the sensor 13 to the physiological monitor 17. For multiple sensors, one or

more additional cables 15 can be provided.

[0056] In some embodiments, the ground signal is an earth ground, but in other

embodiments, the ground signal is a patient ground, sometimes referred to as a patient

reference, a patient reference signal, a return, or a patient return. In some

embodiments, the cable 25 carries two conductors within an electrical shielding layer,

and the shielding layer acts as the ground conductor. Electrical interfaces 23 in the

cable 25 can enable the cable to electrically connect to electrical interfaces 2 in a

connector 20 of the physiological monitor 17. In another embodiment, the sensor 13

and the physiological monitor 7 communicate wirelessly.

[0057] In some configurations, systems shown in FIG. 1A and B may further

include a memory, database or other data storage locations (not shown], accessible by

processor 19, to include reference information or other data. Specifically, such



reference information can include reference listings, look-up tables, and models,

including patient categories, such as various age categories, and other categories, along

with associated signals, signal markers or signatures. For example, signal markers or

signatures can include various signal amplitudes, phases, frequencies, power spectra,

spectrograms, coherograms, and so forth. In some aspects, such reference information

can be used by the processor 19, optionally including user input or selections, to

determine specific patient characteristics, such an apparent or likely patient age, or

other patient conditions or categories. Specifically, a processor 19 may process and

analyze acquired data to determine signal markers or signatures, using various analysis

methods, including waveform analyses, spectral analyses, frequency analyses,

coherence analyses and so on. Subsequently, patient characteristics may be identified

by performing a comparison of the determined signal markers or signatures with those

categorized in the reference, thus indentifying a patient category closely resembling the

patient-specific information. For example, a spectrogram or coherogram generated

from the acquired data by the processor 19 may then be compared to a listing of

spectrograms or coherograms to identify specific patient categories, related to patient

characteristics, such as an apparent or likely patient age, or age range. In addition,

inferences regarding patient characteristics can be performed by the processor 19

using regression or statistical models, perhaps employing Bayesian inference to jointly

incorporate age and EEG-related information, machine learning methods, or through

cross-correlation, clustering, or related techniques.

[0058] In some aspects of the disclosure, the reference information may include

pertinent covariate information for interpreting the EEG and age information, including

patient variables and history such as height, weight, or gender, as well as information

about the drugs administered to the patient, their doses and timing. The assessment of

apparent age could be related or represented in terms of numerical age, but could also

be represented in terms of neurological or cognitive conditions related to age, such as

developmental stages in children, or age-related conditions such as cognitive

impairment, dementia, or Alzheimer's disease, for instance. The representation of the

EEG in the database or model could be made in any number of ways, including

frequency-dependent measures such as spectrum, coherence, spectrogram, or

cohereogram, time-domain measures such as amplitude or morphology, or other

measures such as cross-frequency coupling, for instance. Inferences from the database



or model could be made using any number of appropriate established methods,

including look-up tables, prediction using a regression or statistical model, perhaps

employing Bayesian inference to jointly incorporate age and EEG-related information,

machine learning methods, or through cross-correlation, clustering, or related

techniques.

[0059] In some embodiments, a data acquisition process may be regulated or

modified based on selected and/or determined patient characteristics. For example,

the processor 19 may be configured to determine and apply an appropriate scale during

data acquisition using the patient characteristics, such as an apparent or likely patient

age, identified in scout data. In other embodiments, a display of acquired physiological

data may be modified based on determined patient characteristics. Specifically, the data

may be displayed against a scale determined by processor 19. In some aspects, scale

may be displayed using a numerical scale, a color scale, a gray scale, or combinations

thereof.

[0060] Specifically now referring to FIG. 2, an exemplary system 200 in

accordance with aspects of the present disclosure is illustrated, which may be

constructed as a stand-alone brain monitoring device, or portable device, or could be

incorporated as a central component of an existing brain monitoring device. As will be

appreciated from forthcoming descriptions, the system 200 may find valuable usage

within an operating room or an intensive care setting, in association with conducting a

variety of medical procedures, such as during administration of an anesthetic, as well as

within a pre- or post-operative evaluation situation.

[0061] The system 200 includes a patient monitoring device 202, such as a

physiological monitoring device, illustrated in FIG. 2 as an electroencephalography

(EEG] electrode array. However, it is contemplated that the patient monitoring device

202 may include a number of different sensors. In particular, the patient monitoring

device 202 may also include mechanisms for monitoring galvanic skin response (GSR],

for example, to measure arousal to external stimuli or other monitoring system such as

cardiovascular monitors, including electrocardiographic and blood pressure monitors,

and also ocular microtremor monitors. One realization of this design may utilize a

frontal Laplacian EEG electrode layout with additional electrodes to measure GSR

and/or ocular microtremor. Another realization of this design may incorporate a

frontal array of electrodes that could be combined in post-processing to obtain any



combination of electrodes found to optimally detect the EEG signatures described

earlier, also with separate GSR electrodes. Another realization of this design may utilize

a high-density layout sampling the entire scalp surface using between 64 to 256 sensors

for the purpose of source localization, also with separate GSR electrodes.

