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ABSTRACT

Methods and systems for monitoring subjects, analyzing
EEG data, and maintaining subjects at desired sedation states
using automatic processing systems to determine a mean
burst suppression interval for a specified time length and
using that interval to inform monitoring or administration of
sedation.

| START: BURST SUPPRESSION MONITORING |

2

At

Use an information processing system to receive
sampled EEG signal data from a subject

i

A2

compute changes in amplitude of the signal at every
data sample point while applying appropriate
smoothing and threshold differentiation

i

A3

determine on a ongoing basis time between burst
onsets (the Burst Suppression or Interburst Interval)

2

Ad

determine on a ongeing basis a mean BS (or
interburst) interval for a specified time length

i

Ab

calculate a statistical confidence value for said
ongoing mean interval

i

AB

calculate a statistical confidence value for said
ongoing mean interval

i

A7

so that a user can adjust hypnotics or anesthetics in
order to reach a desired stage of sedation for the
subject patient
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START: BURST SUPPRESSION MONITORING

2 A

Use an information processing system to receive
sampled EEG signal data from a subject

J »

compute changes in amplitude of the signal at every
data sample point while applying appropriate
smoothing and threshold differentiation

2 A3

determine on a ongoing basis time between burst
onsets (the Burst Suppression or Interburst Interval)

\ A

determine on a ongoing basis a mean BS (or
interburst) interval for a specified time length

J s

calculate a statistical confidence value for said
ongoing mean interval

- A6

calculate a statistical confidence value for said
ongoing mean interval

J w

so that a user can adjust hypnotics or anesthetics in
order to reach a desired stage of sedation for the
subject patient

FIG. 3
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12 SECOND BS INTERVAL

FIG. 4A

§2 SECOND BY INTERVAL

FIG. 4B

8.3 BURSTS PER MINUTE

FIG. 4C

8.3 BURSTS PER MINUTE

FIG. 4D
| Mean BS Interval:
101 12 SECONDS OR 5 BURSTS PER MINUTE
102 Confidence Value:
95 %
103 Duration of Monitoring:

1 DAY; 17 HOURS; 34.6 MINUTES

104 Sampling Rate:
128 HZ

105 Number Of Leads Active
FOUR

FIG. 5
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{ Turn on monitor

|

Wavestate splash screen

4 ™
Display predicted drug-response

graph with colorized patient data and
midpoint of curve.

[ Press Drug Response button

1

J/

\

[ Press Data button Export button. Save in comma

delimited format (CSV), each minute,
ICP, FFT of selected spectral, BS
rate/min; Seizure, Drug and dose.

N J

Opens Main Menu with selections:
Patient Info, Monitor, Titration,
Setup, Impedance, Options

| T

{ Press Menu button

FIG. 6A
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~
Patient Information: alphanumeric touch pad to enter
/-—\ name, DOB, sex, medical record, physician, hospital,
Main Menu / along with captured time and date
. v
(each submenu p N
has return to — . .
main menu Titration: Numeﬂc touchpad along’ with pre-set any/all
button) 4+—  drug names with dose amounts (micrograms ot
mg/kg/min or /hr)
\ /

/Monitor: User may press BS, EEG, and/or Trend \
buttons, then a Start button to start monitor.
Press EEG: list of protocol selections appear, top
defauited
Press Trend: list of trend types appears, no defaults:
spectral, BS, and ICP; any and all may be selected
Press Start: Displays BS/EEG monitoring

A
4

\
Impedance: Head with 23 lit circles (21, Al & A2) to

assess impedance. Threshold setting for 2,3,5,10,20,50
KOhms. =< threshold circle i1s green, > red.

Setup submenu (See page 3)

Option submenu (See page 4)

FIG. 6B
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Amplifiers: Assign amplifier to channel label, select
/ global sampling rate, run calibration signal; assign Notch
Setup filter to 50 Hz, 60 Hz or off

Submenu -

4 N
«—p Montage: Assign differential or referential

correspondences. Assign {0 average.

\.

.

Protocol: Assign and customize protocols. Pre-set
protocols include burst-suppression 2 channel; 4
channel; 21 referential; longitudinal, etc. none
defaulted, any and all may be selected

A
X

\.

DAANS

Trend: BS, ICP, Spectral (assign add/subtract/
multiply/ratio) between conventional bands {delta-
gamma); set global time compression (e.g., 12 hrfscreen)

J
)
Event: set detection (algorithmic) of spikes, seizure,
sleep, etc.
J
A
Video (placeholder)

FIG. 6C
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Option p
Submenu Storage submenu: Auto-save how much (e.g., 24 hour
§ records), network storage features
( ™
«s Oraphics submenu: Set colors of background, text, each
« »
L channel: size chart space on screen )
s N
1 Invert signal
| J
{ ™\
o Grid lines: major on/off; minor on/off
VL J/
{ N\
71 Time: Clock time versus record time

\ / \. J

FIG. 6D
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BURST SUPPRESSION MONITOR FOR
INDUCED COMA

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This applicationis a continuation of application Ser.
No. 11/865,727 filed 10-01-2007, now U.S. Pat. No. 8,649,
855, which claims priority from provisional patent applica-
tion 60/837,433 filed 29 Sep. 2006 and incorporated herein by
reference.

COPYRIGHT NOTICE

[0002] Pursuantto37 C.F.R.1.71(e), Applicants note thata
portion of this disclosure contains material that is subject to
and for which is claimed copyright protection (such as, but
not limited to, source code listings, screen shots, user intet-
faces, or user instructions, or any other aspects of this sub-
mission for which copyright protection is or may be available
in any jurisdiction). The copyright owner has no objection to
the facsimile reproduction by anyone of the patent document
or patent disclosure, as it appears in the Patent and Trademark
Office patent file or records. All other rights are reserved, and
all other reproduction, distribution, creation of derivative
works based on the contents, public display, and public per-
formance of the application or any part thereof are prohibited
by applicable copyright law.

FIELD OF THE INVENTION

[0003] Thepresent invention relates to methods and/or sys-
tems and/or apparatuses for analysis of electroencephalo-
gram (EEG) or related data sets and presenting clinically
relevant information or taking actions based on the analysis.

