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NON-CEREBRAL ORGAN
AUTOREGULATION STATUS
DETERMINATION

TECHNICAL FIELD

[0001] This disclosure relates to monitoring autoregula-
tion status of a patient.

BACKGROUND

[0002] Clinicians may monitor one or more physiological
parameters of a patient, e.g., to monitor a patient’s auto-
regulation status. Autoregulation is the response mechanism
by which an organism regulates blood flow over a wide
range of systemic blood pressure changes through complex
myogenic, neurogenic, and metabolic mechanisms. During
autoregulation, arterioles dilate or constrict in an attempt to
maintain appropriate blood flow. Autoregulation may occur
for a variety of organs and organ systems, such as, for
example, the brain, the kidneys, the gastrointestinal tract,
and the like. In the example of cerebral autoregulation, as
cerebral blood pressure decreases, cerebral arterioles dilate
in an attempt to maintain blood flow. As cerebral pressure
increases, cerebral arterioles constrict to reduce the blood
flow that could cause injury to the brain.

SUMMARY

[0003] The present disclosure describes example devices,
systems, and techniques for determining a non-cerebral
autoregulation status, such as a lower limit of autoregulation
(LLA) or an upper limit of autoregulation (ULA) for non-
cerebral organs. For example, a system may be configured to
determine a cerebral autoregulation status value based on a
blood pressure signal indicative of a blood pressure of the
patient and an oxygen saturation signal indicative of an
oxygen saturation of the patient. The system may determine
a non-cerebral autoregulation status value based on the
determined cerebral autoregulation status value and an
adjustment value. In some examples, the adjustment value
may be predetermined. In some examples, the system may
determine the adjustment value based on a model or algo-
rithm relating cerebral autoregulation status values or non-
cerebral autoregulation status values. The system may pro-
vide a signal indicative of the non-cerebral autoregulation
status value and/or a signal indicative of the cerebral auto-
regulation status values to an output device for display to a
clinician. In this manner, the system may allow for concur-
rent display of the non-cerebral autoregulation status and the
cerebral autoregulation status of a patient, without requiring
invasive patient monitoring to determine the non-cerebral
autoregulation status.

[0004] Insome examples, a method includes receiving, by
processing circuitry, a blood pressure signal indicative of a
blood pressure of a patient and an oxygen saturation signal
indicative of an oxygen saturation of the patient. The method
also includes determining, by the processing circuitry, a
cerebral autoregulation status value based on the blood
pressure signal and the oxygen saturation signal. The
method also includes determining, by the processing cir-
cuitry, a non-cerebral autoregulation status value based on
the cerebral autoregulation status value and an adjustment
value. The method also includes providing, by the process-
ing circuitry and to an output device, a signal indicative of
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the non-cerebral autoregulation status value and a signal
indicative of the cerebral autoregulation status value.

[0005] In some examples, a system includes a blood
pressure sensor configured to transmit a blood pressure
signal indicative of a blood pressure of a patient; an oxygen
saturation sensor configured to transmit an oxygen satura-
tion signal indicative of an oxygen saturation of the patient;
and processing circuitry. The processing circuitry is config-
ured to receive the blood pressure signal from the blood
pressure sensor; receive the oxygen saturation signal from
the oxygen saturation sensor; determine a cerebral autoregu-
lation status value based on the blood pressure signal and the
oxygen saturation signal; determine a non-cerebral auto-
regulation status value based on the cerebral autoregulation
status value and an adjustment value; and provide to an
output device a signal indicative of the non-cerebral auto-
regulation status value and a signal indicative of the cerebral
autoregulation status value.

[0006] Insome examples, a non-transitory computer read-
able storable medium includes instructions that, when
executed, cause processing circuitry to receive a blood
pressure signal indicative of a blood pressure of a patient and
an oxygen saturation signal indicative of an oxygen satura-
tion of the patient. The non-transitory computer readable
storable medium also includes instructions that, when
executed, cause processing circuitry to determine a cerebral
autoregulation status value based on the blood pressure
signal and the oxygen saturation signal. The non-transitory
computer readable storable medium also includes instruc-
tions that, when executed, cause processing circuitry to
determine a non-cerebral autoregulation status value based
on the cerebral autoregulation status value and an adjust-
ment value. The non-transitory computer readable storable
medium also includes instructions that, when executed,
cause processing circuitry to provide to an output device a
signal indicative of the non-cerebral autoregulation status
value and a signal indicative of the cerebral autoregulation
status value.

[0007] The details of one or more examples are set forth
in the accompanying drawings and the description below.
Other features, objects, and advantages will be apparent
from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 11is a conceptual block diagram illustrating an
example system configured to monitor an autoregulation
status of a patient.

[0009] FIGS. 2A and 2B illustrate example graphs of
blood pressure versus time representing an example cerebral
LLA and two non-cerebral LLAs.

[0010] FIG. 3 is a flow diagram illustrating an example
method of monitoring the autoregulation status of a patient.

[0011] FIG. 4 is a flow diagram illustrating an example
technique for determining the adjustment value using a
physiological model based on patient-specific data.

[0012] FIG. 5 is a flow diagram illustrating an example
technique for determining the adjustment value using a
population-based model based on population-based data.

[0013] FIG. 6 is a flow diagram illustrating an example
technique for determining the adjustment value using a
neural network algorithm based on patient-specific data
and/or population-based data.
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[0014] FIG. 7 is a flow diagram illustrating an example
technique for determining the adjustment value using finite
element analysis based on patient-specific data and/or popu-
lation-based data.

DETAILED DESCRIPTION

[0015] An intact autoregulation status of a subject occurs
over a range of blood pressures defined between a lower
limit of autoregulation (“LLA”) and an upper limit of
autoregulation (“ULA”). An impaired autoregulation status
occurs outside of the range of blood pressures defined
between the LLA and the ULA and may occur when a
patient’s autoregulation process is not functioning properly.
When a patient exhibits an impaired autoregulation status,
the patient may experience inappropriate blood flow, which
may be undesirable. For example, below a respective LLA,
a drop in blood flow to a respective organ may cause
ischemia and adversely affect the respective organ. Above a
respective ULA, an increase in blood flow to a respective
organ may cause hyperemia, which may result in swelling or
edema of the respective organ. A clinician may monitor the
autoregulation status of a patient, e.g., during a medical
procedure, and take one or more actions to keep the patient
in or bring the patient to an intact autoregulation status, such
as by increasing or decreasing the patient’s blood pressure.
[0016] Different organs and organ system may have dif-
ferent LLA and ULA values. For example, the LLA of the
brain (“cerebral LLA” or “LLA ") may be less than the LLA
of the kidneys (“LLA”) or the LLA of the gastrointestinal
tract (“gut”) (“LLAS”). Similarly, the ULA of the brain
(“cerebral ULA” or “ULA ") may be greater than the ULA
of the kidneys (“ULA.”) or the ULA of the gastrointestinal
tract (“ULAS”). In some examples, LLA . (or ULA.) may
differ from the LLA, or LLA by greater than 5 mmHg,
such as 10 mmHg, or more. These different values reflect
that organs and organ systems, such as the kidneys and the
gastrointestinal tract may be adversely affected by an
impaired autoregulation status before the brain is affected.
Thus, outputting information about the autoregulation status
of the brain as well as other organs and organ systems, such
as the kidneys, gastrointestinal tract, and heart, may allow a
clinician to prevent a patient entering or remaining in an
impaired autoregulation status for non-cerebral organs or
organ systems, even when cerebral autoregulation is still
intact.

[0017] A system configured to monitor an autoregulation
status of a patient may be configured to determine an
autoregulation status value based on various physiological
parameters of the patient, such as a blood pressure signal
indicative of a blood pressure of a patient and an oxygen
saturation signal indicative of blood oxygen saturation (e.g.,
regional oxygen saturation) of a patient. The present disclo-
sure describes devices, systems, and techniques for deter-
mining a non-cerebral autoregulation status, such as an LLA
or a ULA for non-cerebral organs. Because physiological
parameters to determine autoregulation status of a non-
cerebral organ may be difficult to directly measure, the
described devices, systems, and techniques may determine
the non-cerebral autoregulation status value based on a
determined cerebral autoregulation status value.

[0018] For example, an autoregulation monitoring device
may include processing circuitry configured to receive a
blood pressure signal indicative of a blood pressure of the
patient and an oxygen saturation signal indicative of an
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oxygen saturation of the patient. The blood pressure of the
patient may be obtained by any suitable blood pressure
measurement technique. In some examples, the blood pres-
sure of the patient may include an arterial blood pressure
measured using a non-invasive blood pressure measurement,
such as a blood pressure derived from external cuff or
photoplethysmogram, or an invasive blood pressure, such as
a blood pressure derived from an intra-arterial blood pres-
sure monitor. For example, the blood pressure value may
include, or be representative of, the middle cerebral artery in
the brain of the patient. The oxygen saturation of the patient
may include any suitable oxygen saturation value. For
example, the oxygen saturation value may include, or be
representative of, an oxygen saturation at the brain of the
patient.

[0019] The processing circuitry may determine a metric
(e.g., a numerical value or qualitative information) indica-
tive of the cerebral autoregulation status of the patient based
on the blood pressure signal and the oxygen saturation
signal. For example, a cerebral autoregulation status value
may include a limit of cerebral autoregulation, such as LLA .
and/or ULA., of the patient that may be determined based
on the blood pressure signal and the oxygen saturation
signal. In some examples, the LLA -~ and/or the ULA may
be determined based on cerebral perfusion pressure. Cere-
bral perfusion pressure may be determined based on the
blood pressure signal and intracranial pressure of the patient.
In some examples, the processing circuitry may determine
the LLA, and/or the ULA_ based on a correlation index
(COx) of the blood pressure value and oxygen saturation
value. Alternatively or additionally, the processing circuitry
may determine the LLA ~ and/or the ULA . based on other
parameters or correlation coeflicients.

[0020] For example, in some examples, the processing
circuitry may determine the LLA and/or the ULA based on
a comparison of a threshold value to a change in the blood
pressure (and/or oxygen saturation) of a patient over time,
e.g., determining a correlation coefficient only if the change
in blood pressure (and/or oxygen saturation) over time
exceeds the threshold value. In some examples, as described
in commonly assigned U.S. Patent Application Publication
No. 2018/0014791 naming inventors Montgomery et al. and
entitled, “SYSTEMS AND METHODS OF MONITORING
AUTOREGULATION,” which is hereby incorporated by
reference in its entirety, the processing circuitry may process
a blood pressure signal and an oxygen saturation signal to
determine respective gradients of the signals (i.e., a blood
pressure gradient and an oxygen saturation gradient) over a
period of time and determine the patient’s autoregulation
status based on the respective gradients. As described in U.S.
Patent Application Publication No. 2018/0014791, the pro-
cessing circuitry may determine the autoregulation system
of the patient may be impaired if the blood pressure gradient
and the oxygen saturation gradient trend together (e.g.,
change in the same direction) over a period of time. In some
cases, the processing circuitry may determine that the auto-
regulation system of the patient may be intact if the blood
pressure gradient and the oxygen saturation gradient do not
trend together (e.g., do not change in the same direction,
such as change in different directions, or the blood pressure
changes while the oxygen saturation remains generally
stable) over the period of time.

