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(7) ABSTRACT

In some examples, a device includes processing circuitry
configured to receive first and second signals indicative of
first and second physiological parameters and determine a
trendline function based on values of first and second
physiological parameters. The processing circuitry is further
configured to determine transformed values of the first
physiological parameter based on the trendline function. The
processing circuitry is configured to determine correlation
coeflicient values for the transformed values of the first
physiological parameter and the values of the second physi-
ological parameter. The processing circuitry is further con-
figured to determine a limit of autoregulation of the patient

Int. CL. based on the correlation coeflicient values. The processing
A6IB 5/00 (2006.01) circuitry is configured to determine an autoregulation status
A61B 5/0205 (2006.01) based on the estimate of the limit of autoregulation and
G16H 5020 (2006.01) output, for display, an indication of the autoregulation status.
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DETERMINING A LIMIT OF
AUTOREGULATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/510,303, filed May 24, 2017, the
entire content of which is incorporated by reference.

TECHNICAL FIELD

[0002] This disclosure relates to autoregulation of blood
pressure, particularly cerebral autoregulation.

BACKGROUND

[0003] Cerebral autoregulation (CA) is the response
mechanism by which an organism regulates cerebral blood
flow over a wide range of systemic blood pressure changes
through complex myogenic, neurogenic, and metabolic
mechanisms. Autoregulation dysfunction may result from a
number of causes including, stroke, traumatic brain injury,
brain lesions, brain asphyxia, or infections of the central
nervous system. Intact cerebral autoregulation function
occurs over a range of blood pressures defined between a
lower limit of autoregulation (LLA) and an upper limit of
autoregulation (ULA). Thus the intact autoregulation zone
may differ from patient to patient.

[0004] The Pearson coefficient, or cerebral oximetry index
(COx), is derived from the correlation between cerebral
oxygen saturation in the blood (rSO,) and mean arterial
pressure (MAP). COx relates to the regression line fit
between rSO, and MAP over a time window, which may last
three hundred seconds, in some examples. The COx method
may be used to produce a picture of a patient’s blood-
pressure-dependent autoregulation status.

SUMMARY

[0005] This disclosure describes techniques for determin-
ing a limit of autoregulation (LA) such as the lower limit of
autoregulation (LLA) and/or the upper limit of autoregula-
tion (ULA) based on mean arterial pressure (MAP) and
regional oxygen saturation (rSO,). In some examples, the
method may include transforming the values of rSO, by
determining a gradient or trendline of the MAP-rSO, curve
and applying the trendline values to the values of rSO,. The
method may further include determining one or more values
of a cerebral oximetry index (COx) that measures the
correlation between the MAP and the transformed values of
rSO,. Alternatively or additionally, the method may include
determining COx values from the values of MAP and the
untransformed values of rSQO,. The method may also include
transforming the values of COx using a piecewise function
or a continuous function.

[0006] Clause 1: In some examples, a device includes a
display and processing circuitry configured to receive a first
signal indicative of a first physiological parameter of a
patient and a second signal indicative of a second physi-
ological parameter of the patient. The processing circuitry is
also configured to determine a trendline function based on
values of the first physiological parameter and values of the
second physiological parameter. The processing circuitry is
further configured to determine transformed values of the
first physiological parameter based on the trendline function.
The processing circuitry is configured to determine corre-
lation coefficient values for the transformed values of the
first physiological parameter and the values of the second
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physiological parameter. The processing circuitry is also
configured to determine a limit of autoregulation of the
patient based on the correlation coeflicient values and deter-
mine an autoregulation status of the patient based on the
limit of autoregulation. The processing circuitry is further
configured to output, for display via the display, an indica-
tion of the autoregulation status.

[0007] Clause 2: In some examples of clause 1, the pro-
cessing circuitry is configured to determine the limit of
autoregulation at least in part by determining a lower limit
of autoregulation based on the correlation coeflicient values.

[0008] Clause 3: In some examples of clause 1 or clause
2, the processing circuitry is configured to determine the
limit of autoregulation at least in part by determining an
upper limit of autoregulation based on the correlation coef-
ficient values.

[0009] Clause 4: In some examples of any of clauses 1-3,
the first physiological parameter includes an oxygen satu-
ration of the patient and the second physiological parameter
includes a blood pressure of the patient. The processing
circuitry is configured to determine the trendline function at
least in part by determining the trendline function based on
the measurements of oxygen saturation in the blood of the
patient and the blood pressure of the patient. The processing
circuitry is configured to determine the transformed values
of the first physiological parameter at least in part by
determining transformed values of oxygen saturation in the
blood of the patient. The processing circuitry is configured
to determine the correlation coefficients at least in part by
determining correlation coeflicients for the transformed val-
ues of oxygen saturation in the blood of the patient and the
blood pressure of the patient.

[0010] Clause 5: In some examples of any of clauses 1-4,
the processing circuitry is configured to determine the
trendline function at least in part by determining a best fit for
the values of the first physiological parameter and the values
of the second physiological parameter.

[0011] Clause 6: In some examples of any of clauses 1-5,
the processing circuitry is configured to determine the
transformed values of the first physiological parameter at
least in part by determining transformed values of the first
physiological parameter based a difference between each
value of the first physiological parameter and a respective
expected trendline value of the first physiological parameter.

[0012] Clause 7: In some examples of any of clauses 1-6,
the processing circuitry is configured to determine the
correlation coeflicient values at least in part by binning each
transformed value of the first physiological parameter based
on a respective value of the second physiological parameter
and determining an average correlation coeflicient for each
bin of a plurality of bins.

[0013] Clause 8: In some examples of any of clauses 1-7,
the processing circuitry is further configured to determine an
initial trendline function based on historical data, and the
processing circuitry is configured to determine the trendline
function at least in part by reducing an effect of the initial
trendline function as the processing circuitry determines
values of the first physiological parameter.

[0014] Clause 9: In some examples of any of clauses 1-8,
the processing circuitry is further configured to determine
that a total number of data points exceeds a threshold
number, and the processing circuitry is configured to deter-
mine the trendline function and determine the transformed
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values of the first physiological parameter in response to
determining that the total number of data points exceeds the
threshold number.

[0015] Clause 10: In some examples, a device includes a
display and processing circuitry configured to receive a first
signal indicative of a first physiological parameter of a
patient and a second signal indicative of a second physi-
ological parameter of the patient. The processing circuitry is
also configured to determine untransformed correlation
coeflicient values for values of the first physiological param-
eter and values of the second physiological parameter. The
processing circuitry is further configured to determine trans-
formed correlation coefficient values based on the untrans-
formed correlation coeflicient values. The processing cir-
cuitry is configured to determine a limit of autoregulation of
the patient based on the transformed correlation coeflicient
values and determine an autoregulation status of the patient
based on the limit of autoregulation. The processing cir-
cuitry is further configured to output, for display via the
display, an indication of the autoregulation status.

[0016] Clause 11: In some examples of clause 10, the
processing circuitry is configured to determine the trans-
formed correlation coeflicient values at least in part by
applying a transform function to the untransformed corre-
lation coeflicient values.

[0017] Clause 12: In some examples of clause 11, the
processing circuitry is configured to apply the transform
function at least in part by determining that a first untrans-
formed correlation coefficient value exceeds a threshold
value and determining a transformed correlation coefficient
value equal to a predetermined value in response to deter-
mining that the untransformed correlation coeflicient value
exceeds the threshold value.

[0018] Clause 13: In some examples of clause 11 or clause
12, the processing circuitry is configured to apply the
transform function at least in part by determining that a
second untransformed correlation coefficient value is less
than a threshold value and applying a linear function to the
second untransformed correlation coefficient value to deter-
mine a second transformed correlation coeflicient value in
response to determining that the second untransformed
correlation coeflicient value is less than the threshold value.
[0019] Clause 14: In some examples of any of clauses
10-13, the processing circuitry is further configured to
determine that a total number of data points exceeds a
threshold number. The processing circuitry is configured to
determine the transformed correlation coefficient values in
response to determining that the total number of data points
exceeds the threshold number.

[0020] Clause 15: In some examples, a method includes
receiving, by processing circuitry of a device and from
sensing circuitry, a first signal indicative of a first physi-
ological parameter of a patient and a second signal indica-
tive of a second physiological parameter of the patient. The
method further includes determining, by the processing
circuitry, a trendline function based on values of the first
physiological parameter and values of the second physi-
ological parameter. The method includes determining, by the
processing circuitry, transformed values of the first physi-
ological parameter based on the trendline function. The
method also includes determining, by the processing cir-
cuitry. correlation coeflicient values for the transformed
values of the first physiological parameter and the values of
the second physiological parameter. The method further
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includes determining, by the processing circuitry, a limit of
autoregulation based on the correlation coefficient values.
[0021] Clause 16: In some examples of clause 15, receiv-
ing the first signal comprises receiving an oxygen saturation
signal of the patient, and receiving the second signal com-
prises receiving a blood pressure signal of the patient.
Determining the trendline function comprises determining
the trendline function based on the measurements of oxygen
saturation in the blood of the patient and the blood pressure
of the patient. Determining the transformed values of the
first physiological parameter comprises determining trans-
formed values of oxygen saturation in the blood of the
patient. Determining the correlation coefficient values com-
prises determining correlation coefficient values for the
transformed values of oxygen saturation in the blood of the
patient and the blood pressure of the patient.

[0022] Clause 17: In some examples of clause 15 or clause
16, determining the trendline function includes determining
a best fit for the values of the first physiological parameter
and the values of the second physiological parameter.
[0023] Clause 18: In some examples of any of clauses
15-17, determining the transformed values of the first physi-
ological parameter includes determining transformed values
of the first physiological parameter based a difference
between each value of the first physiological parameter and
a respective expected trendline value of the first physiologi-
cal parameter.

[0024] Clause 19: In some examples of any of clauses
15-18, the method also includes determining an initial
trendline function based on historical data. Determining the
trendline function comprises reducing an effect of the initial
trendline function while determining values of the first
physiological parameter.

[0025] Clause 20: In some examples of any of clauses
15-19, the method also includes determining that a total
number of data points exceeds a threshold number. Deter-
mining the trendline function and determining the trans-
formed values of the first physiological parameter are in
response to determining that the total number of data points
exceeds the threshold number.

[0026] Clause 21: In some examples, a method includes
receiving, by processing circuitry of a device and from
sensing circuitry, a first signal indicative of a first physi-
ological parameter of a patient and a second signal indica-
tive of a second physiological parameter of the patient. The
method further includes determining, by the processing
circuitry, untransformed correlation coeflicient values for
values of the first physiological parameter and values of the
second physiological parameter. The method also includes
determining transformed correlation coeflicient values based
on the untransformed correlation coefficient values. The
method includes determining a limit of autoregulation based
on the transformed correlation coefficient values and deter-
mining an autoregulation status of the patient based on the
limit of autoregulation. The method further includes deter-
mining, by the processing circuitry, a limit of autoregulation
based on the correlation coefficient values.

[0027] Clause 22: In some examples of clause 21, deter-
mining the transformed correlation coeflicient values com-
prises applying a transform function to the untransformed
correlation coefficient values.

[0028] Clause 23: In some examples of clause 22, apply-
ing the transform function comprises determining that a first
untransformed correlation coeflicient value exceeds a
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threshold value and determining a transformed correlation
coefficient value equal to a predetermined value in response
to determining that the untransformed correlation coeflicient
value exceeds the threshold value.

[0029] Clause 24: In some examples of clauses 22 or
clause 23, applying the transform function comprises deter-
mining that a second untransformed correlation coefficient
value is less than a threshold value and applying a linear
function to the second untransformed correlation coeflicient
value to determine a second transformed correlation coef-
ficient value in response to determining that the second
untransformed correlation coefficient value is less than the
threshold value.

[0030] Clause 25: In some examples, a system includes
means for receiving a first signal indicative of a first physi-
ological parameter of a patient; means for receiving a second
signal indicative of a second physiological parameter of the
patient means for determining a trendline function based on
values of the first physiological parameter and values of the
second physiological parameter, means for determining
transformed values of the first physiological parameter
based on the trendline function; means for determining
correlation coefficient values for the transformed values of
the first physiological parameter and the values of the
second physiological parameter; means for determining a
limit of autoregulation of the patient based on the correlation
coeflicient values; means for determining an autoregulation
status of the patient based on the limit of autoregulation; and
means for outputting, for display, an indication of the
autoregulation status.

[0031] Clause 26: In some examples, a system includes
means for receiving a first signal indicative of a first physi-
ological parameter of a patient; means for receiving a second
signal indicative of a second physiological parameter of the
patient, means for determining untransformed correlation
coefficient values for values of the first physiological param-
eter and values of the second physiological parameter;
means for determining transformed correlation coefficient
values based on the untransformed correlation coeflicient
values; means for determining a limit of autoregulation of
the patient based on the transformed correlation coefficient
values; means for determining an autoregulation status of
the patient based on the limit of autoregulation; and means
for outputting, for display, an indication of the autoregula-
tion status.

[0032] 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 DRAWINGS

[0033] FIGS. 1A-1D are graphs illustrating the process of
generating a cerebral oximetry index (COx) plot with COx
values that are bounded by +1 and -1, in accordance with
some examples of this disclosure.

[0034] FIG. 2is a graph illustrating cerebral blood flow as
a function of blood pressure having an ideal curve with a flat
(i.e., zero gradient) portion in the intact region.

[0035] FIG. 3 is a graph illustrating cerebral blood flow as
a function of blood pressure having a curve with a slightly
positive relationship in the intact region.

[0036] FIGS. 4A and 4B are graphs illustrating regional
oxygen saturation measurement (rSO,) as a function of
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mean arterial pressure (MAP) before and after applying a
gradient adjustment, in accordance with some examples of
this disclosure.

[0037] FIGS. 5A and 5B are graphs of GACOx as a
fanction of blood pressure that illustrate the polarization of
the intact and impaired data caused by the gradient adjust-
ment of the COx data, in accordance with some examples of
this disclosure.

