US 20200129076A1

a9y United States

12) Patent Application Publication (o) Pub. No.: US 2020/0129076 A1l

Montgomery et al. (43) Pub. Date: Apr. 30, 2020
(54) IDENTIFYING ANOMALOUS (52) US. CL
AUTOREGULATION STATE VALUES CPC .....c.c... A6IB 5/021 (2013.01); A61B 5/742
(2013.01); A61B 5/7225 (2013.01); A61B
(71) Applicant: Covidien LP, Mansfield, MA (US) 5/14542 (2013.01)
(72) Inventors: Dean Montgomery, Edinburgh (GB); 57 ABSTRACT L
Paul S. Addison, Edinburgh (GB); In some examples, a device includes sensing circuitry con-
Andre Antunes ’Edinburgh (GB) ’ figured to receive one or more signals from a patient and
’ processing circuitry configured to determine a plurality of
autoregulation state values associated with a plurality of
(21) Appl. No.: 16/169,794 blood pressure values based on the one or more signals. The
processing circuitry is further configured to determine that a
_ first autoregulation state value of the plurality of autoregu-
(22)  Filed: Oct. 24, 2018 lation state values is anomalous based on other autoregula-
tion state values of the plurality of autoregulation state
Publication Classification values. The processing circuitry is also configured to modify
the first autoregulation state value in response to determin-
(51) Int. CL ing that the first autoregulation state value is anomalous and
A61B 5/021 (2006.01) determine an autoregulation status of the patient based on
A6IB 5/145 (2006.01) the plurality of autoregulation state values including the
AG6IB 5/00 (2006.01) modified first autoregulation state value.
. T T T REGIONAL |
| OXIMETRY |
USER INTERFACE DEVICE
l 130 100l
] — !
I I
I DISPLAY |
132
I I
! !
! A |
! l
{ l
| |
! y |
! i
{ PROCESSING MEMORY |
i CIRCUITRY « > 120 I
110 o
! |
| l
I A 4 A I
| !
| |
| !
{ I
| |
! |
| OXYGEN BP BLOOD |
i SATURATION SENSING VOLUME I
SENSING CIRGUITRY SENSING
| CIRCUITRY . CIRCUITRY '
| 140 - 142 |
I |
151 152




Patent Application Publication  Apr. 30,2020 Sheet 1 of 8 US 2020/0129076 A1
r ——————————————————— REGIONAL |
| OXIMETRY |

USER INTERFACE DEVICE
I 100 |
130
| |
I l
| DISPLAY |
132
| |
l |
| |
| |
I l
| |
I l
| |
| PROCESSING MEMORY |
| ClR?gJ(I)TRY < > 120 l
| — |
| |
| A A |
| |
I l
| |
| |
l |
| |
| OXYGEN BP BLOOD |
| SATURATION SENSING VOLUME l
|| ey CIRCUITRY cRoumRY | |
141
l 140 - 142 l
| |
150 151 152
160 162

FIG. 1




US 2020/0129076 A1

Apr. 30,2020 Sheet 2 of 8

Patent Application Publication

\

e ™

£9¢

¥010313a “

f4:14

002

ﬁo_>m0 AULINIXO TYNOIOIA

30103130 “

09¢

¢ 'Old
(iY44
062 AHOWIW
JOVANIINI |
NOLLVDINANINOD oIz
AYLINDOUID 91z
ONISSID0Ud AYLINONHID
— ONISSIOONd
— viz aN3 INOYH
9cz AULINDYID
yIMVAdS ONISSIDONUd
ana Mova i
FA%4
AV1dSIa
pee
F0IA3A
LNdNI .
(74 -
oc2 AYLINDYID
3OV4HILNI TOUINOD 0¥z
e ™1 AMLINDHIO
AARIA LHOIT

P JOUNOS

LHOIN %

0s¢

\_JOIA3A ONISNIS /

VL4

V4




US 2020/0129076 A1

Apr. 30,2020 Sheet 3 of 8

Patent Application Publication

BHww gLt
NOLLYINDIHOLNY
40 LINIM ¥3ddn

0lg —

008L 0544

6042

!.\\ll/-/.!

BHww 0g
NOLLYINOAOLNV
40 LIAIM ¥3MO1

09g —

azadivding
NOLLYIND3I™OoLNV

ose —

80
X090

ove —

| 60E

008¢ 05L¢

00LE

058c 004¢

it 9

r3

3 £ ¥

0082 058

G0.¢

068¢ 009c




Patent Application Publication  Apr. 30,2020 Sheet 4 of 8 US 2020/0129076 A1

FIG. 4

400
.




Patent Application Publication  Apr. 30,2020 Sheet 5 of 8 US 2020/0129076 A1

FIG. 5

500
™\




Patent Application Publication  Apr. 30,2020 Sheet 6 of 8 US 2020/0129076 A1
/ 602A / 602B
BLOOD AUTOREG. BLOOD AUTOREG.
PRESSURE STATE PRESSURE STATE
VALUE VALUE VALUE VALUE
40 mmHg IMPAIRED 40 mmHg IMPAIRED
600A 45 mmHg IMPAIRED 45 mmHg IMPAIRED
50 mmHg | IMPAIRED 600B | 50 mmHg | IMPAIRED
7 55 mmHg INTACT —-——lb 55mmHg | :
610A - : A
60 mmHg | INTACT ) | 6ommHg | INTACT
610B
65 mmHg | UNCATEG. 65 mmHg | UNCATEG.
70 mmHg | UNCATEG. 70 mmHg | UNCATEG.
75 mmHg INTACT 75 mmHg INTACT
FIG. 6A FIG. 6B
/ 602C / 602D
BLOOD AUTOREG. BLOOD AUTOREG.
PRESSURE STATE PRESSURE STATE
VALUE VALUE VALUE VALUE
40 mmHg IMPAIRED 40 mmHg IMPAIRED
45 mmHg IMPAIRED 45 mmHg IMPAIRED
50 mmHg IMPAIRED 50 mmHg IMPAIRED
610C 610D
‘l 55 mmHg IMPAIRED l 55 mmHg IMPAIRED
7—-» 60 mmHg | 60 mmHg INTACT
600C 65 mmHg | UNCATEG. ——(——-> 65mmHg |
70 mmHg | UNCATEG. 600D | 70 mmHg | UNCATEG.
75 mmHg INTACT 75 mmHg INTACT
FIG. 6C FIG. 6D




Patent Application Publication  Apr. 30,2020 Sheet 7 of 8 US 2020/0129076 A1

L~ 700
RECEIVE ONE OR MORE SIGNALS FROM A PATIENT

DETERMINE A PLURALITY OF AUTOREGULATION 702
STATE VALUES ASSOCIATED WITH A PLURALITY |/~
OF BLOOD PRESSURE VALUES BASED
ON THE ONE OR MORE SIGNALS

DETERMINE THAT A FIRST AUTOREGULATION STATE
VALUE OF THE PLURALITY OF AUTOREGULATION 704
STATE VALUES IS ANOMALOUS BASED ON OTHER /

AUTOREGULATION STATE VALUES OF THE
PLURALITY OF AUTOREGULATION STATE VALUES

MODIFY THE FIRST AUTOREGULATION STATE VALUE 706
IN RESPONSE TO DETERMINING THAT THE FIRST a2
AUTOREGULATION STATE VALUE IS ANOMALOUS

DETERMINE AN AUTOREGULATION STATUS OF THE

PATIENT BASED ON THE PLURALITY OF e 708
AUTOREGULATION STATE VALUES INCLUDING THE
MODIFIED FIRST AUTOREGULATION STATE VALUE

FIG. 7



Patent Application Publication  Apr. 30,2020 Sheet 8 of 8 US 2020/0129076 A1

DETERMINE PLURALITY OF - 800
AUTOREGULATION STATE VALUES

RECEIVE NEW PORTION(S) OF ONE — 802
OR MORE SIGNALS FROM PATIENT

804
DETERMINE CURRENT BLOOD /
PRESSURE VALUE FOR THE PATIENT

SET AUTOREGULATION STATE VALUE ASSOCIATED |~ 806
WITH THE CURRENT BLOOD PRESSURE VALUE

808

ARE ANY
VALUES OF THE PLURALITY OF
AUTOREGULATION STATE VALUES
ANOMALOUS?

MODIFY THE ANOMALOUS — 810
AUTOREGULATION STATE VALUES

FIG. 8



US 2020/0129076 A1l

IDENTIFYING ANOMALOUS
AUTOREGULATION STATE VALUES
TECHNICAL FIELD
[0001] This disclosure relates to physiological parameter

monitoring.
BACKGROUND
[0002] 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).

SUMMARY

[0003] This disclosure describes devices, systems, and
techniques including processing circuitry configured to
determine multiple autoregulation state values, where each
autoregulation state value is associated with a blood pressure
value, based on one or more signals received from a patient.
The processing circuitry may be configured to determine
that a first autoregulation state value is anomalous based on
other autoregulation state values. The processing circuitry
can modify the first autoregulation state value in response to
determining that the first autoregulation state value is
anomalous.

[0004] Clause 1: In some examples, a method includes
receiving, by processing circuitry, one or more signals from
a patient. The method also includes determining, by the
processing circuitry, a plurality of autoregulation state val-
ues associated with a plurality of blood pressure values
based on the one or more signals. The method further
includes determining, by the processing circuitry, that a first
autoregulation state value of the plurality of autoregulation
state values is anomalous based on other autoregulation state
values of the plurality of autoregulation state values. The
method includes modifying, by the processing circuitry, the
first autoregulation state value in response to determining
that the first autoregulation state value is anomalous. The
method further includes determining, by the processing
circuitry, an autoregulation status of the patient based on the
plurality of autoregulation state values including the modi-
fied first autoregulation state value.

