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(57) ABSTRACT

During patient monitoring, a depth of consciousness (DOC)
measure, such as a bispectral index, may be used in conjunc-
tion with additional information obtained from an awareness
metric derived from one or more physiological signals, such
as a photoplethysmograph signal. In an embodiment, a DOC
measure may be combined with information from an aware-
ness metric to produce a combined DOC measure. In an
embodiment, information from an awareness metric derived
from one or more physiological signals may be used to pro-
vide an indication of confidence in a DOC measure. In an
embodiment, a DOC measure may be used to provide an
indication of confidence in a depth of consciousness assess-
ment based on an awareness metric. Inan embodiment, one or
the other of a DOC measure and an awareness metric may be
used to provide an indication of a patient’s depth of con-
sciousness (e.g., by one “overriding” the other).
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SYSTEMS AND METHODS FOR
MONITORING DEPTH OF CONSCIOUSNESS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/439,281, filed Feb. 3, 2011, 2008,
which is hereby incorporated by reference herein in its
entirety.

SUMMARY

[0002] This disclosure relates to assessing the depth of
consciousness of a subject and, more particularly, this disclo-
sure relates to assessing depth of consciousness using a physi-
ological signal, such as a photoplethysmograph signal, in
conjunction with a depth of consciousness measure, such as a
bispectral index.

[0003] Some techniques for monitoring depth of con-
sciousness utilize a patient’s electrophysiological signals,
such as electroencephalogram (EEG) signals, electromyo-
gram (EMG) signals, and/or electrooculogram (EOG) sig-
nals. Such techniques may process one or more of these
signals to supply a consciousness index, indicating a patient’s
depth of consciousness (DOC) on a scale. For example, the
bispectral (BIS) index is a processed parameter which may be
derived utilizing a composite of measures from EEG and
physiological signal processing techniques including bispec-
tral analysis, power spectral analysis, and time domain analy-
sis. The BIS algorithm may be based at least in part on EEG
signal features (bispectral and others) which may be highly
correlated with sedation/hypnosis, including the degree of
high frequency (14 to 30 Hz) activation, the amount of low
frequency synchronization, the presence of nearly suppressed
periods within the EEG, and the presence of fully suppressed
(i.e., isoelectric, “flat line”) periods within an EEG. The BIS
index may provide an indication of a subject’s DOC, with an
index value of 0 representing a “flat line” EEG and an index
value of 100 indicating a fully awake subject. Such a DOC
measure may be used by care providers in operating room or
intensive care settings to evaluate a patient’s status and pro-
vide treatment accordingly (e.g., adjusting anesthetic or anal-
gesic administration).

[0004] For example, a BIS value of 60 may have a high
sensitivity for identifying drug-induced unconsciousness.
However, in some settings and with some combinations of
sedatives and analgesics, unconscious individuals may have
BIS values greater than 60. Factors other than drug adminis-
tration that can influence brain metabolism (e.g., alterations
in temperature or physiologic homeostasis) may also produce
changes in the BIS index. Additionally, the sudden appear-
ance of a low BIS value may indicate the onset of a serious
clinical condition.

[0005] BIS values may also be influenced by a range of
additional factors. Potential artifacts may be caused by poor
contact (high impedance) between the sensor and the sub-
ject’s skin, muscle activity or rigidity, head and body motion,
sustained eye movements, improper sensor placement and
unusual or excessive electrical interference. EMG artifact or
residual neuro-muscular blocker (NMB) effects may lead to
high BIS values in an unresponsive patient. Further, a BIS
value may not be instantaneously altered by changes in clini-
cal status. When abrupt changes occur in hypnotic state—for
example, during induction or rapid emergence—the BIS
value may lag behind the observed clinical change by
approximately 5 to 10 seconds.
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[0006] These complicating factors in the interpretation of
BIS values have led some clinicians to utilize BIS monitors
alongside standard techniques such as patient observation
and conventional patient monitors (e.g., devices that track a
patient’s pulse and blood pressure). However, simply using
multiple modalities may not improve a care provider’s under-
standing of a patient’s depth of consciousness. Patient aware-
ness may occur even when conventional vital signs are nor-
mal, and standard techniques may fail to detect consciousness
when a patient has been administered a muscle relaxant or
medication (e.g., beta blockers). Moreover, the range of BIS
values which indicates an appropriate depth of consciousness
may be influenced by a number of patient conditions. For
example, certain conditions have been associated with low
BIS values during the intraoperative period, presumably
because of marked reduction in cerebral metabolism, includ-
ing cardiac arrest, hypovolemia, hypotension, cerebral
ischemia, hypoperfusion, hypoglycemia, hypothermia and
anoxia.

[0007] Additional physiological signals may contain infor-
mation about a patient’s depth of consciousness. For example,
a photoplethysmograph (PPG) signal may exhibit one or
more waveform features which indicate consciousness. For
example, a change in an augmentation index or a baseline
value may indicate a change in patient awareness, as dis-
cussed in additional detail below. Rather than simply utilizing
multiple monitors in a treatment setting, depth of conscious-
ness monitoring may be improved by combining information
arising from additional physiological signals, such as a PPG
signal, with a DOC measure such as a BIS index. During
patient monitoring, a DOC measure, such as the BIS index,
may be used in conjunction with information obtained from
an awareness metric derived from one or more physiological
signals. In an embodiment, a DOC measure may be combined
with information from an awareness metric derived from one
or more physiological signals to produce a combined DOC
measure. In an embodiment, information from an awareness
metric derived from one or more physiological signals may be
used to provide an indication of confidence in a DOC mea-
sure. In an embodiment, a DOC measure may be used to
provide an indication of confidence in a depth of conscious-
ness assessment based on an awareness metric derived from a
physiological signal. In an embodiment, one or the other of a
DOC measure and an awareness metric derived from a physi-
ological signal may be used to provide an indication of a
patient’s depth of consciousness (e.g., by one “overriding”
the other).

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The above and other features of the present inven-
tion, its nature and various advantages will be more apparent
upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0009] FIG. 1 shows an illustrative patient monitoring sys-
tem in accordance with an embodiment;

[0010] FIG. 2 is a block diagram of a portion of an illustra-
tive patient monitoring system coupled to a patient in accor-
dance with an embodiment;

[0011] FIG. 3 is a block diagram of an illustrative signal
processing system in accordance with an embodiment;
[0012] FIG. 4is a flow chart of illustrative steps performed
during depth of consciousness monitoring in accordance with
an embodiment;
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[0013] FIG. 5 depicts features of an illustrative physiologi-
cal signal in accordance with an embodiment;

[0014] FIGS. 6(a)-6(f) depict illustrative areas that may be
used in the derivation of an awareness metric in accordance
with an embodiment; and

[0015] FIG. 7 depicts an illustrative awareness metric
waveform and an illustrative awareness event flag in accor-
dance with an embodiment.

DETAILED DESCRIPTION

[0016] This disclosure generally relates to depth of con-
sciousness assessment based on physiological signals. These
physiological signals may be received by an appropriate sens-
ing device, and may be analog or digital. For illustrative
purposes, portions of this disclosure will be described in the
context of a time-domain electrophysiological signal (sensed,
for example, by one or more electrodes) and a photoplethys-
mograph (PPG) signal (generated, for example, by one or
more components of a pulse oximetry system). It will be
understood that any physiological signals, such as an electro-
physiological signal or a PPG signal, may be generated by any
suitable device(s) capable of generating such signals. It will
also be understood that the present disclosure is applicable to
any suitable signals and that electrophysiological signals and
PPG signals are used merely for illustrative purposes. Those
skilled in the art will recognize that the present disclosure has
wide applicability to other signals including, but not limited
to, other biosignals (e.g., electrocardiogram, electroencepha-
logram, electrogastrogram, electromyogram, electrooculo-
gram, heart rate signals, accelerometer signals, respiration
monitor signals, pathological sounds, ultrasound, any other
suitable biosignal) or combinations thereof.

[0017] FIG. 1 is a perspective view of an embodiment of
patient monitoring system 10. In an embodiment, system 10
may be implemented as part of a pulse oximetry system. In an
embodiment, system 10 may be implemented as part of a
depth of consciousness or awareness monitoring system. Sys-
tem 10 may include a sensor 12 and a monitor 14. Sensor 12
may include an emitter 16 for emitting light at one or more
wavelengths into a patient’s tissue. A detector 18 may also be
provided in sensor 12 for detecting the light originally from
emitter 16 that emanates from the patient’s tissue after pass-
ing through the tissue.

[0018] An oximeter may include a light sensor that is
placed at a site on a patient, typically a fingertip, toe, forehead
or earlobe, or in the case of a neonate, across a foot. An
oximeter may pass light using a light source through blood-
perfused tissue and photoelectrically sense the absorption of
light in the tissue. For example, the oximeter may measure the
intensity of light that is received at the light sensor as a
function of time. A signal representing light intensity versus
time or a mathematical manipulation of this signal (e.g., a
scaled version thereof, a log taken thereof, a scaled version of
alog taken thereof, etc.) may be referred to as a photoplethys-
mograph (PPG) signal. In addition, the term “PPG signal,” as
used herein, may also refer to an absorption signal (i.e., rep-
resenting the amount of light absorbed by the tissue) or any
suitable mathematical manipulation thereof. The light inten-
sity or the amount of light absorbed may then be used to
derive an awareness metric or an amount of a blood constitu-
ent (e.g., oxyhemoglobin).

[0019] According to another embodiment and as will be
described, system 10 may include a plurality of sensors form-
ing a sensor array in lieu of single sensor 12. Each of the
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sensors of the sensor array may be a complementary metal
oxide semiconductor (CMOS) sensor. Alternatively, each
sensor of the array may be a charge-coupled device (CCD)
sensor. In another embodiment, the sensor array may be made
up of a combination of CMOS and CCD sensors. A CCD
sensor may comprise a photoactive region and a transmission
region for receiving and transmitting data whereas a CMOS
sensor may be made up of an integrated circuit having an
array of pixel sensors. Each pixel may have a photodetector
and an active amplifier.

[0020] According to an embodiment, emitter 16 and detec-
tor 18 may be on opposite sides of a digit such as a finger or
toe, in which case the light that is emanating from the tissue
has passed completely through the digit. In an embodiment,
emitter 16 and detector 18 may be arranged so that light from
emitter 16 penetrates the tissue and is reflected by the tissue
into detector 18, such as a sensor designed to obtain pulse
oximetry data from a patient’s forehead. Sensor 12 may also
be included in an array of one or more additional types of
sensors (e.g., electrodes for sensing electrophysiological sig-
nals such as EEG, EMG and/or EOG signals). For example,
sensor 12 may be included in a multi-sensor array configured
to be located on a patient’s head. Additional embodiments are
described in detail below.