[0038] FIG. 6 depicts graphs showing an example COx
plot and a corresponding GACOX plot for a single trial, in
accordance with some examples of this disclosure.

[0039] FIG. 7 illustrates plots of rSO, versus MAP, imple-
mentation of the traditional COx method with manually
selected lower levels of autoregulation (LLAs), and imple-
mentation of the GACOx method with manually selected
LLAs, in accordance with some examples of this disclosure.
[0040] FIG. 8is a graph illustrating a box plot of COx and
GACOx values below and above the manually derived
LLAs, in accordance with some examples of this disclosure.
[0041] FIGS. 9A and 9B are example graphs illustrating
transformed values of rSO, versus MAP for the intact region
and an impaired region, in accordance with some examples
of this disclosure.

[0042] FIG. 10 is an example scatterplot of COx versus
MAP, where the values of COx are based on the transformed
values of rSQO,, in accordance with some examples of this
disclosure.

[0043] FIGS. 11A and 11B depict graphs illustrating
binned and unbinned values of COx based on untransformed
and transformed values of rSO,, in accordance with some
examples of this disclosure.

[0044] FIG. 12 is a graph illustrating untransformed val-
ues of COx in the impaired regions and the intact region, in
accordance with some examples of this disclosure.

[0045] FIG. 13 is a graph illustrating the relationship
between value of COx and modified COx based on a
piecewise transform function for values of COx, in accor-
dance with some examples of this disclosure.

[0046] FIGS. 14A-14C are graphs illustrating blood pres-
sure over time, showing the LLLA based on values of COx
and modified COx, in accordance with some examples of
this disclosure.

[0047] FIG. 15 is a graph illustrating values of COx versus
measurements of MAP, in accordance with some examples
of this disclosure.

[0048] FIG. 16 is a graph illustrating a continuous trans-
form function for values of COx, in accordance with some
examples of this disclosure.

[0049] FIG. 17 is a conceptual block diagram of a device
configured to determine limit(s) of autoregulation, in accor-
dance with some examples of this disclosure.

[0050] FIGS. 18 and 19 are flowcharts illustrating
example techniques for determining limit(s) of autoregula-
tion by applying a transform function to measurements of
S0, in accordance with some examples of this disclosure.
[0051] FIG. 20 is a flowchart illustrating example tech-
niques for determining limit(s) of autoregulation by apply-
ing a transform function to measurements of COx, in accor-
dance with some examples of this disclosure.

[0052] FIG. 21 is a conceptual block diagram illustrating
an example regional oximetry device for monitoring the
autoregulation status of a patient.
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[0053] FIG. 22 illustrates an example graphical user inter-
face including autoregulation information presented on a
display.

DETAILED DESCRIPTION

[0054] This disclosure describes devices, systems, and
techniques for determining an estimate of a limit of auto-
regulation based on a set of correlation coeflicient values.
Processing circuitry of a regional oximetry device may
determine the set of correlation coeflicient values based on
sets of values of two physiological parameters. The process-
ing circuitry may determine a limit of autoregulation based
on transformed correlation coefficient values and/or trans-
formed values of a physiological parameter. Accordingly,
the processing circuitry may be able to determine a more
accurate estimate of a limit of autoregulation, as compared
to determining an estimate of the limit of autoregulation
based on untransformed correlation coefficient values and
untransformed values of a physiological parameter.

[0055] The transformed correlation coeflicient values and/
or transformed values of the physiological parameter may
provide a more distinguishable indication of the boundaries
of the intact region of autoregulation. For example, by using
transformed values of a physiological parameter, the pro-
cessing circuitry may be able to determine correlation coef-
ficient values that more distinctly indicate the limits of
autoregulation, as compared to correlation coefficient values
based on untransformed values of the physiological param-
eter. The processing circuitry may determine a limit of
autoregulation with higher confidence, as compared to
another device that does not use transformed values.
[0056] The devices, systems, and techniques of this dis-
closure may allow for presenting a more accurate estimate of
a limit of autoregulation of a patient and a more accurate
indication of the autoregulation status of the patient. The
presentation of more accurate and more stable information
may result in increased confidence by a clinician viewing the
presented information, which may lead to more informed
decision making by the clinician. A clinician may lose
confidence in the information presented by the processing
circuitry if the information is less stable and/or less accurate.
By transformed correlation coeflicient values and/or trans-
formed values of a physiological parameter, the processing
circuitry may create a more distinct representation of the
boundaries of the intact region of autoregulation. By deter-
mining an autoregulation status using the techniques of this
disclosure, the processing circuitry may reduce the likeli-
hood of an erroneous determination of autoregulation status.
[0057] The autoregulation status of a patient may be an
indication that the cerebral autoregulation control mecha-
nism of the patient is intact (e.g., functioning properly) or
impaired (e.g., not functioning properly). A cerebral auto-
regulation control mechanism of the body may regulate
cerebral blood flow over a range of systemic blood pres-
sures. This range of systemic blood pressures may lie within
a lower limit of autoregulation (LLA) and an upper limit of
autoregulation (ULA). Outside of the LLA and the ULA,
blood pressure directly drives CBF, and cerebral autoregu-
lation function may thus be considered impaired. One
method to determine the limits of autoregulation (e.g., the
LLA and the ULA) noninvasively using near-infrared spec-
troscopy (NIRS) technology may include the cerebral oxi-
metry index (COx) measure, which is a moving correlation
index between mean arterial pressure (MAP) and regional
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oxygen saturation (rSO,). The COx measure (e.g., the Pear-
son coeflicient) is derived from the correlation between rSO,
and MAP. COx relates to the regression line fit or linear
correlation between rSO, and MAP over a time window
having a particular length, such as three hundred seconds, in
some examples. The COx method may be used to produce
a representation of a patient’s blood-pressure-dependent
autoregulation status.

[0058] When the cerebral autoregulation is intact for a
patient, there is typically no correlation between MAP and
rSO,. In contrast, MAP and rSO, typically directly correlate
(e.g., the correlation index of COx is approximately 1) when
the cerebral autoregulation is impaired. In practice, however,
sensed data indicative of autoregulation may be noisy and/or
there might be a slightly correlated relationship between
variables (e.g., MAP and rSO,) even when cerebral auto-
regulation is intact for the patient.

[0059] Some existing systems for monitoring autoregula-
tion may determine a patient’s autoregulation status based
on various physiological parameter values (also referred to
herein as physiological values). Such physiological values
may be subject to various sources of error, such as noise
caused by relative sensor and patient motion, operator error,
poor quality measurements, drugs, or other anomalies. How-
ever, some existing systems for monitoring autoregulation
may not reduce the various sources of error when utilizing
the measured physiological values to determine the patient’s
autoregulation status. Furthermore, some existing systems
may not determine and/or utilize a reliable metric to deter-
mine whether the autoregulation status calculated from the
physiological values is reliable. Accordingly, the autoregu-
lation status determined by such existing systems may be
less accurate or less reliable.

[0060] In the intact region of autoregulation, there may be
no correlation between MAP and rSO,, whereas in the
impaired region of autoregulation, the correlation index
should approximate unity. In practice, however, the data
may be noisy and/or the intact region may often exhibit a
slightly positive relationship. This positive relationship may
render traditional autoregulation limit calculations difficult
to perform, resulting in the need for manual interpretation of
the data using arbitrary thresholds. Further, the underlying
mathematics of the technique may be asymmetric in terms of
the results produced for impaired and intact regions and may
be, in fact, not computable for the ideal case within the intact
region.

[0061] A physician may monitor a patient’s autoregulation
through the use of various monitoring devices and systems
that measure various physiological parameters. In certain
aspects of the present disclosure, a regional oximetry device
may be configured to monitor a patient’s autoregulation by
correlating measurements of the patient’s blood pressure
(e.g., arterial blood pressure) with measurements of the
patient’s oxygen saturation (e.g., regional oxygen satura-
tion). In particular, the processing circuitry may derive COx
values based at least in part on a linear correlation between
the patient’s blood pressure and oxygen saturation. In addi-
tion, in certain aspects of the present disclosure, the pro-
cessing circuitry can monitor the patient’s autoregulation by
correlating measurements of the patient’s blood pressure
with measurements of the patient’s blood volume (e.g,
blood volume proxy). In particular, the processing circuitry
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can derive a hemoglobin volume index (HVX) based at least
in part on a linear correlation between the patient’s blood
pressure and blood volume.

[0062] While features of the present disclosure are dis-
cussed with reference to COx, in other examples, various
other linear correlations such as HVx may be determined to
help evaluate a patient’s autoregulation status. For example,
a linear correlation between measurements of a patient’s
blood pressure and measurements of a patient’s cerebral
blood flow may derive a mean velocity index (Mx). As a
further example, a linear correlation between measurements
of a patient’s blood pressure and measurements of a
patient’s intracranial pressure may derive a pressure reac-
tivity index (PRx). In certain situations, these indexes may
be utilized to determine or help evaluate a patient’s auto-
regulation. The devices, systems, and techniques of this
disclosure can also be applied to the determination of indices
such as HVx, Mx, PRx, and/or any other indices, coeffi-
cients, and correlations. For example, processing circuitry
may be configured to determine an estimate of a limit of
autoregulation based on a set of HVx indices, a set of Mx
indices, and/or a set of PRx indices.

[0063] Additional example details of the parameters that
can be used for determining a limit of autoregulation may be
found in commonly assigned U.S. Patent Application Pub-
lication No. 2016/0367197 filed on Jun. 16, 2016, entitled
“Systems and Methods for Reducing Signal Noise When
Monitoring Autoregulation,” and commonly assigned U.S.
Patent Application Publication No. 2017/0105631 filed on
Oct. 18, 2016, entitled “System and Method for Providing
Blood Pressure Safe Zone Indication During Autoregulation
Monitoring,” which are incorporated herein by reference in
their entirety.

[0064] This disclosure describes a gradient adjustment
method (GACOx) that may enhance the differences in COx
values observed in the intact and impaired regions. Results
from a porcine model, with eight subjects, are used to
demonstrate that GACOX is successful in determining LLA
values where traditional methods fail. In some examples, the
derived GACOx indices exhibit a mean difference between
the intact/impaired regions of 1.54+0.26 (meanSD), com-
pared to 0.14x0.10 for the traditional COx method. The
GACOx may effectively polarize the COx data in order to
better differentiate the intact and impaired zones and, in
doing so, may make the determination of the LL A and ULA
points a simpler and more consistent task. The method may
lend itself to the automation of the robust determination of
autoregulation zone limits. The gradient adjustment method
may result in better discriminating between the correlating
and non-correlating regions of physiological signals, such as
the specific application of the partitioning of impaired and
intact zones of cerebral autoregulation.

[0065] The cerebral autoregulation control mechanism,
which acts through complex myogenic, neurogenic, and
metabolic mechanisms. This range spans a zone of intact
autoregulation from the LLA to the ULA. Unregulated flow,
and therefore impaired autoregulation, occurs at the
extremes of blood pressure (i.e., below the LLA and above
the ULA), where cerebral vasocontrol is no longer able to
adequately control vascular resistance in response to further
blood pressure changes. In these impaired regions, the blood
pressure drives the flow and is therefore positively corre-
lated with it; whereas in the intact region, cerebral control of
blood flow is maintained in the event of blood pressure
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changes and no long-term correlation between the signals
exists. This behavior is depicted in FIG. 2, which contains a
schematic of the archetypal pressure-flow relationship for
cerebral autoregulation. In this idealized depiction, the intact
region displays a horizontal plateau indicating that no cor-
relation between the parameters exists.

[0066] The correlation between the pressure drop across
the brain-cerebral perfusion pressure—and cerebral blood
flow may be quantified using a linear regression. The
derived correlation coeflicient, Mx, provides a measure of
the coupling between pressure and cerebral flow. A common
non-invasive proxy for Mx is COx: the cerebral oximetry
index. COx is the correlation coefficient derived from the
relationship between NIRS-based rSO, measurement and
(MAP).

[0067] FIGS. 1A-1D are graphs illustrating the process of
generating a cerebral oximetry index (COXx) plot with COx
values that are bounded by +1 and -1, in accordance with
some examples of this disclosure. The method for determin-
ing COx is presented in FIGS. 1A-1D. The plot in FIG. 1A
shows the analysis window of period T, which is run across
the acquired rSO, and MAP signals. The data within this
window may be plotted against each other as depicted in
FIG. 1B. The window length is chosen to capture the
characteristic periodicity of the physiological slow waves
present in the blood pressure signal. In practice, the time
window may span three hundred seconds, although other
window lengths have been suggested. Linear regression of
the data may then performed and the Pearson correlation
coeflicient determined for each window position, as shown
in Equation (1):

R=cov(X,Y)/(0x0y) M

[0068] The vectors X and Y are the two signals under
investigation, cov(X, Y) is the covariance between X and Y,
and o, 0 denote standard deviations: replacing X and Y by
MAP and rSO, defines the COx measure (similarly, using
CPP and CBF results in the Mx measure. However, MAP
may be a proxy for CPP and/or CBF velocity may be a proxy
for CBF when computing Mx). The window may then be
slid over the signal in incremental steps and the process
repeated. In practice, this time step is around 5-10 seconds,
which may be chosen to filter out low frequency components
(including cardiac and respiratory modulations). At each
step, a COx value may be determined and added to an
aggregated COx plot (see FIG. 1C), and these values may
then be used to form the COx plot often used in practice,
where the values may be binned in 5 mmHg increments (see
FIG. 1D). A strong positive correlation may exist between
MAP and rSO, in regions of autoregulatory impairment,
hence the COx values may tend to a value of unity. Regions
of intact autoregulation, however, may produce no correla-
tion between rSO, and changes in blood pressure and hence
the correlation coefficient (COx) may be zero in the intact
region. In this ideal case, a step change in the binned COx
values may occur when transitioning from intact to impaired
regions at the LLLA or ULA. In practice, however, the binned
data may be generally noisy and a COx threshold value
somewhere between 0 and +1 may be used to differentiate
the correlating and non-correlating portions of the plot.
Values used in studies reported elsewhere in the literature for
this threshold are 0.3, 0.4 and 0.5.