[0005] Clause 2: In some examples of clause 1, determin-
ing that the first autoregulation state value is anomalous
includes identifying a set of intact autoregulation state
values of the plurality of autoregulation state values, each of
the intact autoregulation state values of the set representing
an intact autoregulation state. Determining that the first
autoregulation state value is anomalous also includes deter-
mining that the first autoregulation state value represents an
intact autoregulation state and determining that a difference
between a blood pressure value associated with the first
autoregulation state value and each of a set of blood pressure
values associated with the set of intact autoregulation state
values is greater than a threshold value.
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[0006] Clause 3: In some examples of any of clauses 1-2,
determining that the first autoregulation state value is
anomalous includes determining a limit of autoregulation
based on the plurality of autoregulation state values, deter-
mining that the first autoregulation state value represents an
intact autoregulation state, and determining that the first
autoregulation state value is outside of the limit of auto-
regulation.

[0007] Clause 4: In some examples of clause 3, determin-
ing the limit of autoregulation includes determining a lower
limit of autoregulation based on the plurality of autoregu-
lation state values. Determining that the first autoregulation
state value is outside of the limit of autoregulation includes
determining that a blood pressure value associated with the
first autoregulation state value is lower than the lower limit
of autoregulation.

[0008] Clause 5: In some examples of clause 3 or clause
4, determining the limit of autoregulation includes deter-
mining an upper limit of autoregulation based on the plu-
rality of autoregulation state values. Determining that the
first autoregulation state value is outside of the limit of
autoregulation includes determining that a blood pressure
value associated with the first autoregulation state value is
higher than the upper limit of autoregulation.

[0009] Clause 6: In some examples of any of clauses 2-5,
modifying the first autoregulation state value includes set-
ting the first autoregulation state value to a value represent-
ing an impaired autoregulation state.

[0010] Clause 7: In some examples of any of clauses 1-6,
determining that the first autoregulation state value is
anomalous includes identifying a first set of impaired auto-
regulation state values of the plurality of autoregulation state
values, each of the impaired autoregulation state values of
the set representing an impaired autoregulation state. Deter-
mining that the first autoregulation state value represents an
impaired autoregulation state, and determining that a differ-
ence between a blood pressure value associated with the first
autoregulation state value and each of a set of blood pressure
values associated with the set of impaired autoregulation
state values is greater than a threshold value.

[0011] Clause 8: In some examples of any of clauses 1-7,
determining that the first autoregulation state value is
anomalous includes determining a limit of autoregulation
based on the plurality of autoregulation state values, deter-
mining that the first autoregulation state value represents an
impaired autoregulation state, and determining that the first
autoregulation state value is inside of the limit of autoregu-
lation.

[0012] Clause 9: In some examples of clause 8, determin-
ing the limit of autoregulation includes determining a lower
limit of autoregulation based on the plurality of autoregu-
lation state values. Determining that the first autoregulation
state value is inside of the limit of autoregulation includes
determining that a blood pressure value associated with the
first autoregulation state value is higher than the lower limit
of autoregulation.

[0013] Clause 10: In some examples of clause 8 or clause
9, determining the limit of autoregulation includes deter-
mining an upper limit of autoregulation based on the plu-
rality of autoregulation state values. Determining that the
first autoregulation state value is inside of the limit of
autoregulation includes determining that a blood pressure
value associated with the first autoregulation state value is
lower than the upper limit of autoregulation.



US 2020/0129076 A1l

[0014] Clause 11: In some examples of any of clauses
7-10, modifying the first autoregulation state value includes
setting the first autoregulation state value to a value repre-
senting an intact autoregulation state.

[0015] Clause 12: In some examples of any of clauses
1-11, determining that the first autoregulation state value is
anomalous includes determining that the first autoregulation
state value represents an uncategorized autoregulation state.
Determining that the first autoregulation state value is
anomalous also includes determining that a first set of
autoregulation state values of the plurality of autoregulation
state values has a categorized autoregulation value, the
categorized autoregulation value representing a categorized
autoregulation state, where the categorized autoregulation
value includes an intact autoregulation value or an impaired
autoregulation value, and where the first set of autoregula-
tion state values is associated with blood pressure values that
are higher than a blood pressure value associated with the
first autoregulation state value. Determining that the first
autoregulation state value is anomalous further includes
determining that a second set of autoregulation state values
of the plurality of autoregulation state values has the cat-
egorized autoregulation value, where the second set of
autoregulation state values is associated with blood pressure
values that are lower than a blood pressure value associated
with the first autoregulation state value. Modifying the first
autoregulation state value includes setting the first autoregu-
lation state value to the categorized value.

[0016] Clause 13: In some examples of clause 12, deter-
mining that the first autoregulation state value is anomalous
further includes determining that a difference between each
of the blood pressure values associated with the first set of
autoregulation state values and the blood pressure value
associated with the first autoregulation state value is less
than a threshold value. Determining that the first autoregu-
lation state value is anomalous also includes determining
that a difference between each of the blood pressure values
associated with the second set of autoregulation state values
and the blood pressure value associated with the first auto-
regulation state value is less than the threshold value.
[0017] Clause 14: In some examples of clause 12 or clause
13, the method further includes determining that each auto-
regulation state value of a set of consecutive autoregulation
state values has an uncategorized autoregulation value,
where the set of consecutive autoregulation state values is
associated with consecutive blood pressure values that span
less than ten millimeters of mercury. The method also
includes determining that the set of consecutive autoregu-
lation state values including the first autoregulation state
value is anomalous.

[0018] Clause 15: In some examples of any of clauses
1-14, the first autoregulation state value is associated with a
first blood pressure value, and determining that the first
autoregulation state value is anomalous includes applying a
smoothing function to the plurality of autoregulation state
values to generate a plurality of smoothed autoregulation
state values. Determining that the first autoregulation state
value is anomalous also includes determining that a first
smoothed autoregulation state value of the plurality of
smoothed autoregulation state values and the first autoregu-
lation state value have different values, where the first
smoothed autoregulation state value is associated with the
first blood pressure value. Modifying the first autoregulation
state value includes setting the first autoregulation state
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value to the first smoothed autoregulation state value in
response to determining that the first smoothed autoregula-
tion state value and the first autoregulation state value have
different values.

[0019] Clause 16: In some examples of clause 15, apply-
ing the smoothing function includes applying a Gaussian
filter to the plurality of autoregulation state values to gen-
erate the plurality of smoothed autoregulation state values.

[0020] Clause 17: In some examples of any of clauses
1-16, the first autoregulation state value is associated with a
first blood pressure value, where the method further includes
determining a confidence metric for autoregulation state
values associated with blood pressure values within a thresh-
old value from the first blood pressure value, where the
autoregulation state values associated with the blood pres-
sure values within the threshold value from the first blood
pressure value have a predominant autoregulation value.
The method also includes determining that the confidence
metric is greater than a threshold confidence level. Modify-
ing the first autoregulation state value includes setting the
first autoregulation state value to the predominant autoregu-
lation value in response to determining that the confidence
metric is greater than the threshold confidence level.

[0021] Clause 18: In some examples of any of clauses
1-17, the first autoregulation state value is associated with a
first blood pressure value, where the method further includes
determining a confidence metric for autoregulation state
values associated with blood pressure values within a thresh-
old value from the first blood pressure value. The method
includes determining that the confidence metric is less than
a threshold confidence level. Modifying the first autoregu-
lation state value includes setting the first autoregulation
state value to an uncategorized autoregulation value in
response to determining that the confidence metric is less
than the threshold confidence level, the uncategorized auto-
regulation value representing an uncategorized autoregula-
tion state.

[0022] Clause 19: In some examples of any of clauses
1-18, the method further includes storing an unmodified
value of the first autoregulation state value and determining
new autoregulation state values for the plurality of auto-
regulation state values after modifying the first autoregula-
tion state value and based on the unmodified value of the
first autoregulation state value.

[0023] Clause 20: In some examples of any of clauses
1-19, the method further includes applying an expected
autoregulation function to the plurality of autoregulation
state values to generate a modified plurality of autoregula-
tion state values. The expected autoregulation function
includes a lower limit of autoregulation, an upper limit of
autoregulation, a first set of autoregulation state values
representing an intact autoregulation state between the lower
limit of autoregulation and the upper limit of autoregulation,
a second set of autoregulation state values representing an
intact autoregulation state associated with blood pressure
values less than the lower limit of autoregulation, and a third
set of autoregulation state values representing an intact
autoregulation state associated with blood pressure values
greater than the upper limit of autoregulation.

[0024] Clause 21: In some examples of clause 20, the
method further includes determining the expected autoregu-
lation function based on a previous morphology of the
plurality of autoregulation state values.
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[0025] Clause 22: In some examples of clause 20 or clause
21, the method further includes determining the expected
autoregulation function based on a fit of historical patient
blood pressure value data.

[0026] Clause 23: In some examples of any of clauses
1-22, the method further includes determining a current
blood pressure value for the patient based on the one or more
signals and setting a second autoregulation state value of the
plurality of autoregulation state values, where the second
autoregulation state value is associated with the current
blood pressure value.