BACKGROUND OF THE INVENTION

[0004] The discussion of any work, publications, sales, or
activity anywhere in this submission, including in any docu-
ments submitted with this application, shall not be taken as an
admission that any such work constitutes prior art. The dis-
cussion of any activity, work, or publication herein is not an
admission that such activity, work, or publication existed or
was known in any particular jurisdiction.

[0005] A number of patents and publications discuss vari-
ous topics related to burst suppression analysis. Some of these
are listed below. This list is not intended to suggest that any
search has been performed and is not exhaustive. These ref-
erences and their incorporated documents are incorporated
herein by reference to provide background information and
for any other purposes.
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SUMMARY

[0023] In specific embodiments, the invention involves
methods for monitoring and/or maintaining subjects in an
induced coma state. In other embodiments, the invention
involves methods for determining a burst interval in a clini-
cally relevant setting, whether artificially induced or other-
wise occurring. In other embodiments, the invention involves
asystem and/or method that can be used in clinical or research
settings to maintain a subject at a desired state of sedation by
analysis ofa digital data signal representing one ormore EEG
signals. In further embodiments, the invention provides a
device that presents a user with a measure of burst suppres-
sion that is simple to understand and does not require inter-
pretation of EEG data.

Other Features & Benefits

[0024] The invention and various specific aspects and
embodiments will be better understood with reference to the
following drawings and detailed descriptions. For purposes
of clarity, this discussion refers to devices, methods, and
concepts in terms of specific examples. However, the inven-
tion and aspects thereof may have applications to a variety of
types of devices and systems. It is therefore intended that the
invention not be limited except as provided in the attached
claims and equivalents. Furthermore, it is well known in the
art that systems and methods such as described herein can
include a variety of different components and different func-
tions in a modular fashion. Different embodiments of the
invention can include different mixtures of elements and
functions and may group various functions as parts of various
elements. For purposes of clarity, the invention is described in
terms of systems that include many different innovative com-
ponents and innovative combinations of innovative compo-
nents and known components. No inference should be taken
to limit the invention to combinations containing all of the
innovative components listed in any illustrative embodiment
in this specification. All references, publications, patents, and
patent applications cited herein are hereby incorporated by
reference in their entirety for all purposes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG.1isaportion of an example of EEG signal from
12 lead pairs organized by a conventional montage showing a
characteristic burst suppression pattern.

[0026] FIG.2isaportion of an example of EEG signal from
12 lead pairs organized by a conventional montage showing a
characteristic burst suppression pattern.

[0027] FIG.3is aflow chartillustrating a method of adjust-
ing a patient’s or subject’s sedation according to specific
embodiments of the invention.

[0028] FIG. 4A-D illustrate in simple block diagram an
example display according to specific embodiments of the
present invention wherein the only data displayed is a value
indicating the mean interburst interval with this value dis-
played in black text (A) when the statistical confidence level
is above a threshold and in a different text (e.g., grey, a
different color, flashing, etc.) text (B) when statistical confi-
dence level is below a designated threshold. C and D likewise
show displays indicating the mean burst per minute value.
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[0029] FIG. 5 illustrates an alternative example display
according to the invention wherein a number of optional
values in addition to mean calculation may be displayed.
[0030] FIG. 6A-D provide an example flow chart of a user
interface operation according to specific embodiments of the
invention.

[0031] FIG. 7A-G illustrate example graphical user inter-
faces showing an initial menu screen and other user data input
screens as may be displayed on special purpose or general
purpose persona computers, tablet computers, or information
laboratory equipment according to specific embodiments of
the invention.

[0032] FIG. 8 illustrates an example graphical user inter-
face showing a novel display generated as a single curve from
amonitoring ofa live subject plotting a dosage of a anesthetic
agent on the horizontal axis and a response in terms of an
inter-burst interval on the vertical axis according to specific
embodiments of the invention with individual points clus-
tered at the center (and indicated in green, for example) indi-
cating appropriate suppression and outlining points (for
example colored red) at the top and bottom of the graph
indicating over or under sedation.

[0033] FIG. 9 illustrates as an example illustrating that
using a computer to monitor burst interval according to spe-
cific embodiments of the invention is advantageous: to the
right is shown an example dose/response curve which, as is
typically the case, indicates that near the desired dose range,
the response varies widely depending on the dose; to the right
is show a peak curve with a steep fall-off on either side
indicating that the desired interburst interval (e.g., about 10
seconds) 1s quickly deviated from when the dosage changes
from optimum. Thus, the present invention provides a more
effective means for managing the dose/response relationship.
[0034] FIG. 10 illustrates an example graphical user dis-
play according to specific embodiments of the present inven-
tion wherein the most prominent data displayed is a value
indicating the mean interburst interval, for example in a color
or with flashing indicating if a desired confidence interval has
been achieved; optional additional data according to various
embodiments of the invention include an BS history graph (in
this case for 12 previous hours) showing an initial period
when not enough data has been gathered to determine a BI
with the desired confidence, a green indication then the Bl is
in the desired range and is calculated with the desired confi-
dence, a red jagged period near the center of the graph indi-
cating a period when the confidence interval falls out of a
desired threshold; an ICP history is also provided, along with
a bar indicating a range of target ICP and wherein exceeding
the targeted ICP corresponds to the exceeding of confidence
for the BI calculation.

[0035] FIG. 11 illustrates an example graphical user dis-
play according to specific embodiments of the present inven-
tion wherein, in addition to other data displayed, the display
includes an indication of detected seizure events that persist
onthe screen for a period of time or optionally until cleared by
astaffperson according to specific embodiments of the inven-
tion. In this figure, a heavy (e.g.. red) bar is displayed at the
bottom of the screen to indicate that a detected seizure event
is taking place. This data can optionally be displayed along
with some or all of the data shown in FIG. 10/

[0036] FIG. 12 illustrates an example graphical user inter-
face allowing for input of titration values either for titration
display calculation or optionally for automatic titration con-
trol according to specific embodiments of the invention.
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[0037] FIG.13is ablock diagram showing a representative
example logic device in which various aspects of the present
invention may be embodied.