[0021] The processing circuitry may further determine a
non-cerebral autoregulation status value based on the cere-
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bral autoregulation status value and an adjustment value. In
some examples, the adjustment value may include a prede-
termined value based on a model associating the cerebral
autoregulation status value and the non-cerebral autoregu-
lation status value. In some examples, the adjustment value
may be based on a population-based model defining a
predetermined association between cerebral autoregulation
status values of a population of patients and non-cerebral
autoregulation status values of the population of patients. In
some examples, the adjustment value may be based on a
physiological model defining a predetermined association
between the cerebral autoregulation status value of the
patient and the non-cerebral autoregulation status value of
the patient. In some examples, the adjustment value may
include a range of adjustment values, such that the non-
cerebral autoregulation status value includes a range of
non-cerebral autoregulation status values.

[0022] The processing circuitry may provide a signal
indicative of the cerebral autoregulation status value and a
signal the non-cerebral autoregulation status value to an
output device. Output based on the signal may enable a
clinician to monitor the cerebral autoregulation status and
the non-cerebral autoregulation status of the patient. In some
examples, a clinician may monitor the cerebral autoregula-
tion status and the non-cerebral autoregulation status of the
patient during surgery. The output device can provide, for
example, a visual output, an audio output, a somatosensory
output, or any combination thereof, that provides informa-
tion indicative of the cerebral autoregulation status and the
non-cerebral autoregulation status of the patient to the
clinician. The devices, systems, and techniques of this
disclosure may enable a clinician to monitor the autoregu-
lation status of the patient and correct an impaired autoregu-
lation status to reduce adverse effect to organ or organ
systems of the patient other than or in addition to the brain
of the patient. For example, during surgery an anesthesiolo-
gist may adjust therapy based on the information indicative
of the cerebral autoregulation status and the non-cerebral
autoregulation status to improve the autoregulation statuses,
e.g., to preserve intact status. Providing the indicative of the
cerebral autoregulation status and the non-cerebral auto-
regulation status may better help the clinician avoid organ
dysfunction that might otherwise occur in non-cerebral
organs even as cerebral autoregulation remains in an intact
state.

[0023] While aspects of the present disclosure are dis-
cussed with reference to arterial blood pressure and oxygen
saturation correlations, in other examples, various other
signals may be determined to help evaluate a patient’s
autoregulation. For example, the processing circuitry may
determine whether the autoregulation system of the patient
is intact based on a trend between the blood oxygen satu-
ration of the patient and the blood pressure of the patient, as
described above.

[0024] As another example, the processing circuitry may
monitor the patient’s cerebral autoregulation by correlating
measurements of the patient’s blood pressure with measure-
ments of the patient’s blood volume (BVS) and by deter-
mining an estimate of the limit of cerebral autoregulation
based on the BVS values (LABVS). The processing circuitry
can determine a hemoglobin volume index (HVX) based at
least in part on a linear correlation between the patient’s
blood pressure and blood volume. The processing circuitry
can then determine an estimate of the limit of cerebral
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autoregulation based on the HVx values (LAHVX). The
processing circuitry may also determine various other linear
correlations or statistical based measures (e.g., statistical
data clustering techniques) to help evaluate a patient’s
cerebral autoregulation status, such as a linear correlation
between measurements of a patient’s blood pressure and
measurements of a patient’s cerebral blood flow known as a
mean velocity index (Mx). The processing circuitry may
also determine a linear correlation between measurements of
a patient’s blood pressure and measurements of a patient’s
intracranial pressure known as a pressure reactivity index
(PRx). COx may be a proxy for Mx, and HVx may be a
proxy for PRx.

[0025] Other systems and techniques using similar or
different parameters may be used to determine a limit of
cerebral autoregulation. For example, as described in com-
monly assigned U.S. Patent Application Publication No.
2017/0105631 filed on Oct. 18, 2016, entitled “Systems and
Method for Providing Blood Pressure Safe Zone Indication
During Autoregulation Monitoring,” and U.S. Patent Appli-
cation Publication No. 2017/0105631 filed on Oct. 18, 2016,
entitled “System and Method for Providing Blood Pressure
Safe Zone Indication During Autoregulation Monitoring,”
systems and methods for monitoring autoregulation may use
an autoregulation index to generate and display an autoregu-
lation profile (e.g., autoregulation index values sorted into
bins corresponding to different blood pressure ranges) of the
patient, and generate a blood pressure (BP) safe zone (e.g.,
designate a blood pressure range encompassing one or more
of the bins) indicative of intact autoregulation. As another
example, as described in commonly assigned U.S. Patent
Application Publication No. 2016/0367197 filed on Jun. 6,
2016, entitled “Systems and Methods for Reducing Signal
Noise When Monitoring Autoregulation,” systems and
methods for monitoring autoregulation may determine linear
correlations between measured physiological parameters
using regression analyses, such as a least median of squares
(LMS) regression method or a least trimmed squares regres-
sion method (LTS), applied to oxygen saturation measure-
ments plotted against blood pressure measurements to deter-
mine a regression line associated with COx to ignore or
exclude data outliers representative of the noise, and to
utilize the remaining data to determine the COx or HVx.

[0026] FIG. 1is a conceptual block diagram illustrating an
example autoregulation monitoring system 100. Autoregu-
lation monitoring system 100 includes processing circuitry
110, memory 120, control circuitry 122, user interface 130,
sensing circuitry 140 and 142, and sensing devices 150 and
152. In the example illustrated in FIG. 1, user interface 130
includes display 132, input device 134, and speaker 136,
which may be any suitable audio device configured to
generate and output a noise. In some examples, autoregu-
lation monitoring system 100 may be configured to deter-
mine and display the cerebral autoregulation status of a
patient 101, e.g., during a medical procedure or for more
long-term monitoring, such as fetal monitoring. A clinician
may receive information regarding the cerebral autoregula-
tion status of a patient via user interface 130 and adjust
treatment or therapy to patient 101 based on the cerebral
autoregulation status information.

[0027] Processing circuitry 110, as well as other proces-
sors, processing circuitry, controllers, control circuitry, and
the like, described herein, may include one or more proces-
sors. Processing circuitry 110 may include any combination
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of integrated circuitry, discrete logic circuity, analog cir-
cuitry. such as one or more microprocessors, digital signal
processors (DSPs), application specific integrated circuits
(ASICs), or field-programmable gate arrays (FPGAs). In
some examples, processing circuitry 110 may include mul-
tiple components, such as any combination of one or more
microprocessors, one or more DSPs, one or more ASICs, or
one or more FPGAs, as well as other discrete or integrated
logic circuitry, and/or analog circuitry.

[0028] Control circuitry 122 may be operatively coupled
processing circuitry 110. Control circuitry 122 is configured
to control an operation of sensing devices 150 and 152. In
some examples, control circuitry 122 may be configured to
provide timing control signals to coordinate operation of
sensing devices 150 and 152. For example, sensing circuitry
140 and 142 may receive from control circuitry 122 one or
more timing control signals, which may be used by sensing
circuitry 140 and 142 to turn on and off respective sensing
devices 150 and 152. In some examples, processing circuitry
110 may use the timing control signals to operate synchro-
nously with sensing circuitry 140 and 142. For example,
processing circuitry 110 may synchronize the operation of
an analog-to-digital converter and a demultiplexer with
sensing circuitry 140 and 142 based on the timing control
signals.

[0029] Memory 120 may be configured to store data, such
as, for example, monitored physiological parameter values
(including blood pressure values and/or oxygen saturation
values), one or more cerebral autoregulation status values,
one or more non-cerebral autoregulation status values, and/
or one or more adjustment values, COx values, BVS values,
HVx values, or any combination thereof. In some examples,
data may be stored in memory 120 as one or more look-up
tables or equations defining one or more associations (e.g.,
relationships) between stored data, such as, for example,
associations between cerebral autoregulation status values
and non-cerebral autoregulation status values. In some
examples, memory 120 may store program instructions,
such as neural network algorithms and/or finite element
algorithms. The program instructions may include one or
more program modules that are executable by processing
circuitry 110. When executed by processing circuitry 110,
such program instructions may cause processing circuitry
110 to provide the functionality ascribed to it herein. The
program instructions may be embodied in software, firm-
ware, and/or RAMware. Memory 120 may include any one
or more of volatile, non-volatile, magnetic, optical, or elec-
trical media, such as a random access memory (RAM),
read-only memory (ROM), non-volatile RAM (NVRAM),
electrically-erasable programmable ROM (EEPROM), flash
memory, or any other digital media.

[0030] User interface 130 may include a display 132, an
input device 134, and a speaker 136. In some examples, user
interface 130 may include fewer or additional components.
User interface 130 may be configured to present information
to a user (e.g., a clinician). For example, user interface 130
and/or display 132 may include a monitor, cathode ray tube
display, a flat panel display such as a liquid crystal (LCD)
display, a plasma display, a light emitting diode (LED)
display, and/or any other suitable display. In some examples,
user interface 130 may be part of a multiparameter monitor
(MPM) or other physiological signal monitor used in a
clinical or other setting, a personal digital assistant, mobile
phone, tablet computer, laptop computer, any other suitable
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computing device, or any combination thereof, with a built-
in display or a separate display.

[0031] Insome examples, processing circuitry 110 may be
configured to present, by user interface 130, such as display
132, a graphical user interface to a user. The graphical user
interface may include indications of values of one or more
physiological parameters of a patient, such as, for example,
blood pressure values, oxygen saturation values, informa-
tion about an autoregulation status (e.g., cerebral autoregu-
lation status values and/or non-cerebral autoregulation status
values), pulse rate information, respiration rate information,
other patient physiological parameters, or combinations
thereof via display 132. User interface 130 may also include
means for projecting audio to a user, such as speaker 136.
[0032] In some examples, processing circuitry 110 may
also receive input signals from additional sources (not
shown), such as a user. For example, processing circuitry
110 may receive from input device 134, such as a keyboard,
a mouse, a touch screen, buttons, switches, a microphone, a
joystick, a touch pad, or any other suitable input device or
combination of input devices, an input signal. The input
signal may contain information about patient 101, such as
physiological parameters, treatments provided to patient
101, or the like. Additional input signals may be used by
processing circuitry 110 in any of the determinations or
operations it performs in accordance with processing cir-
cuitry 110.