[0062] The patient monitoring device 202 is connected via a cable 204 to

communicate with a monitoring system 206. Also, the cable 204 and similar

connections can be replaced by wireless connections between components. The

monitoring system 206 may be configured to receive raw signals from patient

monitoring device 202, such as signals acquired by the EEG electrode array, and

assemble, process, and even display the signals in various forms, including time-series

waveforms, spectrograms, and the like. In some modes of operation, the monitoring

system 206 may be designed to acquire scout data, in the form of physiological or other

data, from sensors on the patient monitoring device 202 and identify, using the scout

data, signal markers, or signatures therein. For example, signal amplitudes, phases,

frequencies, power spectra, and other signal markers or signatures, may be identified in

scout data, and other acquired data, using various suitable methods. In addition, a

multitaper analysis may be performed to identify and account for a dynamic range of

signals spanning several orders of magnitude. Such signal markers or signature may

then be used by the monitoring system 206 to determine various patient

characteristics, including an apparent and/or likely patient age.

[0063] In one embodiment, acquisition of physiological data using monitoring

system 206 may be adjusted or regulated based patient characteristics determined from

scout data. Specifically, the monitoring system 206 may be configured to determine a

scale consistent with certain determined patient characteristics, and adjust subsequent

data acquisition, based on the determined scale and/or any indication provided by user.

For instance, data acquisition may be regulated by adjusting one or more amplifier

gains, along with other data acquisition parameters. Moreover, in some aspects, the

monitoring system 206 may be further configured to format various acquired

physiological data to be displayed against the scale. In this manner, an age-appropriate

scale may be determined based on the apparent and/or likely patient age, and any

subsequent data acquisition using a selected age-appropriate scale would generate and

illustrate age-compensated data.



[0064] As illustrated, the monitoring system 206 may be further connected to a

dedicated analysis system 208. However, the monitoring system 206 and analysis

system 208 may be integrated or combined into a common system. The analysis system

208 may receive EEG waveforms from the monitoring system 206 and, as will be

described, analyze the EEG waveforms and signatures therein. However, it is also

contemplated that any analysis or processing functions of the monitoring system 206

and analysis system 208 may be shared or individually distributed, as required or

desired.

[0065] In some aspects, information related to determined characteristics of a

patient undergoing a specific medical procedure may be provided to a clinician or

operator of system 200. For example, it was previously found that elderly patients were

more likely to enter burst suppression in the operating room. Specifically, burst

suppression is the profound state of brain inactivation in which bursts of electrical

activity are interspersed with isoelectric periods termed suppressions. Brain states of

anesthetic-induced unconsciousness, defined by the alpha wave (8 - 10 Hz] and slow

wave (0.1 - 4 Hz] signal oscillations, can be obtained with doses of anesthetics that are

less than those required to produce burst suppression. This may mean reducing

anesthetic dosing to levels substantially less than what are currently recommended for

elderly individuals. Because currently recommended doses typically place elderly

patients into burst suppression, adequate states of general anesthesia and reduced

anesthetic exposure may be achievable by titrating anesthetic dosing based on real-time

EEG monitoring. Hence system 200 may provide, based on determined patient

characteristics, information for use in selecting an appropriate anesthetic dosing. In

this manner, for example, incidence of post-operative cognitive disorders for elderly

patients under general anesthesia may be reduced.

[0066] In another example, monitoring system 206 and/or analysis system 208

may be capable of providing a pre- or post- operative assessment of specific patients,

such as the young, middle-aged and elderly, as well as drug addicted patients, to

determine prior information that could be used to identify and/or predict specific

patient conditions, including anesthetic sensitivity, and any potential for post-operative

complications, such as cognitive disorders. Moreover, specific regimens for anesthetic

care, post-anesthesia care, or intensive care, may also be provided.



[0067] The system 200 may also include a drug delivery system 210. The drug

delivery system 210 may be coupled to the analysis system 208 and monitoring system

208, such that the system 200 forms a closed-loop monitoring and control system. Such

a closed-loop monitoring and control system in accordance with the present disclosure

is capable of a wide range of operation, but includes user interfaces 212 to allow a user

to configure the closed-loop monitoring and control system, receive feedback from the

closed-loop monitoring and control system, and, if needed reconfigure and/or override

the closed-loop monitoring and control system. In some configurations, the drug

delivery system 210 is not only able to control the administration of anesthetic

compounds for the purpose of placing the patient in a state of reduced consciousness

influenced by the anesthetic compounds, such as general anesthesia or sedation, but can

also implement and reflect systems and methods for bringing a patient to and from a

state of greater or lesser consciousness.

[0068] For example, in accordance with one aspect of the present invention,

methylphenidate (MPH] can be used as an inhibitor of dopamine and norepinephrine

reuptake transporters and actively induces emergence from isoflurane general

anesthesia. MPH can be used to restore consciousness, induce electroencephalogram

changes consistent with arousal, and increase respiratory drive. The behavioral and

respiratory effects induced by methylphenidate can be inhibited by droperidol,

supporting the evidence that methylphenidate induces arousal by activating a

dopaminergic arousal pathway. Plethysmography and blood gas experiments establish

that methylphenidate increases minute ventilation, which increases the rate of

anesthetic elimination from the brain. Also, ethylphenidate or other agents can be used

to actively induce emergence from isoflurane, propofol, or other general anesthesia by

increasing arousal using a control system, such as described above.