DESCRIPTION OF SPECIFIC EMBODIMENTS

[0038] Before describing the present invention in detail, it
is to be understood that this invention is not limited to par-
ticular compositions or systems, which can vary. It is also to
be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not
intended to be limiting. As used in this specification and the
appended claims, the singular forms “a”, “an” and “the”
include plural referents unless the content and context clearly
dictates otherwise. Thus, for example, reference to “a device”
includes a combination of two or more such devices, and the
like.

1. Overview

[0039] Burst-suppression (BS) is an electroencephalo-
graphic (EEQG) pattern typically described in the relevant
literature as characterized by alternating segments of high
amplitude burst followed by relative suppression of EEG
activity. This pattern is observed in a number of clinical or
research situations and is observed in human as well as in
animal subjects.

[0040] Much research has focused on using an EEG in the
study the pharmacodynamic effects of anesthetic drugs. EEG
technology has also fostered the development of at least one
important pharmacologic intervention: benign neuropharma-
cologically-induced burst-suppression. This type of Burst
Suppression is currently utilized in the treatment of such
conditions as highintracranial pressure (ICP) and status epi-
lepticus.

[0041] A dilemma has emerged with the use of EEG tech-
nology in such neurotherapeutic contexts: EEG allows sensi-
tive, accurate, and constant monitoring of a patient’s electro-
physiology and depth of consciousness (Rampil, 1998),
which is significant, but the amount of information generally
provided makes it difficult for human review, particularly in
clinical settings, such as a hospital. Automated computerized
analysis of EEG has been a long felt need of neuroscientists
and physicians. This problem is especially serious for EEG
Burst-Suppression treatment where a patient may be moni-
tored for days at a time and where improper levels of sedation
may hinder recovery.

[0042] EEG burst suppression (BS) was first observed in
animals and much current understanding comes from an ani-
mal model (Akrawi et al., 1996). In humans, non-induced BS
is associated with epileptic encephalopathy in infancy or
childhood, severe anoxia, and rare cerebral tumors which
undercut the cortex and produce regional BS.

[0043] The International Federation of Societies for Elec-
troencephalography and Clinical Neurophysiology (IF-
SECN) defines burst suppression as a “pattern characterized
by theta and/or delta waves at times intermixed with faster
waves, and intervening periods of relative quiescence” (Cha-
trian et al., 1974). However, this definition fails to capture the
nature of neuropharmacologically-induced BS clearly., Neu-
ropharmacologically-induced BS is generally characterized
as primarily consisting of spikes or grouped spikes with usu-
ally one spike of immense amplitude.

[0044] Niedermeyer et al. (1999) provides criteria for clas-
sifying the presence of induced BS based on duration and
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amplitude of burst, suppression, and their ratio. These crite-
ria, while possibly somewhat imprecisely selected, are quan-
titative and they also dictate further exclusion of BS occurring
atany age during sleep to distinguish it from activity observed
in prenatal sleep as well as the sleep of children with hypsar-
rhythmia. BS is an intermediate state during recovery from
anoxia-induced isoelectricity, a modification of anoxic cere-
bral pathology presumably associated with modern intensive
care. BS was relatively unknown in thorough investigations
of anoxia of last century. As a simplification, an EEG signal
during burst-suppression coma can be understood to consist
of bursts, suppressions, and occasional artifact.

[0045] In one clinical application of monitored induced
coma or burst suppression sedation, patients with convulsive
status epilepticus or with high intracranial pressure (ICP) are
often put into an induced BS coma by administering hypnot-
ics or other anesthetics in order to achieve sufficient sedation
to help resolve a clinical problem. The depth of anesthesia is
often assessed by monitoring an interburst interval on an EEG
trace, although other EEG parameters have also proven to be
of clinical value including BS rate and dominant frequency of
the burst.

[0046] Inlong term ICU monitoring, visual differentiation
between burst periods and suppression periods is performed
usually by nursing staff who attempt to calculate an interburst
interval, for example from the EEG timeline, and titrate hyp-
notics based on the calculated interval. This process, how-
ever, is error prone and burdensome to the staff and can result
in over- or under-sedation of the patient. Typically, in this
process, nursing staff attempt to visually estimate one or a few
interburst intervals and then must watch for sometimes subtle
changes in that interval in response to adjustments in the
titration.

[0047] A common problem in burst or suppression detec-
tion is in localizing the exact onset of either event. The com-
mon use of fixed interval segmentation of the EEG with no or
insufficient overlap of segments exacerbates the problem
(e.g., Thomsen, 1992; Sarkela et al., 2002; Lipping et al.,
1995). Another problem in typical BS analysis is a fundamen-
tal mischaracterization of the phenomenon in terms of detec-
tion. According to specific embodiments of the invention,
EEG bursts are best characterized as rapid voltage change
followed by modest voltage change (i.e., suppression) instead
of activity and inactivity cycles. Conceiving bursts as states of
high amplitude instead of states of high variability have led
some researchers to analyze absolute amplitude instead of
amplitude differences. Similarly, the use of Fourier analysis is
common, but this approach involves prerequisites that may be
unsuited for accurate timing of burst-suppression boundaries.
[0048] In many prior art approaches, attempts to distin-
guish bursts from suppression, with varying degrees of suc-
cess, were performed through linear or non-linear means,
with the most common approach relying on spectral analysis.
Akrawi et al (1996) compared low and high frequency power
in rats to identify bursts. Muthuswamy et al (1999) utilized
bicoherence analysis, a form of spectral analysis that exam-
ines stationarity of phase differences within a single signal
across frequencies. A classification scheme independent of
the agent used to induce the coma is obviously preferred, but
these attempts determined that isoflurane, thiopental, etomi-
date, and propofol all differ significantly from each other,
except etomidate from propofol, in burst duration, maximum
peak-to-peak voltage, and area under the curve (Akrawi etal.,
1996). Most techniques use a single bipolar site-pair for mea-
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suring the EEG signal, often frontal pole to central strip (e.g.,
Sarkela et al., 2002; Bruhn et al., 2000; Leistritz et al., 1999),
as well as sliding data windows. The rate of slide, also called
window saturation, directly limits the accuracy of any classi-
fication scheme. Sarkela et al (2002) utilized 1 second data
windows that slid 100 ms, which results in a boundary detec-
tion error of +/-50 ms. Researchers who use only tiled win-
dows (minimal contiguous saturation) are further disadvan-
taged (e.g.. Bruhn et al., 2000).