[0033] In some examples, if processing circuitry 110
determines that the cerebral autoregulation status and/or the
non-cerebral autoregulation status of patient 101 is
impaired, then processing circuitry 110 may present a noti-
fication indicating the impairment. The notification may
include a visual, audible, tactile, or somatosensory notifica-
tion (e.g., an alarm signal) indicative of the cerebral auto-
regulation status and/or the non-cerebral autoregulation sta-
tus of patient 101. In some examples, processing circuitry
110 and user interface 130 may be part of the same device
or supported within one housing (e.g., a computer or moni-
tor). In other examples, processing circuitry 110 and user
interface 130 may be separate devices configured to com-
municate through a wired connection or a wireless connec-
tion (e.g., a communication interface).

[0034] Oxygen saturation sensing circuitry 140 and blood
pressure sensing circuitry (collectively, sensing circuitry 140
and 142) may be configured to receive physiological signals
sensed by respective sensing devices 150 and 152 and
communicate the physiological signals to processing cit-
cuitry 110. Sensing devices 150 and 152 may include any
sensing hardware configured to sense a physiological param-
eter of a patient, such as, but not limited to, one or more
electrodes, optical receivers, blood pressure cuffs, or the
like. The sensed physiological signals may include signals
indicative of physiological parameters from a patient, such
as, but not limited to, blood pressure, regional oxygen
saturation, blood volume, heart rate, and respiration. For
example, sensing circuitry 140 and 142 may include, but are
not limited to, blood pressure sensing circuitry, oxygen
saturation sensing circuitry, blood volume sensing circuitry,
heart rate sensing circuitry, temperature sensing circuitry,
electrocardiography (ECG) sensing circuitry, electroen-
cephalogram (EEG) sensing circuitry, or any combination
thereof.

[0035] In some examples, sensing circuitry 140 and 142
and/or processing circuitry 110 may include signal process-
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ing circuitry 112 configured to perform any suitable analog
conditioning of the sensed physiological signals. For
example, sensing circuitry 140 and 142 may communicate to
processing circuity 110 an unaltered (e.g., raw) signal.
Processing circuitry 110, e.g., signal processing circuitry
112, may be configured to modify a raw signal to a usable
signal by, for example, filtering (e.g., low pass, high pass,
band pass, notch, or any other suitable filtering), amplifying,
performing an operation on the received signal (e.g., taking
a derivative, averaging), performing any other suitable sig-
nal conditioning (e.g., converting a current signal to a
voltage signal), or any combination thereof In some
examples, the conditioned analog signals may be processed
by an analog-to-digital converter of signal processing cir-
cuitry 112 to convert the conditioned analog signals into
digital signals. In some examples, signal processing circuitry
112 may operate on the analog or digital form of the signals
to separate out different components of the signals. In some
examples, signal processing circuitry 112 may perform any
suitable digital conditioning of the converted digital signals,
such as low pass, high pass, band pass, notch, averaging, or
any other suitable filtering, amplifying, performing an
operation on the signal, performing any other suitable digital
conditioning, or any combination thereof. In some
examples, signal processing circuitry 112 may decrease the
number of samples in the digital detector signals. In some
examples, signal processing circuitry 112 may remove dark
or ambient contributions to the received signal. Additionally
or alternatively, sensing circuitry 140 and 142 may include
signal processing circuitry 112 to modify one or more raw
signals and communicate to processing circuity 110 one or
more modified signals.

[0036] Oxygen saturation sensing device 150 is config-
ured to generate an oxygen saturation signal indicative of
blood oxygen saturation within the venous, arterial, and/or
capillary systems within a region of patient 101. For
example, oxygen saturation sensing device 150 may be
configured to be placed on the skin of patient 101 to
determine regional oxygen saturation of a particular tissue
region, e.g., the frontal cortex or another cerebral location of
patient 101. Oxygen saturation sensing device 150 may
include emitter 160 and detector 162. Emitter 160 may
include at least two light emitting diodes (LEDs), each
configured to emit at different wavelengths of light, e.g., red
or near infrared light. As used herein, the term “light” may
refer to energy produced by radiative sources and may
include any wavelength within one or more of the ultra-
sound, radio, microwave, millimeter wave, infrared, visible,
ultraviolet, gamma ray or X-ray electromagnetic radiation
spectra. In some examples, light drive circuitry (e.g., within
sensing device 150, sensing circuitry 140, control circuitry
122, and/or processing circuitry 110) may provide a light
drive signal to drive emitter 160 and to cause emitter 160 to
emit light. In some examples, the LEDs of emitter 160 emit
light in the range of about 600 nanometers (nm) to about
1000 nm. In a particular example, one LED of emitter 160
is configured to emit light at about 730 nm and the other
LED of emitter 160 is configured to emit light at about 810
nm. Other wavelengths of light may be used in other
examples.

[0037] Detector 162 may include a first detection element
positioned relatively “close” (e.g., proximal) to emitter 160
and a second detection element positioned relatively “far”
(e.g., distal) from emitter 160. In some examples, the first
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detection elements and the second detection elements may
be chosen to be specifically sensitive to the chosen targeted
energy spectrum of light source 160. Light intensity of
multiple wavelengths may be received at both the “close”
and the “far” detector 162. For example, if two wavelengths
are used, the two wavelengths may be contrasted at each
location and the resulting signals may be contrasted to arrive
at an oxygen saturation value that pertains to additional
tissue through which the light received at the “far” detector
passed (tissue in addition to the tissue through which the
light received by the “close” detector passed, e.g., the brain
tissue), when it was transmitted through a region of a patient
(e.g., a patient’s cranium). In operation, light may enter
detector 162 after passing through the tissue of patient 101,
including skin, bone, other shallow tissue (e.g., non-cerebral
tissue and shallow cerebral tissue), and/or deep tissue (e.g,,
deep cerebral tissue). Detector 162 may convert the intensity
of the received light into an electrical signal. The light
intensity may be directly related to the absorbance and/or
reflectance of light in the tissue. Surface data from the skin
and skull may be subtracted out, to generate an oxygen
saturation signal for the target tissues over time.

[0038] Oxygen saturation sensing device 150 may provide
the oxygen saturation signal to processing circuitry 110 or to
any other suitable processing device to enable evaluation of
an autoregulation status of patient 101. Additional example
details of determining oxygen saturation based on light
signals may be found in commonly assigned U.S. Pat. No.
9,861,317, which issued on Jan. 9, 2018, and is entitled
“Methods and Systems for Determining Regional Blood
Oxygen Saturation.”

[0039] In operation, blood pressure sensing device 152
and oxygen saturation sensing device 150 may each be
placed on the same or different parts of the body of patient
101. For example, blood pressure sensing device 152 and
oxygen saturation sensing device 150 may be physically
separate from each other and may be separately placed on
patient 101. As another example, blood pressure sensing
device 152 and oxygen saturation sensing device 150 may in
some cases be part of the same sensor or supported by a
single sensor housing. For example, blood pressure sensing
device 152 and oxygen saturation sensing device 150 may
be part of an integrated oximetry system configured to
non-invasively measure blood pressure (e.g., based on time
delays in a plethysmography (PPG) signal) and regional
oxygen saturation. One or both of blood pressure sensing
device 152 or oxygen saturation sensing device 150 may be
further configured to measure other parameters, such as
hemoglobin, respiratory rate, respiratory effort, heart rate,
saturation pattern detection, response to stimulus such as
bispectral index (BIS) or -electromyography (EMG)
response to electrical stimulus, or the like. While an example
autoregulation monitoring system 100 is illustrated in FIG.
1, the components illustrated in FIG. 1 are not intended to be
limiting. Additional or alternative components and/or imple-
mentations may be used in other examples.

[0040] Blood pressure sensing device 152 may be any
sensor or device configured to generate a blood pressure
signal indicative of a blood pressure of patient 101 at
acquisition site 103. For example, blood pressure sensing
device 152 may include a blood pressure cuff configured to
non-invasively monitoring blood pressure, a sensor config-
ured to noninvasively generate a PPG signal, or an arterial
line for invasively monitoring blood pressure in an artery of
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patient 101. In some examples, the blood pressure signal
may include at least a portion of a waveform of the acqui-
sition blood pressure. In some examples, acquisition site 103
may include at least one of a femoral artery of patient 101,
a radial artery of patient 101, a dorsalis pedis artery of
patient 101, a brachial artery of patient 101, or combinations
thereof. In some examples, blood pressure sensing device
152 may include a plurality of blood pressure sensing
devices. For example, each blood pressure sensing device of
the plurality of blood pressure sensing devices may be
configured to obtain a respective blood pressure of patient
101 at a respective acquisition site of a plurality of acqui-
sition sites. The plurality of acquisition sites may include
similar or different arteries of patient 101.

[0041] In some examples, blood pressure sensing device
152 may include one or more pulse oximetry sensors. The
acquisition blood pressure may be derived by processing
time delays between two or more characteristic points within
a single PPG signal obtained from a single pulse oximetry
sensor. Additional example details of deriving blood pres-
sure based on a comparison of time delays between certain
components of a single PPG signal obtained from a single
pulse oximetry sensor are described in commonly assigned
U.S. Patent Application Publication No. 2009/0326386 filed
Sep. 30, 2008, entitled “Systems and Methods for Non-
Invasive Blood Pressure Monitoring.” In other cases, the
blood pressure of patient 101 may be continuously, non-
invasively monitored via multiple pulse oximetry sensors
placed at multiple locations on patient 101. As described in
commonly assigned U.S. Pat. No. 6,599,251, issued Jul. 29,
2003, entitled “Continuous Non-invasive Blood Pressure
Monitoring Method and Apparatus,” multiple PPG signals
may be obtained from the multiple pulse oximetry sensors,
and the PPG signals may be compared against one another
to estimate the blood pressure of patient 101.

[0042] Regardless of its form, blood pressure sensing
device 152 may be configured to generate a blood pressure
signal indicative of a blood pressure of patient 101 (e.g.,
arterial blood pressure) over time. In examples in which
blood pressure sensing device 152 includes a plurality of
blood pressure sensing devices, the blood pressure signal
may include a plurality of blood pressure signals, each
indicative of a blood pressure of patient 101 at a respective
acquisition site. Blood pressure sensing device 152 may
provide the blood pressure signal to sensing circuitry 142,
processing circuitry 110, or to any other suitable processing
device to enable evaluation of the autoregulation status of
patient 101.