[0021] Inanembodiment, the sensororsensor array may be
connected to and draw its power from monitor 14 as shown. In
another embodiment, the sensor may be wirelessly connected
to monitor 14 and include its own battery or similar power
supply (not shown). Monitor 14 may be configured to calcu-
late physiological parameters based at least in part on data
received from sensor 12 relating to light emission and detec-
tion. Monitor 14 may be configured to calculate physiological
parameters based at least in part on data received from any
sensor of any type (e.g., an EEG or EMG electrode). For
example, monitor 14 may implement a derivation of one or
more of a depth of consciousness (DOC) measure (e.g., the
BIS index) and an awareness metric, as described herein, to
determine information related to a patient’s depth of con-
sciousness. In an embodiment, some or all calculations may
be performed on sensor 12 itself and the result of the calcu-
lations may be passed to monitor 14. Further, monitor 14 may
include a display 20 configured to display a patient’s physi-
ological parameters or other information about the system. In
the embodiment shown, monitor 14 may also include a
speaker 22 to provide an audible sound that may be used in
various other embodiments, such as sounding an audible
alarm in the event that a patient’s physiological parameters
are not within a predefined normal range.

[0022] In an embodiment, sensor 12, or the sensor array,
may be communicatively coupled to monitor 14 via a cable
24. However, in other embodiments, a wireless transmission
device (not shown) or the like may be used instead of or in
addition to cable 24.

[0023] In the illustrated embodiment, system 10 may
include a multi-parameter patient monitor 26. The monitor
may be cathode ray tube type, a flat panel display (as shown)
such as a liquid crystal display (LCD) or a plasma display, or
any other type of monitor now known or later developed.
Multi-parameter patient monitor 26 may be configured to
calculate physiological parameters and to provide a display
28 for information from monitor 14 and from other medical
monitoring devices or systems (not shown). For example,
multi-parameter patient monitor 26 may be configured to
display information regarding a patient’s depth of conscious-
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ness, blood oxygen saturation (referred to as an “SpO,” mea-
surement), and/or pulse rate information from monitor 14.

[0024] Monitor 14 may be communicatively coupled to
multi-parameter patient monitor 26 via a cable 32 or 34 thatis
coupled to a sensor input port or a digital communications
port, respectively, and/or may communicate wirelessly (not
shown). In addition, monitor 14 and/or multi-parameter
patient monitor 26 may be coupled to a network to enable the
sharing of information with servers or other workstations (not
shown). Monitor 14 may be powered by a battery (not shown)
or by a conventional power source such as a wall outlet.

[0025] As depicted in FIG. 1, multi-parameter patient
monitor 26 may be communicably coupled to electrophysi-
ological sensor 102. This coupling may occur through moni-
tor interface cable 106, which connects to processing module
104, which itself connects to electrophysiological sensor 102
via patient information cable 108. Processing module 104
may perform any of a number of processing operations (e.g.,
those described below), and may be implemented as
described herein with reference to monitor 14. For example,
processing module 104 may be a BISx module, which may be
configured to identify characteristics of electrophysiological
sensor 102 (e.g., sensor arrangement, usage history) and/or to
deliver signals (in raw or processed form) from sensor 102 to
multi-parameter patient monitor 26. Electrophysiological
sensor 102 may include one or more individual electrophysi-
ological sensors (such as electrodes 110, 112 and 114), which
may be positioned at one or more body sites on a patient. In an
embodiment, multi-parameter patient monitor 26 may dis-
play a physiologically-based parameter, such as a BIS index,
based at least in part on a signal arising from sensor 102 over
aninterval of time and at a particular frequency, which may be
adjusted by a user (e.g., the last 15 to 30 seconds, and updated
every second).

[0026] In an embodiment, sensor 102 may be connected
directly to multi-parameter patient monitor 26, without the
use of processing module 104. In an embodiment, processing
module 104 may be included within multi-parameter patient
monitor 26. In an embodiment, both sensor 12 and sensor 102
may be communicably coupled to a common processing
module (such as processing module 104) which may transmit
information based on signals from one or more of the sensors
to amonitoring device (such as multi-parameter patient moni-
tor 26). As described above, sensors 12 and 102 may be
configured in a unitary sensor body, or may be physically
attached to each other. In an embodiment, multi-parameter
patient monitor 26 and monitor 14 may be combined into a
single monitoring device. It will be noted that any suitable
configuration of sensing and monitoring devices adapted to
perform the techniques described herein may be used.

[0027] FIG. 2 is a block diagram of a portion of a patient
monitoring system, such as patient monitoring system 10 of
FIG. 1, which may be coupled to a patient 40 in accordance
with an embodiment. Certain illustrative components of sen-
sor 12 and monitor 14 are illustrated in FIG. 2. It will be noted
that although the following discussion of FIG. 2 may refer to
components of monitor 14 (FIG. 1) for illustrative purposes,
the discussion of these components may also be applied to the
components of additional or alternative monitoring devices
such as multi-parameter patient monitor 26 (FIG. 1). For
example, multi-parameter patient monitor 26 (FIG. 1) may
include components analogous to those described with refer-
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ence to FIG. 2, but configured for use with one or more
additional types of sensors, such as electrophysiological sen-
sors.

[0028] Inan embodiment as depicted in FIG. 2, sensor 12
may include emitter 16, detector 18, and encoder 42. In the
embodiment shown, emitter 16 may be configured to emit one
or more wavelengths of light (e.g., RED and/or IR) into
patient tissue 40. Hence, emitter 16 may include a RED light
emitting light source such as RED light emitting diode (LED)
44 and/or an IR light emitting light source such as IR LED 46
for emitting light into patient tissue 40. In one embodiment,
the RED wavelength may be between about 600 nm and about
700 mn, and the IR wavelength may be between about 800 nm
and about 1000 nm. In other embodiments, emitter 16 may
include a light emitting light source of a wavelength other
than RED or IR. In embodiments in which a sensor array is
used in place of a single sensor, each sensor may be config-
ured to emit a single wavelength. For example, a first sensor
may emit only a RED light while a second sensor may emit
only an IR light.

[0029] It will be understood that, as used herein, the term
“light” may refer to energy produced by radiative sources and
may include one or more of ultrasound, radio, microwave,
millimeter wave, infrared, visible, ultraviolet, gamma ray or
X-ray electromagnetic radiation. As used herein, light may
also include any wavelength within the radio, microwave,
infrared, visible, ultraviolet, or X-ray spectra. Any suitable
wavelength of electromagnetic radiation may be appropriate
for use with the present techniques. Detector 18 may be
chosen to be specifically sensitive to the chosen targeted
energy spectrum of the emitter 16.

[0030] Inanembodiment, detector 18 may be configured to
detect the intensity of light at the emitted wavelengths, or any
other suitable wavelength. Alternatively, each sensor in the
array may be configured to detect an intensity of a single
wavelength. In operation, light may enter detector 18 after
passing through patient tissue 40. Detector 18 may convert
the intensity of the received light into an electrical signal. The
light intensity is directly related to the absorbance and/or
reflectance of light in tissue 40. For example, in an embodi-
ment in which the emitter and detector are located on opposite
sides of a patient’s tissue, when more light at a certain wave-
length is absorbed or reflected, less light of that wavelength is
received from the tissue by the detector 18. After converting
the received light to an electrical signal, detector 18 may send
the signal to monitor 14, where physiological parameters may
be calculated based on the absorption and/or reflection of one
or more of the RED and IR (or other suitable) wavelengths in
patient tissue 40. In an embodiment, monitor 14 may detect
the locations of pulses within the signal received from detec-
tor 18. In an embodiment, monitor 14 may calculate one or
more awareness metrics based on the signal received from
detector 18.

[0031] In an embodiment, encoder 42 may contain infor-
mation about sensor 12, such as what type of sensor it is (e.g.,
whether the sensor is intended for placement on a forehead or
digit) and the wavelength or wavelengths of light emitted by
emitter 16. This information may be used by monitor 14 to
select appropriate algorithms, lookup tables and/or calibra-
tion coefficients stored in monitor 14 for calculating the
patient’s physiological parameters.

[0032] Encoder 42 may contain information specific to
patient 40, such as, for example, the patient’s age, weight, and
diagnosis. This information may allow monitor 14 to deter-
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mine, for example, patient-specific threshold ranges in which
the patient’s physiological parameter measurements should
fall and to enable or disable additional physiological param-
eter algorithms. Encoder 42 may, for instance, be a coded
resistor which stores values corresponding to the type of
sensor 12 or the type of each sensor in the sensor array, the
wavelength or wavelengths of light emitted by emitter 16 on
each sensor of the sensor array, and/or the patient’s charac-
teristics. In another embodiment, encoder 42 may include a
memory on which one or more of the following types of
information may be stored for communication to monitor 14:
the type of the sensor 12; the wavelength or wavelengths of
light emitted by emitter 16; the particular wavelength each
sensor in the sensor array is monitoring; a signal threshold for
each sensor in the sensor array; the arrangement of sensor 12
and any additional sensors (e.g., electrodes) included in the
sensor array; any other suitable information; or any combi-
nation thereof.

[0033] In an embodiment, signals from detector 18 and
encoder 42 may be transmitted to monitor 14. In the embodi-
ment shown, monitor 14 may include general-purpose micro-
processor 48 connected to internal bus 50. Microprocessor 48
may be adapted to execute software, which may include an
operating system and one or more applications, as part of
performing the functions described herein. Also connected to
bus 50 may be read-only memory (ROM) 52, random access
memory (RAM) 54, user inputs 56, display 20, and speaker
22.

[0034] RAM 54 and ROM 52 are illustrated by way of
example, and not limitation. Any suitable computer-readable
media may be used in the system for data storage. Computer-
readable media are capable of storing information that can be
interpreted by microprocessor 48. This information may be
data or may take the form of computer-executable instruc-
tions, such as software applications, that cause the micropro-
cessor to perform certain functions and/or computer-imple-
mented methods. Depending on the embodiment, such
computer-readable media may include computer storage
media and communication media. Computer storage media
may include volatile and non-volatile, removable and non-
removable media implemented in any method or technology
for storage of information such as computer-readable instruc-
tions, data structures, program modules or other data. Com-
puter storage media may include, but are not limited to, RAM,
ROM, EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk storage
or other magnetic storage devices, or any other medium
which can be used to store the desired information and which
can be accessed by components of system 10. Computer
storage media may be located remotely from monitor 14, and
arranged to communicate with monitor 14 by a wired or
wireless communication protocol.

[0035] In the embodiment shown, a time processing unit
(TPU) 58 may provide timing control signals to light drive
circuitry 60, which may control when emitter 16 is illumi-
nated and multiplexed timing for RED LED 44 and IR LED
46. TPU 58 may also control the gating-in of signals from
detector 18 through amplifier 62 and switching circuit 64.
These signals are sampled at the proper time, depending upon
which light source is illuminated. The received signal from
detector 18 may be passed through amplifier 66, low pass
filter 68, and analog-to-digital converter 70. The digital data
may then be stored in queued serial module (QSM) 72 (or
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buffer) for later downloading to RAM 54 as QSM 72 fills up.
In one embodiment, there may be multiple separate parallel
paths having amplifier 66, filter 68, and A/D converter 70 for
multiple light wavelengths or spectra received.