[0069] FIG. 2 is a graph illustrating cerebral blood flow as
a function of blood pressure having an ideal curve with a flat
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(i.e., zero gradient) portion in the intact region. There may
be issues with the correlation method described above in two
distinct areas: physiological and mathematical. First, the
pressure-flow curve may not contain a central ‘flat’ region of
zero gradient during intact cerebral autoregulation as
depicted in the ideal case of FIG. 2. In practice, a positive
gradient may exist in this region, although less steep than in
the impaired region.

[0070] FIG. 3 is a graph illustrating cerebral blood flow as
a function of blood pressure having a curve with a slightly
positive relationship in the intact region. The idea that there
is no change in the range of intact autoregulation originates
from Lassen, who described the existence of a constant
plateau for values between 60 and 150 mmHg. However, the
constant plateau concept may not always be true. A slope
may exist in the intact region, which may provide enough
evidence that brain perfusion in the intact region is not
constant. A pressure-passive behavior above the LLA may
be relatively common. The exact mechanism that causes the
functional dependence of CBF has not been determined, but
the assumption of zero slope in the intact region may not
always be true. In the case of such behavior, the derived COx
value in the intact region may also tend to unity, making it
indistinguishable from regions of impaired autoregulation.

[0071] Second, the correlation method itself may not
clearly define the two regions (even if an intact cerebral
autoregulation region of zero slope is present in the data). A
strong correlation may exist near unity for the impaired
region as MAP and rSO, may trend strongly with each other.
However, during the intact region, the two signals may be
decoupled. Thus, for some time periods, both signals may be
trending in the same direction, showing an apparent corre-
lation; and in other time periods the two signals may be
trending in the opposite direction, showing a negative appar-
ent correlation. Further, there may be many periods where
the two have a mix of trending and anti-trending behavior in
the same time window. The COx value during intact cerebral
autoregulation to vary from +1 to -1 randomly over time,
with only the average value over time tending to zero (the
expected distribution of the computed points prior to binning
is depicted in FIG. 1C). The COx method may be asym-
metric in its behavior according to zone. This may also be
true for all such correlation-based methods: the correlation
coeflicient (Mx), hemoglobin volume index (HVx), the
pressure reactivity index (PRx), laser-Doppler index (LDx),
etc. Further, the Pearson correlation coefficient may, in
theory, “blow up” for the ideal horizontal relationship
between rSO, and BP. This can be seen from Equation (1),
where the standard deviation of the rSO, signal may be zero
and the index at that region may become undefined (the
method therefore requires some noise in the data and/or a
non-horizontal flat region in the curve for this not to occur).

[0072] Taking the above into account, this disclosure
describes techniques for partitioning the intact and impaired
cerebral autoregulation zones. The techniques may employ
a gradient adjustment prior to performing the correlation
analysis, which may shift the expectation from a strong
value at unity and a mean value near zero for the determined
correlation coefficients (COx) to strong values at +1 and -1,
corresponding to impaired and intact regions respectively.
The gradient adjustment may be based on the slope of a
trendline that fits the rSO,-MAP curve. This adjustment may
facilitate partitioning of the data and hence aids determina-
tion of the LL A and ULA boundaries. The techniques of this
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disclosure may better discriminate correlating and non-
correlating signal segments in data used to determine the
status of cerebral autoregulation. However, the techniques
may also be generally applicable in the analysis of any other
signals where regions of correlation and non-correlation
require identification.

[0073] FIGS. 4A and 4B are graphs illustrating rSO, as a
function of MAP before and after applying a gradient
adjustment, in accordance with some examples of this
disclosure. The gradient adjustment (GA) method may sig-
nificantly enhance the delineation between impaired and
intact autoregulation zones in the COx plot by manipulating
the underlying relationship so that the intact region may
have a distinct negative gradient while the impaired regions
may still have a distinct positive gradient. In the method,
which is illustrated schematically in FIGS. 4A and 4B, we
may compensate for the possibility of a zero or positive
gradient in the intact region B by transforming the rSO,
values before determining the correlation. This is carried out
by determining regression line 400 of the rSO,-MAP curve,
shown in FIG. 4A, and subtracting the corresponding values
from the rSO, signal. Regression line 400 may be a trendline
that is a best fit of the data, such as a line with minimized
sum of squares of the differences between the data and
regression line 400. Thus, regression line 400 may approxi-
mate the trend of the data in the rSO,-MAP curve. Regres-
sion line 400 may be defined by a function given by
Equation (2):

y(xyEmx+h 2

[0074] In Equation (2), y corresponds to rSO, values, X to
MARP values, m is the slope (i.e., gradient) of the line and b
the intersection of the line with the y axis. The gradient-
adjusted rSO, (GArSO,) may then be determined as shown
in Equation (3):

GAISO,(x,)=rSO,x,)-y(x,) ®

[0075] Where x, is the MAP value for the corresponding
i-th element in the data array and y(x,) is the corresponding
value of SO, on the regression line. As we expect the
overall gradient to be greater than that of region B and less
than A and C, this gradient adjustment may result in a strong
negative slope of the data in region B, while maintaining
positive slopes in regions A and C (see FIG. 4B). Regression
line 450 may be an adjusted version of regression line 400
such that the distance between each data point of rSO, and
regression line 400 may be equal to the distance between
each data point of GArSO, and regression line 450. Thus, by
using GArSQ, values instead of the original rSO, values,
and/or by using gradient-adjusted MAP (GAMAP) values
instead of the original MAP values, a gradient-adjusted COx
(GACOx) plot may be determined. The GACOx method
may effectively polarize the COx data in order to better
differentiate the intact and impaired zones and, in doing so,
may make the determination of the LLA and ULA points a
simpler and more consistent task. This polarization of the
data to the +1 and -1 values is shown schematically in FIGS.
5A and 5B. FIGS. 5A and 5B are graphs of GACOx as a
function of blood pressure that illustrate the polarization of
the intact and impaired data caused by the gradient adjust-
ment of the COx data, in accordance with some examples of
this disclosure.

[0076] FIG. 61s an example COx plot and a corresponding
GACOx plot for a single trial, in accordance with some
examples of this disclosure. FIG. 6 shows an example of a
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traditional COX plot and a GACOX plot (this comprises one
of the data sets used in the study described in detail below
with respect to FIGS. 7 and 8). The traditional COx plot in
the figure may be typical of data with a slightly positive
gradient in the intact cerebral autoregulation region. It may
exhibit tight clustering towards a value of unity across the
whole blood pressure range, making the LLA relatively
difficult to resolve using traditional methods of analysis.
However, after the application of gradient adjustment, a
clearly visible separation may appear between the points
corresponding to the intact and impaired regions in the
GACOx plot; the data may tend to cluster around values of
1 and -1 respectively.

[0077] The plots of FIG. 6 show the data that processing
circuitry may use to determine the LLA. However, in some
examples, the processing circuitry may use the same or
similar techniques to determine the ULA. The MAP study
data shown in FIG. 6 does not go high enough (e.g., more
than eighty or ninety mmHg) for the COx values or the
GACOx values to increase back to unity (+1). Therefore, the
data shown in FIG. 6 may not have sufficiently high MAP
values for the processing circuitry to determine a ULA. If
the range of MAP values extends higher, then the GACOx
may have headed back to +1. FIGS. 5A and 5B may show
examples of data sets with sufficiently high MAP values or
BP values for processing circuitry to determine a ULA.
[0078] Three reference methods were employed for the
determination of the limits of autoregulation for comparison
with GACOx: manual inspection and two automated algo-
rithms. First, the manual method may involve printing out
the COx plots for eight data sets determining the LLA from
the plot. In the event of a disagreement among determina-
tions, the manual LLA value for each animal was defined as
the median of the three evaluations.

[0079] Second, for an automated algorithm, a value of 0.5
may be set as the limiting value for the transition between
the low-impaired region and the intact region. The binned
data may be inspected, starting with the lowest blood
pressure bin, moving up a 5-mmHg bin at each increment.
The LLA may be determined as the MAP value correspond-
ing to the first binned COx below 0.5. Third, for another
automated algorithm, the LLA may be determined when
there are at least three consecutive binned values below the
0.5 threshold. This may be done to mitigate against false
detections due to erroneous noisy data points below the
threshold. The GACOx LLAs may be determined using both
a manual and automated algorithm. For the automated
algorithm, the threshold may be simply set to zero and the
first point below zero may be determined as the LLA.
[0080] The analysis of the method presented herein was
performed retrospectively based on data from an animal
study originally designed to investigate the characterization
of cerebral autoregulation. The study consisted of a healthy
porcine model (N=8, 8 female), aged 8.4x0.5 weeks
(mean+SD), with a weight of 13.3+1.7 kg (mean+SD). The
protocol was reviewed and approved by the PCRS Animal
Care and Use Committee. The study was conducted in GLP
like fashion accordance with 21 CFR Part 58 at an Asso-
ciation for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) accredited site. The following
standards in terms of appropriate use of animals for bio-
medical research and/or training were adhered to: The U.S.
Animal Welfare Act amendment of 1976 (Title 9, Code of
Federal Regulations, Chapter 1. Sub-chapter A, parts 1, 2
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and 3) and the current U.S. National Institute of Health’s
Guide for the Care and Use of Laboratory Animals pub-
lished by the National Research Council.

[0081] Fentanyl, isoflurane, propofol and vecuronium
were used as anesthetic agents and heparin as an anticoagu-
lant. NIRS sensors (INVOS SAFB-SM) were placed on the
animals’ head between the ears. These were attached to the
monitor (INVOS 5100C oximeter, 5100C-PA preamp unit
(Medtronic, Boulder, Colo.)). NIRS cerebral signals (both
raw signals and the output rSO, signal) and a blood pressure
signal were collected. The animal was ventilated with a tidal
volume of 6-8 ml/kg, Fi02 was adjusted to maintain 95%
arterial saturation and PEEP was 3 ecmH20. Respiratory rate
was adjusted to maintain end-tidal CO2 between 38 and 45
mmHg. Heating pads were used to maintain normal body
temperature as necessary.

[0082] The signals used in the analysis were acquired
during episodes of induced hemorrhagic shock and vaso-
constriction using an a-agent (norepinephrine). The protocol
allowed mostly for blood pressure variations which resulted
in multiple crossings of the LLA. A few high-pressure spikes
were seen in the data but not enough to adequately define a
ULA in most of the cases, hence only LLAs were considered
in this study. The MAP was calculated from the raw blood
pressure signal by an in-house peak detection algorithm
which determines systolic and diastolic blood pressure on a
beat-by-beat basis. This is averaged over ten seconds and
output synchronously with rSO,, which was acquired
directly from the pre-amp signal from an INVOS™ 5100C
regional oximeter (Medtronic, Boulder, Colo.).

[0083] A moving three-hundred-second window was
employed to analyze the MAP and rSO, signals. This was
incremented along the signals in a series often-second steps.
The determined COx metric values were binned in S mmHg
blood pressure increments, and the reference LLAs deter-
mined using the three methods described above. Bins with
fewer than three data points were not considered as repre-
sentative and were excluded from the analysis. Box plots
were used to show the relative (aggregated) distributions of
the COx and GACOx data either side of the determined
LLAs. The difference in the median values of the COx and
GACOx data was taken as a measure of the separation of the
intact and impaired data.

[0084] FIG. 7 illustrates plots of rSO, versus MAP, imple-
mentation of the traditional COx method with manually
selected LLAs, and implementation of the GACOx method
with manually selected LLAs, in accordance with some
examples of this disclosure. FIG. 7 shows COx and GACOx
plots for all the animals in the study described herein. The
processing circuitry of this disclosure may also be config-
ured to determine a ULA in a similar manner. The top row
shows rSO, versus MAP plot with the regression line (i.e.,
trendline) used for the gradient adjustment method. The
middle row shows a traditional COx method with the
manually selected LLA (drawn through the data) and an
indication strip below showing the locations of the manual
LLA versus the LLAs determined by the automatic COx
algorithms (threshold 1 and threshold 3). The bottom row
shows GACOx method with the manually selected LLA
(drawn through the data) and an indication strip below
showing the locations of the manual LLA versus the LLA
determined by the GACOx algorithm (COx cerebral oxim-
etry index, GACOXx gradient adjusted COx measure, LLA
lower limit of autoregulation).
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[0085] The plots include the LLAs determined using the
manual reference method. The position of the LLLAs deter-
mined from automated COx and GACOx algorithms
described above are also indicated below each respective
plot. The corresponding linear fits of the MAP versus rSO,
data, used to adjust the indices, can also be seen in the top
row plots. The GACOX plots may exhibit a clear transition
from positive to negative values. This is in contrast to the
traditional COx plots, where many of the transition regions
may be difficult to discern, hence making LLA identification
problematic. A summary of the determined LLAs using
GACOx and the reference methods is provided in Table 1.
It can be seen that both automated algorithmic methods,
when used on the traditional COx plot, failed to identify a
number of LLAs due to data not transiting below the
threshold of 0.5 (in fact, the “Threshold 3’ algorithm failed
for all cases). However, the GACOx algorithm produced
LLAs for all data sets which can be seen from FIG. 7 to be
very close in value to those determined manually (5 out of
the 8 LLAs are in complete agreement with a mean differ-
ence of 1.25 mmHg and a maximum difference of 5 mmHg).

TABLE 1

LLAs computed using various approaches.