[0043] Processing circuitry 110 may be configured to
receive one or more signals generated by sensing devices
150 and 152 and sensing circuitry 140 and 142. The physi-
ological signals may include a blood pressure signal indica-
tive of a blood pressure of patient 101 and/or an oxygen
saturation signal indicative of an oxygen saturation of
patient 101. After receiving one or more signals, processing
circuitry 110 may be configured to determine a metric (e.g.,
a numerical value or qualitative information) indicative of
the autoregulation status of patient 101, such as a cerebral
autoregulation status value. The cerebral autoregulation sta-
tus value may be based on the blood pressure signal and the
oxygen saturation signal. For example, processing circuitry
110 may determine a correlation index (e.g., COx, HVX) or
other measure of autoregulation, such as based on co-
trending of blood pressure and blood oxygen saturation,
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(e.g., based on a comparison of blood pressure gradients and
oxygen saturation gradients), based on the blood pressure
signal and the oxygen saturation signal. In other examples,
processing circuitry 110 may determine the correlation index
based on additional or alternative physiological parameters
(e.g., physiological signals), such as, for example, a blood
volume value or a gradients measure.

[0044] Processing circuitry 110 may then determine an
estimate of an LA based on the lowest blood pressure value
at which the expected value of COx is less than a threshold
value, such as 0.5, 0.4, 0.3, 0.2, 0.1, or 0.0. Using this
threshold value, processing circuitry 110 can determine
where there is a distinct change in a correlation between the
blood pressure and the oxygen saturation, such as an oxygen
saturation versus blood pressure curve. This distinct change
may correspond to a distinct step down in the plot of COx
or HVx versus blood pressure. Similarly, processing cir-
cuitry 110 may determine an estimate of a UL A based on the
highest blood pressure value at which the expected value of
COx is less than a threshold value. Additional example
details of determining limits of autoregulation (Las) and
cerebral autoregulation status may be found in commonly
assigned U.S. Patent Application Publication No. 2018/
0014791, filed on Jul. 13, 2017, entitled “Systems and
Methods of Monitoring Autoregulation”; commonly
assigned U.S. Patent Application Publication No. 2018/
0049649 filed on Aug. 1, 2017, entitled “System and Method
for Identifying Blood Pressure Zones During Autoregulation
Monitoring”; commonly assigned U.S. Patent Application
Publication No. 2016/0367197 filed on Dec. 22, 2016,
entitled “Systems and Methods of Reducing Signal Noise
When Monitoring Autoregulation”; and commonly assigned
U.S. patent application Ser. No. 15/962,438 filed on Apr. 25,
2018, entitled “Determining Changes to Autoregulation.” In
some examples, processing circuitry 110 may determine that
a patient has intact autoregulation in response to determining
that the blood pressure of patient 101 is greater than an LLA
and less than an ULA (e.g., the blood pressure is between the
limits of autoregulation).

[0045] Processing circuitry 110 may be configured to
determine a non-cerebral autoregulation status value based
on the cerebral autoregulation status value and an adjust-
ment value. The adjustment value may define a character-
istic difference, such as, for example, a mean difference, a
maximum difference, a minimum difference, a percentile
difference, of the like, between a cerebral autoregulation
status value and a non-cerebral autoregulation status value.
Because it may be challenging to directly and non-inva-
sively sense physiological parameters of the non-cerebral
organ due to the placement of the non-cerebral organ in the
body, in some examples, using the adjustment value deter-
mined by any of the ways described herein may provide
relatively accurate approximation of non-cerebral autoregu-
lation status value relative to the cerebral autoregulation
status value.

[0046] The adjustment value may be a value by which the
non-cerebral autoregulation status value may be estimated or
approximated relative to the cerebral autoregulation status
value. In some examples, the adjustment value may include
an offset, e.g., the non-cerebral autoregulation statue value
(AR,) may be determined as a function of the cerebral
autoregulation status value (AR o) plus (or minus) the adjust-
ment value (AV): AR, ~AR_+AV. In some examples, the
adjustment value may include a multiplier e.g., the non-
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cerebral autoregulation statue value (AR,,.) may be deter-
mined as a function of the cerebral autoregulation status
value (AR ) times the adjustment value (AV): AR, ~(AR,)
(AV). In some examples, the adjustment value may be
expressed as a function of the cerebral autoregulation status
value, e.g.. AR, -=AR +{(AR ).

[0047] In some examples, the adjustment value may
include a predetermined value. For example, the adjustment
value may be predetermined by a clinician or other user
based on cerebral autoregulation status values and non-
cerebral autoregulation status values of a population of
patients. In some examples, the adjustment value may be
between about 5 mmHg and about 30 mmHg. In some
examples, the adjustment value may be between about 10
mmHg and about 20 mmHg.

[0048] In some examples, the adjustment value may
include a range of adjustment values. For example, the range
of adjustment values may indicate a “faded out region”
above an LLA to indicate the distribution of the adjustment
values. In some examples, processing circuitry 110 may be
configured to display the faded out region on display 132.
Using a range of adjustment values may enable a clinician
to visualize a range (e.g.. faded out region) of non-cerebral
autoregulation status values.

[0049] In some examples, processing circuitry 110 may
cause user interface 130 to present an interface by which a
clinician may set a configurable limit above a calculated
LLA. For example, a clinician may wish to run the blood
pressure as low as is safe, but to also to stay 5 mmHg above
the cerebral LLA. In this example, a configuration screen on
autoregulation monitoring device 100 or a separate device
would present a user interface that allows a clinician to add
addition limits above the LLA to the display for their
convenience, e.g., at 10 mmHg and 5 mmHg to provide a
visual aid to keep the blood pressure in this band.

[0050] In some examples, the adjustment value may
include a value determined by processing circuitry 110
based on stored data. For example, the adjustment value may
be based on a model associating the cerebral autoregulation
status value with a non-cerebral autoregulation status value,
which occurred contemporaneously with the cerebral auto-
regulation status value (e.g., both values were determined
based on physiclogical parameters that were measured at the
exact same time or nearly the same time to the extent
permitted by the sensing devices). The model may include at
least one of a physiological model (e.g., patient-specific data
model), a population-based model, a neural network algo-
rithm, a finite element model, or other algorithm to associate
the cerebral autoregulation status value with the non-cere-
bral autoregulation status value. The model may define a
relationship between the cerebral autoregulation status value
and the non-cerebral autoregulation status value, e.g., the
adjustment value, such that the non-cerebral autoregulation
status value can be determined based on the cerebral auto-
regulation status value. By using a model, processing cir-
cuitry 110 may determine the adjustment value associating
the cerebral autoregulation status value with the non-cere-
bral autoregulation status value in real-time and/or with
stored data.

[0051] In some examples, processing circuitry 110 may
determine a relationship between the cerebral autoregulation
status value and the non-cerebral autoregulation status value
using a physiological model based on a predetermined
association between the cerebral autoregulation status value
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of the patient and the non-cerebral autoregulation status
value of the patient. For example, processing circuitry 110
may retrieve from memory 120 patient-specific data. The
patient-specific data is based on data obtained from moni-
toring one or more physiological parameters of patient 101.
The patient-specific data may include one or more cerebral
autoregulation status values, one or more non-cerebral auto-
regulation status values, and/or a predetermined association
(e.g., relationship) between the cerebral autoregulation sta-
tus values and the non-cerebral autoregulation status values.
The one or more cerebral autoregulation status values may
be determined based on a cerebral blood pressure signal and
a cerebral oxygen saturation signal, as discussed above. The
one or more non-cerebral autoregulation status values may
be determined based on a non-cerebral organ blood pressure
signal and non-cerebral organ oxygen saturation signal, e.g,,
acquired contemporaneously with the cerebral blood pres-
sure and the cerebral oxygen saturation. For example, an
autoregulation monitoring device (such as, for example,
autoregulation monitoring device 100) may include second
blood pressure sensing device and second oxygen saturation
sensing devices (similar to sensing device 150 and 152,
discussed above) configured to generate a second blood
pressure signal indicative of a blood pressure at the non-
cerebral organ and a second oxygen saturation signal indica-
tive of an oxygen saturation at the non-cerebral organ. As
discussed above with respect to determining the cerebral
autoregulation status value, processing circuitry 110 may be
configured to determine the non-cerebral autoregulation
status value based on the second blood pressure signal and
the second oxygen saturation signal. In some examples, the
manner in which processing circuitry 110 determines the
correlation index and/or physiological parameters used to
determine a metric indicative of an autoregulation status, as
discussed above, may be tuned for the non-cerebral organ.
For example, processing circuitry 110 may be configured to
determine one or more cerebral autoregulation status value
based on a first correlation index and/or first physiological
parameters and one or more non-cerebral autoregulation
status values based on a second correlation index and/or
second physiological parameters. The predetermined asso-
ciation may include one or more predetermined adjustment
values determined based on cerebral autoregulation status
values and non-cerebral autoregulation status values previ-
ously determined for patient 101 based on patient-specific
data.

[0052] The physiological model may include one or more
look-up tables and/or one or more equations (e.g., that
include and/or define one or more adjustment values). An
example look-up table may include one or more predeter-
mined cerebral autoregulation status values based on
patient-specific data and one or more predetermined non-
cerebral autoregulation status values based on patient-spe-
cific data. One or more adjustment values may be based on
these predetermined values. An example equation represent-
ing an adjustment value may be defined by the parameter-
ization of the one or more predetermined cerebral autoregu-
lation status values based on patient-specific data and one or
more predetermined non-cerebral autoregulation status val-
ues based on patient-specific data. Using patient-specific
data may enable processing circuitry 110 to more accurately
determine the association between the cerebral autoregula-
tion status values and non-cerebral autoregulation status
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values compared to using other data, such as associations
based on a pool of different patients.

[0053] Memory 120 may store the look-up table(s), equa-
tion(s), or other physiological model(s). Processing circuitry
110 may be configured to retrieve from memory 120 the
look-up table values to determine the non-cerebral autoregu-
lation status value based on the cerebral autoregulation
status value by, for example, looking up a determined
cerebral autoregulation status value to retrieve a correspond-
ing non-cerebral autoregulation status value. In addition to
or instead of the look-up table, processing circuitry 110 may
retrieve from memory 120 one or more equations to apply to
the determined cerebral autoregulation status value to deter-
mine the corresponding non-cerebral autoregulation status
value, for example, by looking up a particular predetermined
adjustment value based on patient-specific data.

[0054] In some examples, processing circuitry 110 may
determine a relationship between the cerebral autoregulation
status value and the non-cerebral autoregulation status value
using a population-based model. The population-based
model may be based on population-based data. The popu-
lation-based data may include predetermined cerebral auto-
regulation status values based on physiological data of a
population of patients and non-cerebral autoregulation status
values of the based on the physiological data, or a prede-
termined association (e.g., relationship) based thereon. For
example, the population-based model may include one or
more look-up tables and/or one or more equations based on
data collected from a population of two or more patients
(e.g., a plurality of members of the population). Processing
circuitry 110 may use the look-up table and/or equation of
the population-based model in the same manner as described
above with respect to the physiological model. Using data
collected from a population of two or more patients may
enable processing circuitry 110 to determine the association
between cerebral autoregulation status values and non-
cerebral autoregulation status values without patient-specific
data that may otherwise be difficult and/or take time to
acquire.