[0069] Therefore, a system, such as described above with respect to FIG. 2, can

be provided to carry out active emergence from anesthesia by including a drug delivery

system 210 with two specific sub-systems. As such, the drug delivery system 210 may

include an anesthetic compound administration system 224 that is designed to deliver

doses of one or more anesthetic compounds to a subject and may also include a

emergence compound administration system 226 that is designed to deliver doses of

one or more compounds that will reverse general anesthesia or the enhance the natural

emergence of a subject from anesthesia.



[0070] For example, MPH and analogues and derivatives thereof induces

emergence of a subject from anesthesia-induced unconsciousness by increasing arousal

and respiratory drive. Thus, the emergence compound administration system 326 can

be used to deliver MPH, amphetamine, modafinil, amantadine, or caffeine to reverse

general anesthetic-induced unconsciousness and respiratory depression at the end of

surgery. The MPH may be dextro-methylphenidate (D-MPH], racemic methylphenidate,

or leva-methylphenidate (L-MPH], or may be compositions in equal or different ratios,

such as about 50 percent:50 percent, or about 60 percent:40 percent, or about 70

percent:30 percent, or 80 percent:20 percent, 90 percent:10 percent,95 percent:5

percent and the like. Other agents may be administered as a higher dose of

methylphenidate than the dose used for the treatment of Attention Deficit Disorder

(ADD] or Attention Deficit Hyperactivity Disorder (ADHD], such as a dose of

methylphenidate can be between about lOmg/kg and about 5mg/kg, and any integer

between about 5mg/kg and lOmg/kg. In some situations, the dose is between about

7mg/kg and about O.lmg/kg, or between about 5mg/kg and about 0.5mg/kg. Other

agents may include those that are inhaled.

[0071] Turning to FIG. 3, process 300 in accordance with aspects of the present

disclosure is shown. Beginning with process block 302, any amount of physiological

data may be acquired, wherein the physiological data is representative of physiological

signals, such as EEG signals, obtained from a patient using, for example, the patient

monitoring device 202. In some aspects, the physiological data may include scout data

for purposes including determining various patient characteristics. Then at process

block 304, signal markers or signatures are identified or determined using the acquired

physiological data. For example, signal amplitudes, phases, frequencies, power spectra,

and other signal markers or signatures, may be identified in scout data, and/or other

acquired data, using various suitable methods.

[0072] In some preferred embodiments, the signal markers or signatures may be

used to determine patient characteristics, including an apparent and/or likely patient

age. In addition, process block 304 may also include steps of determining a scale

consistent with determined patient characteristics. In one aspect, use of spectral

estimation methods, such as the multi-taper method, that can inherently account for a

wide dynamic range of signals spanning many orders of magnitude may be employed.

In another aspect, an automatic estimation of signal amplitudes may be performed to



infer a correct age cohort and attendant settings for a visualization scale, as well as for

acquisition amplifier gains.

[0073] At the next process block 306, using the signal markers or signatures

determined from the scout data, a data acquisition process may be adjusted or

regulated, in relation to signal data to be acquired subsequently. For instance, data

acquisition may be regulated by adjusting one or more amplifier gains, along with other

data acquisition parameters. In some aspects, regulating data acquisition may also

include determining and using a scale consistent with determined patient

characteristics, and adjusting a subsequent data acquisition process based on the

determined scale and/or any indication provided by user. By way of example, an

age-appropriate scale determined at process block 304, based on the apparent and/or

likely patient age, may be used, and any subsequent data acquisition using a selected

age-appropriate scale would generate age-compensated data. In other aspects, a

display of physiological data acquired at process block 302 may be modified using the

scale. Such scale may be displayed using a numerical scale, a color scale, a gray scale, or

combinations thereof.

[0074] At process block 308, data acquired in a manner described may be used to

determine current or future brain states of patient. For example, analyzed or processed

EEG waveforms assembled using age-compensated data may be used to assess a

present and/or future depth of anesthesia or sedation. In addition, determining such

brain states may also include any information provided by a clinician or user, such as

information related to a medical procedure.

[0075] Then at process block 310 a report is generated, for example, in the form

a printed report or, preferably, a real-time display. The report may include raw or

processed data, signature information, indications of current or future brain states, as

well as information related to patient-specific characteristics, including as a likely

and/or apparent patient age. Displayed signature information or determined states

may be in the form of a waveforms, spectrograms, coherograms, probability curves and

so forth. In some aspects, the report may include formatted physiological data

displayed against a scale. In other aspects, the report may indicate an anesthetic

sensitivity, a probability for post-operative complications, such as cognitive disorders,

and also regimens for anesthetic care, post-anesthesia care, or intensive care, and so

forth



[0076] Turning to FIG. 4A, steps of another process 400 in accordance with

aspects of the present disclosure are illustrated. Specifically, the process 400 begins at

process block 402 where sample or scout data is acquired using, for example, patient

monitoring systems, as described. At process block 404, the sample data is then

analyzed using various adjustment or reference categories, to identify patient

categories representative of the acquired sample data. Specifically, this step includes

identifying signal markers or signatures in the sample data and performing a

comparison with signal markers or signatures associated with the reference categories.

For example, signal amplitudes, phases, frequencies, power spectra, and other signal

markers or signatures, can be detected in the sample data using various suitable

methods.

[0077] Analysis, as performed at process block 404, can indicate specific patient

characteristics, including an apparent and/or likely patient age. In some aspects, an

identified or apparent category indicating specific patient characteristics may be

optionally displayed at process block 406. Moreover, at process block 408 a user input

may also be received.