[0049] As a further example, the BSR (burst suppression
rate) detector in the Bispectral Index (BIS) monitor, the most
well known BS detection system, appears to rely on a time
domain threshold detection scheme smoothed for 60 seconds
and bolstered by a slow wave filter (<1 Hz) in order to identify
bursts (Rampil, 1998). Sarkela et al. (2002) developed an
automatic segmentation and classification technique based on
EEG spectral characteristics with an error rate of 7%, com-
parable to the sensitivity and specificity of Liestritz et al.
(1999). Lipping et al. (1995) reported a 2% error rate but their
data contained very little artifact and was poor in detecting
actual artifact, making it impractical as a real-world applica-
tion.

[0050] In specific embodiments, the present invention uti-
lizes a novel characterization of burst-suppression activity as
one of voltage variability rather than primarily voltage ampli-
tude. Methodological considerations also improve boundary
detection (i.e., burst offset, burst onset) by avoiding spectral
analysis and utilizing time-domain analysis with maximal
window saturation. In developing the invention, it has been
found that reliance on anything but maximal window satura-
tion (e.g., a data window begun at every digitized sample)
increases error unnecessarily, proportionally to the size of the
window. In specific embodiments of the invention, artifacts
management can also be improved by relying on multiple
electrode positions using common mode rejection of electri-
cal artifacts.

2. Computer-Aided Burst Detection Algorithm

[0051] The present invention involves an automatic com-
puter-aided burst detection algorithm to relieve hospital or
other staff of the task of estimating burst suppression intervals
and to improve patient care by providing information
enabling more appropriate titration of sedatives. In specific
embodiments, a method or system of the invention provides a
display of a more accurate interburst interval mean along with
statistical confidence of this mean.

[0052] According to specific embodiments of the inven-
tion, computation of the burst suppression interval (also
referred to as interburst interval) in an ongoing EEG involves
identification ofburst from suppression. Suchidentification is
attained by timing the presence of bursts in an otherwise
isoelectric or noisy signal and subjecting this sample to sta-
tistical analysis. According to specific embodiments of the
invention, burst onset is identified by computing changes in
amplitude at every data sample point with appropriate
smoothing and proper threshold differentiation.

[0053] Automatic identification and characterization of
burst-suppression activity according to specific embodiments
of the invention in ongoing EEG has many clinical applica-
tions including its use in titrating hypnotics in order to reach
an appropriate stage of sedation. While some prior automatic
classification schemes provide fair accuracy, they generally
are not accurate enough to be incorporated into an automatic
closed-loop titration of an anesthetic or to provide optimum
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guidance to a human administering an anesthetic. Classifica-
tion algorithms generally differ from manual identification 5
to 10% of the time, a failure rate due to methodological as
well as conceptual considerations.

[0054] According to specific embodiments of the inven-
tion, the invention provides an algorithm, a specific example
of which is described below, that provides, with statistical
confidence, a mean BS (or interburst) interval practically for
any desired point in time. BS interval according to specific
embodiments of the invention is defined as the time between
burst offset and subsequent burst onset, regardless of burst
duration.

[0055] According to further specific embodiments, the
algorithm calculates and displays with statistical accuracy the
mean BS interval in patients placed into induced coma. In
typical current practice, this interval is not calculated at all
and a guess or visual estimate of one or a few interburst
intervals is made.

[0056] Prior to this invention there has been no algorithm
nor device that displays the output in Arabic numeral format
of the burst suppression interval. Some devices provide
graphical information about the interval, without statistical
confidence, which excludes the practical application of seda-
tion titration based on this but generally, these devices did not
actually present to staff the statistically true interval so staff
could titrate appropriately.

[0057] FIG. 3 isa flow chart illustrating a method of adjust-
ing a patient’s or subject’s sedation according to specific
embodiments ofthe invention. This figure illustrates a general
embodiment. In an example method, EEG signal data is
received (Step Al), changes in amplitude are determined
(Step A2) and an ongoing interburst interval is calculated
(Step A3). As the signal continues to be received, an ongoing
mean of the interburst interval is computed (Step A4) and a
statistical confidence value is computed (Step A5). The medi-
cal staff user is presented with the computed ongoing mean
along with an indication of confidence (Step A6) and uses that
information to adjust application of sedatives or hypnotics
(Step A7).

[0058] As will be further understood from the teachings
provided herein, the present invention encompasses a variety
of specific embodiments for performing these steps. In vari-
ous embodiments, indications of burst suppression calcula-
tions can be presented to a staff member using a graphical or
numeric or textual interface and/or using various audio indi-
cations.

3. Other Characteristics

[0059] 1In prior approaches that use EEG where EEG is
segmented into fixed intervals (e.g., 1 second data windows)
with no or insufficient overlap, it is generally not possible to
localize the exact onset of a burst or suppression. Data win-
dows generally smear onset detection as a function equal to
the rate of overlap or the segmentation interval (when tiling/
no overlap is used).

[0060] The present invention avoids this problem by not
segmenting the EEG signal EEG signals but instead analyz-
ing each and every digitized EEG sample for a burst or sup-
pression onset. Thus, the invention achieves instantaneous
detection, which has proven far superior to windowed detec-
tion.

[0061] Burst-suppression has also been conceptualized
poorly in prior algorithm detection literature as a state of EEG
silence followed by a state of discharge. This description
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misses the aspect of the signal that is most indicative of the
difference between bursts and suppression. While EEG
silence is a state of modest voltages, it more importantly is a
state of modest voltage change, whereas a burst is a state of
large voltages, but more importantly it is a state of large
voltage change. This difference is subtle but critical in iden-
tifying exact burst or suppression onset or offset. Other algo-
rithms that use temporal detection schemes look for differ-
ences in voltages across time. In the present invention, the
detection algorithm identifies differences of voltage in real
time. In other words, the invention uses the constant change in
positivity to negativity to advantage in its detection scheme
whereas absolute voltage detection schemes smear across
such chatter.