[0055] In some examples, in addition to the one or more
cerebral autoregulation status values of each member of the
population and one or more non-cerebral autoregulation
status values of each member of the population (contempo-
raneously obtained with the cerebral autoregulation status
values), the look-up table may include demographic data
related to each member of the population. The demographic
data (e.g., demographic indicators) may include, for
example, age, sex, body weight, body mass index, and
existing medical conditions. The demographic data may be
used to identify associations of the cerebral autoregulation
status values and the non-cerebral autoregulation status
values from members of the population that match (e.g.,
substantially resemble) the demographic data of patient 101.
For example, a clinician may select a subset of the popula-
tion-based data having demographic indicators that match
the demographic indicators of patient 101. Additionally or
alternatively, a clinician may input patient’s demographic
data into processing circuitry 110 via user interface 130, and
processing circuitry 110 may be configured to automatically
select a subset of the population-based data having demo-
graphic indicators that match the demographic indicators of
patient 101. Similarly, the one or more equations may
include one or more indicators associated with the demo-
graphic data such that a clinician or processing circuitry 110
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may select one or more equations associated with members
of the population that match the demographic data of patient
101. By using the population-based model, processing cir-
cuitry 110 may determine the adjustment value based on an
association of the cerebral autoregulation status values and
the non-cerebral autoregulation status values derived from
members of a population having similar demographic char-
acteristics as patient 101. Using demographic data may
enable processing circuity 110 to filter population-based data
to more accurately determine an association between the
cerebral autoregulation status values and non-cerebral auto-
regulation status values compared to using population-based
data without filtering the data based on demographic indi-
cators.

[0056] In some examples, one or more equations repre-
senting a physiological model and/or population-based
model may include complex relationships between input
variables associated with patient 101, such as, for example,
a blood pressure signal, an oxygen saturation signal, demo-
graphic data, or other physiological data, and output vari-
ables, such as, for example, a cerebral autoregulation status
value, a non-cerebral autoregulation status value, or an
adjustment value. The complex relationships of input vari-
able and output variables may make determining the adjust-
ment value computationally intensive, such that it may not
be practical to rely on the physiological model and/or
population-based model for real-time determination of the
adjustment value. In some examples, processing circuitry
110 may be configured to determine the adjustment value by
determining a relationship between one or more cerebral
autoregulation status values and one or more non-cerebral
autoregulation status values using a machine learning algo-
rithm or simulation/numerical methods, such as one or more
of a deep learning algorithm, a neural network algorithm, or
finite element analysis, for example.

[0057] A neural network algorithm, or artificial neural
network, may include a trainable or adaptive algorithm
utilizing nodes that define rules. For example, a respective
node of a plurality of nodes may utilize a function, such as
a non-linear function or if-then rules, to generate an output
based on an input. A respective node of the plurality of nodes
may be connected to one or more different nodes of the
plurality of nodes along an edge, such that the output of the
respective node includes the input of the different node. The
functions may include parameters that may be determined or
adjusted using a training set of inputs and desired outputs,
such as, for example, predetermined cerebral autoregulation
status values of patient 101 (e.g., patient-specific data) or a
population of patients (e.g., population-based data) and
associated non-cerebral autoregulation status values of
patient 101 or a population of patients, along with a learning
rule, such as a back-propagation learning rule. The back-
propagation learning rule may utilize one or more error
measurements comparing the desired output to the output
produced by the neural network algorithm to train the neural
network algorithm by varying the parameters to minimize
the one or more error measurements.

[0058] An example neural network includes a plurality of
nodes, at least some of the nodes having node parameters.
An input, including at least the cerebral autoregulation status
value of patient 101, may be input to a first node of the
neural network algorithm. In some examples, the input may
include a plurality of inputs, each input into a respective
node. The first node may include a function configured to
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determine an output based on the input and one or more
adjustable node parameters. In some examples, the neural
network may include a propagation function configured to
determine an input to a subsequent node based on the output
of a preceding node and a bias value. In some examples, a
learning rule may be configured to modify one or more node
parameters to produce a favored output. For example, the
favored output may be constrained by one or more threshold
values and/or to minimize one or more error measurements.
The favored output may include an output of a single node,
a set of nodes, or the plurality of nodes. In some examples,
the favored output may include predetermined adjustment
values or predetermined non-cerebral autoregulation status
values.

[0059] The neural network algorithm may iteratively
modify the node parameters until the output includes the
favored output. In this way, processing circuitry 100 may be
configured to iteratively evaluating outputs of the neural
network algorithm and iteratively modifying at least one of
the node parameters based on the evaluation of the outputs
of the neural network algorithm to determine the adjustment
value based on the modified neural network algorithm. In
some examples, a neural network algorithm may enable
processing circuitry 110 to more accurately determine the
adjustment value by using more associations of the cerebral
autoregulation status values and non-cerebral autoregulation
status values compared to other techniques and/or reduce
computational time and/or power required to determine the
adjustment value.

[0060] In some examples, processing circuitry 110 may
determine a relationship between the cerebral autoregulation
status value and the non-cerebral autoregulation status value
using a finite element model. The finite element model may
be based on a plurality of finite elements configured to
model an association between the cerebral autoregulation
status value and the non-cerebral autoregulation status
value. For example, the finite element model may include a
plurality of finite elements. A respective finite element of the
plurality of finite elements may include one or more equa-
tions associating a set of cerebral autoregulation status
values with a corresponding set of non-cerebral autoregu-
lation status values. The set of cerebral autoregulation status
value may include one or more predetermined cerebral
autoregulation status values. The corresponding set of non-
cerebral autoregulation status values may include one or
more predetermined non-cerebral autoregulation status val-
ues. In some examples, the one or more equations of each
finite element may be defined by the parameterized relation
of the one or more cerebral autoregulation status values and
one or more non-cerebral autoregulation status values, the
values based on patient-specific data or population-based
data, as discussed above. After determining a corresponding
set of the non-cerebral autoregulation status value for each
finite element, the plurality of finite elements may be sys-
tematically recombined to determine the adjustment value.
[0061] After determining the adjustment value, processing
circuitry 110 may determine non-cerebral autoregulation
status value based on the cerebral autoregulation status value
and the adjustment value. In examples in which the adjust-
ment value includes a range of adjustment values, the
non-cerebral autoregulation status value may include a range
of non-cerebral autoregulation status values.

[0062] Once processing circuitry 110 has determined the
non-cerebral autoregulation status value, processing cir-
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cuitry 110 may generate information indicative of the cere-
bral autoregulation status value and non-cerebral autoregu-
lation status value to an output device. Processing circuitry
110 delivers the information to user interface 130. In some
examples, the information may enable user interface 130, for
example, display 132, speaker 136, and/or separate display
(s) (not shown), to present a graphical user interface that
includes information indicative of autoregulation status of
patient 101, such as the cerebral autoregulation status value,
the non-cerebral autoregulation status value, and/or an indi-
cation of an impaired autoregulation state of the brain and/or
the non-cerebral organ. In some examples, the indication of
autoregulation status may include text, colors, and/or audio
presented to a user. Processing circuitry 110 may be further
configured to present an indication of one or more non-
cerebral autoregulation status values, one or more cerebral
autoregulation status values, one or more limits of autoregu-
lation (e.g., LLA ., LLA,, LLA , ULA_., ULA. , and/or
ULA,;), blood pressure(s), oxygen saturation(s), or the like,
on the graphical user interface. In addition to or instead of
the graphical user interface, processor circuitry 110 may be
configured to generate and present information indicative of
a determined autoregulation status of patient 101 via speaker
136. For example, in response to detecting an impaired
autoregulation state of patient 101, processing circuitry 110
may gernerate an audible alert via speaker 136.

[0063] In some examples, autoregulation monitoring
device 100, e.g., processing circuitry 110 or user interface
130, may include a communication interface to enable
autoregulation monitoring device 100 to exchange informa-
tion with external devices. The communication interface
may include any suitable hardware, software, or both, which
may allow autoregulation monitoring device 100 to com-
municate with electronic circuitry, a device, a network, a
server or other workstations, a display, or any combination
thereof. For example, processing circuitry 100 may receive
blood pressure values, oxygen saturation values, or prede-
termined data, such as predetermined cerebral autoregula-
tion status values, predetermined non-cerebral autoregula-
tion status value, or predetermined adjustment values from
an external device via the communication interface.

[0064] The components of autoregulation monitoring
device 100 that are illustrated and described as separate
components are illustrated and described as such for illus-
trative purposes only. In some examples the functionality of
some of the components may be combined in a single
component. For example, the functionality of processing
circuitry 110 and control circuitry 122 may be combined in
a single processor system. Additionally, in some examples
the functionality of some of the components of autoregula-
tion monitoring device 100 illustrated and described herein
may be divided over multiple components. For example,
some or all of the functionality of control circuitry 122 may
be performed in processing circuitry 110, or sensing cir-
cuitry 140 and 142. In other examples, the functionality of
one or more of the components may be performed in a
different order or may not be required.

[0065] FIGS. 2A and 2B illustrate example graphs 200 of
blood pressure versus time representing a blood pressure
signal 202, cerebral autoregulation status value 204, and
non-cerebral autoregulation status values 206 and 208. In
some examples, graph 200 or a similar graphic may be
displayed to a clinician, for example, by processing circuitry
110 via user interface 130. In the illustrated example,
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cerebral autoregulation status value 204 includes an LLA,
non-cerebral autoregulation status value 206 includes an
LLA,, and non-cerebral autoregulation status value 208
includes an LLA,. Each of LLA. 204, LLA, 206, and
LLA; 208 may be determined by processing circuitry 110,
as discussed above. In some examples, a display similar to
graph 200 may include ULA values or both LLA and ULA
values. In some examples, a display may include fewer or
more non-cerebral autoregulation status values than illus-
trated in FIG. 2A.

[0066] As illustrated in FIG. 2A, blood pressure signal 202
intersects LLA_. 204 at point 205. For example, a blood
pressure of patient 101 (e.g., blood pressure signal 202) less
than LLA . 204, e.g., to the left of point 205, may indicate
impaired autoregulation with respect to the brain of patient
101. Similarly, blood pressure signal 202 intersects LLA,
206 at points 207 and 211. A blood pressure of patient 101
(e.g., blood pressure signal 202) less than LL.A 206, e.g., to
the right of point 207 and the left of point 211, may indicate
impaired autoregulation with respect to the kidneys of
patient 101. Similarly, blood pressure signal 202 intersects
LLA 208 at points 209 and 213. A blood pressure of patient
101 (e.g., blood pressure signal 202) less than LLA 208,
e.g., to the right of point 209 and the left of point 213, may
indicate impaired autoregulation with respect to the gastro-
intestinal tract of patient 101.