[0036] In an embodiment, microprocessor 48 may deter-
mine the patient’s physiological parameters, such as depth of
consciousness, awareness, blood pressure, SpO,, and pulse
rate, using various algorithms and/or look-up tables based on
the value of the received signals and/or data corresponding to
the light received by detector 18 (and/or the value of the
received signal from any one or more additional sensors in a
sensor array, such as an electrophysiological sensor array). In
an embodiment, microprocessor 48 may derive one or more
awareness metrics based on features of the received signals
and/or data. Examples of awareness metrics are discussed
below (e.g., with reference to FIG. 5 and FIGS. 6(a)-6(f)). In
an embodiment, microprocessor 48 may derive one or more
depth of consciousness (DOC) measures based on one or
more received signals. For example, microprocessor 48 may
calculate a BIS index using the signal detected by one or more
EEG sensors (e.g., arranged in a forehead array).

[0037] Signals corresponding to information about patient
40 (e.g., about the intensity of light emanating from a
patient’s tissue over time) may be transmitted from encoder
42 to decoder 74. These signals may include, for example,
encoded information relating to patient characteristics.
Decoder 74 may translate these signals to enable the micro-
processor to determine the thresholds based on algorithms or
look-up tables stored in ROM 52. User inputs 56 may be used
to enter information about the patient, such as age, weight,
height, diagnosis, medications, treatments, and so forth. Such
information may be stored in a suitable memory (e.g., RAM
54) and may allow monitor 14 to determine, for example,
patient-specific threshold ranges in which the patient’s physi-
ological parameter measurements should fall, and to enable
or disable additional physiological parameter algorithms. In
an embodiment, display 20 may exhibit a list of values which
may generally apply to the patient, such as, for example, age
ranges or medication families, which a user may select using
user inputs 56.

[0038] Anoptical signal through the tissue can be degraded
by noise, among other sources. One source of noise is ambient
light that reaches the light detector. Another source of noise is
electromagnetic coupling from other electronic instruments.
Movement of the patient also introduces noise and affects the
signal. For example, the contact between the detector and the
skin, or the emitter and the skin, can be temporarily disrupted
when movement causes either to move away from the skin. In
addition, because blood is a fluid, it responds differently than
the surrounding tissue to inertial effects, thus resulting in
momentary changes in volume at the point at which a sensor
is attached. Electromagnetic interference and patient move-
ment may also degrade signals arising from other types of
sensors, including motion sensors and electrophysiological
sensors (e.g., electrodes).

[0039] Noise (e.g., from patient movement) can degrade a
physiological signal relied upon by a physician, without the
physician’s awareness. This is especially true if the monitor-
ing of the patient is remote, the motion is too small to be
observed, or the doctor is watching the instrument or other
parts of the patient, and not the sensor site. Processing physi-
ological signals may involve operations that reduce the
amount of noise present in the signals or otherwise identify
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noise components in order to prevent them from affecting
measurements of physiological parameters derived from the
physiological signals.

[0040] In an embodiment, one or more of the components
ofthe systems illustrated in FIGS. 1 and 2 may be included in
a device used to monitor a depth of consciousness (DOC) of
a patient. For example, system 10 may be included in a
monitoring system configured to calculate a BIS index value
and display one or more depth of consciousness-related
parameters (such as an EEG signal) to a care provider. In such
an embodiment, components of system 10 may be shared
with components of a BIS index monitoring device. For
example, display 20 and/or display 28 may be implemented
as a display integrated with a BIS index monitoring device. In
an embodiment, a BIS index monitoring device may serve as
multi-parameter patient monitor 26 of FIG. 1. In an embodi-
ment, one or more components of system 10 (and system 300
of FIG. 3, discussed below) may be implemented as devices
configured to communicably couple to a BIS index monitor-
ing device. Such components of system 10 may take the form
of an external module that may include sensor 12 and may
transmit signals from sensor 12 to a BIS index monitoring
device. An external module may also perform one or more
signal processing operations on the signal from sensor 12, and
may transmit a processed signal to a BIS index monitoring
device.

[0041] FIG. 3 is an illustrative processing system 300 in
accordance with an embodiment. In this embodiment, input
signal generator 310 generates input signal 316. As illus-
trated, input signal generator 310 may include pre-processor
320 (or similar device) coupled to sensor 318, which may
provide input signal 316 (e.g., an electrophysiological signal
and a PPG signal). In an embodiment, pre-processor 320 may
include an oximeter. It will be understood that input signal
generator 310 may include any suitable signal source, signal
generating data, signal generating equipment, or any combi-
nation thereof to produce signal 316. Signal 316 may be any
suitable signal or signals, such as, for example, electrocardio-
gram, electroencephalogram, electrogastrogram, elec-
tromyogram, electrooculogram, heart rate signals, acceler-
ometer signals, respiration monitor signals, pathological
sounds, ultrasound, any other suitable biosignal, and/or any
combination thereof.

[0042] In an embodiment, pre-processor 320 may imple-
ment a Fast Fourier Transform or Inverse Fast Fourier Trans-
form algorithm to convert the received signal into the fre-
quency domain or time-domain respectively. Pre-processor
320 may include an analog-to-digital converter or digital-to-
analog converter for providing a signal to processor 312 in a
suitable form. Pre-processor 320 may be, for example,
included in processing module 104 as described above with
reference to FIG. 1.

[0043] In an embodiment, signal 316 may be coupled to
processor 312. Processor 312 may be any suitable software,
firmware, and/or hardware, and/or combination thereof for
processing signal 316. For example, processor 312 may
include one or more hardware processors (e.g., integrated
circuits), one or more software modules, computer-readable
media such as memory, firmware, or any combination
thereof. Processor 312 may, for example, be a computer or
may be one or more chips (i.e., integrated circuits). Processor
312 may perform some or all of the calculations (e.g., those
related to deriving a DOC measure and/or an awareness met-
ric) of the present disclosure, similar to microprocessor 48

Aug. 9, 2012

(FIG. 2). Processor 312 may also perform any suitable signal
processing of signal 316 to filter signal 316, such as any
suitable band-pass filtering, adaptive filtering, closed-loop
filtering, and/or any other suitable filtering, and/or any com-
bination thereof. For example, signal 316 may be filtered one
or more times prior to or after deriving one or more awareness
metrics. Additional filtering operations are discussed below
with reference to FIG. 4.

[0044] Processor 312 may be coupled to one or more
memory devices (not shown) or incorporate one or more
memory devices such as any suitable volatile memory device
(e.g., RAM, registers, etc.), non-volatile memory device (e.g.,
ROM, EPROM, magnetic storage device, optical storage
device, flash memory, etc.), or both. The memory may be used
by processor 312 to, for example, store data corresponding to
a DOC measure calculation and/or a awareness metric calcu-
lation. In an embodiment, data representing one or more
awareness metrics may be stored in RAM or memory internal
to processor 312 in any suitable data structure. Memory may
beused by processor 312 to store any data related to any of the
calculations described herein, and may take the form of any
suitable data structure. Processor 312 may be coupled to a
calibration device (not shown).

[0045] Processor 312 may be coupled to output 314. Output
314 may be any suitable output device such as one or more
medical devices (e.g., a medical monitor that displays various
physiological parameters, a medical alarm, or any other suit-
able medical device that either displays physiological param-
eters or uses the output of processor 312 as an input), one or
more display devices (e.g., monitor, PDA, mobile phone, any
other suitable display device, or any combination thereof),
one or more audio devices, one or more memory devices (e.g.,
hard disk drive, flash memory, RAM, optical disk, any other
suitable memory device, or any combination thereof), one or
more printing devices, any other suitable output device, or
any combination thereof.

[0046] It will be understood that system 300 may be incor-
porated into system 10 (FIGS. 1 and 2) in which, for example,
input signal generator 310 may be implemented as parts of
sensors 12 and 102 and monitors 14 and 26, and processor
312 may be implemented as part of monitors 14 and 26. In
some embodiments, portions of system 300 may be config-
ured to be portable. For example, all or a part of system 300
may be embedded in a small, compact object carried with or
attached to the patient (e.g., a watch, a piece of jewelry, or a
cellular telephone). In such embodiments, a wireless trans-
ceiver (not shown) may also be included in system 300 to
enable wireless communication with other components of
system 10. For example, pre-processor 320 may output signal
316 over BLUETOOTH, 802.11, WiFi, WiMax, cable, satel-
lite, Infrared, or any other suitable transmission scheme. In an
embodiment, a wireless transmission scheme may be used
between any communicating components of system 300. As
such, system 10 (FIGS. 1 and 2) may be part of a fully portable
and continuous patient monitoring solution.

[0047] It will be understood that although each component
is drawn separately in FIG. 3, the components may be parts of
the same device or may be parts of different devices in various
combinations. For example, pre-processor 320 and processor
312 may be implemented by the same circuitry or device. In
an embodiment, processor 312 may be implemented by two
or more processing devices, which may be communicably
coupled. For example, a first processing device may be used
to derive a DOC measure based on an electrophysiological
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measurement, while a second processing device may be used
to derive an awareness metric based on another physiological
signal, such as a PPG.

[0048] In an embodiment, pre-processor 320 may be
excluded from system 300 and the physiological signal out-
put by input signal generator 310 may be provided directly to
processor 312, which may perform pre-processing operations
on the received signal. Pre-processor 320 may output the
processed physiological signal to a memory (suchas RAM 54
of FIG. 2) for storage, to processor 312, or both.

[0049] Processing operations that may be performed on
signal 316 are discussed below. It will be understood that such
operations may be performed by any suitable component in
system 300, such as pre-processor 320 and processor 312.
These components may be included in appropriate compo-
nents of system 10 of FIG. 1 (e.g., monitors 14 and 26). For
illustrative purposes only, and not by way of limitation, pro-
cessing operations may be described as performed by proces-
sor 312.

[0050] FIG. 4 depicts a flow chart 400 of illustrative steps
involved in depth of consciousness monitoring in accordance
with an embodiment. The steps of flow chart 400 may be
performed by processor 312, or may be performed by any
suitable processing device included in or communicatively
coupled to a monitoring device (e.g., monitor 14 (FIGS. 1 and
2) and/or 26 (FIG. 1)). The steps of flow chart 400 may be
executed over sliding windows of one or more signals. For
example, the steps of flow chart 400 may involve analyzing
the previous N samples of a signal, or the signal received over
the previous T units of time. The length of a sliding window
over which the steps of flow chart 400 may be executed may
be fixed or may be dynamic. In an embodiment, the length of
a sliding window may be based at least in part on the noise
content of a physiological signal. For example, the length of
a sliding window may increase with increasing noise. In an
embodiment, the length of a sliding window over which the
steps of flow chart 400 are executed may be based at least in
part on a patient condition. For example, the length of a
sliding window may decrease when a patient is undergoing
more rapid changes in physiological state, such as regaining
consciousness after anesthesia. The length of a sliding win-
dow may be different for different received signals, such as an
EEG and a PPG signal.