[0027] Clause 24: In some examples, a device includes
sensing circuitry configured to receive one or more signals
from a patient and processing circuitry configured to deter-
mine a plurality of autoregulation state values associated
with a plurality of blood pressure values based on the one or
more signals. The processing circuitry is also configured to
determine that a first autoregulation state value of the
plurality of autoregulation state values is anomalous based
on other autoregulation state values of the plurality of
autoregulation state values. The processing circuitry is fur-
ther configured to modify the first autoregulation state value
in response to determining that the first autoregulation state
value is anomalous. The processing circuitry is configured to
determine an autoregulation status of the patient based on
the plurality of autoregulation state values including the
modified first autoregulation state value.

[0028] Clause 25: In some examples of clause 24, the
processing circuitry is configured to perform the method of
examples 1-23 or any combination thereof.

[0029] Clause 26: In some examples of clause 24 or clause
25, the processing circuitry is configured to determine that
the first autoregulation state value is anomalous at least in
part by identifying a set of intact autoregulation state values
of the plurality of autoregulation state values, each of the
intact autoregulation state values of the set representing an
intact autoregulation state, determining that the first auto-
regulation state value represents an intact autoregulation
state, and determining that a difference between a blood
pressure value associated with the first autoregulation state
value and each of a set of blood pressure values associated
with the set of infact autoregulation state values is greater
than a threshold value.

[0030] Clause 27: In some examples of any of clause
25-26, the processing circuitry is configured to determine
that the first autoregulation state value is anomalous at least
in part by determining a limit of autoregulation based on the
plurality of autoregulation state values, determining that the
first autoregulation state value represents an intact autoregu-
lation state, and determining that the first autoregulation
state value is outside of the limit of autoregulation.

[0031] Clause 28: In some examples of clause 27, 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 plurality of autoregulation
state values. The processing circuitry is configured to deter-
mine that the first autoregulation state value is outside of the
limit of autoregulation at least in part by determining that a
blood pressure value associated with the first autoregulation
state value is lower than the lower limit of autoregulation.
[0032] Clause 29: In some examples of clause 27 or clause
28, 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 plurality of

Apr. 30,2020

autoregulation state values. The processing circuitry is con-
figured to determine that the first autoregulation state value
is outside of the limit of autoregulation at least in part by
determining that a blood pressure value associated with the
first autoregulation state value is higher than the upper limit
of autoregulation.

[0033] Clause 30: In some examples of any of clauses
26-29, the processing circuitry is configured to modify the
first autoregulation state value at least in part by setting the
first autoregulation state value to a value representing an
impaired autoregulation state.

[0034] Clause 31: In some examples of any of clauses
24-30, the processing circuitry is configured to determine
that the first autoregulation state value is anomalous at least
in part by identifying a first set of impaired autoregulation
state values of the plurality of autoregulation state values,
each of the impaired autoregulation state values of the set
representing an impaired autoregulation state, determining
that the first autoregulation state value represents an
impaired autoregulation state, and determining that a differ-
ence between a blood pressure value associated with the first
autoregulation state value and each of a set of blood pressure
values associated with the set of impaired autoregulation
state values is greater than a threshold value.

[0035] Clause 32: In some examples of any of clauses
24-31, the processing circuitry is configured to determine
that the first autoregulation state value is anomalous at least
in part by determining a limit of autoregulation based on the
plurality of autoregulation state values, determining that the
first autoregulation state value represents an impaired auto-
regulation state, and determining that the first autoregulation
state value is inside of the limit of autoregulation.

[0036] Clause 33: In some examples of clause 32, 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 plurality of autoregulation
state values. The processing circuitry is configured to deter-
mine that the first autoregulation state value is inside of the
limit of autoregulation at least in part by determining that a
blood pressure value associated with the first autoregulation
state value is higher than the lower limit of autoregulation.
[0037] Clause 34: In some examples of clause 32 or clause
33, the processing circuitry is configured to determine the
limit of autoregulation at least in part determining an upper
limit of autoregulation based on the plurality of autoregu-
lation state values. The processing circuitry is configured to
determine that the first autoregulation state value is inside of
the limit of autoregulation at least in part determining that a
blood pressure value associated with the first autoregulation
state value is lower than the upper limit of autoregulation.
[0038] Clause 35: In some examples of any of clauses
31-34, the processing circuitry is configured to modify the
first autoregulation state value at least in part setting the first
autoregulation state value to a value representing an intact
autoregulation state.

[0039] Clause 36: In some examples of any of clauses
24-35, the processing circuitry is configured to determine
that the first autoregulation state value is anomalous at least
in part determining that the first autoregulation state value
represents an uncategorized autoregulation state, determin-
ing that a first set of autoregulation state values of the
plurality of autoregulation state values has a categorized
autoregulation value, the categorized autoregulation value
representing a categorized autoregulation state, where the



US 2020/0129076 A1l

categorized autoregulation value at least in part an intact
autoregulation value or an impaired autoregulation value,
and where the first set of autoregulation state values is
associated with blood pressure values that are higher than a
blood pressure value associated with the first autoregulation
state value. The processing circuitry is configured to deter-
mine that the first autoregulation state value is anomalous at
least in part determining that a second set of autoregulation
state values of the plurality of autoregulation state values has
the categorized autoregulation value, where the second set of
autoregulation state values is associated with blood pressure
values that are lower than a blood pressure value associated
with the first autoregulation state value. The processing
circuitry is configured to modify the first autoregulation state
value at least in part setting the first autoregulation state
value to the categorized value.

[0040] Clause 37: In some examples of clause 36, the
processing circuitry is configured to determine that the first
autoregulation state value is anomalous further at least in
part determining that a difference between each of the blood
pressure values associated with the first set of autoregulation
state values and the blood pressure value associated with the
first autoregulation state value is less than a threshold value
and determining that a difference between each of the blood
pressure values associated with the second set of autoregu-
lation state values and the blood pressure value associated
with the first autoregulation state value is less than the
threshold value.

[0041] Clause 38: In some examples of clause 36 or clause
37, the processing circuitry is further configured to deter-
mine that each autoregulation state value of a set of con-
secutive autoregulation state values has an uncategorized
autoregulation value, where the set of consecutive autoregu-
lation state values is associated with consecutive blood
pressure values that span less than ten millimeters of mer-
cury. The processing circuitry is also configured to deter-
mine that the set of consecutive autoregulation state values
including the first autoregulation state value is anomalous.
[0042] Clause 39: In some examples of any of clauses
24-38, the first autoregulation state value is associated with
a first blood pressure value, and the processing circuitry is
configured to determine that the first autoregulation state
value is anomalous at least in part applying a smoothing
function to the plurality of autoregulation state values to
generate a plurality of smoothed autoregulation state values
and determining that the first autoregulation state value is
anomalous also includes determining that a first smoothed
autoregulation state value of the plurality of smoothed
autoregulation state values and the first autoregulation state
value have different values, where the first smoothed auto-
regulation state value is associated with the first blood
pressure value. The processing circuitry is configured to
modify the first autoregulation state value at least in part
setting the first autoregulation state value to the first
smoothed autoregulation state value in response to deter-
mining that the first smoothed autoregulation state value and
the first autoregulation state value have different values.
[0043] Clause 40: In some examples of clause 39, the
processing circuitry is configured to determine apply the
smoothing function at least in part applying a Gaussian filter
to the plurality of autoregulation state values to generate the
plurality of smoothed autoregulation state values.

[0044] Clause 41: In some examples of any of clauses
24-40, the first autoregulation state value is associated with
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a first blood pressure value, and the processing circuitry is
further configured to determine a confidence metric for
autoregulation state values associated with blood pressure
values within a threshold value from the first blood pressure
value, where the autoregulation state values associated with
the blood pressure values within the threshold value from
the first blood pressure value have a predominant autoregu-
lation value. The processing circuitry is also configured to
determine that the confidence metric is greater than a
threshold confidence level. The processing circuitry is con-
figured to modify the first autoregulation state value at least
in part setting the first autoregulation state value to the
predominant autoregulation value in response to determin-
ing that the confidence metric is greater than the threshold
confidence level.

[0045] Clause 42: In some examples of any of clauses
24-41, the first autoregulation state value is associated with
a first blood pressure value, and the processing circuitry is
further configured to determine a confidence metric for
autoregulation state values associated with blood pressure
values within a threshold value from the first blood pressure
value. The processing circuitry is also configured to deter-
mine that the confidence metric is less than a threshold
confidence level. The processing circuitry is configured to
modify the first autoregulation state value at least in part
setting the first autoregulation state value to an uncatego-
rized autoregulation value in response to determining that
the confidence metric is less than the threshold confidence
level, the uncategorized autoregulation value representing
an uncategorized autoregulation state.

[0046] Clause 43: In some examples of any of clauses
24-42, the processing circuitry is further configured to store
an unmodified value of the first autoregulation state value
and determining new autoregulation state values for the
plurality of autoregulation state values after modifying the
first autoregulation state value and based on the unmodified
value of the first autoregulation state value.

[0047] Clause 44: In some examples of any of clauses
24-43, the processing circuitry is further configured to apply
an expected autoregulation function to the plurality of
autoregulation state values to generate a modified plurality
of autoregulation state values. The expected autoregulation
function includes a lower limit of autoregulation, an upper
limit of autoregulation, a first set of autoregulation state
values representing an intact autoregulation state between
the lower limit of autoregulation and the upper limit of
autoregulation, a second set of autoregulation state values
representing an intact autoregulation state associated with
blood pressure values less than the lower limit of autoregu-
lation, and a third set of autoregulation state values repre-
senting an intact autoregulation state associated with blood
pressure values greater than the upper limit of autoregula-
tion.