[0062] In specific embodiments, the interval calculation
and display is a statistical event with a confidence interval of
95%. (e.g.. 95%). That is, an assumption employed by the
invention is that at any dose of hypnotic, the brain will be
bursting around a statistical mean or median. By reporting
and/or utilizing this estimate of the phenomenon’s, central
tendency, theinvention allows for stabilizing titration or other
administration of an anesthetic agent. In other schemes, if an
ongoing average without statistical confidence is reported the
patient may be subject to under- and over-dosing based on the
sample’s average interval as the true (population) interburst
interval is not known.

[0063] According to specific embodiments, the invention is
embodied in a single application (e.g., only burst-suppres-
sion) device that is portable hardware and for example that
may involve 2 or more leads attached to the head of the
patient. Further, no expertise in EEG is required as the only
display will be interburst interval in a format understood by
staff, although in alternative embodiments, full EEG charting
is possible but not necessary.

4, Further details of an Example Method according
to specific embodiments of the invention

Pre-Processing

[0064] Pre-processing of an EEG signal to minimize noise
is normally achieved by application of a low-pass digital filter
or mathematical smoothing and this can be performed before
a signal is outputted from the EEG recording device. Also, a
high pass digital filter of 3 Hz may be applied to remove slow
drifts due to poor electrode contact, sweat, slow cortical
potentials, or related artifact. Finally, physiological and
equipment artifact may be minimized by numerous artifact
detection schemes, including elimination from further com-
putation any short segment of EEG (e.g., 100 ms) with an
absolute amplitude average of 100 microvolts or above.
According to specific embodiments of the invention, further
noise reduction is achieved by appropriate amplitude com-
parisons as described below. Furthermore, computations are
for the most part performed for every digitized sample with
ongoing updating of histories as described in further detailed
examples below.

[0065] As an example, in a 128 samples per second signal,
a 3-sample-skip comparison provides noise reduction com-
parable to a 4-sample smooth or 32 Hz low pass filter. A
3-sample skip requires that amplitude at time 0 is compared to
amplitude at time 3, amplitude at time 1 to amplitude at time
4, and so on, consecutively across the signal. A 1-sample skip
may also be used to capture rare low-amplitude bursts insome
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patients, though interval estimation should not change appre-
ciably and in specific embodiments, a 2-sample skip is used.
[0066] According to alternative embodiments of the inven-
tion, data from multiple EEG channels may be used to detect
variance in BS generation across scalp recordings, which in
some situations may strengthen the reliability of the detection
scheme. However, in some implementations, a single EEG
channel or bipolar pairing can be used for analysis, preferably
one with the greatest measured amplitudes. Anterior or lateral
sites referenced to vertex such as F3-Cz or T3-Cz work well.
In a typical clinical implementation, generally at least two
and typically four channels are analyzed.

Computing Voltage Amplitude Difference

[0067] Inspecific embodiments, absolute amplitude differ-
ence (d,) in microvolts is calculated continuously across the
signal, with a 1 second history (i.e., smoothed 1000 ms).
Smoothing minimizes the effect of signal variation on onset
detection. modest history (e.g., 500 to 1000 ms smoothed).
The invention can be further understood by considering the
equation:

R

d = %Z [A; = A4l

i=1

where A=amplitude of sample 1, R=sample rate/sec, which
typically is about 128 samples/sec. In one example embodi-
ment, 4 was selected as best smoothing/skip parameter for the
128 sampling rate. However, this number can be adjusted in
various applications. In this equation, both the sample skip
difference and the smoothed 1 second summation over the
previous R samples are indicated.

[0068] According to specific embodiments of the inven-
tion, burst onset is detected when the smoothed absolute
amplitude difference (d;) exceeds a criterion based on median
(m) absolute amplitude times a specified factor. The multipli-
cation factor is the cube root of burst-suppression duration
ratio, with extreme values truncated (e.g., values above 2
reduced to 2). For instance, an interval with 5:1 burst-sup-
pression duration ratio has 1.71 as its multiplication factor, so
that detection occurs at 1.71 times median. This factor is be
defaulted to an appropriate goal interburst interval (e.g., 1.5
seconds) at the start of computation.

[0069] Suppression onset occurs whenever the smoothed
absolute amplitude difference (d;) drops below 1x median
(m) absolute amplitude. The median absolute amplitude is
calculated for a long running history consisting of at least two
interburst intervals. Initial median absolute amplitude is com-
puted for 10 seconds and may be updated periodically, e.g,,
every 30 or 60 seconds, until multiple interburst intervals
have been detected. Median computation occurs at each burst
offset (i.e., start of suppression). Median absolute amplitude
is mean median and computed in such a way as to be moder-
ately intolerant of outliers, i.e., significant deviations from
past median values on the part are eliminated and current or
past intervals are eliminated and/or weighted accordingly.
For instance, if the current interval’s median is more than 2
standard deviations away from the mean of the median dis-
tribution, it does not contribute to the mean median and if the
current median is within 2 standard deviations of the mean
median, it contributes to the mean median. The median-based
criterion is made more sensitive to the current moment by
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weighing all contributions to the mean median based on tem-
poral distance from current moment using either a linear,
exponential, or logarithmic decay function. For instance, to
compute the representative median for the current interval
using exponential decay, each median contributes twice the
weight of the previous median.

[0070] In experimental work, 2x median was chosen
empirically as the threshold value to determine burst onset.
However, this value can be adjusted in various embodiments
or situations, including utilizing a per patient analysis. In
specific embodiments, the value is learned by an algorithm
that analyzes either initial data or training data.

[0071] In further examples, this can be understood as
involving  P(IAlsm)=P(IAl=m)=[,"f(lal)d =0.5., where
P=probability.

[0072] In various embodiments, P determines how the
BSMBS interval is presented to a staff member or used. For
example the BSM can be displayed in different colors-based
on the value of P, or the BSMBS interval can flash or blink
until P rises above a predetermined value. In this way, medical
staff can determine whether the BSMBS interval displayed is
the “true” value or a value accurate (statistically speaking),
with sufficient statistical confidence and can thereby more
accurately make any necessary adjustments to perform a nec-
essary adjustment of the anesthetics.