[0051] At step 402, a physiological signal may be received.
A physiological signal may be one or more electronic signals
representative of one or more physiological processes. In an
embodiment, a physiological signal may be representative of
one or more physiological processes indicative of the depth of
consciousness or level of awareness of a patient. A physi-
ological signal may be generated by sensor 12 (FIGS. 1 and 2)
and/or sensor 102 (FIG. 1), which may be implemented, for
example, as any of the sensor arrangements described herein.
A physiological signal may be signal 316 (FIG. 3), which may
be generated by pre-processor 320 (FIG. 3) coupled between
processor 312 (FIG. 3) and sensor 318 (FIG. 3). A physiologi-
cal signal may include multiple signals, for example, in the
form of a multi-dimensional vector signal, signals over mul-
tiple signal lines, or a frequency- or time-multiplexed signal.
Additionally, a physiological signal received at step 402 may
be generated internally to processor 312 (FIG. 3). For
example, the received signal may be based at least in part on
past values of a physiological signal, which may be retrieved
by processor 312 (FIG. 3) from a memory such as a buffer
memory or RAM 54 (FIG. 2).
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[0052] Inanembodiment, a signal received at step 402 may
include a PPG signal which may be obtained from sensor 12
(FIGS. 1 and 2) which may be coupled to a patient. In an
embodiment, a signal received at step 402 may include an
electrophysiological signal, which may be obtained from
electrophysiological sensor 102 (FIG. 1) coupled to a patient.
In an embodiment, the signal received at step 402 may include
both a PPG signal (e.g., from a forehead oximeter) and one or
more electrophysiological signals (e.g., from a forehead elec-
trode array). In an embodiment, the signal may be received at
step 402 in real time. In an embodiment, the signal may have
been stored in ROM 52 (FIG. 2), RAM 52 (FIG. 2), and/or
QSM 72 (FIG. 2) in the past and may be accessed by a
microprocessor such as microprocessor 48 (FIG. 2) within
monitor 14 (FIGS. 1 and 2) to be processed. One or more
physiological signals may be received at step 402 (e.g., as part
of input signal 316 (FIG. 3)) and may include one or more of
a Red PPG signal and an IR PPG signal.

[0053] Inanembodiment, a signal received at step 402 may
be filtered using any suitable filtering technique. For example,
a signal obtained from sensor 12 (FIGS. 1 and 3) may be
filtered by low pass filter 68 (FIG. 2) prior to undergoing
additional processing at microprocessor 48 (FIG. 2) within
patient monitoring system 10 (FIGS. 1 and 2). Low pass filter
68 (FIG. 2) may selectively remove frequencies that may later
be ignored by a transformation or other processing step,
which may advantageously reduce computation time and
memory requirements. In an embodiment, a signal received at
step 402 may be high-pass, comb or band-pass filtered. A
high-pass filter may be, for example, a derivative filter. In an
embodiment, a signal received at step 402 may be filtered to
remove a DC component. In an embodiment, the cutoff fre-
quencies of a filter may be chosen based on the frequency
response of the hardware platform underlying system 10
(FIGS. 1 and 2). In an embodiment, a signal received at step
402 may be normalized by dividing the signal by a DC com-
ponent.

[0054] Inanembodiment, a signal received at step 402 may
be transformed. A transformation may occur in conjunction
with the receiving at step 402, or after the signal is received at
step 402. In an embodiment, processor 312 (FIG. 3) may
transform the signal into any suitable domain, for example, a
Fourier, wavelet, spectral, scale, time, time-spectral, time-
scale domain, or any transform space. This transformation
may be performed by any suitable processing device, such as
processor 312 (FIG. 3) and/or microprocessor 48 (FIG. 2),
either of which may be a general-purpose computing device
or a specialized processor. The transformation may also be
performed by a separate, dedicated device. Processor 312
(FIG. 3) may further transform the original and/or trans-
formed signals into any suitable domain. In an embodiment,
atransformation may be based at least in part on a continuous
wavelet transformation. In an embodiment, a transformation
may include performing a continuous wavelet transform for
one or more physiological signals received at step 402, which
may include one or more electrophysiological signals, an IR
PPG signal, a Red PPG signal, or any combination of signals.

[0055] In an embodiment, pre- or post-processing tech-
niques may be applied to a signal received at step 402. These
techniques may include any one or more of the following:
compressing; multiplexing; modulating; up-sampling; down-
sampling; smoothing; taking a median or other statistic of the
received signal; taking one or more derivatives of the received
signal (e.g., with respect to time, space and/or scale); remov-



US 2012/0203087 Al

ing erroneous points or regions of the received signal; or any
combination thereof. In an embodiment, a normalization step
may be performed which divides the magnitude of the
received signal by a value. This value may be based on at least
one of the maximum of the received signal, the minimum of
the received signal and the mean of the received signal.

[0056] Different operations, which may include transfor-
mation, processing and/or filtering techniques, may be
applied to any one or more of the components of a multi-
component signal received at step 402. For example, different
operations may be applied to one or more electrophysiologi-
cal signals, a Red PPG signal and an IR PPG signal. An
operation may be applied to a portion or portions of a received
signal. An operation may be broken into one or more stages
performed by one or more devices within signal processing
system 300 (FIG. 3) (which may itself be a part of patient
monitoring system 10 (FIGS. 1 and 2)). For example, a filter-
ing techmque may be applied by input signal generator 310
(FIG. 3) prior to passing the resulting signal 316 (FIG. 3) to
processor 312 (FIG. 3), where it may undergo a transforma-
tion. Embodiments of the steps of flow chart 400 include any
of the operations described herein performed in any suitable
order.

[0057] Any number of computational and/or optimization
techniques may be performed in conjunction with the tech-
niques described herein. For example, any known informa-
tion regarding the physiological status of the patient may be
stored in memory (e.g., ROM 52 or RAM 54 of FIG. 2). Such
known information may be keyed to the characteristics of the
patient, which may be input via user inputs 56 (FIG. 2) and
used by monitor 14 (FIGS. 1 and 2) to, for example, query a
lookup table and retrieve the appropriate information. Addi-
tionally, any of the techniques described herein may be opti-
mized for a particular hardware implementation, which may
involve implementing any one or more of a pipelining proto-
col, a distributed algorithm, a memory management algo-
rithm, or any suitable optimization technique.

[0058] Once a physiological signal is received at step 402,
an awareness metric may be derived at step 404 based at least
in part on the physiological signal. An awareness metric may
be any quantification of a feature or features in the physiologi-
cal signal or a transformation of the physiological signal that
indicates the level of awareness (or depth of consciousness) of
a patient. In an embodiment, an awareness metric may be
derived from one or more PPG signals included in the physi-
ological signal received at step 402. An awareness metric may
be derived by any suitable processor, such as microprocessor
48 (FIG. 2), or may be extracted by special-purpose analog
hardware. In an embodiment, an awareness metric may be
calculated over a portion of the physiological signal within a
time window. Generally, “time window” may be used to refer
to either an interval of time, a number of pulses or periods of
a periodic signal, or a combination of the two. In an embodi-
ment, an awareness metric may be calculated over a single
pulse or multiple pulses within a PPG signal, representing one
or more cardiac pulses. The time window over which an
awareness metric may be derived may include past values of
a physiological signal. In an embodiment, an awareness met-
ric is first calculated from the physiological signal over each
of a first time window and a second time window, then the
values of the awareness metric over each window are com-
bined (e.g., by taking a difference, an absolute difference, an
average, or a ratio).
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[0059] An awareness metric derived at step 404 may
depend at least in part on one or more features of the physi-
ological signal received at step 402. FIG. 5 and FIGS. 6(a)-
6(f) illustrate features of a physiological signal that may be
used in the derivation of an awareness metric at step 404 in
accordance with the present disclosure. It will be understood
that these features are only examples, and that any suitable
feature or features of'a physiological signal that contain infor-
mation about a patient’s level of awareness (or depth of con-
sciousness) may be used with the techniques described
herein.

[0060] Local minima and local maxima points may be iden-
tified as features in a physiological signal. For example,
microprocessor 48 (FIG. 2) may compute the first or second
derivative of the physiological signal (or a portion thereof) to
identify turning points in the physiological signal. In one
suitable approach, local minimum and local maximum points
may be defined as turning points (i.e., points in the physi-
ological signal where the slope changes from positive to
negative or negative to positive). For example, as shown in
illustrative signal 500 of FIG. 5, points 510, 520 and 530 may
be identified as local minima points while points 512, 522 and
532 may be identified as local maxima points. Local or global
extrema may indicate a change in a physiological parameter
associated with a change in awareness, such as blood pres-
sure, vasotone, compliance, heart rate, and/or cardiac output.
[0061] Pulses may be identified as features in a physiologi-
cal signal. A pulse may include at least one upstroke segment
and at least one adjacent downstroke segment (which may be
identified, for example, by local minima and maxima points
or any other suitable technique). Within a pulse, there may be
further combinations of smaller upstroke and downstroke
segments which may indicate dichrotic, shoulder and/or
ankle notches of a PPG signal (depending on the locations of
the segments). For example, point 520 may represent a
dichrotic notch in a PPG signal. A ratio of a duration of the
downstroke and a duration of the upstroke from one or more
pulses may be identified as a feature in a physiological signal.
Features indicative of the changing morphology of the pulses
may indicate a change in a physiological parameter associ-
ated with a change in awareness, such as blood pressure,
vasotone, compliance, heart rate, and/or cardiac output. Tech-
niques for identifying pulses in physiological signals are
described in Watson, U.S. application Ser. No. 12/242,908,
filed Sep. 30, 2008, entitled “SYSTEMS AND METHODS
FOR DETECTING PULSES;,” which is incorporated by ref-
erence herein in its entirety.

[0062] Characteristic amplitudes may be identified as fea-
tures in a physiological signal. A characteristic amplitude
may include a peak amplitude, a minimum amplitude, or a
mean amplitude. Amplitude, or changes in amplitude, may
indicate a change in a physiological parameter associated
with a change in awareness, such as blood pressure, vasotone,
compliance, heart rate, and/or cardiac output. A baseline
value may be identified, which may be defined as the mean
minimum amplitude over a time window or a mean amplitude
over atime window (or running mean, as illustrated by dashed
line 540). A baseline of a pulse may also be defined by a line
extending from a starting point of the pulse to an ending point
of the pulse, as discussed below.

[0063] The period of a pulse and/or the frequency of pulses
may be identified as features in a physiological signal. For
example, the period of the pulse identified between local
maxima 512 and 532 is indicated by T, 544. The path length
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of a pulse, defined as the sum of the absolute values of the
differences between subsequent samples taken over the dura-
tion of the pulse, may be identified as a feature in a physi-
ological signal. Period or frequency of pulses may be used to
determine heart rate, which may itself be a feature in a physi-
ological signal. It is known, for example, that patient arousals
during sleep may cause an associated increase in heart rate.