[0078] Subsequently, at process block 410 a determination is made with respect

to various communication parameters. This includes taking into consideration

determined or inferred patient characteristics or categories, and optionally a user input.

For example, an age-appropriate scale for the acquired data may be determined at

process block 410 based on determined patient characteristics and/or signals, signal

markers or signatures present in the acquired data. Then at process block 412, a

subsequent data acquisition may be regulated using the determined communication

parameters to acquire age-appropriate data. As described, regulating data acquisition

may include appropriately adjusting or modifying various amplifier gains using the

communication parameters. In some aspects, the determined communication

parameters may be directly applied to the acquired sample data. For example, an

age-appropriate scale may be applied to the sample data to create age-appropriate or

compensated data.

[0079] Then, at process block 414, data acquired or processed in a manner

described may be used to determine current or future brain states of patient. For

example, analyzed or processed EEG waveforms assembled using age-compensated

data may be used to assess a present and/or future depth of anesthesia or sedation. In



addition, determining such brain states may also include any information provided by a

clinician or user, such as information related to a medical procedure.

[0080] Then at process block 416 a report is generated of any suitable shape or

form. In some aspects, the report may be a display scaled data or data categories

describing the data. In other aspects, the report may indicate an anesthetic sensitivity, a

probability for operative or post-operative complications, an apparent or likely patient

age, and other information related to aspects of the present disclosure.

[0081] Turning to FIG. 4B a schematic diagram illustrating steps in accordance

with one embodiment of the present invention is shown. Specifically, acquired data

420, optionally processed and displayed using a raw scale 422, may be used to

determine signal markers or signatures at step 424. As described, this step includes a

number of processing or analysis steps, including waveform analyses, spectral analyses,

frequency analyses, coherence analyses and so on. Then at step 428 information

related to the determined signal markers or signatures may be determined.

Particularly, patient characteristics may be identified by performing a comparison of

the determined signal markers or signatures with those categorized in a reference, thus

indentifying a most similar patient category. For example, an apparent or likely age

may be identified.

[0082] In this manner, using information identified in the acquired data 420, an

appropriate scale 430 for the acquired data 420 may be determined and/or selected at

step 428 and applied to the acquired data to generate and display modified or scaled

data 432. For example, a determined apparent or likely patient age, or age range, may

be used to identify an age-appropriate scale, and generate age-compensated data, which

may be optionally displayed. In some aspects, this step may also include receiving a

user input at step 426. For example, a clinician may provide information relevant to a

monitored patient, including a patient's real age, as well as information related to a

medical procedure, such as a specific anesthetic or dose. In some aspects, the modified

data 432, appropriately scaled and/or displayed, may then be utilized in a brain

analysis process to correctly identify brain states of the patient.

[0083] By way of example, FIG. 4 C shows an example scale adjustment for a 61

year old patient, in accordance with aspects of the present disclosure. Specifically,

acquired spectrogram data 460 is displayed using a default scale 462 setting, which may

not be ideal or appropriate. Following steps as described to identify an apparent or



likely patient age, scaled data 464 is generated and displayed against an appropriate

scale 466 determined using identified patient characteristics. Specifically, the power

limits 468 of the appropriate scale 466, and the amplitude limits 470 for an amplitude

scale, for a representative time-domain EEG trace data, are adjusted based on age. By

adjusting the scale, the resulting display more clearly represents the frequency

structure and time-domain morphology of the EEG signal, enabling accurate

visualization and assessment of the patient's state of anesthesia or sedation.

[0084] Turning to FIG. 4D a schematic diagram illustrating steps in accordance

with another embodiment of the present invention is shown. Particularly scout data

440, optionally displayed against a raw scale 442, may be utilized at step 444 to

determine signal markers present in the scout data 440, using analyses as described.

At step 446 an appropriate or compensated scale 452, which may different than a

default setting, is determined using signal markers and other information determined

from the scout data 440. Optionally other parameters may also be determined at step

446 from the scout data 400, including a number of data acquisition parameters. For

example, appropriate amplifier gains may also be identified via dynamic range

exhibited by the scout data.

[0085] At step 450 a data acquisition process 450 may be regulated or modified

using the appropriate scale 452 in order to generate appropriate data 454. Optionally,

this step may include input 448 received from a user. For example, a clinician may

provide information relevant to a monitored patient, including a patient's real age, as

well as information related to a medical procedure, such as a specific anesthetic or dose.

Additionally, a user input may include selection of acquisition parameters, over-riding

instructions, or other input related to the data acquisition process. In some aspects,

the appropriate data 454, suitably acquired and/or displayed using patient-specific

characteristics, may then be utilized in a brain analysis process to correctly identify

brain states of the patient.

[0086] Examples of acquired data, scout data, and modified data, shown in FIGs

4B, 4 C and 4 C as spectrograms, or portions thereof, are given for illustrative purposes,

and are in no way limiting. That is, it may be understood that other types of data may

be utilized, processed, displayed, or scaled, including waveform data, spectral data,

coherogram data, and so forth.