Method pol  p02  p03  pO4  pO5  p06  p07  poO8

COx (manual) 48 48 65 65 63 52 65 65
COx algorithm 60 50 FAIL FAIL FAIL FAIL 65 100
(thresholdl)
COx algorithm  FAIL FAIL FAIL FAIL FAIL FAIL FAIL FAIL
(threshold3)

GACOx SO 42 65 50 45 45 50 S8
(manual)
GACOx SO 40 65 45 45 45 50 60
algorithm
[0086] FIG. 8 illustrates a box plot of COx and GACOx

values below and above the manually derived LLAs, in
accordance with some examples of this disclosure. FIG. 8
shows the boxplots for the COx values and GACOx values
split either side of their respective manually derived LLAs
to highlight the differences between the data distributions in
the impaired and intact regions. It may be observed that
there is a significant ovetlap of COx data points either side
of the LLA for the traditional method whereas a clear
difference is apparent for the gradient adjustment method.
The line inside the box represent the median, while the
boxes edges represent the 25 and 75 percentiles. The whis-
Kkers represent values 1.5 times the box length. Data points
outside this limit are plotted as outliers (COx cerebral
oximetry index, GACOx gradient adjusted COx measure,
LLA lower limit of autoregulation).

[0087] Table 2 contains the difference in the median
values either side of the LLAs for the automated COx and
GACOx methods for each of the eight studies. These range
from 0.06 to 0.37 for the traditional method, whereas the
gradient adjustment method ranges from 1.05 to 1.80 (di-
mensionless units). The mean+SD for this difference is
0.14+0.10 for the traditional COx and 1.54+0.26 for the
GACOx.
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TABLE 2

Difference of the median values above and below the manually derived
LLAs for each case for the COx and GACOx data sets.

Data set COx GACOx
pol 0.07 1.54
po2 0.16 1.76
p03 0.19 1.80
po4 0.10 1.03
pos 0.06 1.69
po6 0.09 133
po7 0.37 1.74
pos8 0.10 142
Mean 0.14 1.54
Standard deviation (SD) 0.10 0.26
[0088] The use of traditional correlation measures for the

identification of the intact and impaired regions of autoregu-
lation may include inherent physiological and mathematical
limitations. Physiologically, it may be difficult to differen-
tiate between intact and impaired regions when a slightly
positive slope exists in the intact region of the rSO,-MAP
plot. Two mathematical issues may exist: the asymmetric
data clustering in the intact and impaired zones; and the
computation of a correlation coefficient for the intact region
with idealized data (with a horizontal curve) may lead to
dividing by zero in Equation (1). The gradient adjusted
method detailed in this disclosure was applied to data where
the traditional COx method failed to identify an LLA in most
of the data sets studied, even when a reasonably high
threshold value of 0.5 was employed. A manual assessment
of the data did find LLAs for all data sets, but this was
critically dependent on the subjective interpretation of the
reviewers and required a ‘user-defined’ threshold well above
those currently used in the literature.

[0089] The gradient adjustment method may mitigate
against the existence of a positive slope in the intact region
by altering the underlying rSO,-MAP relationship so that the
intact region may exhibit a negative slope while the
impaired regions retain a positive slope. In this way, the
revised GACOX plot may exhibit a clear grouping of the data
tending to +1 for impaired and -1 for intact autoregulation.
This may allow for a more robust and reliable method for
detecting the decision boundary at the LLA. In fact, in many
cases, the method may facilitate the evaluation of otherwise
undefinable limits using algorithms based on the traditional
method (cf. Table 1, COx algorithms). Although thresholds
were obtained manually from the traditional COx curves,
these were based on the individual interpretation of the
reviewer and required adjustment of perceived thresholds
which were data dependent and markedly above those used
in practice (0.3-0.5).

[0090] The gradient adjustment method may be applied to
other correlation-based measures of autoregulation: for
example, a blood volume signal, an ICP signal or a measure
of flow velocity could be used in place of rSQO, in order to
apply this correction to HVx, PRx or Mx respectively (e.g.
GAHVX, GAPRX, GAMX). The techniques work described
herein may lead to alternative and adjunct techniques for
traditional correlation-based methods for cerebral autoregu-
lation. The method, for example, could prove useful for the
determination of PRx where some studies have reported
difficulties in differentiating between intact and impaired
regimes exhibiting very small difference (typically a PRx
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value as small as 0.2 is associated with dysautoregulation,
compared to 0.0 for intact autoregulation).

[0091] There are other COx analysis methods based on
data clustering. For example, Table 3 compares a Gaussian
mixture model (GMM) data clustering approach with the
gradient adjustment method. The GMM method also suc-
cessfully produced LLAs for all eight data sets, and the
GMM method produced results very similar to the auto-
mated GACOx method, with a RMSD (root mean square of
the difference) of 3.4 mmHg between both algorithms.
However, the GMM method may be much more complex
than the proposed gradient adjusted algorithm which, after
gradient adjustment, requires only a simple threshold of zero
to differentiate between intact and impaired zone data.

TABLE 3

Comparison of gradient adjustment and data clustering
approaches for LLA determination.

Method p01 p02 p03  p04  p05  p06  p07  po8
GACOx 50 40 65 45 45 45 50 60
algorithm

GMM 42 43 67 47 42 45 52 60
algorithm

[0092] The intact region may display a positive slope and

may therefore be a confounder to the traditional correlation-
based COx approach. Moreover, distinct (paradoxical) nega-
tive slopes may also be observed in intact regions for cardiac
surgery patients. In this instance, the traditional COx method
may tend to produce values at +1 and -1 for the impaired
and intact regions respectively and hence the gradient
adjustment method described herein may not be necessary
(although it could still prove useful in accentuating the
difference in noisy data).

[0093] Application of the GACOx method to a real-time
algorithm may include a sufficient number of points to
establish a linear fit with statistical meaning. A minimum
number of points spanning through a range of blood pres-
sures may be needed for the method to be able to discern the
main autoregulation function regions.

[0094] An aspect of the techniques of this disclosure may
be based on data in both the impaired and intact regions to
successfully alter the gradient so that the intact region after
gradient adjustment is of a negative slope. This may not
always be a problem, especially where an entire data set is
analyzed retrospectively. However, in practice, in order to
develop a real-time implementation, this issue may arise. As
the COx curve is built up, the data may initially only be
confined to one region (intact or impaired). In this case,
gradient adjustment could, for example, be based on a
historical knowledge of the expected gradients of impaired
and intact regions.

[0095] Some of the examples above may have considered
only the determination of the LLA. However, the processing
circuitry described herein may alternatively or additionally
be configured in accordance with the techniques of this
disclosure to better determine the ULA. For example, the
processing circuitry may be configured to determine a
position of the ULA by determining an MAP value that is
higher than the LLA at which the associated value of
GACOxX exceeds a threshold value, such as 0.3, 0.5, or 0.7,
for example. FIGS. 4A and 4B show examples of an LLA
and a ULA determined from the MAP and rSO, data.
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[0096] However, real data can behave in a much more
complex way than the traditional Lassen curve indicates,
with both positive and negative correlations having been
observed in practice between rSO, and MAP during intact
autoregulation regimes. In some examples, the proposed
gradient adjustment technique may be simple to implement
and may significantly aid in the automatic extraction of the
limits of autoregulation. An aspect of the techniques of this
disclosure can be successfully applied to a pig study, with
noticeable improvement in terms of successfully determin-
ing lower limit boundaries of autoregulation with values
very close to those determined by manual inspection. Some
aspects of the techniques of this disclosure may allow for
automatically and robustly identifying of the limits of auto-
regulation.

[0097] Returning to FIG. 1D, the COx values have been
plotted against MAP. The COx plot may exhibit a drop in
typical values when transitioning from blood pressures
(BPs) below the LLA to the intact region and similarly, at
higher pressures, may exhibit a step increase when transi-
tioning from the intact region to BPs above the ULA.
[0098] In the unbinned data (see FIG. 1C), there may be a
pattern of COx values clumped at 1 in the impaired regions
(below LLA and above ULA) and a spread of values from
-1 to +1 in the intact region. The intact region of FIG. 2
relates to the intact (middle) region of FIG. 1C—the rSO,-
MAP data from the intact region of FIG. 2 is what generates
the COx measure in the intact region. However, the intact
region of FIG. 2 may not always be flat; rather, the curve
may generally resemble the graph shown in FIG. 3. But this
region may exhibit a negative gradient or a positive gradient
(but less than the gradient of the impaired regions). Differ-
ences in the gradient of this part of the curve may skew the
COx values obtained in the intact region. In fact, if a slightly
positive gradient occurs, then values of COx may tend to
unity and be less distinguishable or indistinguishable from
regions of impaired autoregulation. This situation is shown
in FIG. 3. In this situation, the autoregulation system is
intact but may appear impaired when considering the COx
values because the slope is slightly positive.

[0099] In some examples, the Pearson correlation coeffi-
cient may “blow up” for a horizontal relationship between
rSO, and BP. This is shown in FIG. 2. For a horizontal
relationship between rSO, and BP, i.e., no relationship at all
between rSO, and BP, a flat curve may occur. However, if
such a curve were to occur in practice then the Pearson
coefficient could not be computed. The Pearson correlation
coeflicient is defined in Equation (1) above.

[0100] Where cov(X,Y) is the covariance between X and
Y and ox is the standard deviation of X. If the curve is
horizontal, then oy equals zero and hence the correlation
coeflicient will be infinite. Therefore, in practice, there may
be noise and a relatively random non-zero Pearson coeffi-
cient to result. Both the existence of a slightly positive
gradient and a zero gradient are both, therefore, problematic.
A strong negative gradient with high negative COx value
may not be problematic as it corresponds to paradoxical
relationship well known to be associated with intact auto-
regulation.

[0101] An aspect of the techniques of this disclosure may
significantly enhance the delineation between impaired and
intact autoregulation zones in the COx plot, by manipulating
the underlying relationship so that slightly positive and zero
gradients can be made negative while leaving the impaired



US 2018/0338731 Al

regions with positive gradients. A method of this disclosure
may compensate for the different gradients of region B of
FIG. 4A by applying a transform to the rSO, values before
determining the correlation. The overall gradient of the
whole rSO,-MAP curve (m) shown in FIG. 4A may be
determined and used to transform the rSO, values in the
y-direction. That is, the values of the overall line of best fit
are subtracted from the rSO,-MAP curve.

[0102] FIGS. 9A and 9B are example graphs illustrating
transformed values of rSO, versus MAP for the intact region
and an impaired region, in accordance with some examples
of this disclosure. The overall gradient may be greater than
that of region B and less than A and C, as shown in FIG. 4A.
This may result in much lower (negative) correlation values
in region B, while maintaining positive values in regions A
and C. FIG. 9A shows the 1SO,-MAP data in a single COx
window—the original data (marked by ‘0’) has a close to
zero gradient corresponding to a slightly positive gradient in
region B of FIG. 4A (intact autoregulation). The transfor-
mation of the data causes the sign of the gradient (and hence
R) to flip, resulting in a negative COx value for the trans-
formed data (marked by ‘x”). FIG. 9B shows the process for
a window with strong positive relationship (corresponding
to region A or C of FIG. 4A) and should have an R value
close to 1 for the original data (marked by ‘0”). Shifting the
y values results in the data maintaining a strong relationship,
but with a slightly smaller, still positive, COx value for the
transformed data (marked by ‘x*).

[0103] FIG. 10 is an example scatterplot of COx versus
MAP, where the values of COx are based on the transformed
values of rSO,, in accordance with some examples of this
disclosure. FIG. 10 displays the transformed version of the
COx versus MAP for the data of FIG. 1C: lower COx values
in the intact region but values still close to +1 in the impaired
regions. The scatterplot of FIG. 10 is a schematic illustrating
binned data after applying a transformation function. Note
that the intact region (between the LLA and the ULA) is now
much lower and there is a more distinct jump in the COx
values. This change in the plot enables more robust detection
of the LLA and ULA points, i.e., it may now be easier to
determine the blood pressures for which a person may have
impaired autoregulation.

[0104] FIGS. 11A and 11B illustrate binned and unbinned
values of COx based on untransformed and transformed
values of rSO,, in accordance with some examples of this
disclosure. FIG. 11A shows the original COx data taken
from a porcine model, and FIG. 11B shows the data from
FIG. 11A after the transformation is applied. In each of
FIGS. 11A and 11B, the top graph shows the binned data and
the bottom graph shows the raw data. The plots of FIGS.
11A and 11B show the data that processing circuitry may use
to determine the LLA. In some examples, the processing
circuitry may also be configured to determine the ULA using
the same or similar techniques.

[0105] In a method, the processing circuitry may use an
average overall line (computed from historical data) before
enough data from the current patient has been collected for
the processing circuitry to determine a robust value for this
patient. As the processing circuitry collects more data from
the current patient, the processing circuitry can remove the
effect of the precomputed gradient. The processing circuitry
may be configured to determine an initial trendline function
(e.g., a default trendline function) at the beginning of a
monitoring session. As the processing circuitry determines
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values of the physiological parameters, the processing cir-
cuitry may be configured to reduce the effect of the initial
trendline function. For example, the processing circuitry
may be configured to use

I =M ion X €XP(=1/T) and )

C=CpprienttChis*€XP(=1/T), (5)

where T is a decay rate, m_patient is derived from the current
patient, m_hist is the precomputed value and t is the time.
And m and c are the gradient and intercept of the fitted line
(y=mx+c). In a method, the processing circuitry may be
configured to conditionally apply or perform the transfor-
mation step, for example, when a confidence measure or a
set of confidence measures are above a certain value. For
example, the total number of data points used to determine
the overall gradient may meet a threshold number before
applying the transformation step. For example, the process-
ing circuitry may be configured to determine the total
number of data points during a monitoring session. Each
data point can be associated with a MAP value, an rSO,
value, and/or a COx value. In some examples, the processing
circuitry is configured to determine the trendline function
and the transformed values of the first physiological param-
eter only in response to determining that the total number of
data points exceeds the threshold number.

[0106] In a method, the techniques, including gradient-
adjusted oxygen saturation values and including gradient-
adjusted correlation coefficient values, could be applied to
other measures of autoregulation, for example, a blood
volume signal, an ICP signal or a measure of flow velocity
could be used in place of rSO, in order to apply this
connection to HVX, PRx, or Mx.