[0064] An augmentation index may be identified as a fea-
ture in a physiological signal. An augmentation index may be
calculated as the ratio of the height at a dichrotic notch in a
PPG signal to the cardiac pulse height. For example, if signal
500 represents a PPG signal, an augmentation index at the
dichrotic notch represented by point 520 may be calculated as
the ratio of d, 542 to d, 546. In another example, an augmen-
tation index at the dichrotic notch represented by point 548
may be calculated as the ratio of d, 550 to d, 552. An aug-
mentation index calculated from a PPG signal may be indica-
tive of the compliance of a patient’s circulatory system.

[0065] FIGS. 6(a)-6(f) depict illustrative physiological sig-
nal pulses 600-1100 whose areas may be computed (e.g., by
processor 312 of FIG. 3) as features in a physiological signal.
In particular, each pulse 600-1100 shows a different area that
may be measured and used as a feature when deriving an
awareness metric. Although only one pulse is shown and
described below in the context of the disclosure, it should be
understood that the areas of multiple pulses may be measured
and used in an awareness metric, for example, by using the
median, maximum, minimum, average, or any other suitable
function of multiple pulse area measurements. Different
areas, comparisons between different areas, or changes in
area may indicate a change in a physiological parameter
associated with a change in awareness, such as blood pres-
sure, vasotone, compliance, heart rate, and/or cardiac output.

[0066] In some embodiments, the area of a pulse may be
measured relative to a baseline of the pulse. Pulse 600 of FIG.
6(a) is illustrative of an embodiment. Pulse 600 includes a
starting point 610, an ending point 620 and a baseline 630
which s represented by a line segment connecting the starting
and ending points of the pulse. Area 640 may be the area of the
entire pulse (between points 610 and 620) relative to baseline
630. A similar area of one or more subsequent pulses may also
be measured relative to baseline 630 or relative to their
respective baselines. The mean, max, min, average or some
other suitable value may be computed between the one or
more areas (i.e., the area of the first pulse and the areas of one
or more subsequent pulses). Processor 312 (FIG. 3) may use
the mean, max, min, average or other suitable value in an
awareness metric derivation.

[0067] Insomeembodiments,the areaofasignal pulse may
be measured relative to a time-domain axis. Pulse 700 of FIG.
6(b) is illustrative of an embodiment. Pulse 700 includes a
starting point 710 and an ending point 720. Area 730 is the
area of the entire pulse 700 (between points 710 and 720)
relative to a constant-valued baseline defined by a minimum
value of the pulse, or alternatively, the time-domain axis. A
similar area of one or more subsequent pulses may be mea-
sured relative to a similar, subsequently-derived constant-
valued baseline. The mean, max, min, average or some other
suitable value may be computed between the multiple areas
(i.e., the area of the first pulse and the areas of one or more
subsequent pulses) by processor 312 (FIG. 3). Processor 312
(FIG. 3) may use the mean, max, min, average or other suit-
able value in an awareness metric derivation.
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[0068] In some embodiments, the area of an upstroke or
downstroke of a physiological signal pulse may be measured
relative to a constant-valued baseline or time-domain axis of
the pulse. Pulse 800 of FIG. 6(c) is illustrative of an embodi-
ment. Pulse 800 includes a starting point 810, ending point
820 and maximum point 840. Area 830 of the pulse represents
the area of the pulse corresponding to the upstroke of the
pulse (e.g., the area between the starting point 810 of the pulse
and the maximum point 840 of pulse 800 relative to a con-
stant-valued baseline with an amplitude value having the
same value as point 810). Similarly, an area of the pulse
corresponding to the downstroke of the pulse may be mea-
sured (e.g., the area between the maximum point 840 and the
ending point 820 of pulse 800 relative to the constant-valued
baseline with an amplitude value having the same value as
point 820). The area of one or more subsequent upstrokes or
downstrokes of one or more pulses may also be measured
relative to the similarly derived constant-valued baseline. The
mean, max, min, average or some other suitable value may be
computed between the multiple areas (i.e., the area of the
upstroke or downstroke of the first pulse and the areas of the
upstrokes or downstrokes of one or more subsequent pulses)
by processor 312 (FIG. 3). Processor 312 (FIG. 3) may use the
mean, max, min, average or other suitable value in an aware-
ness metric derivation.

[0069] In some embodiments, the area of an upstroke or
downstroke of the pulse may be measured relative to a base-
line of the pulse. Pulse 900 of FIG. 6(d) is illustrative of an
embodiment. Area 950 may be measured from the portion
under pulse 900 between baseline 940, maximum point 930
and starting point 910. Area 950 may represent the area of the
pulse corresponding to the upstroke of the pulse relative to the
baseline. Similarly, an area of the pulse corresponding to the
downstroke of the pulse may be measured for an area covered
between the line extending from maximum point 930 and
ending point 920. The area of one or more subsequent
upstrokes or downstrokes of one or more pulses may also be
measured relative to baseline 940 or their respective base-
lines. The mean, max, min, average or some other suitable
value may be computed between the multiple areas (i.e., the
area of the upstroke or downstroke of the first pulse and the
areas of the upstrokes or downstrokes of one or more subse-
quent pulses) by processor 312 (FIG. 3). Processor 312 (FIG.
3) may use the mean, max, min, average or other suitable
value in an awareness metric derivation.

[0070] In some embodiments, a PPG signal pulse may be
split into different sections and the area of each section may
be used in an awareness metric derivation. For example, pulse
1000 of FIG. 6(e) is depicted as split into two sections. The
pulse may be split along segment 1070 which may extend
from an approximate midpoint of the upstroke of the pulse (a
point between the starting point 1010 and maximum point
1060) to an approximate midpoint of the downstroke of the
pulse (a point between maximum point 1060 and end point
1020).

[0071] Although segment 1070 extending from the mid-
point is drawn parallel to baseline 1040, it should be under-
stood that segment 1070 may be drawn at any angle relative to
baseline 1040 without departing from the scope of this dis-
closure. It should also be understood that although segment
1070 is shown and described as extending from the midpoint
of'the upstroke of the pulse, segment 1030 (or segment 1050)
may extend from any point along the upstroke of the pulse to
any point along the downstroke of the pulse to split the pulse
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into two sections. For example, the pulse may be split with a
segment drawn from the starting point of a dichrotic or some
other notch in the pulse parallel to the baseline or with some
other suitable slope. It should also be understood that the
areas of each section of the split pulse may be measured
relative to the time-domain axis as discussed above.

[0072] In some embodiments, the pulse may be split into
three sections and the areas of two of the three sections may
be measured and used in an awareness metric derivation. For
example, two segments may be drawn, one extending from
slightly above the midpoint and one extending from slightly
below the midpoint forming an upper section and a lower
section separated by a middle section. The areas of the upper
section and lower sections may be used in an awareness
metric while the middle section may be ignored. Alterna-
tively, any combination of two of the three sections may be
measured and used in an awareness metric derivation.
[0073] The areas of multiple pulses and their respective
sections may be similarly measured and a mean, median,
average, maximum, or some other suitable value may be
computed between the multiple respective areas. Processor
312 (FIG. 3) may use the mean, max, min, average or other
suitable value in an awareness metric derivation.

[0074] In some embodiments, pulse 1000 may be filtered
such that the pulse is aligned along the time-domain axis as
shown in FIG. 6(f) as pulse 1100. In particular, a filter or some
other suitable technique may be applied to pulse 1000 to
cause the portion of the pulse that is above the segment 1080
(corresponding to segment 1070 of FIG. 6(e)) extending from
the midpoint of the pulse to be positioned above the time-
domain axis (such that it corresponds to positive amplitudes)
and the section below the midpoint to be positioned below the
time-domain axis (such that it corresponds to negative ampli-
tudes). This may simplify measuring areas of multiple pulses
because all of the positive areas of the multiple pulses may
correspond to the upper pulse sections and all of the negative
areas of the multiple pulses may correspond to the lower pulse
sections. A mean, max, median, min, or some other suitable
value may more easily be computed from the multiple area
measurements. Processor 312 (FIG. 3) may use the mean,
max, min, average or other suitable value in an awareness
metric derivation. Techniques for calculating areas of physi-
ological signals are described in Sethi, U.S. application Ser.
No. 12/242,867, filed Sep. 30, 2008, entitled “SYSTEMS
AND METHODS FOR NON-INVASIVE CONTINUOUS
BLOOD PRESSURE DETERMINATION;,” which is incor-
porated by reference herein in its entirety.

[0075] Theskewness ofa physiological signal may be iden-
tified as a feature in a physiological signal. Skewness gener-
ally refers to the asymmetry of a signal around its mean or
average value, and may capture, for example, the initial
highly negative portion and subsequent smaller positive por-
tion of a pulse of a PPG time derivative signal. Other skew-
ness measures that capture this feature may include the ratio
of the positive area or peak of a PPG time derivative signal to
the negative area or peak of a PPG time derivative signal, or
the ratio of the duration of the upstroke to the duration of the
downstroke of a PPG signal. Examples of skewness calcula-
tions that may be used in accordance with the techniques
provided herein are described in Watson et al., U.S. patent
application Ser. No. 12/494,971, filed Jun. 30, 2009, entitled
“SYSTEMS AND METHODS FOR ASSESSING MEA-
SUREMENTS IN PHYSIOLOGICAL MONITORING
DEVICES,” which is incorporated by reference herein in its
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entirety. A long-term change in skewness may indicate a
change in signal morphology, which in turn may indicate a
change in, for example, blood vessel compliance.

[0076] As described above, an awareness metric may quan-
tify any one or more features of a physiological signal indica-
tive of a patient’s level of awareness. As such, an awareness
metric may be based on one or more features which indirectly
or directly convey information about patient awareness. For
example, a pulse rate may be obtained from a PPG signal and
used to determine whether a patient is in a low awareness state
(e.g., when the pulse rate is below a nominal, waking value).
An awareness metric may also quantify a change in one or
more features of a physiological signal over time, which may
also convey information about patient awareness.

[0077] Inanembodiment, a pulse transit time (PTT) wave-
form may be used to indicate a patient’s level of awareness. A
PTT waveform may represent a time difference between a
first pulse event and second pulse event. For example, pulse
transit time or any other suitable time difference may be
computed as the time difference between a first identified
characteristic point from a filtered PPG signal derived from a
PPG signal generated by a first sensor and a second identified
characteristic point from a filtered PPG signal derived from a
PPG signal generated by a second sensor. A PTT waveform
may exhibit features indicative of microarousal activity (i.e.,
a brief period of awakening, sometimes clinically character-
ized by EEG activity), and thus awareness. Examples of PTT
calculations that may be used in accordance with the tech-
niques provided herein are described in Watson et al., U.S.
patent application Ser. No. 12/568,946, filed Sep. 29, 2009,
entitled “SYSTEMS AND METHODS FOR HIGH-PASS
FILTERING A PHOTOPLETHYSMOGRAPH SIGNAL,”
which is incorporated by reference herein in its entirety.
[0078] Inanembodiment, apulse effort signal may be used
to indicate a patient’s level of awareness (e.g., as a proxy for
a PTT waveform). An effort signal may relate to a measure of
strength of at least one repetitive feature in a signal, such as
pulses or respiration features in a PPG signal. In another
embodiment, effort may relate to physical effort of a process
that may affect the signal (e.g., effort may relate to work of a
process). An effort may be based on a scalogram derived from
a continuous wavelet transform of a signal such as a PPG
signal. Examples of effort signal derivations that may be used
in accordance with the techniques provided herein are
described in Addison et al., U.S. application Ser. No. 12/245,
366, filed Oct. 3, 2008, entitled “SYSTEMS AND METH-
ODS FOR DETERMINING EFFORT,” which is incorpo-
rated by reference herein in its entirety. Monitoring
respiratory effort may be particularly useful when a patient is
becoming aware and beginning to breathe by himself or her-
self.