[0087] The above-described systems and methods may be further understood by

way of example. This example is offered for illustrative purposes only, and is not

intended to limit the scope of the present invention in any way. Indeed, various

modifications of the invention in addition to those shown and described herein will

become apparent to those skilled in the art from the foregoing description and the

following examples and fall within the scope of the appended claims. For example,

specific examples of brain states, medical conditions, levels of anesthesia or sedation

and so on, in association with specific drugs and medical procedures are provided,

although it will be appreciated that other drugs, doses, states, conditions and

procedures, may be considered within the scope of the present invention. Furthermore,

examples are given with respect to specific indicators related to brain states, although it

may be understood that other indicators and combinations thereof may also be

considered within the scope of the present invention. Likewise, specific process

parameters and methods are recited that may be altered or varied based on variables

such as signal amplitude, phase, frequency, duration and so forth.

EXAMPLE

[0088] To illustrate the relationship between anesthesia-induced brain states

and age, we recorded 4-lead EEG data using the Sedline brain function monitor during

routine care of patients receiving general anesthesia across a broad range of patient

ages, from 0 to 90 years of age. Data were recorded using two different drugs, propofol

and sevoflurane, two of the most commonly used anesthetic drugs. In one cohort, we

analyzed EEG during maintenance of propofol anesthesia in young adult (age 18-38

years, N = 20 , middle-aged (age 40-59 years, N = 23}, and elderly patients (age 60-89

years, N =19}. In another cohort, we analyzed EEG during maintenance of sevoflurane

anesthesia in young adult (age 18-38 years, N = 34 , middle-aged (age 40-59 years, N =

31 , and elderly patients (age 60-89 years, N = 32}. In another cohort, we analyzed EEG

during maintenance of sevoflurane anesthesia in children and young adults (age 0 to 36

years, N = 63}. In yet another cohort, we analyzed EEG during maintenance of propofol

anesthesia in children and young adults (age 0 to 28 years, N = 111}. We used

multitaper spectral and coherence methods to analyze the EEG. The following examples



describe the results of these analyses, and illustrate their application in the context of

the present invention.

[0089] FIG. 5 shows representative EEG spectrograms during propofol general

anesthesia for patients across a wide range of ages from childhood through old age. The

spectrogram for the 30 year old patient in this example shows characteristic slow (< 1

Hz] and alpha (8-12 Hz] oscillations consistent with the unconscious state during

propofol anesthesia. In the 57 year old patient, the same pattern is visible, but in the 81

year old patient, this pattern is faint and difficult to discern because the EEG signal and

EEG power are much smaller. With increasing age, patients may experience different

rates of aging and cognitive decline. FIG. 5 shows a 56 year old patient whose EEG

spectrogram more closely resembles that of the 81-year old patient than the 57 year old

patient who is closer in chronological age. This could reflect a higher degree of

apparent aging in the 56 year old patient. In children, such as the 3 and 14 year old

patients shown in FIG. 6, the EEG power appears to be much larger than in any of the

adults across all frequency bands, and appears to decrease with age. Overall, from

childhood through old age, the EEG power and EEG signal amplitude decreases by an

order of magnitude.

[0090] The example shown in FIG. 5, as well as the additional analyses to follow,

suggest why existing EEG-based anesthetic monitors that ignore age information are

unlikely to accurately represent level of consciousness or anesthesia in children and

elderly patients. Specifically, existing EEG-based depth-of-anesthesia monitors compute

proprietary indices based on EEG power and functions of EEG power, which are shown

herein to be significantly different in children compared to adults, and in elderly adults

compared to younger adults. In particular, EEG-based anesthetic monitoring devices

often use power in higher-frequency bands, such as beta (12-25 Hz] or gamma (25-40

Hz], to infer when patients are lightly anesthetized, sedated, or recovering

consciousness. Since children have much higher EEG power in these bands compared to

adults, EEG-based anesthetic devices that do not account for age may incorrectly infer

that children are not anesthetized, and compel anesthetists to increase the dose of

anesthetic beyond what is actually required, resulting in systematic overdose.

EEG-based anesthetic monitoring devices also rely on increased power in

lower-frequency EEG bands, such as the slow (0.1 to 1 Hz], delta (1 to 4 Hz], theta (4 to

8 Hz], and alpha (8 to 12 Hz], for instance, to infer that patients are sedated or



anesthetized. Since elderly patients tend to have much smaller EEG signals and EEG

power compared to younger adults, EEG-based anesthetic devices that do not account

for age may sense the reduced EEG power in these frequency bands in elderly patients,

and then incorrectly infer that the patients are not anesthetized, compelling

anesthetists to increase the dose of anesthetic beyond what is actually required,

resulting in systematic overdose. The systems and methods of the present disclosure

overcome these limitations by incorporating age information in the assessment of the

patient's brain state under anesthesia or sedation. The display scaling example

described above and illustrated in FIG 4 C indicates that one way of using age

information includes adjusting color scales or scale limits according to age or apparent

age, in order to more accurately display EEG and anesthetic brain state information. As

described earlier, this information could be used to establish the most appropriate EEG

signatures given a patient's age or apparent age, or to estimate the patient's apparent

age, or both. Additional examples of how age information could be utilized or estimated

are provided below.

[0091] FIG. 6 shows the relationship between total EEG power (1-50 Hz] and age,

observed in children and young adults during sevoflurane anesthesia (bottom], along

with representative spectrograms from individual subjects across this age range (top].