[0048] Clause 45: In some examples of clause 44, the
processing circuitry is further configured to determine the
expected autoregulation function based on a previous mor-
phology of the plurality of autoregulation state values.
[0049] Clause 46: In some examples of clause 44 or clause
45, the processing circuitry is further configured to deter-
mine the expected autoregulation function based on a fit of
historical patient blood pressure value data.

[0050] Clause 47: In some examples of any of clauses
24-46, the processing circuitry is further configured to
determine a current blood pressure value for the patient
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based on the one or more signals and set a second autoregu-
lation state value of the plurality of autoregulation state
values, where the second autoregulation state value is asso-
ciated with the current blood pressure value.

[0051] Clause 48: In some examples of any of clauses
24-47, the device also includes a memory, where the pro-
cessing circuitry is further configured to store the plurality of
autoregulation state values to the memory.

[0052] Clause 49: In some examples of any of clauses
24-48, the device also includes a memory, where the pro-
cessing circuitry is further configured to present, via the
display, an indication of the autoregulation status.

[0053] Clause 48: In some examples, a device includes a
display, a memory, and processing circuitry configured to
determine a plurality of autoregulation state values associ-
ated with a plurality of blood pressure values based on one
or more signals received from a patient and store the
plurality of autoregulation state values to the memory. The
processing circuitry is also configured to determine that a
first autoregulation state value of the plurality of autoregu-
lation state values is anomalous based on other autoregula-
tion state values of the plurality of autoregulation state
values. The processing circuitry is further configured to
modify the first autoregulation state value in response to
determining that the first autoregulation state value is
anomalous. The processing circuitry is configured to deter-
mine an autoregulation status of the patient based on the
plurality of autoregulation state values including the modi-
fied first autoregulation state value and present, via the
display, an indication of the autoregulation status.

[0054] Clause 49: In some examples of clause 48, the
processing circuitry is configured to perform the method of
examples 1-23 or any combination thereof.

[0055] Clause 50: In some examples, a device includes a
computer-readable medium having executable instructions
stored thereon, configured to be executable by processing
circuitry for causing the processing circuitry to receive one
or more signals from a patient and determine a plurality of
autoregulation state values associated with a plurality of
blood pressure values based on the one or more signals. The
instructions further cause the processing circuitry to detet-
mine that a first autoregulation state value of the plurality of
autoregulation state values is anomalous based on other
autoregulation state values of the plurality of autoregulation
state values. The instructions further cause the processing
circuitry to modify the first autoregulation state value in
response to determining that the first autoregulation state
value is anomalous. The instructions further cause the pro-
cessing circuitry to determine an autoregulation status of the
patient based on the plurality of autoregulation state values
including the modified first autoregulation state value.

[0056] Clause 51: In some examples of clause 50, the
instructions are configured to cause the processing circuitry
to perform the method of examples 1-23 or any combination
thereof.

[0057] Clause 52: In some examples of clause 50 or clause
51, the instructions to determine that the first autoregulation
state value is anomalous include instructions to determine a
limit of autoregulation based on the plurality of autoregu-
lation state values, determine that the first autoregulation
state value represents an intact autoregulation state; and
determine that the first autoregulation state value is outside
of the limit of autoregulation.
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[0058] Clause 53: In some examples of any of clauses
50-52, the instructions to determine that the first autoregu-
lation state value is anomalous include instructions to deter-
mine a limit of autoregulation based on the plurality of
autoregulation state values, determine that the first autoregu-
lation state value represents an impaired autoregulation
state, and determine that the first autoregulation state value
is inside of the limit of autoregulation.

[0059] 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

[0060] FIG. 1 is a conceptual block diagram illustrating an
example regional oximetry device.

[0061] FIG. 2 is a conceptual block diagram illustrating an
example regional oximetry device for monitoring the auto-
regulation status of a patient.

[0062] FIG. 3 illustrates an example graphical user inter-
face including autoregulation information presented on a
display.

[0063] FIGS. 4 and 5 depict graphs illustrating blood
pressure over time, a plurality of autoregulation state values,
and the lower limit of autoregulation, in accordance with
some examples of this disclosure.

[0064] FIGS. 6A-6D are block diagrams illustrating
example data structures storing a plurality of autoregulation
state values that are updated by processing circuitry of a
regional oximetry device.

[0065] FIGS. 7 and 8 are flow diagrams illustrating
example techniques for determining that an autoregulation
state value is anomalous, in accordance with some examples
of this disclosure.

DETAILED DESCRIPTION

[0066] This disclosure describes devices, systems, and
techniques for determining an autoregulation status of a
patient based on a plurality of autoregulation state values,
where each autoregulation state value is associated with a
blood pressure value of the patient. Each of the plurality of
autoregulation state values may be associated with a par-
ticular blood pressure value and may include a value rep-
resenting an intact autoregulation state, a value representing
an impaired autoregulation state, or a value representing an
uncategorized autoregulation state for the particular blood
pressure value. The processing circuitry may be configured
to store and periodically update the plurality of autoregula-
tion state values.

[0067] The processing circuitry may be configured to
determine a current blood pressure value for a patient and
determine an autoregulation state associated with the current
blood pressure for the patient. The processing circuitry may
then be configured to set the autoregulation state value
associated with the current blood pressure value to the
determined autoregulation state. As the blood pressure of the
patient changes, the processing circuitry may continually or
periodically determine an autoregulation state value for the
then-current blood pressure value. Thus, the processing
circuitry may be configured to continually (e.g., at intervals
in real time) set, update, or change the autoregulation state
value associated with the then-current blood pressure value.
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[0068] Additional example details of determining auto-
regulation state values based on physiological parameters
and correlation coeflicients may be found in commonly
assigned U.S. Patent Application Publication No. 2016/
0367197 filed on Jun. 16, 2016, entitled “Systems and
Methods for Reducing Signal Noise When Monitoring Auto-
regulation,” and commonly assigned U.S. Patent Applica-
tion 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.
[0069] In some examples, the plurality of autoregulation
state values may include anomalous autoregulation state
values. An example of an anomalous autoregulation state
value is a value representing an impaired autoregulation
state surrounding by values an intact autoregulation state.
For example, the processing circuitry may be configured to
determine an autoregulation state value representing an
impaired autoregulation state associated with a blood pres-
sure value of eighty millimeters of mercury, even though all
of the other autoregulation state values associated with
blood pressure values between sixty and one hundred mil-
limeters of mercury are associated with an intact autoregu-
lation state. This disclosure also describes other possible
examples of anomalous autoregulation state values.

[0070] In examples in which the processing circuitry
determines that a first autoregulation state value is anoma-
lous, the processing circuitry may be configured to modify
the first autoregulation state value. For example, the pro-
cessing circuitry may be configured to switch the first
autoregulation state value from a value representing an
intact autoregulation state to a value representing an
impaired autoregulation state, or vice versa, in response to
that the first autoregulation state value is anomalous. In
some examples, the processing circuitry is configured to set
an uncategorized autoregulation value to a categorized auto-
regulation value, such as a value representing an intact or an
impaired autoregulation state, in response to determining
that the uncategorized autoregulation value is anomalous.
The processing circuitry may be further configured to set a
categorized autoregulation value to an uncategorized auto-
regulation value in response to determining that the catego-
rized autoregulation value is anomalous.

[0071] Anomalous autoregulation state values can occur
as the processing circuitry determines each value of the
plurality of autoregulation state values. Some reasons for an
anomalous autoregulation state value include rapid changes
in patient state, electrocautery, damping of blood pressures
due to catherization, changes in sensed blood pressure due
to probe movement, and changes in sensed blood pressure
due to line flushing, for example. A patient state, as indicated
by sensed physiological signals, may change relatively
rapidly over time. In response to a changing patient state, the
values of a physiological parameter may change rapidly
while the values of another physiological parameter may
change less rapidly. Thus, correlation coeflicient values
associated with time periods during and just after the change
in patient state may not necessarily be an accurate reflection
of the new patient state.

[0072] Even if the patient state does not change, the values
of a physiological parameter can change rapidly, and some
or all of the rapidly changing values may not be accurate.
Processing circuitry that modifies anomalous autoregulation
state values can reduce the effect of the anomalous auto-
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regulation state values, which may be less likely to be
accurate. Thus, the resulting estimates of an autoregulation
status of a patient by the processing circuitry may be more
accurate when the processing circuitry uses the modified
anomalous autoregulation state values.

[0073] The devices, systems, and techniques of this dis-
closure may allow for determining and presenting more
accurate autoregulation state values and more accurate esti-
mates of the autoregulation status of a patient. The presen-
tation of more accurate and more stable information with
fewer anomalies may result in increased confidence by a
clinician viewing the presented information, which may lead
to more informed decision making by the clinician and
better patient outcomes. A clinician may lose confidence in
the information presented by the processing circuitry if the
information is less stable, less accurate, and/or there are
more anomalies. By modifying anomalous autoregulation
state values, the processing circuitry may base the determi-
nation of autoregulation status on more stable, accurate,
and/or coherent autoregulation state values.

[0074] 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 (CBF) over a range of systemic blood
pressures. This range of systemic blood pressures may lie
within an LLA and a ULA. Outside of the LLA and the ULA,
blood pressure directly drives CBE, and cerebral autoregu-
lation function may thus be considered impaired.