[0079] Inan embodiment, vasoconstriction, which may be
caused by an arousal from sleep or an unconscious state and
thus correspond to an increase in awareness, may manifest
itself in a PPG waveform as a change in pulse morphology.
For example, vasoconstriction may be indicated by a reduced
cardiac pulse amplitude, or a change in augmentation index.
In an embodiment, a change in cardiac output (e.g., an
increase) may also be used as an indication of arousal or
increased awareness. A change in cardiac output may be
manifest in PPG signal features as an increased pulse rate
and/or a decreased pulse amplitude. Further, increased
venous return, which may be linked to cardiac output, may
also manifest itself as one or more features in a physiological
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signal. For example, increased venous return may contribute
to or alter a baseline value of a PPG signal. One mechanism
for this relationship may be that increased venous return
implies less venous pooling, which in turn may lead to more
light transmitted through a patient’s tissue (e.g., a finger)
during an oximetry reading and thus a change in a PPG
baseline.

[0080] Accordingly, in an embodiment, an awareness met-
ric may detect one or more features of a physiological signal
related to a change in vasotone. Such a metric may, for
example, quantify a change in a baseline value of a PPG
signal, a change in heart rate (e.g., as determined from a PPG
signal, a blood pressure signal, or any other physiological
signal capable of communicating heart rate information), a
change in or value of an augmentation index of a PPG signal,
a change in an area of a pulse of a physiological signal, a
change in a pulse amplitude, a change in a notch position, any
other suitable feature or change in features, or any combina-
tion of the above.

[0081] Awareness metrics may also include normalized
and generalized versions of metrics described herein, and
may be applied to one or more pulses or time windows and
combined via any suitable transformation. For example, an
awareness metric may be based at least in part on a change of
shape between two instances or windows of a physiological
signal received at step 402 of FIG. 4. An awareness metric
may be based on a linear or non-linear combination or com-
parison of two or more components of a physiological signal
received at step 402 (e.g., an electrophysiological signal and
a PPG signal).

[0082] In an embodiment, an awareness metric may be
derived over time (continuously or at discrete time instances).
A time sequence of such values may be combined to form a
time-dependent awareness metric waveform. FIG. 7 depicts
illustrative awareness metric waveform 1102. The particular
shape of awareness metric waveform 1102 depicted in plot
1104 is simply illustrative; an awareness metric waveform
may be calculated in accordance with any of the techniques
described herein, and may have any resulting shape. As dis-
cussed below, in an embodiment, an awareness metric wave-
form may be used at step 408 (FIG. 4) to evaluate derived
quantities.

[0083] At step 406 of FIG. 4, one or more DOC measures
may be derived. A DOC measure is any measure or index of
a patient’s depth of consciousness. For example, a DOC mea-
sure may be a BIS index, as discussed previously. In an
embodiment, the physiological signal received at step 402
may include an electrophysiological signal (e.g., from a fore-
head sensor) and a DOC measure may be based on the elec-
trophysiological signal, which may include one or more of an
EEG signal, an EMG signal and an EOG signal. In an embodi-
ment, a DOC measure may be based on a respiratory signal,
such as a signal representing the rise and fall of a patient’s
chest during respiration as measured by a transducer attached
to a chest or abdominal strap; temperature changes in a
patient’s nasal or oral cavities as measured by a thermo-
couple; or pressure/airflow changes measured by, for
example, one or more transducers in the respiratory tract. In
an embodiment, a DOC measure derived at step 406 may be
based on a physiological signal received at step 402, and may
differently quantify features of the signal than the awareness
metric derived at step 404. As described above, a BIS index
may be derived utilizing a composite of measures from EEG
and physiological signal processing techniques including
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bispectral analysis, power spectral analysis, and time domain
analysis. In another example, a derived awareness metric may
be based on a time-domain analysis of the received signal,
while a DOC measure may be based on a spectral domain
analysis. In another example, a derived awareness metric may
use a first feature of a received signal to quantify awareness,
while a DOC measure may be based on a second feature of the
received signal.

[0084] Atstep 408, an awareness metric derived at step 404
and a DOC measure derived at step 406 (referred to herein as
“the derived quantities”) may be evaluated. In an embodi-
ment, step 408 may include determining a confidence for one
or more of the derived quantities. Certain types of noise and
artifact may influence one of these quantities more than
another, and such noise may reduce the amount of useful
information regarding patient consciousness that may be
obtained from the quantity. For example, certain patient
movements may distort an awareness metric derived from a
PPG signal while having little or no influence on a DOC
measure such as a BIS index, while certain types of hardware
noise may distort a BIS index calculation while leaving a PPG
signal largely unperturbed. Determining a confidence in a
quantity at step 408 may involve determining an amount
(relative or absolute) of useful information about patient
awareness and/or depth of consciousness contained in the
quantity. Determining a confidence in a quantity may involve
determining an amount of noise affecting the quantity.
[0085] Determining a confidence in a quantity such as an
awareness metric or a DOC measure, as may be performed at
step 408, may involve deriving qualitative or quantitative
measurements of the quality of the information contained in
the quantity. A confidence may be a single value, or may be a
waveform that varies in time. In an embodiment, a confidence
in one or more of an awareness metric and a DOC measure
may be based on a correlation between the quantities. In an
embodiment, a correlation may be based on the Pearson prod-
uct moment correlation, and may be calculated in accordance
with

-
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where T is the number of samples or measurements; x, and y,
are the ith measurements of the derived quantities x and y,
respectively (e.g., an awareness metric and a DOC measure);

x and y are the respective sample means; and s, and s, are the
respective sample standard deviations. A correlation may be
calculated in accordance with any known techniques, includ-
ing those described in Watson et al., U.S. patent application
Ser. No. 12/398,826, filed Mar. 5, 2009, entitled “SYSTEMS
AND METHODS FOR MONITORING HEART RATE
AND BLOOD PRESSURE CORRELATION,” which is
incorporated by reference herein in its entirety. A correlation
may also be carried out on a transformation of the measure-
ments (e.g., in the Fourier or wavelet domains), or on a filtered
or otherwise mathematically manipulated version of the mea-
surements (e.g., removing noisy, outlying or erroneous values
prior to performing a correlation calculation).

[0086] Inanembodiment, a confidence may be determined
based on an assessment of an amount or type of noise affect-
ing one or more of an awareness metric and a DOC measure.
Assessing an amount of noise may involve detecting a char-
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acteristic waveform feature, such as a feature corresponding
to the noise signature of a hardware device in the environment
(e.g., 60 Hz interference). Assessing an amount of noise may
involve detecting an abnormality in features of a waveform,
such as those that arise in a PPG or EEG during patient
movement. An amount of noise may be assessed by a quan-
titative or qualitative assessment, which may be used in an
inverse or complementary relationship to a confidence deter-
mination. Additional noise characterization techniques are
described in Addison et al., U.S. patent application Ser. No.
12/497,824, filed Jul. 6, 2009, entitled “SYSTEMS AND
METHODS FOR EVALUATING A PHYSIOLOGICAL
CONDITION,” which is incorporated by reference herein in
its entirety.

[0087] In an embodiment, an evaluation at step 408 may
include a validation of one or more of the derived quantities.
A validation may include determining whether or not a
derived quantity falls within a range of physiologically rel-
evant values (which may be predefined and stored, for
example, in ROM 52 (FIG. 2)). Validation may include a
cross-comparison of one or more of the derived quantities
with another quantity, such as another derived quantity, a
previously-derived quantity or a quantity derived from
another signal. A cross-comparison may determine whether
the physiological information conveyed by one or more of the
derived quantities is reasonable and/or consistent with addi-
tional information about a patient.

[0088] Inanembodiment, step 408 may include evaluating
an awareness metric waveform (e.g., awareness metric wave-
form 1102 (FIG. 7)) to identify an awareness event. Such an
embodiment is discussed in detail further below.

[0089] At step 410 of FIG. 4, DOC information may be
provided. This DOC information may be based at least in part
on the evaluation at step 408. In an embodiment, information
from the awareness metric derived at step 404 and the DOC
measure derived at step 406 may be combined to provide
DOC information at step 410. For example, the derived quan-
tities may be combined in a weighted sum to form a combined
measure. In an embodiment, one or more of the quantities
derived at steps 404 and 406 may be manipulated (e.g.,
resealed by a linear or non-linear function) so that the two
quantities may be suitably combined by a weighted sum. A
combined measure based on a weighted sum of an awareness
metric (e.g., as derived from features of a PPG signal) and a
DOC measure (e.g., a BIS index) may be output (e.g., via
output 314 (FIG. 3)) to a suitable display such as display 28
(FIG. 1) of multi-parameter patient monitor 26 (FIG. 1).
[0090] At step 410 of FIG. 4, information from the derived
quantities may be combined based at least in part on a confi-
dence or confidences determined at step 408. In an embodi-
ment, the quantities may be combined by performing a
weighted summation, where the weighting of a particular
quantity depends at least in part on an associated confidence.
For example, a combined DOC measure, X,,,,;, may be cal-
culated in accordance with

@
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where N represents the total number of quantities (e.g.,
instances of the derived quantities) to be combined, w, repre-
sents the weight associated with quantity i and X, represents
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the value of quantity i. The weight w, may be calculated in any
of' a number of ways. In an embodiment, the weight w, is a
monotonic transformation of any of the confidences
described above with reference to step 408. An awareness
metric and a DOC measure may also be combined via any
suitable nonlinear combination, which may or may not
include weights as described above.

[0091] Inan embodiment, combining an awareness metric
and a DOC measure at step 410 may include a threshold test
on one or more of the quantities. A threshold test may deter-
mine the degree to which a quantity should be included in a
combination. Generally, a threshold test on a value may test
any of a number of threshold conditions, including whether
the value exceeds a single threshold, whether the value is
below a single threshold, or whether the value falls within a
specified range or ranges. A threshold test may be fixed, and
retrieved by processor 312 (FIG. 3) from ROM 52 (FIG. 2) or
RAM 54 (FIG. 2). A threshold test may be dynamic and
depend, for example, on previously-derived awareness met-
rics, previously-derived DOC measures, additional measures
of awareness, or any combination thereof. A threshold test
may also depend on secondary signal quality indicators, such
as an electromagnetic noise measuring device or a signal
arising from sensor 318 (FIG. 3) indicating a malfunction or
undesirable operating condition. In an embodiment, a quan-
tity may be included in the combination if an associated
confidence exceeds a threshold, and may not be included
otherwise. In an embodiment, a quantity may be included in
the combination with a first weight if an associated confi-
dence exceeds a first threshold, and may be included in the
combination with a second, higher weight if the associated
confidence exceeds a second, higher threshold. These specific
embodiments are illustrative, and appropriate threshold tests
may include any number of threshold conditions and result-
ing implications for the combination of derived quantities.