[0107] FIG. 12 illustrates untransformed values of COx in
the impaired regions and the intact region, in accordance
with some examples of this disclosure. One of the most
prevalent ways of determining autoregulation status is using
COx. COx may be determined as the Pearson Rank Coef-
ficient between Mean Arterial Pressure (MAP) and rSO,. In
theory, a value of +1 may correspond to impaired autoregu-
lation and a value of -1 to intact autoregulation. However,
in practice, in the impaired regions COx may be very close
to +1 and in the intact region COx may vary between +1 and
-1. The COx measure may be biased towards positive
values—this may mean that values of +1 are seen in both
regions. This can be seen schematically in FIG. 12.

[0108] This disclosure presents a method for improving
the COx measure by reweighting the values. This allows the
computed COx values to be more heavily weighted towards
+1 and -1 in a nonlinear fashion which makes it easier to
determine the intact region. In this disclosure example
results are presented for incorporating the reweighted COx
measure. In a method, the COx measure may be reweighted
by applying the following thresholds:

TABLE 4

Piecewise transform function to obtain moedified COx.

Original COx Modified COx

Greater than Upper Threshold +1
Between Thresholds Apply weak function
Below Lower Threshold Apply strong function
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[0109] FIG. 13 illustrates the relationship between value
of COx and modified COx based on a piecewise transform
function for values of COx, in accordance with some
examples of this disclosure. At values of the correlation
coeflicient that exceed the threshold value, the modified (i.e.,
transformed) value may be equal to a predetermined value
such as +1.0 or 0.9. The processing circuitry can use a weak
function to accept the COx value and return a modified COx
(mCOx) value such that the new value is considered intact.
The processing circuitry may use the weak function to apply
a different weighting based on the input COx value. For
example, the weak function may be of the form
mCOx=a*COx—(Threshold_upper), where a is some con-
stant (see FIG. 13). This may result in a mCOx of zero at the
upper threshold and a steadily more negative mCOx as COx
decreases. Examples of the upper threshold may be 0.3, 0.4,
0.5, etc.

[0110] The processing circuitry can use a strong function
to further downweight the COx values below a lower
threshold. This strong function may be of the form
mCOx=b*COx, where b>>a. Or this function may be a
simple threshold i.e. mCOx=b. Example values for the lower
threshold may be 0, -0.1, -0.2, =0.3, etc. FIG. 13 shows the
relationship between COx and mCOx when such a scheme
is applied.

[0111] FIGS. 14A-14C are graphs illustrating blood pres-
sure over time, showing the improvement in the identifica-
tion of the intact zone of autoregulation through the use of
the modified COx. in accordance with some examples of this
disclosure. For the processing circuitry to identify the intact
zone of autoregulation, the processing circuitry may be
configured to determine the LLA and/or the ULA. FIG. 14A
shows a method with COx and FIG. 14B shows a method
with mCOx. FIG. 14B depicts a band with different shading,
which corresponds to the intact region. The method much
more readily identifies the intact region.

[0112] FIG. 14C is a graph 1400 illustrating blood pres-
sure over time along with the lower and upper limits of
cerebral autoregulation 1402 and 1404 (e.g., LLA 1402 and
ULA 1404), in accordance with some examples of this
disclosure. Graph 1400 is an example of a presentation of
limits of cerebral autoregulation 1402 and 1404 and a
cerebral autoregulation status by processing circuitry 1710
or 1714 via display 1715 or 2132. Processing circuitry 1710
can also present graph 1400 on, e.g., graphical user interface
2200.

[0113] Processing circuitry 1710 can generate and present
graph 1400 to show blood pressure line 1410 of a patient
over time, along with the estimates of the limits of cerebral
autoregulation 1402 and 1404. Processing circuitry 1710 can
also generate oxygen saturation line 1412 of the patient over
time. Processing circuitry 1710 can also present an indica-
tion of cerebral autoregulation status in graph 1400 by, for
example, presenting blood pressure line 1410 between or
outside of LLA 1402 and ULA 1404. Intact area of cerebral
autoregulation 1406 exists between LLA 1402 and ULA
1404.

[0114] In some examples, processing circuitry 1710 is
configured to present intact area of cerebral autoregulation
1406 between LLA 1402 and ULA 1404 as a green color
(e.g., an intact region of cerebral autoregulation). Processing
circuitry 1710 can also present the region of graph 1400
above ULA 1404 and the region below LLA 1402 as red
colors (e.g., impaired regions of cerebral autoregulation)
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which may or may not be different shades of red, for
example. In response to determining a change in the rela-
tionship between a blood pressure and another physiological
parameter of a patient, processing circuitry 1710 can move
the lines associated with LLA 1402 and/or ULA 1404.
Therefore, intact area of cerebral autoregulation 1406 may
change position up or down and/or change the size.

[0115] In some examples, processing circuitry 1710 is
configured to present an indication of the cerebral autoregu-
lation status as a color, such as green or red. Processing
circuitry 1710 may present the color on a graphical user
interface such as graph 1400 or graphical user interface 2200
shown in FIG. 22. Processing circuitry 1710 may be con-
figured to change the intensity of the color(s) in response to
determining a change in a limit of cerebral autoregulation.
Processing circuitry 1710 can change the intensity of the
color based on the magnitude of the determined change in
the limit of cerebral autoregulation. For example, in
response to determining a relatively large change in a limit
of cerebral autoregulation, processing circuitry 1710 may
significantly reduce the intensity of the green color pre-
sented in intact area of cerebral autoregulation 1406. The
less intense green color may indicate lower confidence in the
estimates of limits of cerebral autoregulation 1402 and 1404.
[0116] Graph 1400 depicts LLA 1402 and ULA 1404 at
approximately 68 and 75 mmHg, respectively. In response to
determining that blood pressure line 1410 has a value
between 68 and 75 mmHg, processing circuitry 1710 may
present an indication of an intact cerebral autoregulation
status, such as blood pressure line 410 within an area of
green color between LLA 1402 and ULA 1404. Processing
circuitry 1710 may also present an indication of the intact
cerebral autoregulation status such as text (e.g., “autoregu-
lation: intact™).

[0117] Time period 1420 (e.g., the first eight hundred
seconds) does not include an indication of LLA 1402 or
ULA 1404 because processing circuitry 1710 may not yet
have obtained sufficient data to determine LT.A 1402 or ULA
1404. When blood pressure line 1410 drops below 60
mmHg, processing circuitry 1710 determines and presents
LLA 1402 on graph 1400. When blood pressure line 1410
increases above 80 mmHg, processing circuitry 1710 deter-
mines and presents ULA 1404 on graph 1400.

[0118] FIG. 15 is a graph illustrating values of COx versus
measurements of MAP, in accordance with some examples
of this disclosure. FIG. 15 shows the standard COx curve
with the white dashed lines demarcating the LLA and ULA
found from FIG. 14B.

[0119] In a method, mCOx may be determined and used
for the identification of the intact and impaired regions but
never shown on the display—the original COx may be
shown instead. In a method, additional functions may be
applied when determining mCOx. For example, if
COx>Threshold_upper, then we may measure the spread of
the COx values at this blood pressure. If the values are
spread out, then mCOx may be set to -1 and if the values are
clustered near +1 at this blood pressure, then mCOx may be
set to +1. For example, an entropy measure may be used.
[0120] FIG. 16 illustrates a continuous transform function
for values of COx, in accordance with some examples of this
disclosure. In a method, no thresholds may be employed but
rather a continuous mapping curve used. This is shown
schematically in FIG. 16 as a shifted “S-curve” shape. In a
method, the functional mapping (continuous or piece-wise)
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from COx to mCOx may be derived from historical data
through trial and error iterations to determine the optimum
mapping. In a method, the remapping may be applied to
other con-elation based measures of autoregulation, such as
HVx, Mx, and PRx.

[0121] FIG. 17 shows a conceptual block diagram of a
regional oximetry device 1700 configured to determine
limit(s) of autoregulation, such as an LLA and/or the ULA,
in accordance with some examples of this disclosure.
Regional oximetry device 1700 may include processing
circuitry 1710, memory 1712, user interface 1714, rSO,
sensing circuitry 1720, blood pressure (BP) sensing circuitry
1722, and sensing devices 1730 and 1732. In some
examples, regional oximetry device 1700 may be configured
to determine and display an LLA and/or the ULA of a patient
during a medical operation, such as surgery, or fetal moni-
toring. A clinician may receive information regarding the
LLA and/or the ULA via display 1715 and adjust treatment
or therapy to the patient based on the cerebral autoregulation
status information.

[0122] Processing circuitry 1710, 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 1710 may include any combina-
tion of integrated circuitry, discrete logic circuity, analog
circuitry, 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 1710 may include
multiple 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.

[0123] Example operations described above with respect
to “processing circuitry” may be performed by processing
circuitry 1710, in various examples. In some examples,
processing circuitry 1710 may be configured to perform
some or all of the operations of FIGS. 18-20. For example,
processing circuitry 1710 may be configured to receive
signals indicating measurements of physiological param-
eters from sensing circuitry 1720 and/or 1722. The physi-
ological parameters may include blood pressure (e.g., mean
arterial pressure) and regional oxygen saturation. In some
examples, processing circuitry 1710 may be configured to
determine a trendline function, which may include a gradi-
ent, based on the measurements of the physiological param-
eters. Processing circuitry 1710 may be configured to deter-
mine a transform function (see, e.g., FIGS. 4A and 4B)
based on the trendline function and to apply a transform
function to the measurements of the physiological param-
eters, as described herein.

[0124] Processing circuitry 1710 may be configured to
determine cerebral oximetry indices based on the measured
values of the physiological parameters or the transformed
values of the physiological parameters. In some examples,
processing circuitry 1710 may be configured to apply a
second transform function (see, e.g., FIGS. 13 and 16) to the
values of COx to determine transformed values of COx.
Processing circuitry 1710 may be then configured to deter-
mine an LLA and/or a ULA based on the original values of
COx or the transformed values of COx. Processing circuitry
1710 may include any combination of integrated circuitry,
discrete logic circuity, analog circuitry, such as one or more
microprocessors, digital signal processors (DSPs), applica-
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tion specific integrated circuits (ASICs), or field-program-
mable gate arrays (FPGAs). In some examples, processing
circuitry 1710 may include multiple 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.

[0125] Memory 1712 may be configured to store measure-
ments of physiological parameters, values of COx, and
value(s) of an LLA and/or a ULA, for example. Memory
1712 may be configured to store data such as default
gradients for a trendline function. Processing circuitry 1710
may be configured to use a default gradient to determine a
transform function if processing circuitry 1710 has not
received sufficient data to determine a gradient. In some
examples, memory 1712 may store program instructions,
such as communication instructions 1716, which may
include one or more program modules, which are executable
by processing circuitry 1710. When executed by processing
circuitry 1710, such program instructions may cause pro-
cessing circuitry 1710 to provide the functionality ascribed
to it herein. The program instructions may be embodied in
software, firmware and/or RAMware. Memory 1712 may
include any volatile, non-volatile, magnetic, optical, or
electrical 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.

[0126] User interface 1714 may include display 1715 that
displays the LLA and/or the ULA to a user. User interface
1714 and/or display 1715 may be configured to present a
graphical user interface to a user, where each graphical user
interface may include indications of values of one or more
physiological parameters of a patient. For example, process-
ing circuitry 1710 may be configured to present blood
pressure values, physiological parameter values, and indi-
cations of autoregulation status (e.g., cerebral autoregulation
status) of a patient via display 1715. In some examples, if
processing circuitry 1710 determines that the autoregulation
status of the patient is impaired, then processing circuitry
1710 may present a notification (e.g., an alert) indicating the
impaired cerebral autoregulation status via display 1715. As
another example, processing circuitry 1710 may present, via
display 1715, estimates of rSQ, for a patient, an estimate of
the blood oxvgen saturation (SpO,) determined by process-
ing circuitry 1710, pulse rate information, respiration rate
information, blood pressure, any other patient parameters, or
any combination thereof.

[0127] User interface 1714 and/or display 1715 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. User interface 1714 and/or display
1715 may be part of a personal digital assistant, mobile
phone, tablet computer, laptop computer, any other suitable
computing device, or any combination thereof, with a built-
in display or a separate display. User interface 1714 may
also include means for projecting audio to a user, such as
speaker(s). Processing circuitry 1710 may be configured to
present, via user interface 1714, a visual, audible, tactile, or
somatosensory notification (e.g., an alarm signal) indicative
of the patient’s autoregulation status and/or a notification
indicative of the patient’s limit(s) of autoregulation.
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[0128] User interface 1714 may include or be part of any
suitable device for conveying such information, including a
computer workstation, a server, a desktop, a notebook, a
laptop, a handheld computer, a mobile device, or the like. In
some examples, processing circuitry 1710 and user interface
1714 may be part of the same device or supported within one
housing (e.g., a computer or monitor). In other examples,
processing circuitry 1710 and user interface 1714 may be
separate devices configured to communicate through a wired
connection or a wireless connection (e.g., communication
interface 2190 shown in FIG. 21).

[0129] In some examples, display 1715 may be outside of
regional oximetry device 1700, such as a tablet, smartphone,
or computer monitor. User interface 1714 may be configured
to display other data such as physiological parameters, COx
values, and/or any other suitable data. In some examples,
user interface 1714 may be configured to receive user input
via a touchscreen, a keypad, or other mechanism for receiv-
ing input from a user. In some examples, regional oximetry
device 1700 may include telemetry circuitry (not shown) for
communicating wirelessly with one or more devices external
to regional oximetry device 1700. Any appropriate commu-
nication protocols beyond RF communication may be used.
[0130] Sensing circuitry 1720 and 1722 may be configured
to receive signals indicating physiological parameters from
sensing devices 1730 and 1732 and communicate the physi-
ological signals to processing circuitry 1710. Sensing device
(s) 1730 and 1732 may include any sensing hardware
configured to sense a physiological parameter of a patient,
such as, but not limited to, one or more electrodes, optical
receivers, blood pressure cufls, or the like. Sensing circuitry
1720 and 1722 may be configured to convert the signals
from sensing devices 1730 and 1732 to usable signals for
processing circuitry 1710, such that processing circuitry
1710 is configured to receive signals generated by sensing
circuitry 1720 and 1722. Sensing circuitry 1720 and 1722
may receive signals indicating physiological parameters
from a patient, such as, but not limited to, blood pressure,
regional oxygen saturation, blood volume, heart rate, and
respiration. Sensing circuitry 1720 and 1722 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, elec-
troencephalogram (EEG) sensing circuitry, or any combina-
tion thereof. In some examples, sensing circuitry 1720 and
1722 and/or processing circuitry 1710 may include signal
processing circuitry such as an analog to digital converter.
Sensing devices 1730 and 1732 may include one or more
electrodes, for example.