[0075] One method to determine the limits of autoregula-
tion (e.g., the LLA and ULA) noninvasively using near-
infrared spectroscopy (NIRS) technology may include the
COx measure, which is a moving correlation index between
mean arterial pressure (MAP) and regional oxygen satura-
tion (rSO,). The COx measure (e.g., the Pearson coefficient)
1s 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 sta-
tus.

[0076] 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 equal to
positive one) when the cerebral autoregulation is impaired.
In practice, however, sensed data indicative of autoregula-
tion may be noisy and/or there might be a slightly correlated
relationship between variables (e.g., MAP and rSO,) even
when cerebral autoregulation is intact for the patient.
[0077] 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-
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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.

[0078] In an intact region of cerebral autoregulation, there
may be no correlation between these variables whereas in an
impaired region of cerebral autoregulation, the correlation
index should approximate unity. In practice, however, the
data may be noisy and/or the intact region may 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.

[0079] 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 patient’s autoregulation
may be monitored 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 saturation). In particular, a cerebral oxim-
etry index (COx) may be derived based at least in part on a
linear correlation between the patient’s blood pressure and
oxygen saturation. In addition, in certain aspects of the
present disclosure, the patient’s autoregulation may be
monitored by correlating measurements of the patient’s
blood pressure with measurements of the patient’s blood
volume (e.g., blood volume proxy). In particular, a hemo-
globin volume index (HVX) may be derived based at least in
part on a linear correlation between the patient’s blood
pressure and blood volume.

[0080] Insome 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 pres-
sure and measurements of a patient’s intracranial pressure
may derive a pressure reactivity index (PRx). In certain
situations, these indices may be utilized to determine or help
evaluate a patient’s autoregulation. 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, coeflicients, 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.
[0081] In addition, processing circuitry may be configured
to determine an estimate of a limit of autoregulation based
on a gradients-based method. The processing circuitry can
perform a gradients-based method by analyzing a relation-
ship between a change in the patient’s blood pressure and a
change in the patient’s oxygen saturation over a period of
time. Additional example details of gradients-based methods
are described in commonly assigned U.S. Patent Application
Publication No. 2018/0014791 filed Jul. 13, 2017, and
entitled “Systems and Methods of Monitoring Autoregula-
tion,” the entire content of which is incorporated herein by
reference.
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[0082] FIG. 11is a conceptual block diagram illustrating an
example regional oximetry device 100. Regional oximetry
device 100 includes processing circuitry 110, memory 120,
user interface 130, display 132, sensing circuitry 140-142,
and sensing device(s) 150-152. In some examples, regional
oximetry device 100 may be configured to determine and
display the cerebral autoregulation status of a patient, e.g,.,
during a medical procedure or for more long-term monitor-
ing, such as fetal monitoring. A clinician may receive
information regarding the cerebral autoregulation status of a
patient via display 132 and adjust treatment or therapy to the
patient based on the cerebral autoregulation status informa-
tion.

[0083] Processing circuitry 110, as well as other proces-
sors, processing circuitry, controllers, control circuitry, and
the like, described herein, may include one or more proces-
sors. Processing circuitry 110 may include any combination
of integrated circuitry, discrete logic circuitry, analog cir-
cuitry, such as one or more microprocessors, digital signal
processors (DSPs), application specific integrated circuits
(ASICs), or field-programmable gate arrays (FPGAs). In
some examples, processing circuitry 110 may include mul-
tiple components, such as any combination of one or more
microprocessors, one or more DSPs, one or more ASICs, or
one or more FPGAs, as well as other discrete or integrated
logic circuitry, and/or analog circuitry.

[0084] Memory 120 may be configured to store measure-
ments of physiological parameters, MAP values, rSO, val-
ues, COx values, and value(s) of an LLA and/or a ULA, for
example. Memory 120 may also be configured to store data
such as autoregulation state values including modified and
unmodified values, threshold values and rates, smoothing
functions, Gaussian filters, confidence metrics, expected
autoregulation functions, historical patient blood pressure
value data, and/or estimates of limits of autoregulation. The
threshold values and rates, smoothing functions, Gaussian
filters, confidence metrics, expected autoregulation func-
tions, and historical patient blood pressure value data may
stay constant throughout the use of device 100 and across
multiple patients, or these values may change over time.
[0085] Insome examples, memory 120 may store program
instructions, which may include one or more program mod-
ules, which are executable by processing circuitry 110.
When executed by processing circuitry 110, such program
instructions may cause processing circuitry 110 to provide
the functionality ascribed to it herein. The program instruc-
tions may be embodied in software, firmware, and/or RAM-
ware. Memory 120 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 program-
mable ROM (EEPROM), flash memory, or any other digital
media.

[0086] User interface 130 and/or display 132 may be
configured to present information to a user (e.g., a clinician).
User interface 130 and/or display 132 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, processing circuitry 110 may be configured to
present autoregulation state values, blood pressure values,
physiological parameter values, and indications of autoregu-
lation status (e.g., cerebral autoregulation status) of a patient
via display 132. In examples in which processing circuitry
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110 determines that the autoregulation status of the patient
is impaired, then processing circuitry 110 may present a
notification (e.g., an alert) indicating the impaired cerebral
autoregulation status via display 132. As another example,
processing circuitry 110 may present, via display 132,
estimates of rSO, for a patient, an estimate of the blood
oxygen saturation (SpO,) determined by processing cir-
cuitry 110, pulse rate information, respiration rate informa-
tion, blood pressure, any other patient parameters, or any
combination thereof.

[0087] User interface 130 and/or display 132 may include
a monitor, cathode ray tube display, a flat panel display such
as a liquid crystal (LCD) display, a plasma display, a light
emitting diode (LED) display, and/or any other suitable
display. User interface 130 and/or display 132 may be part
of a personal digital assistant, mobile phone, tablet com-
puter, laptop computer, any other suitable computing device,
or any combination thereof, with a built-in display or a
separate display. User interface 130 may also include means
for projecting audio to a user, such as speaker(s). Processing
circuitry 110 may be configured to present, via user interface
130, a visual, audible, tactile, or somatosensory notification
(e.g., an alarm signal) indicative of the patient’s autoregu-
lation status and/or a notification indicative of the patient’s
limit(s) of autoregulation.

[0088] User interface 130 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 110 and user interface
130 may be part of the same device or supported within one
housing (e.g., a computer or monitor). In other examples,
processing circuitry 110 and user interface 130 may be
separate devices configured to communicate through a wired
connection or a wireless connection (e.g., communication
interface 290 shown in FIG. 2).

[0089] Sensing circuitry 140-142 may be configured to
receive physiological signals sensed by respective sensing
device(s) 150-152 and communicate the physiological sig-
nals to processing circuitry 110. Sensing device(s) 150-152
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
cuffs, or the like. Sensing circuitry 140-142 may convert the
physiological signals to usable signals for processing cir-
cuitry 110, such that processing circuitry 110 is configured
to receive signals generated by sensing circuitry 140-142.
Sensing circuitry 140-142 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 140-
142 may include, but are not limited to, blood pressure
sensing circuitry, oxygen saturation sensing circuitry, blood
volume sensing circuitry, heart rate sensing circuitry, tem-
perature sensing circuitry, electrocardiography (ECG) sens-
ing circuitry, electroencephalogram (EEG) sensing circuitry,
or any combination thereof. In some examples, sensing
circuitry 140-142 and/or processing circuitry 110 may
include signal processing circuitry such as an analog-to-
digital converter.

[0090] In some examples, oxygen saturation sensing
device 150 is a regional oxygen saturation sensor configured
to generate an oxygen saturation signal indicative of blood
oxygen saturation within the venous, arterial, and/or capil-
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lary systems within a region of the patient. For example,
oxygen saturation sensing device 150 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).

[0091] 1In such cases, oxygen saturation sensing device
150 may include emitter 160 and detector 162. Emitter 160
may include at least two light emitting diodes (LEDs), each
configured to emit at different wavelengths of light, e.g., red
or near infrared light. In some examples, light drive circuitry
(e.g., within sensing device 150, sensing circuitry 140,
and/or processing circuitry 110) may provide a light drive
signal to drive emitter 160 and to cause emitter 160 to emit
light. In some examples, the LEDs of emitter 160 emit light
in the wavelength range of about 600 nanometers (nm) to
about 1000 nm. In a particular example, one LED of emitter
160 is configured to emit light at a wavelength of about 730
nm and the other LED of emitter 160 is configured to emit
light at a wavelength of about 810 nm. Other wavelengths of
light may also be used in other examples.

[0092] Detector 162 may include a first detection element
positioned relatively “close” (e.g., proximal) to emitter 160
and a second detection element positioned relatively “far”
(e.g., distal) from emitter 160. Light intensity of multiple
wavelengths may be received at both the “close” and the
“far” detector 162. For example, if two wavelengths are
used, the two wavelengths may be contrasted at each 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 150 may provide the regional
oxygen saturation signal to processing circuitry 110 or to
any other suitable processing device to enable evaluation of
the patient’s autoregulation status.