[0073] Insomeembodiments, an additional smoothing fac-
tor may be applied to minimize the detection of rapid con-
secutive burst onsets. Suppression onset is ignored whenever
a burst onset occurs less than 500 or 1000 ms after the sup-
pression onset. This smoothing factor is optional and gener-
ally unnecessary for modestly-delineated BS.

[0074] Inspecific embodiments, burst onsets aretallied and
presented after a period of time (e.g., the first minute) in units
of Bursts per Minute. In specific embodiments, a history of
this measure can also be set by the user, e.g., to 5 minutes
throughout the recording or longer (e.g., 10 minutes, 30 min-
utes) or if empirically derived depending upon a designated
state of statistical confidence desired by a user.

[0075] In some embodiments, time count (e.g., number of
digitized samples (e.g., typically such as 128 samples per
second) since last burst onset) is reset to zero at each burst
onset. In this situation, time count immediately prior to reset
can be used to compute current BS interval.

Mean Burst Suppression Interval

[0076] In specific embodiments of the invention, Mean
Burst Suppression Interval (b/R) is displayed in units of sec-
onds (e.g., 8.5), along with a statistical confidence of this
estimate for the unit range. Generally, the time count of the
first burst onset of any record is ignored.

_ 1
b= ) 2 b,
[0077] n=number of intervals collected
[0078] j=tally or count or array of number of intervals col-
lected
[0079] t=t+1
[0080] t=time count since last burst.

According to specific embodiments of the invention, b refers
to number of digitized samples from burst offset to burst onset
and R equals sample rate. Number of digitized samples may
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be represented linearly, logarithmically, or exponentially. In
the equations below, ¢ is a variable indicating a classification
of state as either burst or suppression.

ifdf2>m,e~1,

if d;<m,,c,=0,

else ¢;=c;_;

if ,=c,_j+1thenifz, ;<Rc~c,_;

if4,_2Rb,=b

Jtl
[0081]
95% if

b=t 1,170,

In further embodiments, confidence is indicated at

Kt
— > -166R
n

for 1 minute for a designated degree, such as 95% if s/
V>0.166R given the standard deviation of burst intervals and
number of intervals, see below. This produces a confidence
interval of approximately 1 second around b/R, assuming a
unimodal symmetric distribution of interval data in accor-
dance with Tchebycheff’s inequality. Larger confidence
intervals (e.g., 22 seconds) may also be computed readily as
well.

S:\J %i(bj—ﬁf,
=

where s=standard deviation, n=number of intervals

[0082] In specific embodiments, the algorithm character-
izes burst-suppression intervals with statistical confidence
and with minimal conceptual or procedural complexity. The
possibility of burst or suppression onset, offset, and duration
are determined for each and every digital sample. Smoothing
and threshold factors are empirically validated in specific
embodiments for a large patient sample. Adjustments may be
made to increase or decrease specificity or selectivity for
specific cases or populations.

5. Presentation to Users

[0083] FIG. 4A-D illustrate in simple block diagram an
example display according to specific embodiments of the
present invention wherein the only data displayed is a value
indicating the mean interburst interval with this value dis-
played in black text (A) when the statistical confidence level
is above a threshold and in a different text (e.g., grey, a
different color, flashing, etc.) text (B) when statistical confi-
dence level is below a designated threshold. C and D likewise
show displays indicating the mean burst per minute value. As
described above, such displays are particularly useful to staff
in a patient care setting as the display succinctly and accu-
rately provides staff with the essential information needed to
monitor burst suppression activity. Alternate example dis-
plays discussed herein provide further functionality.

[0084] FIG. 5 illustrates an alternative example display
according to the invention wherein a number of optional
values in addition to mean calculation may be displayed.
Different levels of detail can be displayed according to spe-
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cific embodiments of the invention and in some embodiments
a monitoring system of the invention may provide options
allowing a user to select which portions of data are displayed.
[0085] FIG. 6A-D provide an example flow chart of a user
interface operation according to specific embodiments of the
invention. This chart is provided for illustrative purposes only
and it will be apparent to those of skill in the art that other user
interactions steps may be used to effect the present invention.
[0086] FIG. 7A-G illustrate example graphical user intet-
faces showing an initial menu screen and other user data input
screens as may be displayed on special purpose or general
purpose persona computers, tablet computers, or information
laboratory equipment according to specific embodiments of
the invention. A number of different screens are optionally
included according to specific embodiments of the invention
for various user interface tasks such as patient information
management and other data and file information manage-
ment.

[0087] FIG. 8 illustrates an example graphical user inter-
face showing a novel display generated as a single curve from
amonitoring of a live subject plotting a dosage of a anesthetic
agent on the horizontal axis and a response in terms of an
inter-burst interval on the vertical axis according to specific
embodiments of the invention with individual points clus-
tered at the center (and indicated in green, for example) indi-
cating appropriate suppression and outlining points (for
example colored red) at the top and bottom of the graph
indicating over or under sedation. This display provides infor-
mation allowing a staff person to either administer and moni-
tor titration of sedatives and burst suppression according to
specific embodiments of the invention or this display repre-
sents data that can be used for automatic titration according to
specific embodiments of the invention. In this figure, green
dots indicate a patient time sample where the sedation is
correct.

[0088] FIG. 10 illustrates an example graphical user dis-
play according to specific embodiments of the present inven-
tion wherein the most prominent data displayed is a value
indicating the mean interburst interval, for example in a color
or with flashing indicating if a desired confidence interval has
been achieved; optional additional data according to various
embodiments of the invention include an BS history graph (in
this case for 12 previous hours) showing an initial period
when not enough data has been gathered to determine a BI
with the desired confidence, a green indication then the Bl is
in the desired range and is calculated with the desired confi-
dence, a red jagged period near the center of the graph indi-
cating a period when the confidence interval falls out of a
desired threshold; an ICP history is also provided, along with
a bar indicating a range of target ICP and wherein exceeding
the targeted ICP corresponds to the exceeding of confidence
for the BI calculation.