[0067] As discussed above, autoregulation monitoring
system 100, e.g., user interface 130, may be further config-
ured to provide an alert, such as a visual or audible alarm,
when the autoregulation of patient 101 is impaired. For
example, when blood pressure signal 202 drops below a
threshold for intact non-cerebral organ autoregulation (e.g.,
a threshold for non-cerebral organ dysfunction), such as, one
ormore of LLA 204, LLA, 206, and LLA ; 208, processing
circuitry 110 may cause user interface 130 to provide an alert
to auser, such as a clinician. In some examples, the alert may
be similar or different for each autoregulation impairment
scenario corresponding to when blood pressure signal 202
drops below each of LLA 204, LLA, 206, and LLA 208.
By including LA 204, LLA, 206, and LLA; 208 and, in
some examples, alerts for each associated impaired auto-
regulation scenario, autoregulation monitoring system 100
may enable a clinician to make a more informed decision to
correct a blood pressure of patient 101, e.g., to maintain
autoregulation of selected organs or organ systems, com-
pared to autoregulation monitoring systems that do not
determine and/or display non-cerebral autoregulation status
values. In this manner, the clinician is provided with a fuller
picture of a patient’s autoregulation status with respect to
multiple organs, including non-cerebral organs, based on the
determined cerebral autoregulation status values and with-
out requiring invasive monitoring of the non-cerebral
organs. The cerebral autoregulation status values may be
determined based on signals collected at a cerebral collec-
tion site, whereas the non-cerebral autoregulation status
values are determined without requiring any signals to be
collected at a second, non-cerebral collection site.

[0068] As discussed above, in some examples, a non-
cerebral autoregulation status value may include a range of
non-cerebral autoregulation status values, e.g., determined
based on a cerebral autoregulation status value and a range
of adjustment values. As illustrated in FIG. 2B, graph 200
may include LLA, band 212 and LLA band 218. LLA,
band 212 may define a range of non-cerebral autoregulation
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status values above and below LLA, 206. Similarly, LLA;
band 218 may define a range of non-cerebral autoregulation
status values above and below LLA; 208. Each respective
range of non-cerebral autoregulation status values may
include, for example, a predetermined range, such as a
statistical range or confidence interval, based on patient-
specific data or population-based data.

[0069] LILA, band 212 may indicate a warning region in
which autoregulation monitoring system 100 may be con-
figured to provide an alert to a user. For example, LLA,
band 212 includes LLA, upper limit 210 and LLA, lower
limit 214. Blood pressure signal 202 intersects LL A, upper
limit 210 at point 215 and LLA, lower limit 214 at point
219. In some examples, a blood pressure of patient 101 (e.g,,
blood pressure signal 202) above LLA - upper limit 210 may
indicate intact autoregulation with respect to the kidneys of
patient 101. A blood pressure of patient 101 (e.g., blood
pressure signal 202) below LLA, lower limit 214 may
indicate impaired autoregulation with respect to the kidneys
of patient 101. When blood pressure signal 202 drops below
LLA, upper limit 210 processing circuitry 110 may cause
user interface 130 to provide an indication that the blood
pressure of patient 101 is trending toward an impaired
autoregulation status. When blood pressure signal 202 drops
further below LLA ;- lower limit 214 processing circuitry 110
may cause user interface 130 to provide an alert to a user,
such as a clinician. Processing circuitry 110 may be similarly
configured to provide an indicators or alters when blood
pressure signal 202 drops below LLA, upper limit 216
and/or LLA,; lower limit 220. In this way, autoregulation
monitoring system 100 may provide stages or degrees of
alters to enable a clinician to make a more informed decision
to correct a blood pressure of patient 101.

[0070] FIG. 3 is a flow diagram illustrating an example
method of monitoring the autoregulation status of a patient.
Although FIG. 3 is described with respect to processing
circuitry 110 of autoregulation monitoring system 100 (FIG.
1), in other examples, different processing circuitry, alone or
in combination with processing circuitry 110, may perform
any part of the technique of FIG. 3. The technique illustrated
in FIG. 3 includes receiving, by processing circuitry 110, a
blood pressure signal indicative of a blood pressure of
patient 101 and an oxygen saturation signal indicative of an
oxygen saturation of patient 101 (302). For example, the
technique may include generating by sensing devices 150
and 152 the blood pressure signal and the oxygen saturation
signal, which is received by processing circuitry 110, as
discussed above.

[0071] The technique illustrated in FIG. 3 also includes
determining, by processing circuitry 110, a metric indicative
of the autoregulation status of patient 101 based on the blood
pressure signal and the oxygen saturation signal (304). In
some examples, determining the metric indicative of the
autoregulation status of patient 101 (304) may include
determining, by processing circuitry 110, a cerebral auto-
regulation status value based on the blood pressure signal
and the oxygen saturation signal. In some examples, the
cerebral autoregulation status value may include at least one
of an LLA or a ULA. For example, as discussed above,
processing circuitry 110 may determine a correlation index
(e.g., COx, HVX) based on the determined adjustment value
and the measured oxygen saturation value, or additional or
alternative physiological parameters, and then determine an
estimate of an LLA based on the lowest blood pressure value
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at which the expected value of COx is less than a threshold
value and/or a ULA based on the highest blood pressure
value at which the expected value of COx is greater than a
threshold value.

[0072] The technique illustrated in FIG. 3 also includes
determining, by processing circuitry 110, a non-cerebral
autoregulation status value based on the cerebral autoregu-
lation status value and an adjustment value (306). As dis-
cussed above, in some examples, the adjustment value may
be predetermined. In some examples, the technique may
include determining the adjustment value based on a patient-
specific data and/or population-based data. For example, as
described below in reference to FIGS. 4-7, processing
circuitry 100 may determine the adjustment value using at
least one of a physiological model, a population-based
model, a neural network algorithm, or a finite element
model.

[0073] The technique illustrated in FIG. 3 also includes
providing, by processing circuitry 110, a signal indicative of
the cerebral autoregulation status value and the non-cerebral
autoregulation status value to an output device, such as user
interface 130 (308). For example, as discussed above, dis-
play 132 and/or speaker 136 may present to a clinician a
graphical user interface that includes the cerebral autoregu-
lation status value and the non-cerebral autoregulation status
value, such as text, colors, and/or audio. Processing circuitry
110 may be further configured to present an indication of one
or more limits of autoregulation, blood pressure(s), oxygen
saturation(s), or the like, on the graphical user interface.

[0074] In some examples, determining the adjustment
value includes using a physiological model. FIG. 4 is a flow
diagram illustrating an example technique for determining
the adjustment value using a physiological model based on
patient-specific data. The technique illustrated in FIG. 4
includes receiving, by processing circuitry 110, e.g., from
memory 120 and/or from a remote database, patient-specific
data including one or more predetermined cerebral auto-
regulation status values of patient 101 and one or more
predetermined non-cerebral autoregulation status values of
patient 101 (402). As discussed above, the one or more
predetermined cerebral autoregulation status values of
patient 101 and the one or more predetermined non-cerebral
autoregulation status values of patient 101 are predeter-
mined using contemporaneous physiological parameters.
The technique illustrated in FIG. 4 also includes determin-
ing, by processing circuitry 110, an association (e.g., rela-
tionship) between the cerebral autoregulation status values
and the non-cerebral autoregulation status values (404). For
example, determining the association may include param-
eterizing two or more sets of cerebral autoregulation status
values and non-cerebral autoregulation status values. In
some examples, the technique may include storing in
memory 120 a look-up table, equation, or other physiologi-
cal model based on the determined association. In some
examples, rather than determining the association, process-
ing circuitry 110 may retrieve, e.g., from memory 120 or
from a remote database, the association (e.g., relationship)
between the cerebral autoregulation status values and the
non-cerebral autoregulation status values, such as a stored
look-up table, equation, or other physiological model. Pro-
cessing circuitry 110 may determine the adjustment value
based on the physiological model-based association (406).
In this way, the technique illustrated in FIG. 4 includes
determining a relationship between the cerebral autoregula-
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tion status values and the non-cerebral autoregulation status
values using a physiological model based on a predeter-
mined association between a cerebral autoregulation status
values of patient 101 and a non-cerebral autoregulation
status values of patient 101.

[0075] In some examples, determining the adjustment
value may include using a population-based model. FIG. 5
is a flow diagram illustrating an example technique for
determining the adjustment value using a population-based
model based on population based data. In the example
illustrated in FIG. 5, processing circuitry 110 retrieves, e.g.,
from memory 120 or from a remote database, one or more
cerebral autoregulation status values and one or more non-
cerebral autoregulation status values determined based on
population-based data (502). The technique illustrated in
FIG. 5 also includes determining, by processing circuitry
110, an association (e.g., relationship) between the cerebral
autoregulation status value and the non-cerebral autoregu-
lation status value (504). For example, determining the
association may include parameterizing two or more sets of
cerebral autoregulation status values and non-cerebral auto-
regulation status value measured contemporaneously. In
some examples, the technique may include storing in
memory 120 a look-up table, equation, or other physiologi-
cal model based on the determined association. In some
examples, rather than determining the association, process-
ing circuitry 110 may retrieve, e.g., from memory 120 or
from a remote database, the association (e.g., relationship)
between the cerebral autoregulation status value and the
non-cerebral autoregulation status value, such as a stored
look-up table, equation, or other population-based model. In
some examples, the technique may include automatically
filtering, by processing circuitry 110, the population-based
data based on demographic data associated with each set of
cerebral autoregulation status values and non-cerebral auto-
regulation status values. The technique illustrated in FIG. 5
also includes determining, by processing circuitry 110, the
adjustment value based on the association (506). In this way,
the technique illustrated in FIG. 5 includes determining, by
processing circuitry 110, a relationship between the cerebral
autoregulation status value and the non-cerebral autoregu-
lation status value using a population-based model based on
a predetermined association between a first set blood pres-
sures and a second set blood pressures.

[0076] In some examples, determining the adjustment
value (304) may include using a neural network algorithm.
FIG. 6 is a flow diagram illustrating an example technique
for determining the adjustment value using a neural network
algorithm based on patient-specific data and/or population
based data. The technique illustrated in FIG. 6 includes,
inputting, by processing circuitry 110, at least the cerebral
autoregulation status value of patient 101 into the neural
network algorithm (602), as described above. In some
examples, processing circuitry 110 may input inputting
training data, such as patient-specific data or population-
based data, into the neural network algorithm to tune the
node parameters. The technique illustrated in FIG. 6
includes, iteratively evaluating, by processing circuitry 110,
outputs of the neural network algorithm (604). The outputs
may include the non-cerebral autoregulation status value of
patient 101. The technique illustrated in FIG. 6 includes,
iteratively modifying, by processing circuitry 110, at least
one of the node parameters based on the evaluation of the
outputs of the neural network algorithm (606). The tech-
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nique illustrated in FIG. 6 also includes determining, by
processing circuitry 100, he adjustment value based on the
modified neural network algorithm (608). In this way, the
technique illustrated in FIG. 6 includes determining, by
processing circuitry 110, a relationship between the cerebral
autoregulation status value and the non-cerebral autoregu-
lation status value using a neural network algorithm includ-
ing a plurality of nodes, at least some of the nodes having
node parameters.