[0093] In operation, blood pressure sensing device 151
and oxygen saturation sensing device 150 may each be
placed on the same or different parts of the patient’s body.
For example, blood pressure sensing device 151 and oxygen
saturation sensing device 150 may be physically separate
from each other and may be separately placed on the patient.
As another example, blood pressure sensing device 151 and
oxygen saturation sensing device 150 may in some cases be
part of the same sensor or supported by a single sensor
housing. For example, blood pressure sensing device 151
and oxygen saturation sensing device 150 may be part of an
integrated oximetry system configured to non-invasively
measure blood pressure (e.g., based on time delays in a PPG
signal) and regional oxygen saturation. One or both of blood
pressure sensing device 151 or oxygen saturation sensing
device 150 may be further configured to measure other
parameters, such as hemoglobin, respiratory rate, respiratory
effort, heart rate, saturation pattern detection, response to
stimulus such as bispectral index (BIS) or electromyography
(EMG) response to electrical stimulus, or the like. While an
example regional oximetry device 100 is shown in FIG. 1,
the components illustrated in FIG. 1 are not intended to be
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limiting. Additional or alternative components and/or imple-
mentations may be used in other examples.

[0094] Blood pressure sensing device 151 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 151 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 151 may
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.

[0095] 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 151 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 151 may provide the blood
pressure signal to sensing circuitry 141, processing circuitry
110, or to any other suitable processing device to enable
evaluation of the patient’s autoregulation status.

[0096] Processing circuitry 110 may be configured to
receive one or more signals generated by sensing devices
150-152 and sensing circuitry 140-142. The signals may
include a signal indicating blood pressure, a signal indicat-
ing oxygen saturation, and/or a signal indicating blood
volume of a patient (e.g., an isosbestic signal). Processing
circuitry 110 may be configured to determine values of
physiological parameters based on the two or more signals
received by sensing devices 150-152 and sensing circuitry
140-142 and delivered to processing circuitry 110. Sensing
devices 150-152 and sensing circuitry 140-142 can deliver
the signals directly to processing circuitry 110 or sensing
circuitry 140-142 can modify the signals (e.g., through
pre-processing) before delivering signals to processing cir-
cuitry 110.

[0097] Processing circuitry 110 may be configured to
determine a set of correlation coefficient values for the
values of the first and second physiological parameters,
which may include blood pressure values, oxygen saturation
values, and/or blood volume values. Processing circuitry 110
may associate each correlation coeflicient value with a blood
pressure value. Based on the correlation coefficient value(s)
associated with a particular blood pressure value (and, in
some examples, nearby blood pressure values), processing
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circuitry 110 may be configured to determine an autoregu-
lation state value associated with the particular blood pres-
sure value.

[0098] For example, processing circuitry 110 may be
configured to determine an autoregulation state value rep-
resenting an intact autoregulation state for a particular blood
pressure value in response to determining that a mean of the
correlation coeflicient values associated with the particular
blood pressure value is less than a threshold value, such as
0.5, 04, 0.3, 0.2, 0.1, 0.0, or any other threshold value.
Processing circuitry 110 may be configured to determine an
impaired autoregulation state value for a particular blood
pressure value in response to determining that a mean of the
correlation coeflicient values associated with the particular
blood pressure value is greater than the threshold value.
Instead of using a mean, processing circuitry 110 may also
use a median or another metric to determine autoregulation
state values.

[0099] Processing circuitry 110 may be configured to
determine an uncategorized autoregulation state value in
response to determining that there are less than a threshold
number of correlation coefficient values associated with the
particular blood pressure value and the nearby blood pres-
sure values (e.g., that there is insufficient data). In some
examples, processing circuitry 110 may use bins with a
width of one, two, three, four, five, six, seven, or any other
measure of millimeters of mercury to determine an auto-
regulation state value for a particular blood pressure value.
For example, to determine an autoregulation state value for
a blood pressure value of eighty millimeters of mercury,
processing circuitry 110 may be configured to use a bin
width of five millimeters of mercury. Thus, processing
circuitry 110 may be configured to determine the autoregu-
lation state value at eighty millimeters of mercury based on
the correlation coefficient values associated with 78, 79, 80,
81, and 82 millimeters of mercury.

[0100] As the blood pressure of the patient changes,
processing circuitry 110 may be configured to continually or
periodically determine autoregulation state values for the
new blood pressure values of the patient. Thus, in a moni-
toring session in which the blood pressure of the patient has
not been greater than one hundred millimeters of mercury,
processing circuitry 110 may not have determined autoregu-
lation state values for any blood pressure values greater than
one hundred millimeters of mercury. Processing circuitry
110 may be configured to set or change an autoregulation
state value associated with a particular blood pressure value
as processing circuitry 110 gathers additional data at or near
the particular blood pressure value (see, e.g., FIGS. 6A-6D).
[0101] Processing circuitry 110 may be configured to
determine a plurality of autoregulation state values based on
the data from the one or more signals received by processing
circuitry 110 from sensing devices 140-142 and sensing
circuitries 150-152. Processing circuitry 110 may be con-
figured to store the plurality of autoregulation state values in
a data structure stored in memory 120, such as in the form
of an array or a vector. The plurality of autoregulation state
values may be referred to herein as a “data structure,” a
“state array,” or as a “state vector,” where each autoregula-
tion state value of the state array or vector is associated with
a blood pressure value.

[0102] In some examples, the plurality of autoregulation
state values may be arranged as a table with two columns:
a first column for a blood pressure value and a second
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column for an autoregulation state value associated with the
blood pressure value. For example, a first column of the
array can include blood pressure values from, for example,
one to one hundred and fifty millimeters of mercury. These
minimum and maximum are merely examples. In some
examples, the processing circuitry can set the minimum
blood pressure value of the plurality of autoregulation state
values to ten, twenty, or thirty millimeters of mercury or any
other suitable minimum blood pressure value. The process-
ing circuitry can set the maximum blood pressure value of
the plurality of autoregulation state values at one hundred,
one hundred and twenty, one hundred and forty, or two
hundred millimeters of mercury or any suitable maximum
blood pressure value. The blood pressure values in the first
column may have increments of, e.g., one-half, one, or two
millimeters of mercury or any other blood pressure incre-
ment, such that the first row may be associated with zero
millimeters of mercury, the second row may be associated
with one millimeter of mercury, the third row may be
associated with two millimeters of mercury, and so on.
FIGS. 6 A-6D show a plurality of autoregulation state values
associated with blood pressure values at increments of five
millimeters of mercury.

[0103] A second column of the array can include auto-
regulation state values, where each autoregulation state
value is associated with a blood pressure value. For
example, the processing circuitry may determine that the
lower limit of autoregulation (LLA) for a patient is equal to
fifty millimeters of mercury and that the upper limit of
autoregulation (ULA) for the patient is equal to one hundred
and twenty millimeters of mercury. Accordingly, the pro-
cessing circuitry can determine that the autoregulation state
values between fifty and one hundred and twenty millime-
ters of mercury represent an intact autoregulation state and
that the autoregulation state values that are less than fifty
millimeters of mercury or greater than one hundred and
twenty millimeters of mercury represent an impaired auto-
regulation state. The processing circuitry may be configured
to determine that an autoregulation state value representing
an impaired autoregulation state inside the limits of auto-
regulation is anomalous and/or that an autoregulation state
value represents an intact autoregulation state outside the
limits of autoregulation is anomalous.

[0104] At the beginning of a monitoring session, process-
ing circuitry 110 may be configured to set all of the auto-
regulation state values in the second column to a value
representing an uncategorized autoregulation state. Addi-
tionally or alternatively, processing circuitry may be con-
figured to set the plurality of autoregulation state values
based on historical patient data at the beginning of a moni-
toring session.

[0105] It is possible for anomalous autoregulation state
values to occur in the state vector. For example, there may
be a small region of uncategorized state values in the middle
of a large region of categorized state values. Processing
circuitry 110 may be configured to fill in the small region of
uncategorized state values if the state values on both sides of
the small, uncategorized region have matching values. “Fill-
ing in” means that processing circuitry 110 can change the
uncategorized state values to categorized state values to
match the surrounding categorized state values. Processing
circuitry 110 may incorrectly create a small region of state
values representing an impaired autoregulation state far
above the LLA and below the ULA. To mitigate or correct

Apr. 30,2020

these errors, processing circuitry 110 can implement an
additional step (e.g., a post-processing step) in the autoregu-
lation algorithm. The additional step can clean up the state
vector (e.g., the plurality of autoregulation state values).

[0106] Processing circuitry 110 may be configured to
determine that a first autoregulation state value is anomalous
based on other autoregulation state values. For example,
processing circuitry 110 can determine that the first auto-
regulation state value represents a first autoregulation state
(e.g., an impaired state or an intact state) and that none of the
autoregulation state values within a threshold number of
blood pressure units of the first autoregulation state value
(e.g., three, five, or ten millimeters of mercury) represents
the first autoregulation state. This example can occur when
processing circuitry 110 sets an autoregulation state value to
an impaired state well inside the limits of autoregulation or
sets an autoregulation state value to an intact state well
outside the limits of autoregulation. Thus, processing cir-
cuitry 110 may be configured to determine that a first
autoregulation state value is anomalous in response to
determining that the first autoregulation state value is sur-
rounded by autoregulation state values representing a dif-
ferent state. Processing circuitry 110 may be configured to
modify the first autoregulation state value to match the
surrounding autoregulation state values in response to this
determination.

[0107] Processing circuitry 110 is also configured to deter-
mine an estimate of a limit of autoregulation of a patient
based on the plurality of autoregulation state values and the
modified first autoregulation state value. Processing cir-
cuitry 110 may be configured to determine that the lower
limit of autoregulation is equal to the lowest blood pressure
value associated with an intact autoregulation state. By
modifying one or more anomalous autoregulation state
values and using the modified autoregulation state values to
determine the autoregulation status, processing circuitry 110
may determine a more accurate estimate of a limit of
autoregulation and consequently a more accurate estimate of
the autoregulation status of the patient.