[0089] In this example figure, the BS trace is a trending
history of the BSI in time. That time is selectable by a user,
such as 4, 6, 8, 10, or 12 hours, or some other time.

[0090] FIG. 11 illustrates an example graphical user dis-
play according to specific embodiments of the present inven-
tion wherein, in addition to other data displayed, the display
includes an indication of detected seizure events that persist
onthe screen for a period of time or optionally until cleared by
astaffperson according to specific embodiments of the inven-
tion In this figure, a heavy (e.g., red) bar is displayed at the
bottom of the screen to indicate that a detected seizure event
is taking place.
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[0091] FIG. 12 illustrates an example graphical user inter-
face allowing for input of titration values either for titration
display calculation or optionally for automatic titration con-
trol according to specific embodiments of the invention.

6. System Embodiments

[0092] Infurther embodiments, the invention may be incor-
porated in a device designed to maintain induced coma with
statistical accuracy. The device reports the burst-suppression
interval with statistical confidence to the staff in order to aid
them in proper titration of hypnotics. In example applica-
tions, such a device will allow for controlled study of such
issues as the maintenance of different interburst intervals
(e.g., shorter such as 4 seconds versus longer, such as 12
seconds) as a test of patient outcome and the effectiveness of
different hypnotics with accurate maintenance of the interval.

Software Implementations

[0093] Various embodiments of the present invention pro-
vide methods and/or systems for burst suppression monitor-
ing that can be implemented on a general purpose or special
purpose information handling appliance using a suitable pro-
gramming language such as Java, C++, Cobol, C, Pascal,
Fortran., PL.1, LISP, assembly, etc., and any suitable data or
formatting specifications, such as HTML, XML, dHTML,
TIFF, JPEG, tab-delimited text, binary, etc. In the interest of
clarity, not all features of an actual implementation are
described in this specification. It will be understood that in the
development of any such actual implementation (as in any
software development project), numerous implementation-
specific decisions must be made to achieve the developers’
specific goals and subgoals, such as compliance with system-
related and/or business-related constraints, which will vary
from one implementation to another. Moreover, it will be
appreciated that such a development effort might be complex
and time-consuming, but would nevertheless be a routine
undertaking of software engineering for those of ordinary
skill having the benefit of this disclosure.

Embodiment in a Programmed Information
Appliance

[0094] FIG. 13 is a block diagram showing a representative
example logic device in which various aspects of the present
invention may be embodied. As will be understood to practi-
tioners in the art from the teachings provided herein, the
invention can be implemented in hardware and/or software.
In some embodiments of the invention, different aspects of
the invention can be implemented in either a stand-alone
device that includes just the BS monitoring functions
described herein or in systems or devices that include any
number of medical functions. As will be understood in the art,
the invention or components thereof may be embodied in a
fixed media program component containing logic instruc-
tions and/or data that when loaded into an appropriately con-
figured information processing device cause that device to
perform according to the invention. As will be understood in
the art, a fixed media containing logic instructions may be
delivered to auser on a fixed media for physically loading into
a user’s computer or a fixed media containing logic instruc-
tions may reside on a remote server that a user accesses
through a communication medium in order to download a
program component.



US 2014/0249444 Al

[0095] FIG. 13 shows an information appliance (or digital
device) 700 that may be understood as a logical apparatus that
can read instructions from media 717 and/or network port
719, which can optionally be connected to server 720 having
fixed media 722. Apparatus 700 can thereafter use those
instructions to direct server or client logic, as understood in
the art, to embody aspects of the invention. One type of
logical apparatus that may embody the invention is a com-
puter system as illustrated in 700, containing CPU 707,
optional input devices 709 and 711, disk drives 715 and
optional monitor 705. Fixed media 717, or fixed media 722
over port 719, may be used to program such a system and may
represent a disk-type optical or magnetic media, magnetic
tape, solid state dynamic or static memory, etc. In specific
embodiments, the invention may be embodied in whole or in
part as software recorded on this fixed media. Communica-
tion port 719 may also be used to initially receive instructions
that are used to program such a system and may represent any
type of communication connection.

[0096] The invention also may be embodied in whole or in
part within the circuitry of an application specific integrated
circuit (ASIC) or a programmable logic device (PLD). In
such a case, the invention may be embodied in a computer
understandable descriptor language, which may be used to
create an ASIC, or PLD that operates as herein described.

7. Other Embodiments

[0097] The invention has now been described with refer-
ence to specific embodiments. Other embodiments will be
apparent to those of skill in the art. In particular, a number of
novel methods and apparatus have been described herein in
the context of a novel method for monitoring subjects. It
should be understood that the invention in specific embodi-
ments encompasses any of these novel elements separately
and used in any other suitable application. The invention also
comprises the general methods that will be understood from
the description herein. Thus, it is understood that the
examples and embodiments described herein are for illustra-
tive purposes and that various modifications or changes in
light thereof will be suggested by the teachings herein to
persons skilled in the art and are to be included within the
spirit and purview of this application and scope of the claims.
[0098] All publications, patents, and patent applications
cited herein or filed with this application, including any ref-
erences filed as part of an Information Disclosure Statement,
are incorporated by reference in their entirety.

What is claimed is:
1. A method in a monitoring system of monitoring a
sedated subject using a logic processor comprising:

receiving digital data representing said subject’s EEG sig-
nal at said processor;

using said processor to determine one or more burst onsets;

using said processor to determine one or more suppression
onsets;

using said processor to determine one or more interburst or
burst suppression intervals by comparing one or more
burst onsets to one or more previous suppression onsets;

using said processor to determine a mean burst suppression
interval for a specified time length wherein said mean
burst suppression interval indicates time between a burst
onset and the previous suppression onset, regardless of
burst duration;
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using said mean burst suppression interval to inform
therapy for said subject to maintain said desired state of
sedation.

2. The method of claim 1 further wherein:

said using said mean burst suppression interval to inform

therapy comprising presenting data indicating said mean
burst suppression interval with statistical confidence to a
user, thereby providing the user information to guide
adjusting therapy to a subject to maintain the desired
state of sedation.