FIG. 6 also illustrates that total power increases between the ages of 0 to approximately

6 years of age, and then decreases with increasing age. The form of the EEG spectrum

(top row] also changes with age. For children less than 1 year of age (top row, left], the

EEG spectrum shows a large concentration of power around approximately 1 Hz that

decreases with increasing frequency. The spectrum in older children (top row, 2nd

panel from the left] shows a form similar to adults (top row, 3rd, and 4th panels from the

left], showing peaks in the spectrum at approximately 1 and 10 Hz, but with higher

power across all frequencies compared to adults. These age-dependent differences in

the form of the spectrogram and spectrum are also illustrated in FIG. 7 and FIG. 8,

respectively.

[0092] FIG. 6 also illustrates how age information could be used in the present

invention. In one mode of operation, the present invention could use the patient's age

to select the most appropriate age-dependent EEG signatures. For instance, given the

patient's age, the anesthesia-induced EEG signatures associated with that age or age

range could be used to infer the patient state. For a patient less than 1 year of age, a



different form of EEG spectrum would be associated with the unconscious state (FIG. 6,

top row, left], for instance. In another mode of operation, the present invention could

analyze the patient's EEG, and use it to infer that patient's apparent age or brain age.

For instance, if a patient showed a spectrogram similar in form and power to a child of

10 years (top row, 2nd panel from the left], the patient's apparent or developmental age

could be characterized as equivalent to a 10 year old. The corresponding

anesthesia-induced EEG signatures for a 10 year old could then be used to assess

patient brain state during anesthesia. In yet another mode of operation, the present

invention could use both the patient's age as well as the patient's EEG to both infer the

patient's apparent age or brain age, and to select the most appropriate age-dependent

EEG signatures to infer the level of anesthesia or sedation for that patient. For instance,

if a patient has a chronological age of approximately 1 year, it is possible that this

patient could have a brain response resembling patients less than 1 year, or a brain

response that resembles patients between 1 and 2 years of age, depending on that

patient's specific level of brain development. Scout data could be analyzed to determine

which apparent age, less than 1 year or between 1 and 2 years, most closely matches the

given patient. After this determination, the EEG signatures corresponding t o the

patient's apparent age could be used to assess and monitor the patient's brain state

under anesthesia.

[0093] As discussed, different modes of operation, in accordance with aspects of

the present disclosure, may employ a quantitative or computational representation of

the relationship between anesthesia-induced EEG patterns, different brain states or

states of consciousness, and age. This quantitative or computational representation

could take the form of a database, or a mathematical or statistical model relating EEG

patterns and age. FIG. 6 shows how the relationship between total power in the

anesthesia-induced unconscious state and age can be represented in terms of a

polynomial regression model (lower plot], whose mean (red line] and 95% confidence

interval (grey shading] represent the mean power and its distribution, respectively, as a

function of age, for instance. Similar representations are illustrated in FIG. 14 (total

EEG power versus age in children under propofol], FIG. 15 (EEG slow oscillation power

versus age in children under propofol], FIG. 16 (EEG alpha power versus age in children

under propofol], and FIG. 17 (EEG total, slow and alpha power versus age in adults

under propofol and sevoflurane].



[0094] Alternatively or concurrently, a comprehensive database of EEG as a

function of age could also be used, exemplified in FIG. 6 in terms of the scatter plot

(lower plot], where each point represents an EEG record for a given patient at a given

age, with total power, and spectrum as well (top row], for instance. Such models could

be formulated in terms of continuous functions of age, as shown in FIG. 6 (bottom row],

as well as FIG. 14, FIG. 15, FIG. 16, and FIG. 17. Alternatively, this information could be

formulated in terms of relevant discrete age ranges, as shown in FIG. 7, which illustrates

the mean spectrogram across different age range categories, including < 1 year,

between 1 and 6 years, 6 and 14 years, and so on, for instance. EEG information is not

limited to a spectrogram representation, and could be represented in any number of

ways, including a spectral representation (FIG. 8 , as well as a cohereogram

representation (FIG. 9 , or the coherence representation (FIG. 0 , for instance.

[0095] Coherence information, as well as any other EEG-based parameter, could

also be represented as continuous functions of age, as shown in FIG. 11. The age

representation could take on differing levels of detail with respect to age, allowing

greater levels of age resolution over age ranges in which brain development is

occurring rapidly, for instance. FIG. 12 illustrates how a more detailed month-by-month

characterization of both spectrogram (left column] and cohereogram (right column],

shown for the anesthetic drug sevoflurane, can be constructed to identify apparent

brain age, and characterize the EEG signatures of anesthesia and sedation for a given

age or apparent age. FIG. 15 shows an example of how a similar characterization can be

used for the drug propofol.

[0096] In addition, in the examples shown in FIGs. 12 and 13, a month-by-month

characterization allows for more precise monitoring appropriate to a child patient's

unique state of brain development during this period of rapid maturation. As indicated

earlier, inferences from using reference information could be made using any number of

appropriate established methods, including look-up tables, prediction using a

regression or statistical model, perhaps employing Bayesian inference to jointly

incorporate age and EEG-related information, machine learning methods, or through

cross-correlation, clustering, or related techniques.

[0097] The characterizations specific to the drugs sevoflurane and propofol,

shown in FIG. 12, 13, and 17, express how pertinent covariate information such as drug

information can be used. For patients administered sevoflurane, the appropriate



sevoflurane database or model could be used, whereas for patients administered

propofol the appropriate propofol model or database could be used. Different

anesthetic drugs produce different EEG patterns associated with different brain states

or states of consciousness, and accounting for these drug-dependent differences in EEG

patterns and brain state would be important for accurate assessments of apparent age

and age-dependent level of anesthesia. Similarly, the model or database relating EEG

features, patient state, and age could include additional patient covariate information

such as height, weight or gender, for instance.