[0108] Processing circuitry 110 is configured to determine
an autoregulation status of the patient based on the estimate
of the limit of autoregulation. For example, processing
circuitry 110 may determine whether the current blood
pressure value of the patient is greater than the estimate of
the lower limit of autoregulation. If the current blood
pressure value is greater than the estimate of the lower limit
of autoregulation, then processing circuitry 110 can deter-
mine that the patient has intact autoregulation, unless the
current blood pressure value is greater than the upper limit
of autoregulation of the patient.

[0109] Processing circuitry 110 may be configured to
output, e.g., for display via display 132 of user interface 130,
an indication of the autoregulation status. To present an
indication of autoregulation status, display 132 may present
a graphical user interface such as graphical user interface
300, 400, or 500 shown in FIGS. 3-5. As described in further
detail below, graphical user interface 300 includes an indi-
cator of autoregulation status 350. Graphical user interfaces
400 and 500 include colors and shading as indicators of the
autoregulation state values across a range of blood pressure
values. The indications of autoregulation status and auto-
regulation state values may include text, colors, and/or audio
presented to a user. Processing circuitry 110 may be further
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configured to present an indication of one or more limits of
autoregulation (e.g., indicators 360 and 370).

[0110] By determining that a first autoregulation state
value is anomalous and by modifying the first autoregulation
state value, processing circuitry 110 may be configured to
clean or smooth anomalies out of the set of autoregulation
state values. Modifying anomalous autoregulation state val-
ues may result in a more accurate and more stable set of
autoregulation state values. Regional oximetry device 100 is
capable not only of modifying or updating the autoregula-
tion state values that are associated with the current blood
pressure value or nearby blood pressure values, but can also
modify autoregulation state values that are far away from the
current blood pressure value (e.g., at least five or ten
millimeters of mercury difference). For example, regional
oximetry device 100 may be configured to modify an
autoregulation state value in response to determining that the
autoregulation state value is anomalous, even if the auto-
regulation state value is more than five, ten, or twenty
millimeters of mercury away from the current blood pres-
sure value. Regional oximetry device 100 may also be
configured to modify the autoregulation state value even
without any new data for nearby blood pressure values,
where nearby blood pressure values are within two, three,
five, or ten millimeters of mercury of the current blood
pressure value.

[0111] In some examples, processing circuitry 110 is con-
figured to store the unmodified autoregulation state values to
memory 120 and to determine new autoregulation state
values at a later time based on the unmodified autoregulation
state values. Storing the unmodified autoregulation state
values may reduce the likelihood that the modification of an
anomalous autoregulation state value will result in a cascade
or domino effect that causes processing circuitry 110 to
determine that nearby autoregulation state values are anoma-
lous.

[0112] Although other example devices, systems, and
techniques are possible, regional oximetry device 100 may
be configured to determine the autoregulation state values
based on COx values derived from MAP values and rSO,
values. Alternatively, processing circuitry 110 may deter-
mine the autoregulation state values based on HVx values,
BVS values, and/or rSO, values. Regional oximetry device
200 of FIG. 2 includes additional detail on how processing
circuitry 110 can determine rSQO2 values based on a physi-
ological signal received from sensing device 150.

[0113] FIG. 2 is a conceptual block diagram illustrating an
example regional oximetry device 200 for monitoring the
autoregulation status of a patient. In the example shown in
FIG. 2, regional oximetry device 200 is coupled to sensing
device 250 and may be collectively referred to as a regional
oximetry system, which each generate and process physi-
ological signals of a subject. In some examples, sensing
device 250 and regional oximetry device 200 may be part of
an oximeter. As shown in FIG. 2, regional oximetry device
200 includes back-end processing circuitry 214, user inter-
face 230, light drive circuitry 240, front-end processing
circuitry 216, control circuitry 245, and communication
interface 290. Regional oximetry device 200 may be com-
municatively coupled to sensing device 250. Regional oxi-
metry device 200 is an example of regional oximetry device
100 shown in FIG. 1. In some examples, regional oximetry
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device 200 may also include a blood pressure sensor and/or
a blood volume sensor (e.g., sensing devices 151 and 152
shown in FIG. 1).

[0114] In the example shown in FIG. 2, sensing device 250
includes light source 260, detector 262, and detector 263. In
some examples, sensing device 250 may include more than
two detectors. Light source 260 may be configured to emit
photonic signals having two or more wavelengths of light
(e.g., red and infrared (IR)) into a subject’s tissue. For
example, light source 260 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 physiological 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 wave-
lengths of light may be used in other examples. Light source
260 may include any number of light sources with any
suitable characteristics. In examples in which an array of
sensors 1s used in place of sensing device 250, 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 260 may be configured to emit
two or more wavelengths of near-infrared light (e.g., wave-
lengths between 600 nm and 1000 nm) into a subject’s
tissue. In some examples, light source 260 may be config-
ured 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.

[0115] As used herein, the term “light” may refer to energy
produced by radiative sources and may include one or more
of ultrasound, radio, microwave, millimeter wave, infrared,
visible, ultraviolet, gamma ray or X-ray electromagnetic
radiation. Light may also include any wavelength within the
radio, microwave, infrared, visible, ultraviolet, or X-ray
spectra, and that any suitable wavelength of electromagnetic
radiation may be appropriate for use with the present tech-
niques. Detectors 262 and 263 may be chosen to be specifi-
cally sensitive to the chosen targeted energy spectrum of
light source 260.

[0116] In some examples, detectors 262 and 263 may be
configured to detect the intensity of multiple wavelengths of
near-infrared light. In some examples, detectors 262 and 263
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 config-
ured to detect an intensity of a single wavelength. In
operation, light may enter detector 262 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 263 after passing through the
subject’s tissue, including skin, bone, other shallow tissue
(e.g., non-cerebral tissue and shallow cerebral tissue), and
deep tissue (e.g., deep cerebral tissue). Detectors 262 and
263 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 262 and 263.

[0117] After converting the received light to an electrical
signal, detectors 262 and 263 may send the detection signals
to regional oximetry device 200, where the detection signals
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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 250 before being transmitted
to regional oximetry device 200. 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 Satura-
tion,” the entire content of which is incorporated herein by
reference.

[0118] Control circuitry 245 may be coupled to light drive
circuitry 240, front-end processing circuitry 216, and back-
end processing circuitry 214, and may be configured to
control the operation of these components. In some
examples, control circuitry 245 may be configured to pro-
vide timing control signals to coordinate their operation. For
example, light drive circuitry 240 may generate one or more
light drive signals, which may be used to turn on and off
light source 260, based on the timing control signals pro-
vided by control circuitry 245. Front-end processing cir-
cuitry 216 may use the timing control signals to operate
synchronously with light drive circuitry 240. For example,
front-end processing circuitry 216 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 214
may use the timing control signals to coordinate its opera-
tion with front-end processing circuitry 216.

[0119] Light drive circuitry 240, as discussed above, may
be configured to generate a light drive signal that is provided
to light source 260 of sensing device 250. The light drive
signal may, for example, control the intensity of light source
260 and the timing of when light source 260 1s turned on and
off. In some examples, light drive circuitry 240 provides one
or more light drive signals to light source 260. Where light
source 260 is configured to emit two or more wavelengths of
light, the light drive signal may be configured to control the
operation of each wavelength of light. The light drive signal
may include a single signal or may comprise multiple
signals (e.g., one signal for each wavelength of light).

[0120] Front-end processing circuitry 216 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 216,
which may convert the conditioned analog signals into
digital signals. Front-end processing circuitry 216 may
operate on the analog or digital form of the detector signals
to separate out different components of the signals. Front-
end processing circuitry 216 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 216
may decrease the number of samples in the digital detector
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signals. In some examples, front-end processing circuitry
216 may also remove dark or ambient contributions to the
received signal.

[0121] Back-end processing circuitry 214 may include
processing circuitry 210 and memory 220. Processing cir-
cuitry 210 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 210 may receive and further pro-
cess one or more signals received from front-end processing
circuitry 216. For example, processing circuitry 210 may
determine physiological parameter values based on the
received signals. For example, processing circuitry 210 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, hemoglo-
bin concentration (e.g., oxygenated, deoxygenated, and/or
total), any other suitable physiological parameters, or any
combination thereof.

[0122] Processing circuitry 210 may perform any suitable
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. Process-
ing circuitry 210 may also receive input signals from addi-
tional sources not shown. For example, processing circuitry
210 may receive an input signal containing information
about treatments provided to the subject from user interface
230. Additional input signals may be used by processing
circuitry 210 in any of the determinations or operations it
performs in accordance with back-end processing circuitry
214 or regional oximetry device 200.

[0123] Processing circuitry 210 is an example of process-
ing circuitry 110 and is configured to perform the techniques
of this disclosure. For example, processing circuitry 210 is
configured to receive signals indicative of physiological
parameters including a blood pressure of the patient. Pro-
cessing circuitry 210 is also configured to determine auto-
regulation state values based on the received signals and
determine that one of the autoregulation state values is
anomalous. Processing circuitry 210 may be configured to
modify the anomalous autoregulation state value based on
other autoregulation state value. Processing circuitry 210 is
also configured to determine an autoregulation status of the
patient based on the autoregulation state values including the
modified autoregulation state value.