[0077] In some examples, determining the adjustment
value (304) may include using finite element analysis. FIG.
7 is a flow diagram illustrating an example technique for
determining the adjustment value using finite element analy-
sis based on patient-specific data and/or population-based
data. Each finite element the plurality of finite elements may
include one or more equations defined by the parameterized
relation of training data, such as patient specific data or
population-based data, as discussed above. The technique
illustrated in FIG. 7 includes determining, by processing
circuitry 110, a set of cerebral autoregulation status values,
including for example, one or more predetermined cerebral
autoregulation status values, for each finite element of the
plurality of finite elements (702). Processing circuitry 110
may determine an output value of each finite element of the
plurality of finite elements based on the set on cerebral
autoregulation status values (704). In some examples, pro-
cessing circuitry 110 systematically recombines the plurality
of finite elements to determine the adjustment value (706).
In this way, the technique illustrated in FIG. 7 includes
determining, by processing circuitry 110, a relationship
between the cerebral autoregulation status value and the
non-cerebral autoregulation status value using a finite ele-
ment model based on a plurality of finite elements config-
ured to model an association between the cerebral autoregu-
lation status value of patient 101 and the non-cerebral
autoregulation status value of patient 101.

[0078] The techniques described in this disclosure, includ-
ing those attributed to device 100, processing circuitry 110,
control circuitry 122, sensing circuitries 140, 142, or various
constituent components, may be implemented, at least in
part, in hardware, software, firmware or any combination
thereof. For example, various aspects of the techniques may
be implemented within one or more processors, including
one or more microprocessors, DSPs, ASICs, FPGAs, or any
other equivalent integrated or discrete logic circuitry, as well
as any combinations of such components, embodied in
programmers, such as clinician or patient programmers,
medical devices, or other devices. Processing circuitry,
control circuitry, and sensing circuitry, as well as other
processors and controllers described herein, may be imple-
mented at least in part as, or include, one or more executable
applications, application modules, libraries, classes, meth-
ods, objects, routines, subroutines, firmware, and/or embed-
ded code, for example.

[0079] In one or more examples, the functions described
in this disclosure may be implemented in hardware, soft-
ware, firmware, or any combination thereof If implemented
in software, the functions may be stored on, as one or more
instructions or code, a computer-readable medium and
executed by a hardware-based processing unit. The com-
puter-readable medium may be an article of manufacture
including a non-transitory computer-readable storage
medium encoded with instructions. Instructions embedded
or encoded in an article of manufacture including a non-
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transitory computer-readable storage medium encoded, may
cause one or more programmable processors, or other pro-
cessors, to implement one or more of the techniques
described herein, such as when instructions included or
encoded in the non-transitory computer-readable storage
medium are executed by the one or more processors.
Example non-transitory computer-readable storage media
may include RAM, ROM, programmable ROM (PROM),
erasable programmable ROM (EPROM), electronically
erasable programmable ROM (EEPROM), flash memory, a
hard disk, a compact disc ROM (CD-ROM), a floppy disk,
a cassette, magnetic media, optical media, or any other
computer readable storage devices or tangible computer
readable media.

[0080] In some examples, a computer-readable storage
medium comprises non-transitory medium. The term “non-
transitory” may indicate that the storage medium is not
embodied in a carrier wave or a propagated signal. In certain
examples, a non-transitory storage medium may store data
that can, over time, change (e.g., in RAM or cache).
[0081] The functionality described herein may be pro-
vided within dedicated hardware and/or software modules.
Depiction of different features as modules or umnits is
intended to highlight different functional aspects and does
not necessarily imply that such modules or units must be
realized by separate hardware or software components.
Rather, functionality associated with one or more modules
or units may be performed by separate hardware or software
components, or integrated within common or separate hard-
ware or software components. Also, the techniques could be
fully implemented in one or more circuits or logic elements.
[0082] The following clauses include example subject
matter described herein.

[0083] Clause 1. A method comprising: receiving, by
processing circuitry, a blood pressure signal indicative of a
blood pressure of a patient and an oxygen saturation signal
indicative of an oxygen saturation of the patient; determin-
ing, by the processing circuitry, a cerebral autoregulation
status value based on the blood pressure signal and the
oxygen saturation signal; determining, by the processing
circuitry, a non-cerebral autoregulation status value based on
the cerebral autoregulation status value and an adjustment
value; and providing, by the processing circuitry and to an
output device, a signal indicative of the non-cerebral auto-
regulation status value and a signal indicative of the cerebral
autoregulation status value.

[0084] Clause 2. The method of clause 1, further compris-
ing determining, by the processing circuitry, the adjustment
value based on a model associating the cerebral autoregu-
lation status value or a predetermined cerebral autoregula-
tion status value with a predetermined non-cerebral auto-
regulation status value.

[0085] Clause 3. The method of clause 2, wherein the
model] comprises at least one of a physiological model, a
population-based model, a neural network algorithm, or a
finite element model to associate the cerebral autoregulation
status value with the non-cerebral autoregulation status
value.

[0086] Clause 4. The method of clause 1, wherein the
adjustment value is based on a population-based model
defining a predetermined association between cerebral auto-
regulation status values of a population of patients and
non-cerebral autoregulation status values of the population
of patients.
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[0087] Clause 5. The method of clause 4, wherein the
population-based model comprises demographic data, and
wherein determining the adjustment value comprises: select-
ing at least one predetermined association based on the
demographic data; and determining the relationship between
the cerebral autoregulation status value and the non-cerebral
autoregulation status value based on the selected at least one
predetermined association.

[0088] Clause 6. The method of clause 1, wherein deter-
mining the adjustment value comprises determining a rela-
tionship between the cerebral autoregulation status value
and the non-cerebral autoregulation status value using a
physiological model based on a predetermined association
between the cercbral autoregulation status value of the
patient and the non-cerebral autoregulation status value of
the patient.

[0089] Clause 7. The method of clause 6, wherein deter-
mining the adjustment value comprises determining a rela-
tionship between the cerebral autoregulation status value
and the non-cerebral autoregulation status value using a
neural network algorithm comprising a plurality of nodes, at
least some of the nodes having node parameters, by: input-
ting at least the cerebral autoregulation status value into the
neural network algorithm; iteratively evaluating outputs of
the neural network algorithm, wherein the outputs comprise
a non-cerebral autoregulation status value estimate; itera-
tively modifying at least one of the node parameters based
on the evaluation of the outputs of the neural network
algorithm; and determining the adjustment value based on
the modified neural network algorithm.

[0090] Clause 8. The method of clause 1, wherein deter-
mining the adjustment value comprises determining a rela-
tionship between the cerebral autoregulation status value
and the non-cerebral autoregulation status value using a
finite element model based on a plurality of finite elements
configured to model an association between the cerebral
autoregulation status value and the non-cerebral autoregu-
lation status value.

[0091] Clause 9. The method of any one of clauses 1
through 8 wherein the output device is configured to display
via a user interface the non-cerebral autoregulation status
and the cerebral autoregulation status.

[0092] Clause 10. The method of any one of clauses 1
through 9, wherein the non-cerebral autoregulation status
value comprises at least one of a lower limit of autoregu-
lation or an upper limit of autoregulation.

[0093] Clause 11. The method of any one of clauses 1
through 10, wherein the non-cerebral autoregulation status
value comprises a range of non-cerebral autoregulation
status values.

[0094] Clause 12. The method of any one of clauses 1
through 11, wherein the non-cerebral autoregulation status
value comprises a plurality of non-cerebral autoregulation
status values, each indicative of an autoregulation status of
an organ or organ system of the patient.

[0095] Clause 13. The method of any one of clauses 1
through 12, wherein the non-cerebral autoregulation status
value comprises at least one of a kidney autoregulation
status value or a gastrointestinal tract autoregulation status
value.

[0096] Clause 14. The method of any one of clauses 1
through 13, wherein the cerebral autoregulation status value
comprises at least one of a lower limit of cerebral autoregu-
lation or an upper limit of cerebral autoregulation.
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[0097] Clause 15. A system comprising: a blood pressure
sensor configured to transmit a blood pressure signal indica-
tive of a blood pressure of a patient, an oxygen saturation
sensor configured to transmit an oxygen saturation signal
indicative of an oxygen saturation of the patient; and pro-
cessing circuitry configured to: receive the blood pressure
signal from the blood pressure sensor; receive the oxygen
saturation signal from the oxygen saturation sensor; deter-
mine a cerebral autoregulation status value based on the
blood pressure signal and the oxygen saturation signal;
determine a non-cerebral autoregulation status value based
on the cerebral autoregulation status value and an adjust-
ment value; and provide to an output device a signal
indicative of the non-cerebral autoregulation status value
and a signal indicative of the cerebral autoregulation status
value.

[0098] Clause 16. The system of clause 15, wherein the
processor is configured to determine the adjustment value
based on a model associating the cerebral autoregulation
status value or a predetermined cerebral autoregulation
status value with a predetermined non-cerebral autoregula-
tion status value.

[0099] Clause 17. The system of clause 16, the model
comprises at least one of a physiological model, a popula-
tion-based model, a neural network algorithm, or a finite
element model to associate the cerebral autoregulation status
value with the non-cerebral autoregulation status value.
[0100] Clause 18. The system of clause 15, wherein the
adjustment value is based on a population-based model
defining a predetermined association between cerebral auto-
regulation status values of a population of patients and
non-cerebral autoregulation status values of the population
of patients.

[0101] Clause 19. The system of clause 18, wherein the
population-based model comprises demographic data, and
wherein the processing circuitry is configured to determine
the adjustment value by: selecting at least one predetermined
association based on the demographic data; and determining
the relationship between the cerebral autoregulation status
value and the non-cerebral autoregulation status value based
on the selected at least one predetermined association.
[0102] Clause 20. The system of clause 15, wherein the
processing circuitry is configured to determine the adjust-
ment value by determining a relationship between the cere-
bral autoregulation status value and the non-cerebral auto-
regulation status value using a physiological model based on
a predetermined association between the cerebral autoregu-
lation status value of the patient and the non-cerebral
autoregulation status value of the patient.