[0098] These results show that EEG power decreases by orders of magnitude

from childhood to adulthood. They also show how very young patients less than one

year of age have a different structure in their anesthesia-related EEG oscillations. These

age-dependent differences are consistent with know neurobiological changes that occur

during development. In very young patients, brain myelination is not significantly

developed until approximately 1 year of age. Through progressive development

through young adulthood, synapses are pruned by up to 50 percent. Thus, observed

age-related changes in anesthesia-induced EEG oscillations may reflect systems-level

neuronal changes that occur during development. Similarly, reductions in EEG

amplitude during aging in older adults are thought to reflect reductions in grey matter

volume, cortical thickness, and reduced synaptic density.

[0099] Anesthesia-induced alpha and beta oscillations are thought to occur

through resonant cortical and thalamocortical networks potentially involved in

top-down modulation of attention and perception. The loss of alpha oscillations in some

elderly patients may reflect age-related reductions in cortical and thalamic grey matter

and reductions in thalamocortical function. Thus, anatomic and physiological

differences between patients of different ages, or those with neurodegenerative or

cognitive conditions or disorders, have a profound impact on brain functionality and

how anesthetics affect the brain. As a consequence, the assessment of apparent age

could be related or represented not just in terms of numerical age, but also in terms of

neurological or cognitive conditions related to age, such as developmental stages in

children, or age-related conditions such as cognitive impairment, dementia, or

Alzheimer's disease, for instance. Referring again to FIG. 5, the 56 year old patient

(bottom row, center panel] shows an EEG spectrogram under propofol with

dramatically reduced alpha power compared to younger patients, and compared to a 57



year old patient (bottom row, left panel}. The reduced propofol-induced alpha power in

this 56 year old patient could likely be a consequence of underlying neurobiological

changes, such as cortical thinning, grey matter volume reduction, and reduced synaptic

density, for instance, that are related to aging, cognitive impairment, and dementia. In

such circumstances, the assessment or characterization of apparent age could be

characterized in terms of the underlying neurobiological, neurological, or cognitive

condition associated with the anesthesia-induced EEG patterns and the patient's

chronological age. In this example, we refer to this 56 year old patient as having an "old

brain" due to the similarity with the 81 year old patient shown in the same figure (FIG.

5, bottom row, right panel}. Refinements in our understanding of the neurobiology of

aging, neurodegeneration, and dementia could allow us to refine such characterizations

in terms of specific conditions such as mild cognitive impairment, Parkinson's disease,

or Alzheimer's disease, for instance. Identification of such conditions, or simply of old

apparent age, could help anesthesiologists select specific anesthetic regimens intended

to optimize care for these particularly vulnerable patients.

[00100] In summary, anatomic and physiological differences between patients of

different ages, or those with neurodegenerative or cognitive conditions or disorders,

have a profound impact on brain functionality and how anesthetics affect the brain.

However there is limited understanding about fundamental brain mechanisms

underlying anesthetic drugs. As such, standards of care taking into consideration

different requirements in brain monitoring have yet to be established, pointing to the

urgent need for an improved understanding of brain physiology under anesthesia and

sedation in certain patients. Therefore, promoting a greater understanding of the

neuroscience of the aging brain in the anesthesiology community coupled with

real-time EEG monitoring, for purposes including titrating anesthetic drug dosing based

on observed brain states, are practical first steps to more properly provide anesthesia

care for at risk populations.

[00101] The present invention recognizes the need for accurate age-appropriate

brain monitoring during certain medical procedures, such as general anesthesia and

sedation, and therefore provides systems and methods directed to using, determining

or inferring age-related information from brain signals. For example, highly structured

oscillations in EEG signals that occur during different states of anesthesia-induced



sedation and unconsciousness may provide objective neuro-physiological endpoints

that could be used to monitor general anesthesia.

[00102] In addition, evidence suggests that certain patients, such as the very

young and the elderly, may experience adverse neuro-cognitive effects following

general anesthesia. Given the anatomic and physiological differences between patients

of different ages, it may be appreciated why certain patients are more likely to have

postoperative cognitive disorders following anesthesia. This highlights the need for

new strategies in relation to anesthesia administration, monitoring and care. The

present disclosure therefore provides systems and methods for various applications,

including pre-operatively identifying sensitivity to anesthetics and those patients

potentially at higher risk for post-operative cognitive conditions or disorders, using

such patient-specific information to prescribe specific regimens for anesthetic,

post-anesthetic, or intensive care.

[00103] Results shown herein illustrate approaches for improving monitoring in

elderly patients. For instance, EEG-based anesthetic monitoring devices use the power

in lower-frequency EEG bands, such as the slow (0.1 to 1 Hz], delta (1 to 4 Hz], theta (4

to 8 Hz], and alpha (8 to 12 Hz], for instance, to infer that patients are sedated or

anesthetized. Because of the much smaller EEG signals and EEG power observed in

elderly patients, EEG-based anesthetic devices or systems that do not account for age

may sense the reduced EEG power in these frequency bands, and then falsely infer that

elderly patients are not anesthetized, compelling anesthetists to increase the dose of

anesthetic beyond what is actually required, resulting in systematic overdose. In

addition, these results provide important insights into how children could be monitored

during GA in the future. Since children and adults have qualitatively similar EEG spectra,

it is likely that similar underlying neurophysiological principles apply. A practical

approach could entail identifying EEG spectral patterns associated with different

anesthetic drugs. Moreover, because anesthesia-induced EEG signals are so much

larger in children, the problem of anesthetic brain monitoring may in fact be easier to

solve in children than in adults.