[0131] In some examples, oxygen saturation sensing
device 1730 is a regional oxygen saturation sensor 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 the patient. For
example, oxygen saturation sensing device 1730 may be
configured to be placed on the patient’s forehead and may be
used to determine the oxygen saturation of the patient’s
blood within the venous, arterial, and/or capillary systems of
a region underlying the patient’s forehead (e.g., in the
cerebral cortex).

[0132] In such cases, oxygen saturation sensing device
1730 may include emitter 1760 and detector 1762. Emitter
1760 may include at least two light emitting diodes (LEDs),
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each configured to emit at different wavelengths of light,
e.g., red or near infrared light. In some examples, light drive
circuitry (e.g., within sensing device 1730, sensing circuitry
1720, and/or processing circuitry 1710) may provide a light
drive signal to drive emitter 1760 and to cause emitter 1760
to emit light. In some examples, the LEDs of emitter 1760
emit light in the wavelength range of about 600 nanometers
(nm) to about 1000 nm. In a particular example, one LED of
emitter 1760 is configured to emit light at a wavelength of
about 730 nm and the other LED of emitter 1760 is config-
ured to emit light at a wavelength of about 810 nm. Other
wavelengths of light may also be used in other examples.

[0133] Detector 1762 may include a first detection element
positioned relatively “close” (e.g., proximal) to emitter 1760
and a second detection element positioned relatively “far”
(e.g., distal) from emitter 1760. Light intensity of multiple
wavelengths may be received at both the “close” and the
“far” detector 1762. For example, if two wavelengths are
used, the two wavelengths may be contrasted at each loca-
tion and the resulting signals may be contrasted to arrive at
a regional 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). Surface data from the skin and
skull may be subtracted out, to generate a regional oxygen
saturation signal for the target tissues over time. Oxygen
saturation sensing device 1730 may provide the regional
oxygen saturation signal to processing circuitry 1710 or to
any other suitable processing device to enable evaluation of
the patient’s autoregulation status.

[0134] In operation, blood pressure sensing device 1732
and oxygen saturation sensing device 1730 may each be
placed on the same or different parts of the patient’s body.
For example, blood pressure sensing device 1732 and oxy-
gen saturation sensing device 1730 may be physically sepa-
rate from each other and may be separately placed on the
patient. As another example, blood pressure sensing device
1732 and oxygen saturation sensing device 1730 may in
some cases be part of the same sensor or supported by a
single sensor housing. For example, blood pressure sensing
device 1732 and oxygen saturation sensing device 1730 may
be part of an integrated oximetry system configured to
non-invasively measure blood pressure (e.g., based on time
delays in a PPG signal) and regional oxygen saturation. One
or both of blood pressure sensing device 1732 or oxygen
saturation sensing device 1730 may be further configured to
measure other parameters, such as hemoglobin, respiratory
rate, respiratory effort, heart rate, saturation pattern detec-
tion, response to stimulus such as bispectral index (BIS) or
electromyography (EMG) response to electrical stimulus, or
the like. While an example regional oximetry device 1700 is
shown in FIG. 17, the components illustrated in FIG. 17 are
not intended to be limiting. Additional or alternative com-
ponents and/or implementations may be used in other
examples.

[0135] Blood pressure sensing device 1732 may be any
sensor or device configured to obtain the patient’s blood
pressure (e.g., arterial blood pressure). For example, blood
pressure sensing device 1732 may include a blood pressure
cuff for non-invasively monitoring blood pressure or an
arterial line for invasively monitoring blood pressure. In
certain examples, blood pressure sensing device 1732 may
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include one or more pulse oximetry sensors. In some such
cases, the patient’s blood pressure may be derived by
processing time delays between two or more characteristic
points within a single plethysmography (PPG) signal
obtained from a single pulse oximetry sensor.

[0136] 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, and entitled “Systems and Methods for
Non-Invasive Blood Pressure Monitoring,” the entire con-
tent of which is incorporated herein by reference. In other
cases, the patient’s blood pressure may be continuously,
non-invasively monitored via multiple pulse oximetry sen-
sors placed at multiple locations on the patient’s body. As
described in commonly assigned U.S. Pat. No. 6,599,251,
entitled “Continuous Non-invasive Blood Pressure Moni-
toring Method and Apparatus,” the entire content of which
is incorporated herein by reference, 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 patient’s blood pressure. Regardless of its
form, blood pressure sensing device 1732 may be configured
to generate a blood pressure signal indicative of the patient’s
blood pressure (e.g., arterial blood pressure) over time.
Blood pressure sensing device 1732 may provide the blood
pressure signal to sensing circuitry 1722, processing cir-
cuitry 1710, or to any other suitable processing device to
enable evaluation of the patient’s autoregulation status.

[0137] Processing circuitry 1710 may be configured to
receive one or more signals generated by sensing devices
1730 and 1732 and sensing circuitry 1720 and 1722. The
physiological signals may include a signal indicating blood
pressure, a signal indicating oxygen saturation, and/or a
signal indicating blood volume of a patient (e.g., an isos-
bestic signal). Processing circuitry 1710 may be configured
to determine a set of values of a first physiological parameter
and a set of values of a second physiological parameter
based on two or more signals received by sensing devices
1730 and 1732 and sensing circuitry 1720 and 1722 and
delivered to processing circuitry 1710. Sensing devices 1730
and 1732 and sensing circuitry 1720 and 1722 can deliver
the physiological signals directly to processing circuitry
1710 or sensing circuitry 1720 and 1722 can modify the
physiological signals (e.g., through pre-processing) before
delivering signals to processing circuitry 1710. The first and
second physiological parameters may include mean arterial
pressure, oxygen saturation, and/or blood volume. Process-
ing circuitry 1710 may associate each value in a set of values
with a point in time. For example, processing circuitry 1710
may determine a value of mean arterial pressure at a
particular time based on the characteristics of a blood
pressure signal over a time interval.

[0138] Processing circuitry 1710 may be configured to
determine a set of correlation coefficient values for the set of
values of the first physiological parameter and for the set of
values of the second physiological parameter. Processing
circuitry 1710 may determine each correlation coeflicient
value for a sample of the values of the first physiological
parameter and for a sample of the values of the second
physiological parameter. For example, processing circuitry
1710 may determine each correlation coeflicient value based
on a Pearson coefficient that measures the strength and
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direction of a linear relationship between the values of the
first physiological parameter and for a sample of the values
of the second physiological parameter.

[0139] Processing circuitry 1710 may be configured to
determine transformed values of the first physiological
parameter and then determine correlation coefficient values
based on the transformed values of the first physiological
parameter and untransformed values of the second physi-
ological parameter. Processing circuitry 1710 can determine
transformed values of the first physiological parameter at
least in part by determining a trendline function (see, e.g.,
FIGS. 4A and 4B) based on the values of the physiological
parameters. For example, the trendline function may be a
linear function, a polynomial function, an exponential func-
tion, a trigonometric function, a continuous function, a
piecewise function, and/or any other suitable type of func-
tion. Processing circuitry 1710 can determine the trendline
function using a best-fit algorithm to minimize the differ-
ences between the values of the first physiological parameter
and the trendline function.

[0140] To transform the values of the first physiological
parameter, processing circuitry 1710 may be configured to
subtract each value of the first physiological parameter from
the associated value along the trendline function. The dif-
ference between a value of the first physiological parameter
and the associated value along the trendline function may be
referred to as a gradient-adjusted value of the first physi-
ological parameter (e.g., GArSO, or GAMAP) in some
examples.

[0141] In some examples, processing circuitry 1710 is
configured to determine correlation coefficient values based
on the (transformed or untransformed) values of the physi-
ological parameters. Processing circuitry 1710 may deter-
mine transformed correlation coeflicient values using a
transform function, which may be a linear function, a
polynomial function, an exponential function, a trigonomet-
ric function, a continuous function, a piecewise function,
and/or any other suitable type of function (see, e.g., FIGS.
13 and 16).

[0142] Using transformed values of a physiological
parameter and/or transformed correlation coeflicient values,
processing circuitry 1710 may more accurately determine a
limit of autoregulation. The transformation of values of a
physiological parameter and/or correlation coeflicient values
may create a more distinct representation of a limit of
autoregulation. For example, the graph shown in FIG. 6
shows how, by transforming the values of a physiological
parameter, processing circuitry 1710 can create a more
distinct representation of the lower limit of autoregulation.
The graphs of FIGS. 11A, and 11B show how, by trans-
forming correlation coefficient values, processing circuitry
1710 can create a more distinct representation of the lower
limit of autoregulation.

[0143] Although other example devices, systems, and
techniques are possible, processing circuitry 1710 may be
configured to determine the limit of autoregulation based on
COx values derived from MAP values and rSO, values.
Alternatively, processing circuitry 1710 may determine the
limit of autoregulation based on HVx values, BVS values,
and/or rSO, values. Regional oximetry device 2100 of FIG.
21 includes additional detail on how processing circuitry
1710 can determine rSO, values based on a physiological
signal received from sensing device 1730.
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[0144] The disclosure contemplates computer-readable
storage media comprising instructions to cause a processor
to perform any of the functions and techniques described
herein. The computer-readable storage media may take the
example form of any volatile, non-volatile, magnetic, opti-
cal, or electrical media, such as a RAM, ROM, NVRAM,
EEPROM, or flash memory. The computer-readable storage
media may be referred to as non-transitory. A programmer,
such as patient programmer or clinician programmer, or
other computing device may also contain a more portable
removable memory type to enable easy data transfer or
offline data analysis.

[0145] The techniques described in this disclosure, includ-
ing those attributed to devices 1700 and 2100, processing
circuitry 1710, 2110, 2114, and 2116, memories 1712 and
2120, displays 1715 and 2132, sensing circuitries 1720 and
1722, circuitries 2140 and 2145, sensing devices 1720,
1722, and 2150, and 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 physician
or patient programmers, stimulators, remote servers, or other
devices. The term “processor” or “processing circuitry” may
generally refer to any of the foregoing logic circuitry, alone
or in combination with other logic circuitry, or any other
equivalent circuitry.

[0146] As used herein, the term “circuitry” refers to an
application specific integrated circuit (ASIC), an electronic
circuit, a processor (shared, dedicated, or group) and
memory that execute one or more software or firmware
programs, a combinational logic circuit, or other suitable
components that provide the described functionality. The
term “processing circuitry” refers one or more processors
distributed across one or more devices. For example, “pro-
cessing circuitry” can include a single processor or multiple
processors on a device. “Processing circuitry” can also
include processors on multiple devices, wherein the opera-
tions described herein may be distributed across the proces-
sors and devices.

[0147] Such hardware, software, firmware may be imple-
mented within the same device or within separate devices to
support the various operations and functions described in
this disclosure. For example, any of the techniques or
processes described herein may be performed within one
device or at least partially distributed amongst two or more
devices, such as between devices 1700 and 2100, processing
circuitry 1710, 2110, 2114, and 2116, memories 1712 and
2120, sensing circuitries 1720 and 1722, and/or circuitries
2140 and 2145. In addition, any of the described units,
modules or components may be implemented together or
separately as discrete but interoperable logic devices. Depic-
tion of different features as modules or units is intended to
highlight different functional aspects and does not necessar-
ily imply that such modules or units must be realized by
separate hardware or software components. Rather, func-
tionality associated with one or more modules or units may
be performed by separate hardware or software components,
or integrated within common or separate hardware or soft-
ware components.
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[0148] The techniques described in this disclosure may
also be embodied or encoded in 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-
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 random access memory (RAM), read only
memory (ROM), programmable read only memory
(PROM), erasable programmable read only memory
(EPROM), electronically erasable programmable read only
memory (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 stor-
age devices or tangible computer readable media.

[0149] 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). Ele-
ments of devices 1700 and 2100, processing circuitry 1710,
2110, 2114, and 2116, memories 1712 and 2120, displays
1715 and 2132, sensing circuitries 1720 and 1722, circuitries
2140 and 2145, and/or sensing devices 1720, 1722, and 2150
may be programmed with various forms of software. The
processing circuitry may be implemented at least in part as,
or include, one or more executable applications, application
modules, libraries, classes, methods, objects, routines, sub-
routines, firmware, and/or embedded code, for example. The
processing circuitry may be configured to receive voltage
signals, determine switching frequencies, and deliver con-
trol signals, for example.

[0150] FIG. 18 is a flowchart illustrating example tech-
niques for determining limit(s) of autoregulation such as an
LLA and/or a ULA by applying a transform function to
measurements of rSO,, in accordance with some examples
of this disclosure. In the example of FIG. 18, sensing devices
1730 and 1732 measure MAP and rSO, (1800), respectively,
for a patient. The measurements may span a time duration,
such as three hundred seconds, for example. In the example
of FIG. 18 processing circuitry 1710 determines a trendline
function based on the measurements of MAP and rSO,
(1802). The trendline function may include a slope and a
y-intercept for rSO,.