[0092] Step 410 of FIG. 4 may include outputting DOC
information. DOC information may be output through a
graphical representation, a quantitative representation, a
qualitative representation, or combination of representations.
DOC information may be output via output 314 (FIG. 3) and
may be controlled by processor 312 (FIG. 3). Output 314 may
transmit DOC information by any means and through any
format useful for informing a patient and/or a care provider of
a patient status and may involve recording DOC information
to a storage medium. Quantitative or qualitative DOC infor-
mation provided by output 314 may be displayed on a display
(e.g., display 28 (FIG. 1)). A graphical representation may be
displayed in one, two, or more dimensions and may be fixed
or change with time. A graphical representation may be fur-
ther enhanced by changes in color, pattern, or any other visual
representation. Output 314 may communicate DOC informa-
tion by performing at least one of the following: presenting a
screen on a display; presenting a message on a display; pro-
ducing a tone or sound; changing a color of a display or a light
source; producing a vibration; and sending an electronic mes-
sage. Output 314 may perform any of these actions in a device
close to the patient, or at a mobile or remote monitoring
device as described previously. In an embodiment, output 314
produces a continuous tone or beeping whose frequency
changes in response to changes in a patient’s DOC. In an
embodiment, output 314 produces a colored or flashing light
which changes in response to changes in a patient’s DOC.

[0093] As described above, in an embodiment, step 408 of
FIG. 4 may include determining a confidence for one or more
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ofthe derived quantities. In such an embodiment, one or more
of the derived quantities may be provided as DOC informa-
tion along with the determined confidence at step 410. For
example, a DOC measure derived at step 406 (e.g., a BIS
index) may be displayed on a patient monitor along with a
confidence level indication based at least in part on an aware-
ness metric derived at step 404. A confidence level indication
may be a numeric value (e.g., a percentage from 0 to 100
indicating minimal to maximal confidence in a derived quan-
tity) or may be a qualitative indicator (e.g., a green, yellow or
red color indicator, each indicating one of three levels of
confidence).

[0094] In an embodiment, a confidence determined at step
408 may be subject to a threshold test at step 410 to determine
how DOC information is to be determined and/or provided.
For example, a correlation between an awareness metric
derived at step 404 and a DOC measure derived at step 406
may be used to provide a confidence in the awareness metric
or the DOC measure. If this confidence is high enough (e.g.,
if the correlation exceeds a threshold value), monitoring
operations may be performed according to a nominal set of
parameters. This nominal parameter set may correspond to a
“normal” operating state of the patient monitoring system.
Such a set of parameters may include displaying one or more
of the derived quantities on at least one of display 20 (FIGS.
1 and 2) and display 28 (FIG. 1), storing one or more of the
derived quantities (e.g., in RAM 54 (FIG. 2)), using one or
more of the derived quantities in other calculations performed
by the system, or any combination thereof. Such calculations
may include a patient condition estimation routine or a patient
status prediction routine.

[0095] If it is determined at step 410 of FIG. 4 that the
confidence does not pass the threshold test (e.g., the correla-
tion falls below a threshold value), monitoring operations
may be performed according to an alternate set of parameters.
This alternate parameter set may correspond to a “low confi-
dence” operating state of the patient monitoring system. Such
a state may indicate reduced confidence in the amount of
information about patient awareness contained in one or more
of the derived awareness metric and the derived DOC mea-
sure. The corresponding parameter set may include display-
ing a “low confidence” warning signal via display 20 (FIGS.
1 and 2) or display 28 (FIG. 1), or an audible warning via
speaker 22 (FIGS. 1 and 2) or speaker 30 (FIG. 1). In some
embodiments, a parameter display color may change as the
confidence decreases (e.g., from green to yellow to red). In
some embodiments, the range of error or confidence may be
indicated numerically or graphically. The parameter set may
also include suppressing the display of one or more of the
derived quantities, suppressing the storing of one or more of
the derived quantities, suppressing the use of one or more of
the derived quantities in other calculations performed by the
system, or any combination thereof.

[0096] Inanembodiment,a patient monitoring system may
use a confidence determined at step 408 of FIG. 4 to adjust
monitoring operations. For example, multi-parameter moni-
tor 26 (FIG. 1) may provide a derived DOC measure on
display 28 (FIG. 1). This derived DOC measure may be
calculated by processor 312 (FIG. 3) as a running average of
measurements made of one or more physiological signals
(e.g., a physiological signal received at step 402 of FIG. 4 or
any one or more additional physiological signals) over a time
window. A confidence determined at step 408 may be used to
determine the length of this time window, with lower confi-
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dence values suggesting wider time windows and vice versa.
Alternately, the length of the time window may be fixed, but
each measurement within the window may be weighted
within a running average by an associated confidence. In such
an embodiment, a low confidence measurement or derived
quantity may have relatively less influence on the DOC infor-
mation displayed by multi-parameter monitor 26 (FIG. 1)
than a higher confidence measurement or derived quantity.

[0097] As suggested above, in an embodiment, step 408 of
FIG. 4 may include generating an electronic awareness event
flag representative of an awareness event. An awareness event
flag may identify a value or change in a derived awareness
metric which indicates a level or change in level of patient
awareness (e.g., flagging a microarousal event). In an
embodiment, an awareness event flag may be used to “over-
ride” a DOC measure nominally made at step 406 or provided
at step 410. For example, an increase in cardiac output (e.g.,
detected by an increase in heart rate and/or a decrease in pulse
amplitude of a PPG signal) may indicate that a patient is
highly aware and thus an awareness event flag may be gen-
erated. Information regarding the awareness event flag may
be displayed to a care provider in lieu of or in addition to a
DOC measure.

[0098] An electronic awareness event flag may be gener-
ated, for example, by processor 312 (FIG. 3) and transmitted
to output 314 (FIG. 3). Output 314 may represent an indicator
device such as displays 20 (FIGS. 1 and 2) and 28 (FIG. 1),
speakers 22 (FIGS. 1 and 2) and 30 (FIG. 1), a paper or
physical recording device, an electronic memory such as
RAM 54 (FIG. 2), or any combination thereof. An electronic
awareness event flag generated at step 408 of FIG. 4 may take
any suitable form for communication of awareness event
information to a device, patient or care provider.

[0099] Plot 1104 of FIG. 7 depicts a number of features of
awareness metric waveform 1102 that may be used to gener-
ate an awareness event flag. An illustrative event flag process
will now be discussed with reference to FIG. 7. In an embodi-
ment, an awareness event flag may be generated based at least
in part on a comparison between a derived awareness metric
and at least one reference value. For example, at time point t .
1106, a corresponding awareness metric value A_ 1108 may
be determined. Awareness metric value A, 1108 may then be
compared against a reference value. In an embodiment, a
reference value may be a value derived from past values of
awareness metric waveform 1102. These past values may be
values arising over a time window or windows. As described
above, the term “time window” may be generally used to refer
to one or more intervals of time, a number of periods in a
signal with periodic features, or a combination thereof. For
example, awareness metric value A 1108 may be compared
against a reference value calculated over a time window of
length T, 1110 located at a time delay T, 1112 prior to t.
1106. In an embodiment, the length T,,, 1110 may be chosen
to roughly correspond to an integer number of heartbeats of a
patient. The reference value calculated over a time window
may include any of a mean value, a weighted mean value, a
median value, a maximum value, a minimum value, a gradi-
ent value, a standard deviation value, or any of a number of
measures described herein and described in additional detail
below. In an embodiment, a reference value may be derived
from substantially all past values of awareness metric wave-
form 1102, and may be based at least in part on any of the
above measures. In an embodiment, a reference value may be
a fixed value, or may be based on patient-specific information
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such as age, weight, gender, health status, type of anesthetic
or analgesic administered, amount of anesthetic or analgesic
administered, past history of consciousness during anesthesia
or analgesia administration, duration of unconsciousness, any
other relevant criterion, or any combination thereof. Refer-
ence values based on past values of an awareness metric
waveform may be advantageously applied to physiological
signals that vary considerably from patient to patient and
across time, and may improve the accuracy of awareness
event detectors by making useful assessments of relative
awareness. In an embodiment, an awareness metric value or
waveform may be provided along with a triggered flag to
provide additional information regarding a detected aware-
ness event.

[0100] Inanembodiment, a comparison between an aware-
ness metric value (e.g., from awareness metric waveform
1102 of FIG. 7) and a reference value may take the form of a
threshold test as described above. A threshold test may be
fixed, and retrieved by processor 312 (FIG. 3) from ROM 52
(FIG. 2) or RAM 54 (FIG. 2). A threshold test may be
dynamic and depend, for example, on past values of a
received physiological signal or derived signal (such as
awareness metric waveform 1102). A threshold test may also
depend on signal quality indicators, such as an indicator
arising from an electromagnetic noise measuring device or a
signal arising from sensor 318 (FIG. 3) indicating a malfunc-
tion or undesirable operating condition. In such an embodi-
ment, an indicator of low signal quality may result in adjust-
ing the parameters of a threshold test to reduce the possibility
of false alarm or a missed awareness event.

[0101] In an embodiment, thresholds may be set at points
above a reference value, below a reference value, substan-
tially equal to a reference value, or any combination thereof
These thresholds may define a range or ranges of values
within which the awareness metric value may fall. For
example, FIG. 7 illustrates a reference value p 1114, which is
the mean value calculated over the illustrated window of
length T, 1110. Upper threshold o.,,1116 and lower thresh-
old a; 1118 may be set. Upper and lower thresholds may be
located at equal intervals from the reference value, or may be
located at unequal intervals. Thresholds may vary in time, and
may be based at least in part on awareness metric waveform
1102. In an embodiment, a threshold may be set at a multiple
of the standard deviation of the awareness metric waveform
over a time window above or below a reference value. In an
embodiment, a threshold may be set as a multiple or fraction
of the mean of the awareness metric waveform over a time
window.