[0103] Clause 21. The system of clause 15, wherein the
processing circuitry is configured to determine the adjust-
ment value using a neural network algorithm comprising a
plurality of nodes, at least some of the nodes having node
parameters, by: inputting at least the cerebral autoregulation
status value into the neural network algorithm; iteratively
evaluating outputs of the neural network algorithm, wherein
the outputs comprise a non-cerebral autoregulation status
value estimate; iteratively modifying at least one of the node
parameters based on the evaluation of the outputs of the
neural network algorithm; and determining the adjustment
value based on the modified neural network algorithm.
[0104] Clause 22. The system of clause 15, wherein the
processing circuitry is configured to determine the adjust-
ment value using a finite element model based on a plurality
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of finite elements configured to model an association
between the cerebral autoregulation status value and the
non-cerebral autoregulation status value.
[0105] Clause 23. The system of any one of clauses 15
through 22, wherein the output device is configured to
display via a user interface a non-cerebral autoregulation
status and a cerebral autoregulation status.
[0106] Clause 24. The system of any one of clauses 15
through 23, wherein the non-cerebral autoregulation status
value comprises at least one of a lower limit of autoregu-
lation or an upper limit of autoregulation.
[0107] Clause 25. The system of any one of clauses 15
through 24, wherein the non-cerebral autoregulation status
value comprises a range of non-cerebral autoregulation
status values.
[0108] Clause 26. The system any one of clauses 15
through 25, wherein the non-cerebral autoregulation status
value comprises a plurality of non-cerebral autoregulation
status values, each indicative of an autoregulation status of
an organ or organ system of the patient.
[0109] Clause 27. The system of any one of clauses 15
through 26, wherein the non-cerebral autoregulation status
value comprises at least one of a kidney autoregulation
status value or a gastrointestinal tract autoregulation status
value.
[0110] Clause 28. The system of any one of clauses 15
through 27, wherein the cerebral autoregulation status value
comprises at least one of a lower limit of cerebral autoregu-
lation or an upper limit of cerebral autoregulation.
[0111] Clause 29. A non-transitory computer readable stor-
able medium comprising instructions that, when executed,
cause processing circuitry to: receive a blood pressure signal
indicative of a blood pressure of a patient and an oxygen
saturation signal indicative of an oxygen saturation of the
patient; determine a cercbral autoregulation status value
based on the blood pressure signal and the oxygen saturation
signal; determine a non-cerebral autoregulation status value
based on the cerebral autoregulation status value and an
adjustment value; and provide to an output device a signal
indicative of the non-cerebral autoregulation status value
and a signal indicative of the cerebral autoregulation status
value.
[0112] Clause 30. The non-transitory computer readable
storable medium of clause 29, further comprising instruc-
tions that, when executed, cause processing circuitry to
perform the method of any one or more of clauses 2 through
14.
[0113] Various examples of the disclosure have been
described. Any combination of the described systems, opera-
tions, or functions is contemplated. These and other
examples are within the scope of the following claims.
What is claimed is:
1. A method comprising:
receiving, by processing circuitry, a blood pressure signal
indicative of a blood pressure of a patient and an
oxygen saturation signal indicative of an oxygen satu-
ration of the patient;
determining, by the processing circuitry, a cerebral auto-
regulation status value based on the blood pressure
signal and the oxygen saturation signal;
determining, by the processing circuitry, a non-cerebral
autoregulation status value based on the cerebral auto-
regulation status value and an adjustment value; and
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providing, by the processing circuitry and to an output
device, a signal indicative of the non-cerebral auto-
regulation status value and a signal indicative of the
cerebral autoregulation status value.

2. The method of claim 1, further comprising determining,
by the processing circuitry, the adjustment value based on a
model] associating the cerebral autoregulation status value or
a predetermined cerebral autoregulation status value with a
predetermined non-cerebral autoregulation status value.

3. The method of claim 2, wherein the model comprises
at least one of a physiological model, a population-based
model, a neural network algorithm, or a finite element model
to associate the cerebral autoregulation status value with the
non-cerebral autoregulation status value.

4. The method of claim 1, wherein the adjustment value
is based on a population-based model defining a predeter-
mined association between cerebral autoregulation status
values of a population of patients and non-cerebral auto-
regulation status values of the population of patients.

5. The method of claim 4, wherein the population-based
model] comprises demographic data, and wherein determin-
ing the adjustment value comprises:

selecting at least one predetermined association based on
the demographic data; and

determining the relationship between the cerebral auto-
regulation status value and the non-cerebral autoregu-
lation status value based on the selected at least one
predetermined association.

6. The method of claim 1, wherein determining the
adjustment value comprises determining a relationship
between the cerebral autoregulation status value and the
non-cerebral autoregulation status value using a physiologi-
cal model based on a predetermined association between the
cerebral autoregulation status value of the patient and the
non-cerebral autoregulation status value of the patient.

7. The method of claim 6, wherein determining the
adjustment value comprises determining a relationship
between the cerebral autoregulation status value and the
non-cerebral autoregulation status value using a neural net-
work algorithm comprising a plurality of nodes, at least
some of the nodes having node parameters, by:

inputting at least the cerebral autoregulation status value
into the neural network algorithm;

iteratively evaluating outputs of the neural network algo-
rithm, wherein the outputs comprise a non-cerebral
autoregulation status value estimate;

iteratively modifying at least one of the node parameters
based on the evaluation of the outputs of the neural
network algorithm; and

determining the adjustment value based on the modified
neural network algorithm.

8. The method of claim 1, wherein determining the
adjustment value comprises determining a relationship
between the cerebral autoregulation status value and the
non-cerebral autoregulation status value using a finite ele-
ment model based on a plurality of finite elements config-
ured to model an association between the cerebral autoregu-
lation status value and the non-cerebral autoregulation status
value.

9. The method of claim 1 wherein the output device is
configured to display via a user interface the non-cerebral
autoregulation status and the cerebral autoregulation status.
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10. The method of claim 1, wherein the non-cerebral
autoregulation status value comprises at least one of a lower
limit of autoregulation or an upper limit of autoregulation.

11. The method of claim 1, wherein the non-cerebral
autoregulation status value comprises a range of non-cere-
bral autoregulation status values.

12. The method of claim 1, wherein the non-cerebral
autoregulation status value comprises a plurality of non-
cerebral autoregulation status values, each indicative of an
autoregulation status of an organ or organ system of the
patient.

13. The method of claim 1, wherein the non-cerebral
autoregulation status value comprises at least one of a
kidney autoregulation status value or a gastrointestinal tract
autoregulation status value.

14. The method of claim 1, wherein the cerebral auto-
regulation status value comprises at least one of a lower limit
of cerebral autoregulation or an upper limit of cerebral
autoregulation.

15. A system comprising:

a blood pressure sensor configured to transmit a blood
pressure signal indicative of a blood pressure of a
patient;

an oxygen saturation sensor configured to transmit an
oxygen saturation signal indicative of an oxygen satu-
ration of the patient; and

processing circuitry configured to:

receive the blood pressure signal from the blood pres-
sure sensor;

receive the oxygen saturation signal from the oxygen
saturation sensor;

determine a cerebral autoregulation status value based
on the blood pressure signal and the oxygen satura-
tion signal;

determine a non-cerebral autoregulation status value
based on the cerebral autoregulation status value and
an adjustment value; and

provide to an output device a signal indicative of the
non-cerebral autoregulation status value and a signal
indicative of the cerebral autoregulation status value.

16. The system of claim 15, wherein the processor is
configured to determine the adjustment value based on a
model associating the cerebral autoregulation status value or
a predetermined cerebral autoregulation status value with a
predetermined non-cerebral autoregulation status value.

17. The system of claim 16, the model comprises at least
one of a physiological model, a population-based model, a
neural network algorithm, or a finite element model to
associate the cerebral autoregulation status value with the
non-cerebral autoregulation status value.

18. The system of claim 15, wherein the adjustment value
is based on a population-based model defining a predeter-
mined association between cerebral autoregulation status
values of a population of patients and non-cerebral auto-
regulation status values of the population of patients.

19. The system of claim 18, wherein the population-based
model comprises demographic data, and wherein the pro-
cessing circuitry is configured to determine the adjustment
value by:

selecting at least one predetermined association based on

the demographic data; and
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determining the relationship between the cerebral auto-
regulation status value and the non-cerebral autoregu-
lation status value based on the selected at least one
predetermined association.

20. The system of claim 15, wherein the processing
circuitry is configured to determine the adjustment value by
determining a relationship between the cerebral autoregula-
tion status value and the non-cerebral autoregulation status
value using a physiological model based on a predetermined
association between the cerebral autoregulation status value
of the patient and the non-cerebral autoregulation status
value of the patient.

21. The system of claim 15, wherein the processing
circuitry is configured to determine the adjustment value
using a neural network algorithm comprising a plurality of
nodes, at least some of the nodes having node parameters,
by:

inputting at least the cerebral autoregulation status value

into the neural network algorithm;

iteratively evaluating outputs of the neural network algo-

rithm, wherein the outputs comprise a non-cerebral
autoregulation status value estimate;

iteratively modifying at least one of the node parameters

based on the evaluation of the outputs of the neural
network algorithm; and

determining the adjustment value based on the modified

neural network algorithm.

22. The system of claim 15, wherein the processing
circuitry is configured to determine the adjustment value
using a finite element model based on a plurality of finite
elements configured to model an association between the
cerebral autoregulation status value and the non-cerebral
autoregulation status value.

23. The system of claim 15, wherein the output device is
configured to display via a user interface the non-cerebral
autoregulation status and the cerebral autoregulation status.

24. The system of claim 15, wherein the non-cerebral
autoregulation status value comprises at least one of a lower
limit of autoregulation or an upper limit of autoregulation.

25. The system of claim 15, wherein the non-cerebral
autoregulation status value comprises a range of non-cere-
bral autoregulation status values.

26. The system of claim 15, wherein the non-cerebral
autoregulation status value comprises a plurality of non-
cerebral autoregulation status values, each indicative of an
autoregulation status of an organ or organ system of the
patient.

27. The system of claim 15, wherein the non-cerebral
autoregulation status value comprises at least one of a
kidney autoregulation status value or a gastrointestinal tract
autoregulation status value.

28. The system of claim 15, wherein the cerebral auto-
regulation status value comprises at least one of a lower limit
of cerebral autoregulation or an upper limit of cerebral
autoregulation.

29. A non-transitory computer readable storable medium
comprising instructions that, when executed, cause process-
ing circuitry to:

receive a blood pressure signal indicative of a blood

pressure of a patient and an oxygen saturation signal

indicative of an oxygen saturation of the patient;
determine a cerebral autoregulation status value based on

the blood pressure signal and the oxygen saturation

signal,



US 2020/0121193 Al Apr. 23,2020
16

determine a non-cerebral autoregulation status value
based on the cerebral autoregulation status value and an
adjustment value; and

provide to an output device a signal indicative of the
non-cerebral autoregulation status value and a signal
indicative of the cerebral autoregulation status value.
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