[0151] Processing circuitry 1710 applies a transform func-
tion to values of rSO, based on the trendline function to
determine transformed values of rSO, (1804). Processing
circuitry 1710 may be configured to apply the transform
function by subtracting the expected value of rSO, (i.e., the
trendline value of rSO, for each value of MAP) from the
measured value of rSO,, for example. Processing circuitry
1710 determines COx values based on the measurements of
MAP and the transformed values of rSO, (1806). Processing
circuitry 1710 may be configured to group or bin each
transformed value of rSO, with other transformed values of
rSO,. Each bin may span a range of MAP values, and a value
of COx may be determined for each bin. Processing circuitry
1710 determines an LA based on the values of COx (1808).
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The processing circuitry may be configured to determine the
LA by determining an LLA and/or determining a ULA. The
LLA may be located at the lowest value of MAP at which the
value of COx falls below a threshold, such as zero or 0.5.
The ULA may be located at the highest value of MAP at
which the value of COx or the value of GACOx falls below
a threshold, such as zero or 0.5.

[0152] FIG. 19 is a flowchart illustrating example tech-
niques for determining an LLA and/or a ULA by applying a
transform function to measurements of rSO,, in accordance
with some examples of this disclosure. After receiving
measurements of rSO, and MAP (1800), processing cir-
cuitry 1710 updates the overall gradient of the trendline
function (1902) and transforms the current window of COx
value(s) (1904). Processing circuitry 1710 may be config-
ured to, as new rSO,-MAP data becomes available, update
and use the quality metrics of the LLA and/or the ULA to
determine new COx value(s) (1806). Processing circuitry
1710 uses new COx value(s) to update the LA, such as the
LLA and/or the ULA determination (1908). In some
examples, the new COx value(s) may not cause a change in
the determined value of the LL.A and/or the ULA. Process-
ing circuitry 1710 updates the display of the LLA and/or the
ULA to the user (1910).

[0153] FIG. 20 is a flowchart illustrating example tech-
niques for determining the LLA and/or the ULA by applying
atransform function to measurements of COx, in accordance
with some examples of this disclosure. In the example of
FIG. 20, sensing devices 1730 and 1732 measure MAP and
S0, (2000), respectively, for a patient for a time duration,
such as three hundred seconds. In the example of FIG. 20,
processing circuitry 1710 determines value(s) of COx based
on the measurements of MAP and rSO, (2002). In the
example of FIG. 20, processing circuitry 1710 applies a
transform function to the determined values of COx to
determine transformed value(s) of COx (2004). In some
examples, the transform function may include a linear
piecewise function, as depicted in FIG. 13 or a continuous
function as shown in FIG. 16. The transform function may
accentuate the difference in COx near the LLA and/or the
ULA. In the example of FIG. 20, processing circuitry 1710
determines the LLA and/or the ULA based on the values of
COx (2006).

[0154] In some examples, processing circuitry 1710 is
configured to determine a trendline function based on the
measurements of MAP and rSO,. Processing circuitry 1710
then applies a first transform function to values of rSO,
based on the trendline function to determine transformed
values of rSO,. Processing circuitry 1710 determines
untransformed COx values based on the measurements of
MAP and the transformed values of rSO,. Processing cir-
cuitry 1710 can then apply a second transform function to
the untransformed COx values to determine transformed
COx values. Processing circuitry 1710 can determine a limit
of autoregulation based on the transformed COx values.
Thus, processing circuitry 1710 can use a combination of the
techniques shown in FIGS. 18 and 20 to determine a limit of
autoregulation.

[0155] FIG. 21 is a conceptual block diagram illustrating
an example regional oximetry 2100 device for monitoring
the autoregulation status of a patient. In the example shown
in FIG. 21, regional oximetry device 2100 is coupled to
sensing device 2150 and may be collectively referred to as
a regional oximetry system, which each generate and pro-
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cess physiological signals of a subject. In some examples,
sensing device 2150 and regional oximetry device 2100 may
be part of an oximeter. As shown in FIG. 21, regional
oximetry device 2100 includes back-end processing cir-
cuitry 2114, user interface 2130, light drive circuitry 2140,
front-end processing circuitry 2116, control circuitry 2145,
and communication interface 2190. Regional oximetry
device 2100 may be communicatively coupled to sensing
device 2150. Regional oximetry device 2100 is an example
of regional oximetry device 1700 shown in FIG. 17. In some
examples, regional oximetry device 2100 may also include
a blood pressure sensor and/or a blood volume sensor (e.g,,
sensing device 1732 shown in FIG. 17).

[0156] In the example shown in FIG. 21, sensing device
2150 includes light source 2160, detector 2162, and detector
2163. In some examples, sensing device 2150 may include
more than two detectors. Light source 2160 may be config-
ured to emit photonic signals having two or more wave-
lengths of light (e.g., red and infrared (IR)) into a subject’s
tissue. For example, light source 2160 may include a red
light emitting light source and an IR light emitting light
source, (e.g., red and IR light emitting diodes (LEDs)), for
emitting light into the tissue of a subject to generate physi-
ological signals. In some examples, the red wavelength may
be between about 600 nm and about 700 nm, and the IR
wavelength may be between about 800 nm and about 1000
nm. Other wavelengths of light may be used in other
examples. Light source 2160 may include any number of
light sources with any suitable characteristics. In examples
in which an array of sensors is used in place of sensing
device 2150, each sensing device may be configured to emit
a single wavelength. For example, a first sensing device may
emit only a red light while a second sensing device may emit
only an IR light. In some examples, light source 2160 may
be configured to emit two or more wavelengths of near-
infrared light (e.g., wavelengths between 600 nm and 1000
nm) into a subject’s tissue. In some examples, light source
2160 may be configured to emit four wavelengths of light
(e.g., 724 nm, 770 nm, 810 nm, and 850 nm) into a subject’s
tissue. In some examples, the subject may be a medical
patient.

[0157] As used herein, the term “light” may refer to
energy produced by radiative sources and may include one
or more of ultrasound, radio, microwave, millimeter wave,
infrared, visible, ultraviolet, gamma ray or X-ray electro-
magnetic radiation. Light may also include any wavelength
within the radio, microwave, infrared, visible, ultraviolet, or
X-ray spectra, and that any suitable wavelength of electro-
magnetic radiation may be appropriate for use with the
present techniques. Detectors 2162 and 2163 may be chosen
to be specifically sensitive to the chosen targeted energy
spectrum of light source 2160.

[0158] Insome examples, detectors 2162 and 2163 may be
configured to detect the intensity of multiple wavelengths of
near-infrared light. In some examples, detectors 2162 and
2163 may be configured to detect the intensity of light at the
red and IR wavelengths. In some examples, an array of
detectors may be used and each detector in the array may be
configured to detect an intensity of a single wavelength. In
operation, light may enter detector 2162 after passing
through the subject’s tissue, including skin, bone, and other
shallow tissue (e.g., non-cerebral tissue and shallow cerebral
tissue). Light may enter detector 2163 after passing through
the subject’s tissue, including skin, bone, other shallow
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tissue (e.g., non-cerebral tissue and shallow cerebral tissue),
and deep tissue (e.g., deep cerebral tissue). Detectors 2162
and 2163 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. That is, when more light at a certain wavelength is
absorbed or reflected, less light of that wavelength is
received from the tissue by detectors 2162 and 2163.
[0159] After converting the received light to an electrical
signal, detectors 2162 and 2163 may send the detection
signals to regional oximetry device 2100, where the detec-
tion signals may be processed and physiological parameters
may be determined (e.g., based on the absorption of the red
and IR wavelengths in the subject’s tissue at both detectors).
In some examples, one or more of the detection signals may
be preprocessed by sensing device 2150 before being trans-
mitted to regional oximetry device 2100. 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,” the entire content of which is incorpo-
rated herein by reference.

[0160] Control circuitry 2145 may be coupled to light
drive circuitry 2140, front-end processing circuitry 2116,
and back-end processing circuitry 2114, and may be con-
figured to control the operation of these components. In
some examples, control circuitry 2145 may be configured to
provide timing control signals to coordinate their operation.
For example, light drive circuitry 2140 may generate one or
more light drive signals, which may be used to turn on and
off light source 2160, based on the timing control signals
provided by control circuitry 2145. Front-end processing
circuitry 2116 may use the timing control signals to operate
synchronously with light drive circuitry 2140. For example,
front-end processing circuitry 2116 may synchronize the
operation of an analog-to-digital converter and a demulti-
plexer with the light drive signal based on the timing control
signals. In addition, the back-end processing circuitry 2114
may use the timing control signals to coordinate its opera-
tion with front-end processing circuitry 2116.

[0161] Light drive circuitry 2140, as discussed above, may
be configured to generate a light drive signal that is provided
to light source 2160 of sensing device 2150. The light drive
signal may, for example, control the intensity of light source
2160 and the timing of when light source 2160 is turned on
and off. In some examples, light drive circuitry 2140 pro-
vides one or more light drive signals to light source 2160.
Where light source 2160 is configured to emit two or more
wavelengths of light, the light drive signal may be config-
ured to control the operation of each wavelength of light.
The light drive signal may comprise a single signal or may
comprise multiple signals (e.g., one signal for each wave-
length of light).

[0162] Front-end processing circuitry 2116 may perform
any suitable analog conditioning of the detector signals. The
conditioning performed may include any type of 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 signal conditioning (e.g.,
converting a current signal to a voltage signal), or any
combination thereof. The conditioned analog signals may be
processed by an analog-to-digital converter of circuitry
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2116, which may convert the conditioned analog signals into
digital signals. Front-end processing circuitry 2116 may
operate on the analog or digital form of the detector signals
to separate out different components of the signals. Front-
end processing circuitry 2116 may also perform any suitable
digital conditioning of the detector 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. Front-end processing circuitry 2116
may decrease the number of samples in the digital detector
signals. In some examples, front-end processing circuitry
2116 may also remove dark or ambient contributions to the
received signal.

[0163] Back-end processing circuitry 2114 may include
processing circuitry 2110 and memory 2120. Processing
circuitry 2110 may include an assembly of analog or digital
electronic components and may be configured to execute
software, which may include an operating system and one or
more applications, as part of performing the functions
described herein with respect to, e.g., processing circuitry
110. Processing circuitry 2110 may receive and further
process physiological signals received from front-end pro-
cessing circuitry 2116. For example, processing circuitry
2110 may determine one or more physiological parameter
values based on the received physiological signals. For
example, processing circuitry 2110 may compute one or
more of regional oxygen saturation, blood oxygen saturation
(e.g., arterial, venous, or both), pulse rate, respiration rate,
respiration effort, blood pressure, hemoglobin concentration
(e.g., oxygenated, deoxygenated, and/or total), any other
suitable physiological parameters, or any combination
thereof.

[0164] Processing circuitry 2110 may perform any suit-
able signal processing of a signal, such as any suitable
band-pass filtering, adaptive filtering, closed-loop filtering,
any other suitable filtering, and/or any combination thereof.
Processing circuitry 2110 may also receive input signals
from additional sources not shown. For example, processing
circuitry 2110 may receive an input signal containing infor-
mation about treatments provided to the subject from user
interface 2130. Additional input signals may be used by
processing circuitry 2110 in any of the determinations or
operations it performs in accordance with back-end process-
ing circuitry 2114 or regional oximetry device 2100.

[0165] Processing circuitry 2110 is an example of pro-
cessing circuitry 110 and is configured to perform the
techniques of this disclosure. For example, processing cir-
cuitry 2110 is configured to receive signals indicative of
physiological parameters. Processing circuitry 2110 is also
configured to determine values of physiological parameters
based on the signals and determine correlation coefficient
values based on the values of the physiological parameters.
In some examples, processing circuitry 2110 may be con-
figured to transform values of one of the physiological
parameters and use the transformed values to determine
correlation coeflicient values. Processing circuitry 2110 is
configured to then determine a limit of autoregulation based
on the correlation coefficient values. Alternatively or addi-
tionally, processing circuitry 2110 may be configured to
determine correlation coefficient values based on the
untransformed values of the two physiological parameters
and then determine transformed values of the correlation
coefficients.
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[0166] Memory 2120 may include any suitable computer-
readable media capable of storing information that can be
interpreted by processing circuitry 2110. In some examples,
memory 2120 may store correlation coefficient values,
threshold rates, threshold values, window lengths, reference
absorption curves, reference sets, determined values, such as
blood oxygen saturation, pulse rate, blood pressure, fiducial
point locations or characteristics, initialization parameters,
any other determined values, or any combination thereof, in
a memory device for later retrieval. Back-end processing
circuitry 2114 may be communicatively coupled with user
interface 2130 and communication interface 2190.

[0167] User interface 2130 may include input device
2134, display 2132, and speaker 2136. User interface 2130
is an example of user interface 1714 shown in FIG. 17, and
display 2132 is an example of display 1715 shown in FIG.
17. User interface 2130 may include, for example, any
suitable device such as one or more medical devices (e.g., a
medical monitor that displays various physiological param-
eters, a medical alarm, or any other suitable medical device
that either displays physiological parameters or uses the
output of back-end processing 2114 as an input), one or
more display devices (e.g., monitor, personal digital assis-
tant (PDA)}, mobile phone, tablet computer, clinician work-
station, any other suitable display device, or any combina-
tion thereof), one or more audio devices, one or more
memory devices, one or more printing devices, any other
suitable output device, or any combination thereof.

[0168] Input device 2134 may include any type of user
input device such as a keyboard, a mouse, a touch screen,
buttons, switches, a microphone, a joy stick, a touch pad, or
any other suitable input device or combination of input
devices. In other examples, input device 2134 may be a
pressure-sensitive or presence-sensitive display that is
included as part of display 2132. Input device 2134 may also
receive inputs to select a model number of sensing device
2150, blood pressure sensor 2150 (FIG. 21), or blood
pressure processing equipment. In some examples, process-
ing circuitry 2110 may determine a threshold rate and/or a
length of a window of time based on user input received
from input device 2134.