[0102] In an embodiment, multiple thresholds may be set.
Each of these multiple thresholds may indicate a different
level or nature of an awareness event. Each of these multiple
thresholds may trigger a corresponding awareness event flag,
which may have differing values. A threshold test may
include one or more upper thresholds, one or more lower
thresholds, or a combination thereof. Thresholds may be set
based on any number of factors, including features of the
awareness metric waveform, signal quality indicators, and
patient-specific information. Factors that may influence the
setting of thresholds are discussed in additional detail below.
[0103] The results of a threshold test may trigger an aware-
ness event flag. For example, FIG. 7 illustrates an awareness
event flag triggered at time t; 1120 when awareness metric
waveform 1102 exceeds upper threshold o, 1116. The trig-
gering of the awareness event flag is indicated in plot 1122 of
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FIG. 7 by an event flag value of “1.” In an embodiment,
generating an awareness event flag may include setting an
awareness event flag variable equal to a specified value or
values in a memory (e.g., RAM 54 (FIG. 2)). In an embodi-
ment, generating an awareness event flag may include gener-
ating alogic signal that may be passed directly to an output. In
an embodiment, generating an awareness event flag may
include generating a signal to be transmitted which encodes
the result of a threshold test in an amplitude, frequency, duty
cycle, waveform shape, or other feature of a signal. At time .
1124, the value of the awareness event flag is set back to “0,”
which may indicate the end of an awareness event or a return
to a nominal patient state. Resetting the event flag to “0,” or
performing any adjustment of an event flag or flags, may be
triggered by a threshold test or tests as described above. As is
discussed in additional detail below, in an embodiment, one
or more different flags may be generated to indicate one or
more types of awareness events. It will be understood that the
triggering of an event flag in response to an awareness metric
waveform exceeding an upper threshold, as illustrated in FIG.
7, is simply an example of an awareness event determination
process. Many other such processes are within the scope of
this disclosure. For example, an awareness event flag may be
triggered when an awareness metric waveform decreases
below a lower threshold (such as lower threshold a; 1118),
which may indicate a decrease in awareness and signal an
awareness event. An awareness event flag may be suitably
triggered whenever a significant change in awareness is
detected.

[0104] The sensitivity and performance of an awareness
event detection process may be adjusted by, for example,
changing the form and parameters of an awareness event flag
threshold test. In an embodiment, the sensitivity and perfor-
mance of the process illustrated by FIG. 7 and described
above may be adjusted by changing one or more of the param-
eters such as o, 1116, o; 1118, Ty 1110, and T, 1112.
Threshold conditions which trigger an awareness event flag
may be determined by past measurements of a patient’s
physiological signals, expected statistical distributions of
physiological signals, analytical or theoretical models of
physiological function, empirical or observational data of
physiological signals of a population, or any combination
thereof. In an embodiment, a derived DOC measure (such as
a BIS index) may be monitored in conjunction with an aware-
ness metric waveform and may be used to set appropriate
thresholds.

[0105] Inan embodiment, an awareness event flag may be
triggered in response to a result of a threshold test on a
standard deviation of the awareness metric waveform over a
window or windows. A large standard deviation suggests a
wide spread of data, which may be indicative of a sudden
change in awareness. Any such measure of variability and/or
dispersion may also be used, including, for example, a vari-
ance, an entropy, and an index of variability.

[0106] In an embodiment, a threshold test for triggering a
subsequent awareness event flag may be based on current or
past values of the awareness event flag. In an embodiment, a
Schmitt trigger may be used to trigger and reset an awareness
event flag. For example, an awareness event flag may be
triggered when an awareness metric waveform is greater than
a first deviation from a nominal value, and may not be reset
until the awareness metric waveform drops below a value that
is less than a second deviation from the nominal value. In an
embodiment, a threshold for a second positive event flag may
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be higher or lower than a threshold for a first positive event
flag (and analogously for negative event flags). For example,
a first threshold may be set for a first positive event flag to
indicate the onset of an awareness event. A second positive
event flag, which may indicate a further increase in a patient’s
awareness, may be triggered when the awareness metric
waveform exceeds a second threshold that represents a
smaller increase in awareness than was required to trigger the
first positive event flag. Such a trigger allows for adjustable
sensitivity of the event flags to different ranges of the aware-
ness metric waveform, which may correspond to more or less
critical patient awareness conditions.

[0107] In an embodiment, a threshold test may include a
time component that may be satisfied before an effort event
flag is triggered. For example, an awareness metric waveform
or derived DOC measure may cross a threshold briefly due to
transient artifact, without indicating the onset of a true aware-
ness event. In an embodiment, a threshold may be required to
be crossed for a predetermined length of time before trigger-
ing a flag. This length of time may depend on the awareness
metric waveform, a derived DOC measure, or any other
source of patient information relevant to awareness event
detection. Such an embodiment may advantageously mitigate
against triggering due to transient artifacts of limited time
duration.

[0108] Afteror during the providing of DOC information at
step 410 of FIG. 4, the illustrative steps of flow chart 400 may
begin again. Either a new signal may be received, or the
physiological information determination may continue on
another portion of the received signal(s). In an embodiment,
processor 312 (FIG. 3) may continuously or periodically
perform steps 402-410 and update the DOC information. The
steps may repeat indefinitely, until there is a command to stop
the monitoring and/or until some detected event occurs that is
designated to halt the monitoring process. For example, it
may be desirable to halt a monitoring process when a detected
noise has become too great, or when a patient has undergone
a change in condition that can no longer be sufficiently well-
monitored in a current configuration. In an embodiment, pro-
cessor 312 (FIG. 3) may perform steps 402-410 at a prompt
from a care provider via user inputs 56 (FIG. 2). In an embodi-
ment, processor 312 (FIG. 3) may perform steps 402-410 at
intervals that change according to patient status. For example,
steps 402-410 may be performed more often when a patient is
undergoing rapid changes in physiological condition, and
may be performed less often as a patient’s condition stabi-
lizes.

[0109] Several of the steps of flow chart 400 may be aided
by the use of a predictive model. For example, a predictive
model may be employed in at least one of step 404 for deriv-
ing an awareness metric, step 406 for deriving a DOC mea-
sure, step 408 for evaluating a derived quantity, and step 410
for providing DOC information. In an embodiment, a predic-
tive computational model may detect and characterize a fea-
ture or features of a physiological received at step 402 indica-
tive of a patient’s awareness. In an embodiment, a predictive
computational model may estimate a patient’s current aware-
ness level (or depth of consciousness) and prognosis as part of
the DOC information provided at step 410. In an embodi-
ment, a predictive computational model may learn to identify
features of a physiological signal (such as a PPG signal)
which correlate or anti-correlate with a DOC measure (such
as a BIS index). Features identified by such a model may then
be used in an awareness metric (e.g., as derived at step 404).
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A predictive computational model executed, for example, by
processor 312 (FIG. 3), may be based in part on at least one of
the following data sources: the signal received at step 402 of
FIG. 4 (e.g., input signal 316 (FIG. 3)); additional physiologi-
cal signals; patient characteristics; historical data of the
patient or other patients; and computational or statistical
models of physiological processes such as anesthetic or anal-
gesic response models. Processor 312 (FIG. 3) may retrieve
any of these data sources from memory such as ROM 52
(FIG. 2) or RAM 54 (FIG. 2), from an external memory
device, or from a remote device. The structure of a predictive
computational model may, for example, be based on any of
the following models: a neural network, a Bayesian classifier,
and a clustering algorithm. In an embodiment, processor 312
(FIG. 3) may develop a predictive neural network for noise
assessment based at least in part on historical data from the
given patient and/or other patients. In some embodiments,
processor 312 may implement the predictive computational
model as a hypothesis test. Processor 312 may continually
refine or augment the predictive computational model as new
patient data and/or physiological signals are received. The
predictive model may also be refined based on feedback from
the patient or care provider received through the user inputs
56 (FIG. 2). For example, a patient or care provider may
supply feedback to system 10 (FIGS. 1 and 2) regarding a
patient’s awareness level based on observed characteristics,
which may then be used by system 10 to improve the perfor-
mance of its awareness monitoring functionality. Other pre-
dictive frameworks may include rule-based systems and
adaptive rule-based systems such as propositional logic,
predicate calculus, modal logic, non-monotonic logic and
fuzzy logic.

[0110] Ttwill also be understood that the methods disclosed
herein may be implemented using any human-readable or
machine-readable instructions on any suitable system or
apparatus, such as those described herein.

[0111] The foregoing is merely illustrative of the principles
of this disclosure and various modifications can be made by
those skilled in the art without departing from the scope and
spirit of the disclosure.

What is claimed is:

1. A physiological monitoring method comprising:

receiving a physiological signal;

deriving an awareness metric based at least in part on the

physiological signal;

deriving at least one depth of consciousness measure;

evaluating the awareness metric and the depth of con-

sciousness measure; and

providing depth of consciousness information based at

least in part on the evaluation.

2. The method of claim 1 wherein the physiological signal
comprises a photoplethysmograph signal.

3. The method of claim 2 wherein the awareness metric is
a change in morphology of the photoplethysmograph

4. The method of claim 1 wherein the awareness metric
indicates a change in vasotone.

5. The method of claim 1, wherein the depth of conscious-
ness measure is based at least in part on an electrophysiologi-
cal signal.

6. The method of claim 1 wherein the depth of conscious-
ness measure is a bispectral index value.

7. The method of claim 1 wherein evaluating the awareness
metric and the depth of consciousness measure comprises
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determining a confidence for at least one of the awareness
metric and the depth of consciousness measure.

8. The method of claim 1 wherein evaluating the awareness
metric and the depth of consciousness measure comprises
calculating a correlation of the awareness metric and the
depth of consciousness measure.

9. The method of claim 1 wherein providing depth of
consciousness information comprises combining the aware-
ness metric and the depth of consciousness measure.

10. The method of claim 1 wherein providing depth of
consciousness information comprises providing the depth of
consciousness measure and an indicator of a confidence of the
depth of consciousness measure.

11. A physiological monitoring system comprising:

a signal input configured to receive a physiological signal

of a subject from a sensing device;

one or more processing devices in communication with the

signal input and configured to:

derive an awareness metric based at least in part on the
physiological signal;

derive at least one depth of consciousness measure;

evaluate the awareness metric and the depth of con-
sciousness measure;

provide depth of consciousness information based at
least in part on the evaluation.

12. The system of claim 11 wherein the physiological
signal comprises a photoplethysmograph signal.
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13. The system of claim 12 wherein the awareness metric is
a change in morphology of the photoplethysmograph signal.

14. The system of claim 11 wherein the awareness metric
indicates a change in vasotone.

15. The system of claim 11, wherein the depth of con-
sciousness measure is based at least in part on an electro-
physiological signal.

16. The system of claim 11 wherein the depth of conscious-
ness measure is a bispectral index value.

17. The system of claim 11 wherein evaluating the aware-
ness metric and the depth of consciousness measure com-
prises determining a confidence for at least one of the aware-
ness metric and the depth of consciousness measure.

18. The system of claim 11 wherein evaluating the aware-
ness metric and the depth of consciousness measure com-
prises calculating a correlation of the awareness metric and
the depth of consciousness measure.

19. The system of claim 11 wherein providing depth of
consciousness information comprises combining the aware-
ness metric and the depth of consciousness measure.

20. The system of claim 11 wherein providing depth of
consciousness information comprises providing the depth of
consciousness measure and an indicator of a confidence of the
depth of consciousness measure.
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