[00104] The various configurations presented above are merely examples and are

in no way meant to limit the scope of this disclosure. Variations of the configurations

described herein will be apparent to persons of ordinary skill in the art, such variations

being within the intended scope of the present application. In particular, features from



one or more of the above-described configurations may be selected to create alternative

configurations comprised of a sub-combination of features that may not be explicitly

described above. In addition, features from one or more of the above-described

configurations may be selected and combined to create alternative configurations

comprised of a combination of features which may not be explicitly described above.

Features suitable for such combinations and sub-combinations would be readily

apparent to persons skilled in the art upon review of the present application as a whole.

The subject matter described herein and in the recited claims intends to cover and

embrace all suitable changes in technology.



CLAIMS

1. A system for age-compensated monitoring of a patient experiencing an

administration of at least one drug having anesthetic properties, the system comprising:

a plurality of sensors configured to acquire physiological data from the

patient while receiving the at least one drug having anesthetic properties;

at least one processor configured to:

acquire physiological data from the plurality of sensors;

determine, from the physiological data, signal markers at least

consistent with a patient age; and

generate a report including at least the physiological data adjusted

for the patient age based on at least one of the signal markers.

2. The system of claim 1 wherein the processor is further configured to

identify signatures related to at least one of an amplitude and a power spectrum to

determine the signal markers from the physiological data.

3. The system of claim 1 wherein the processor is further configured to

adjust at least one of an amplifier gain and a scale for the report including at least the

physiological data in based on at least one of the signal markers and the indication.

4. The system of claim 1 wherein the processor is further configured to

assemble the physiological data into time-series data using a multitaper approach to

account for a dynamic range of signals spanning several orders of magnitude.

5. The system of claim 1 further comprising a user interface configured to

receive an indication of at least one characteristic of the patient and wherein the

processor is further configured to adjust for the patient age based on the at least one a

characteristic of the patient.



6. A method for age-compensated monitoring of a patient experiencing an

administration of at least one drug having anesthetic properties, the method

comprising:

acquiring scout data from the plurality of sensors;

determining, from the scout data, a patient age;

acquiring physiological data from the plurality of sensors; and

generating a report including the physiological data at least one of scaled and

reported against a scale based on the patient age.

7. The method of claim 6 wherein determining the patient age includes

determining signal markers from the scout data related to at least one of an amplitude

and a power spectrum and comparing the signal markers against an age indicator.

8. The method of claim 6 further comprising regulating acquisition of the

physiological data based on the patient age.

9. The method of claim 8 wherein regulating includes adjusting at least one

amplifier gain based on the patient age.

10. The method of claim 8 wherein regulating includes performing a

multitaper analysis to account for a dynamic range of signals spanning several orders of

magnitude.



11. A system for age-compensated monitoring of a patient experiencing an

administration of at least one drug having anesthetic properties, the system comprising:

a plurality of sensors configured to acquire physiological data from the

patient;

at least one processor configured to:

receive the physiological data from the plurality of sensors;

determine, from the physiological data, signal markers indicative

of an apparent patient age;

at least one of scale or regulate the physiological data using at least

the apparent patient age to create age-compensated data; and

generate a report including the age-compensated data.

12. The system of claim 11 wherein the processor is further configured to

identify signatures related to at least one of an amplitude and a power spectrum to

determine the signal makers.

13. The system of claim 11 wherein the processor is further configured to

adjust at least one amplifier gain in accordance with the signal markers to scale the

physiological data.

14. The system of claim further comprising a user interface configured to

receive an input patient age of the patient and wherein the processor is further

configured to at least one of scale and regulate the physiological data based on the

apparent patient age and the input patient age.



15. A method for age-compensated monitoring of a patient experiencing an

administration of at least one drug having anesthetic properties, the method

comprising:

acquiring scout data from the plurality of sensors;

determining, from the scout data, a scale at least consistent with a patient

age;

regulating acquisition of the physiological data based on the scale; and

generating a report including the physiological data associated with the

scale.

16. The method of claim 15 wherein determining the scale includes

identifying age-correlated signal markers from the scout data and selecting the scale

from a plurality of scales based on the age-correlated signal markers.

17. The method of claim 15 wherein regulating acquisition of the

physiological data comprises adjusting at least one amplifier gain based on the scale.



18. A system for age-compensated monitoring of a patient experiencing an

administration of at least one drug having anesthetic properties, the system comprising:

a plurality of sensors configured to acquire physiological data from the

patient;

a user interface configured to receive an indication of at least one of a

characteristic of the patient;

a processor configured to:

determine, from at least the indication of at least one of a

characteristic of the patient, a likely patient age;

select a scale based on the likely patient age; and

a display configured to display the physiological data against the scale.

19. The system of claim 18 wherein the processor is further configured to

determine, from the physiological data, an apparent patient age and select the scale

based on the apparent patient age and the likely age.

20. The system of claim 18 wherein the processor is further configured to

perform a multitaper process to account for a dynamic range of signals spanning

several orders of magnitude to format the physiological data to be displayed against the

scale.
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