[0169] In some examples, the subject may be a medical
patient and display 2132 may exhibit a list of values which
may generally apply to the subject, such as, for example, an
oxygen saturation signal indicator, a blood pressure signal
indicator, a COx signal indicator, a COx value indicator,
and/or an autoregulation status indicator. Display 2132 may
also be configured to present additional physiological
parameter information. Graphical user interface 2200 shown
in FIG. 22 is an example of an interface that can be presented
via display 2132 of FIG. 21. Additionally, display 2132 may
present, for example, one or more estimates of a subject’s
regional oxygen saturation generated by regional oximetry
device 2100 (referred to as an “rSO,” measurement). Dis-
play 2132 may also present indications of the upper and
lower limits of autoregulation. Speaker 2136 within user
interface 2130 may provide an audible sound that may be
used in various examples, such as for example, sounding an
audible alarm in the event that a patient’s physiological
parameters are not within a predefined normal range.
[0170] Communication interface 2190 may enable
regional oximetry device 2100 to exchange information with
external devices. Communication interface 2190 may
include any suitable hardware, software, or both, which may
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allow regional oximetry device 2100 to communicate with
electronic circuitry, a device, a network, a server or other
workstations, a display, or any combination thereof. For
example, regional oximetry device 2100 may receive MAP
values and/or oxygen saturation values from an external
device via communication interface 2190.

[0171] The components of regional oximetry device 2100
that are shown and described as separate components are
shown and described as such for illustrative purposes only.
In some examples the functionality of some of the compo-
nents may be combined in a single component. For example,
the functionality of front-end processing circuitry 2116 and
back-end processing circuitry 2114 may be combined in a
single processor system. Additionally, in some examples the
functionality of some of the components of regional oxim-
etry device 2100 shown and described herein may be
divided over multiple components. For example, some or all
of the functionality of control circuitry 2145 may be per-
formed in front-end processing circuitry 2116, in back-end
processing circuitry 2114, or both. In other examples, the
functionality of one or more of the components may be
performed in a different order or may not be required. In
some examples, all of the components of regional oximetry
device 2100 can be realized in processor circuitry.

[0172] FIG. 22 illustrates an example graphical user inter-
face 2200 including autoregulation information presented on
a display. FIG. 22 is an example of a presentation by
processing circuitry 1710 on display 1715 shown in FIG. 17
or by processing circuitry 210 on display 232 shown in FIG.
2. Graphical user interface 2200 may be configured to
display various information related to blood pressure, oxy-
gen saturation, the COx index, limits of autoregulation,
and/or autoregulation status. As shown, graphical user inter-
face 2200 may include oxygen saturation signal indicator
2210, blood pressure signal indicator 2220, and COx signal
indicator 2230. Graphical user interface 2200 may include
COx value indicator 2240, autoregulation status indicator
2250, and limit of autoregulation indicators 2260 and 2270.

[0173] Blood pressure signal indicator 2220 may present a
set of MAP values determined by processing circuitry 1710
of regional oximetry device 1700. In some examples, blood
pressure signal indicator 2220 may present MAP values as
discrete points over time or in a table. Blood pressure signal
indicator 2220 may also present MAP values as a moving
average or waveform of discrete points. Blood pressure
signal indicator 2220 may present MAP values as a single
value (e.g., a number) representing a current MAP value.
Oxygen saturation signal indicator 2210 and COx signal
indicator 2230 may also present rSO, values and COx
values, respectively, as discrete points, in a table, as a
moving average, as a waveform, and/or as a single value. In
some examples, processing circuitry 1710 can present trans-
formed rSO, values in indicator 2210 and/or transformed
MAP values in indicator 2220.

[0174] COx signal indicator 2230 may present a set of
correlation coeflicient values determined by processing cir-
cuitry 1710. Processing circuitry 1710 may determine the
correlation coefficient values as a function of the oxygen
saturation values presented in oxygen saturation signal indi-
cator 2210 and the MAP values presented in blood pressure
signal indicator 2220. In some examples, a COx value at or
near one indicates the autoregulation status of a patient is
impaired, as shown in autoregulation status indicator 2250.
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In some examples, processing circuitry 1710 can present
transformed COx values in indicator 2230.

[0175] Processing circuitry 1710 may determine a set of
correlation coeflicient values and associated values of a first
physiological parameter using the values presented in indi-
cators 2210, 2220, and/or 2230. Processing circuitry 1710
may determine a particular time period in indicators 2210 or
2220 during which a value of rSO, changes rapidly, a value
of MAP changes rapidly, or a product of rSO, and MAP
changes rapidly. Processing circuitry 1710 may be config-
ured to select a COx value associated with the particular
time period from the COx values shown in indicator 2230.
Processing circuitry 1710 then determines an updated value
for the selected COx value in response to determining that
a value of rSO, changes rapidly, a value of MAP changes
rapidly, or a product of rSO, and MAP changes rapidly.
[0176] Processing circuitry 1710 may be configured to
determine an estimate of a limit of autoregulation based on
(transformed or untransformed) correlation coeflicient val-
ues across a time window for data collection. For example,
the length of the time window may be 300 seconds, 250
seconds, 200 seconds, 150 seconds, 100 seconds, 50 sec-
onds, and/or any other suitable length of time.

[0177] COx value indicator 2240 shows a COx value of
0.8, which may result in a determination by processing
circuitry 1710 that the autoregulation status of the patient is
impaired. Processing circuitry 1710 may be configured to
present, as the COx value in COx value indicator 2240, the
most recently determined COx value or a moving average of
recently determined COx values. To determine the autoregu-
lation status of a patient for presentation in autoregulation
status indicator 2250, processing circuitry 1710 may deter-
mine whether the most recent MAP value shown in blood
pressure signal indicator 2220 is between the limits of
autoregulation presented in limit of autoregulation indica-
tors 2260 and 2270.

[0178] Processing circuitry 1710 may present limit of
autoregulation indicators 2260 and/or 2270 in terms of blood
pressure, for example, mmHg. Processing circuitry 1710 can
determine the limits of cerebral autoregulation (LLA and
ULA) for presentation in indicators 2260 and 2270 based on
a relationship between the blood pressure of a patient and
another physiological parameter of the patient. For example,
indicator 2250 and/or indicator 2260 may be highlighted
when the LLA has been exceeded or indicator 2260 may be
highlighted when the ULA has been exceeded. In other
examples, a single indicator may present the type of limit
that has been exceed by the MAP value. If the LLA or ULA
change, processing circuitry 1710 may control user interface
2200 to change the value of the LLA or ULA in accordance
with any change to that respective value.

[0179] Processing circuitry 1710 may determine an esti-
mate of a lower limit of autoregulation presented in indicator
2260 and/or an estimate of an upper limit of autoregulation
presented in indicator 2270. Processing circuitry 1710 may
determine the estimates based on a set of correlation coef-
ficient values including one or more updated values. Pro-
cessing circuitry 1710 may be configured to generate a
notification in response to determining that the MAP value
is less than or equal to the estimate of the lower limit of
autoregulation. Processing circuitry 1710 may output the
notification in autoregulation status indicator 2250 as text,
color, blinking, and/or any other suitable visible or audible
mannet.
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[0180] Where processing circuitry 1710 is described
herein as determining that a value is less than or equal to
another value, this description may also include processing
circuitry 1710 determining that a value is only less than the
other value. Similarly, where processing circuitry 1710 is
described herein as determining that a value is less than
another value, this description may also include processing
circuitry 1710 determining that a value is less than or equal
to the other value. The same properties may also apply to the
terms “greater than” and “greater than or equal to.”

[0181] 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 device comprising:

a display;

processing circuitry configured to:

receive a first signal indicative of a first physiological
parameter of a patient;

receive a second signal indicative of a second physi-
ological parameter of the patient;

determine a trendline function based on values of the
first physiological parameter and values of the sec-
ond physiological parameter;

determine transformed values of the first physiological
parameter based on the trendline function;

determine correlation coeflicient values for the trans-
formed values of the first physiological parameter
and the values of the second physiological param-
eter;

determine a limit of autoregulation of the patient based
on the correlation coefficient values;

determine an autoregulation status of the patient based
on the limit of autoregulation; and

output, for display via the display, an indication of the
autoregulation status.

2. The device of claim 1, wherein the processing circuitry
is configured to determine the limit of autoregulation at least
in part by determining a lower limit of autoregulation based
on the correlation coefficient values.

3. The device of claim 1, wherein the processing circuitry
is configured to determine the limit of autoregulation at least
in part by determining an upper limit of autoregulation based
on the correlation coeflicient values.

4. The device of claim 1,

wherein the first physiological parameter comprises an

oxygen saturation of the patient,

wherein the second physiological parameter comprises a

blood pressure of the patient,

wherein the processing circuitry is configured to deter-

mine the trendline function at least in part by deter-
mining the trendline function based on the measure-
ments of oxygen saturation in the blood of the patient
and the blood pressure of the patient,

wherein the processing circuitry is configured to deter-

mine the transformed values of the first physiological
parameter at least in part by determining transformed
values of oxygen saturation in the blood of the patient,
and

wherein the processing circuitry is configured to deter-

mine the correlation coefficients at least in part by
determining correlation coefficients for the transformed
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values of oxygen saturation in the blood of the patient
and the blood pressure of the patient.

5. The device of claim 1, wherein the processing circuitry
is configured to determine the trendline function at least in
part by determining a best fit for the values of the first
physiological parameter and the values of the second physi-
ological parameter.

6. The device of claim 1, wherein the processing circuitry
is configured to determine the transformed values of the first
physiological parameter at least in part by determining
transformed values of the first physiological parameter
based a difference between each value of the first physi-
ological parameter and a respective expected trendline value
of the first physiological parameter.

7. The device of claim 1, wherein the processing circuitry
is configured to determine the correlation coeflicient values
at least in part by:

binning each transformed value of the first physiological

parameter based on a respective value of the second
physiological parameter; and

determining an average correlation coeflicient for each

bin of a plurality of bins.

8. The device of claim 1,

wherein the processing circuitry is further configured to

determine an initial trendline function based on histori-
cal data, and

wherein the processing circuitry is configured to deter-

mine the trendline function at least in part by reducing
an effect of the initial trendline function as the process-
ing circuitry determines values of the first physiological
parameter.

9. The device of claim 1,

wherein the processing circuitry is further configured to

determine that a total number of data points exceeds a
threshold number, and

wherein the processing circuitry is configured to deter-

mine the trendline function and determine the trans-
formed values of the first physiological parameter in
response to determining that the total number of data
points exceeds the threshold number.

10. A device comprising:

a display;

processing circuitry configured to:

receive a first signal indicative of a first physiological
parameter of a patient;

receive a second signal indicative of a second physi-
ological parameter of the patient;

determine untransformed correlation coeflicient values
for values of the first physiological parameter and
values of the second physiological parameter;

determine transformed correlation coefficient values
based on the untransformed correlation coeflicient
values;

determine a limit of autoregulation based on the trans-
formed correlation coefficient values;

determine an autoregulation status of the patient based
on the limit of autoregulation; and

output, for display via the display, an indication of the
autoregulation status.

11. The device of claim 10, wherein the processing
circuitry is configured to determine the transformed corre-
lation coeflicient values at least in part by applying a
transform function to the untransformed correlation coeffi-
cient values.
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12. The device of claim 11, wherein the processing
circuitry is configured to apply the transform function at
least in part by:
determining that a first untransformed correlation coeffi-
cient value exceeds a threshold value; and

determining a transformed correlation coefficient value
equal to a predetermined value in response to deter-
mining that the untransformed correlation coefficient
value exceeds the threshold value.

13. The device of claim 11, wherein the processing
circuitry is configured to apply the transform function at
least in part by:

determining that a second untransformed correlation coef-

ficient value is less than a threshold value; and
applying a linear function to the second untransformed
correlation coefficient value to determine a second
transformed correlation coeflicient value in response to
determining that the second untransformed correlation
coefficient value is less than the threshold value.

14. The device of claim 10,

wherein the processing circuitry is further configured to

determine that a total number of data points exceeds a
threshold number, and

wherein the processing circuitry is configured to deter-

mine the transformed correlation coefficient values in
response to determining that the total number of data
points exceeds the threshold number.

15. A method comprising:

receiving, by processing circuitry of a device and from

sensing circuitry, a first signal indicative of a first
physiological parameter of a patient;

receiving, by the processing circuitry and from the sens-

ing circuitry, a second signal indicative of a second
physiological parameter of the patient;
determining, by the processing circuitry, a trendline func-
tion based on values of the first physiological parameter
and values of the second physiological parameter;

determining, by the processing circuitry, transformed val-
ues of the first physiological parameter based on the
trendline function;

determining, by the processing circuitry, correlation coef-

ficient values for the transformed values of the first
physiological parameter and the values of the second
physiological parameter; and

determining, by the processing circuitry, a limit of auto-

regulation based on the correlation coeflicient values.

16. The method of claim 15,

wherein receiving the first signal comprises receiving an

oxygen saturation signal of the patient,
wherein receiving the second signal comprises receiving
a blood pressure signal of the patient,

wherein determining the trendline function comprises
determining the trendline function based on the mea-
surements of oxygen saturation in the blood of the
patient and the blood pressure of the patient,

wherein determining the transformed values of the first

physiological parameter comprises determining trans-
formed values of oxygen saturation in the blood of the
patient, and

wherein determining the correlation coeflicient values

comprises determining correlation coeflicient values
for the transformed values of oxygen saturation in the
blood of the patient and the blood pressure of the
patient.
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17. The method of claim 15, wherein determining the
trendline function comprises determining a best fit for the
values of the first physiological parameter and the values of
the second physiological parameter.

18. The method of claim 15, wherein determining the
transformed values of the first physiological parameter com-
prises determining transformed values of the first physi-
ological parameter based a difference between each value of
the first physiological parameter and a respective expected
trendline value of the first physiological parameter.

19. The method of claim 15, further comprising deter-
mining an initial trendline function based on historical data,

wherein determining the trendline function comprises

reducing an effect of the initial trendline function while
determining values of the first physiological parameter.

20. The method of claim 15, further comprising deter-
mining that a total number of data points exceeds a threshold
number,

wherein determining the trendline function and determin-

ing the transformed values of the first physiological
parameter are in response to determining that the total
number of data points exceeds the threshold number.
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