3. The method of claim 1 further wherein:

said using said mean burst suppression interval to inform

therapy comprising using a processor controlled medi-
cal device to adjust administration of one or more thera-
pies using said mean burst suppression (BS) interval

4. The method of claim 1 further wherein:

said subject is being maintained in an induced coma and

said method is used by an automated system to prevent
over-sedation or under-sedation.

5. The method of claim 1 further comprising:

using said processor to perform statistical analysis to cor-

rect for noise variability, other isoelectric variability, or
other electric disturbances in said EEG.

6. The method of claim 1 further comprising:

presenting data to a user indicating a true interburst interval

with statistical accuracy.

7. The method of claim 1 further wherein:

said digital data representing said subject’s EEG is a

stream of digital samples of amplitude values at different
data capture time points;

and determining burst or suppression onset further by a

method comprising:

computing changes in amplitude substantially at each data

capture point;

using said processor to perform a smoothing operation at

each data capture point; and

using said processor to perform threshold differentiation at

each data capture point.

8. The method of claim 7 further comprising:

using said processor to determine a possibility of an onset

of burst or suppression for substantially each and every
digital sample.

9. The method of claim 1 further wherein said method is
embodied as an automatic computer-aided segmentation
algorithm to improve patient care by guiding titration of
sedatives.

10. The method of claim 1 further comprising:

using said processor to pre-process said EEG signal data to

perform noise reduction by mathematical smoothing
operations such as smoothing and filtering; and

further wherein said noise reduction comprising one or

more of:

using a 3-sample-skip comparison wherein amplitude at a

time 0 is compared to amplitude at a time 3, amplitude at
time 1 to amplitude at time 4, etc.;

using a 1-sample skip to capture rare low-amplitude bursts

in some patients;

using a 2-sample skip as a default case.

11. The method of claim 1 further comprising:

using data from one or more EEG channels to detect vari-

ance in BS generation across scalp recordings to
strengthen reliability of detection of burst onset and
suppression onset.
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12. The method of claim 1 further comprising:

calculating absolute amplitude difference (d,) in micro-
volts continuously across said EEG signal, with a 1
second history;

using smoothing to minimizes effects of signal variation on
onset detection; and

detecting burst onset when an absolute amplitude differ-
ence (d,) exceeds 2 times a median (m) absolute ampli-
tude.

13. The method of claim 12 further comprising:

calculating said absolute amplitude difference (d,) accord-
ing to

wherein A=amplitude of an EEG sample i; and

R indicates a number of samples in a time period.

14. The method of claim 1 further comprising:

calculating absolute amplitude difference (d,) in micro-
volts continuously across said EEG signal, with a 1
second history;

using smoothing to minimizes effects of signal variation on
onset detection to determine a;

smoothed amplitude difference; and

detecting burst onset when an absolute smoothed ampli-
tude difference exceeds B times a median (m) absolute
amplitude;

wherein B is chosen theoretically or empirically and can be
adjusted per patient or learned by an algorithm for said
subject.

15. The method of claim 14 further comprising:

determining a median absolute amplitude (MAA) from a
longer running history;

updating said median absolute amplitude periodically.

16. The method of claim 1 further wherein:

said mean burst suppression interval is expressed in units
of seconds.

17. The method of claim 1 further comprising:

using said processor to determine a statistical confidence
value (P) of said mean burst suppression interval;

using said mean burst suppression interval along with said
statistical confidence value to adjust therapy to a subject
to maintain said desired state of sedation.

18. The method of claim 14 further comprising:

ignoring a particular suppression onset whenever a burst
onset occurs less than a specified time (e.g., 500 or 1000
ms) after said particular suppression onset.

19. The method of claim 3 further comprising:

determining central tendency of burst onsets over a period
of time and to a user presenting results in units of bursts
per minute or mean burst interval in seconds or like
measure of central tendency.
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20. The method of claim 14 further comprising:

allowing a user to set a history over which said bursts per
minute is measured;

using a default history duration ifa user so indicates or does
not select a different history.

21. The method of claim 14 further comprising:

resetting a time count (e.g., number of digitized samples
since last burst onset) to zero at each burst onset, wherein
a preceding immediately prior time count is designated
a current burst suppression (BS) interval.

22. The method of claim 14 further comprising:

said mean burst suppression interval (b/R) is expressed in
units of seconds and is determined by said logic proces-
sor;

wherein R=sample rate/sec and b is determined according
to:

wherein n=number of intervals collected;

wherein j=tally or count or array of number of intervals
collected, t,=t,+1;

t=time count since last burst;

wherein c is a variable indicating a classification of state as
either burst or suppression;

wherein if d/2>m,, ¢=1;

wherein if d,<m,, ¢,=0, else ¢;=¢,_;,

wherein b may be computed linearly, or compressed such
as natural log of digitized samples between offset and
subsequent burst onset, or exponentially represented
such as the square of the number of samples;

whereinif c,=c,_, +1thenift,_,<R, c,~elseif1,_, 2R, b=b
Lt t=0.

23. The method of claim 14 further comprising:

indicating confidence at 95% if

ki
— > 166R
n

for 1 minute given the standard deviation of burst intervals
and number of intervals;
wherein

where s=standard deviation, n=number of intervals.
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[ START: BURST SUPPRESSION MONITORING |

J/ Al

Use an information processing system to receive
sampled EEG signal data from a subject

4 Az

compute changes in amplitude of the signal at every
data sample point while applying appropriate
smoothing and threshold differentiation

\L A3

determine on a ongoing basis time between burst
onsets (the Burst Suppression or Interburst Interval)

A4
determine on a ongoing basis a mean BS (or
interburst) interval for a specified time length

A5
calculate a statistical confidence value for said
ongoing mean interval

A6

calculate a statistical confidence value for said
ongoing mean interval

4 A7

so that a user can adjust hypnotics or anesthetics in
order to reach a desired stage of sedation for the
subject patient



https://share-analytics.zhihuiya.com/view/e1a4be70-07e5-41c7-8d0e-919e862991d3
https://worldwide.espacenet.com/patent/search/family/039827585/publication/US2014249444A1?q=US2014249444A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220140249444%22.PGNR.&OS=DN/20140249444&RS=DN/20140249444