[0124] Memory 220 may include any suitable computer-
readable media capable of storing information that can be
interpreted by processing circuitry 210. In some examples,
memory 220 may store autoregulation state values including
modified and unmodified values, correlation coefficient val-
ues, threshold rates, threshold values, smoothing functions,
Gaussian filters, confidence metrics, expected autoregula-
tion functions, historical patient data, physiological param-
eter values, such as blood oxygen saturation, pulse rate,
blood pressure, or any combination thereof, in a memory
device for later retrieval. Back-end processing circuitry 214
may be communicatively coupled with user interface 230
and communication interface 290.

[0125] User interface 230 may include input device 234,
display 232, and speaker 236. User interface 230 is an
example of user interface 130 shown in FIG. 1, and display
232 is an example of display 132 shown in FIG. 1. User
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interface 230 may include, for example, any suitable device
such as one or more medical devices (e.g., a medical monitor
that displays various physiological parameters, a medical
alarm. or any other suitable medical device that either
displays physiological parameters or uses the output of
back-end processing 214 as an input), one or more display
devices (e.g., monitor, personal digital assistant (PDA),
mobile phone, tablet computer, clinician workstation, any
other suitable display device, or any combination 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.

[0126] Input device 234 may include any type of user
input device such as a keyboard, a mouse, a touch screen,
buttons, switches, a microphone, a joystick, a touch pad, or
any other suitable input device or combination of input
devices. In other examples, input device 234 may be a
pressure-sensitive or presence-sensitive display that is
included as part of display 232. Input device 234 may also
receive inputs to select a model number of sensing device
250, blood pressure sensor 250 (FIG. 2), or blood pressure
processing equipment. In some examples, processing cir-
cuitry 210 may determine a threshold rate and/or a length of
a window of time based on user input received from input
device 234.

[0127] In some examples, the subject may be a medical
patient and display 232 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 232 may
also be configured to present additional physiological
parameter information. Graphical user interface 300 shown
in FIG. 3 is an example of an interface that can be presented
via display 232 of FIG. 2. Additionally, display 232 may
present, for example, one or more estimates of a subject’s
regional oxygen saturation generated by regional oximetry
device 200 (referred to as an “rSO,” measurement). Display
232 may also present indications of the upper and lower
limits of autoregulation. Speaker 236 within user interface
230 may provide an audible sound that may be used in
various examples, such as for example, sounding an audible
alarm in the event that the autoregulation status of a patient
is impaired or that the patient’s physiological parameters are
not within a predefined normal range.

[0128] Communication interface 290 may enable regional
oximetry device 200 to exchange information with external
devices. Communication interface 290 may include any
suitable hardware, software, or both, which may allow
regional oximetry device 200 to communicate with elec-
tronic circuitry, a device, a network, a server or other
workstations, a display, or any combination thereof. For
example, regional oximetry device 200 may receive MAP
values and/or oxygen saturation values from an external
device via communication interface 290.

[0129] The components of regional oximetry device 200
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 216 and
back-end processing circuitry 214 may be combined in a
single processor system. Additionally, in some examples the
functionality of some of the components of regional oxim-
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etry device 200 shown and described herein may be divided
over multiple components. For example, some or all of the
functionality of control circuitry 245 may be performed in
front-end processing circuitry 216, in back-end processing
circuitry 214, 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 200 can be
realized in processor circuitry.

[0130] FIG. 3 illustrates an example graphical user inter-
face 300 including autoregulation information presented on
a display. FIG. 3 is an example of a presentation by
processing circuitry 110 on display 132 shown in FIG. 1 or
by processing circuitry 210 on display 232 shown in FIG. 2.
Graphical user interface 300 may be configured to display
various information related to blood pressure, oxygen satu-
ration, the COx index, limits of autoregulation, and/or
autoregulation status. As shown, graphical user interface 300
may include oxygen saturation signal indicator 310, blood
pressure signal indicator 320, and COx signal indicator 330.
Graphical user interface 300 may include COx value indi-
cator 340, autoregulation status indicator 350, and limit of
autoregulation indicators 360 and 370.

[0131] Blood pressure signal indicator 320 may present a
set of MAP values determined by processing circuitry 110 of
regional oximetry device 100. In some examples, blood
pressure signal indicator 320 may present MAP values as
discrete points over time or in a table. Blood pressure signal
indicator 320 may also present MAP values as a moving
average or waveform of discrete points. Blood pressure
signal indicator 320 may present MAP values as a single
value (e.g., a number) representing a current MAP value.
Oxygen saturation signal indicator 310 and COx signal
indicator 330 may also present rSO2 values and COx values,
respectively, as discrete points, in a table, as a moving
average, as a waveform, and/or as a single value.

[0132] COx signal indicator 330 may present a set of
correlation coefficient values determined by processing cit-
cuitry 110. Processing circuitry 110 may determine the
correlation coefficient values as a function of the oxygen
saturation values presented in oxygen saturation signal indi-
cator 310 and the MAP values presented in blood pressure
signal indicator 320. 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 350.

[0133] Processing circuitry 110 may determine a set of
correlation coeflicient values and associated blood pressure
values using the values presented in indicators 310, 320,
and/or 330. Processing circuitry 110 may determine auto-
regulation state values based on the correlation coefficient
values associated with a range of blood pressure values. As
the blood pressure of the patient changes, processing cir-
cuitry 110 can determine new correlation coeflicient values
at the most recent blood pressure value. Processing circuitry
110 can also determine an autoregulation state value for the
most recent blood pressure value. Thus, processing circuitry
110 may be configured to update (or leave unchanged) the
autoregulation state value at the most recent blood pressure
value.

[0134] Processing circuitry 110 may be configured to
determine an estimate of a limit of autoregulation based on
the autoregulation state values across a range of blood
pressure values. For example, processing circuitry 110 may
determine a lower limit of autoregulation at forty millime-
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ters of mercury based on the nearby correlation coefficient
values (e.g., the correlation coefficient values from thirty to
fifty millimeters of mercury). Thus, processing circuitry 110
may be configured to change or set autoregulation state
values at or near the most recent blood pressure value.
[0135] However, according to the techniques of this dis-
closure, processing circuitry 110 may also be configured to
identify and modify anomalous autoregulation state values,
even if the anomalous autoregulation state values are sepa-
rated from the current blood pressure value by more than
five or ten millimeters of mercury. For example, processing
circuitry 110 can identify an autoregulation state value as
anomalous if the autoregulation state value represents a first
autoregulation state and most or all of the nearby autoregu-
lation state values represent another autoregulation state.
[0136] COx value indicator 340 shows a COx value 0f 0.8,
which may result in a determination by processing circuitry
110 that the autoregulation status of the patient is impaired.
Processing circuitry 110 may be configured to present, as the
COx value in COx value indicator 340, the most recently
determined COx value or a moving average of recently
determined COx values. To determine the autoregulation
status of a patient for presentation in autoregulation status
indicator 350, processing circuitry 110 may determine
whether the most recent MAP value shown in blood pressure
signal indicator 320 is between the limits of autoregulation
presented in limit of autoregulation indicators 360 and 370.
In examples in which processing circuitry 110 determines
that the current autoregulation status is impaired, processing
circuitry 110 may be configured to set the autoregulation
state value associated with the current blood pressure value
of the patient to a value representing an impaired autoregu-
lation state.

[0137] Processing circuitry 110 may present limit of auto-
regulation indicators 360 and/or 370 in terms of blood
pressure, for example, in units of millimeters of mercury
(mmHg). Processing circuitry 110 can determine the limits
of cerebral autoregulation (LLA and ULA) for presentation
in indicators 360 and 370 based on a relationship between
the blood pressure of a patient and another physiological
parameter of the patient. For example, processing circuitry
110 can highlight indicator 350 and/or indicator 360 when
the most recent blood pressure of the patient is outside of the
LLA, or processing circuitry 110 can highlight indicator 350
and/or 370 when the most recent blood pressure of the
patient is outside of the ULA. 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 110 may control user interface 300 to change the
value of the LLA or ULA in accordance with any change to
that respective value.

[0138] Processing circuitry 110 may determine an esti-
mate of a lower limit of autoregulation presented in indicator
360 and/or an estimate of an upper limit of autoregulation
presented in indicator 370. Processing circuitry 110 may
determine the estimates based on a set of correlation coef-
ficient values including one or more updated values. Pro-
cessing circuitry 110 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 110 may output the
notification in autoregulation status indicator 350 as text,
color, blinking, and/or any other suitable visible or audible
mannet.

Apr. 30,2020

[0139] Insome examples, processing circuitry 110 may be
configured to determine that an autoregulation state value
outside of the limits of autoregulation represents an intact
autoregulation state. In the example of FIG. 3, blood pres-
sure values less than fifty millimeters of mercury and greater
than one hundred and ten millimeters of mercury are outside
of the limits of autoregulation. Processing circuitry 110 may
determine an autoregulation state value representing an
intact autoregulation state at a blood pressure value outside
of the limits of autoregulation, such as at thirty millimeters
of mercury. Processing circuitry 110 may be configured to
identify the autoregulation state value associated with thirty
millimeters of mercury as anomalous because the lower
limit of autoregulation is greater than thirty millimeters of
mercury, and yet the autoregulation state value has been
designated as representing an intact autoregulation state.
Responsive to determining that the autoregulation state
value associated with thirty millimeters of mercury is
anomalous, processing circuitry 110 may be configured to
set the autoregulation state value associated with thirty
millimeters of mercury to an autoregulation state value
representing an impaired autoregulation state.

[0140] Similarly, processing circuitry 110 may determine
an autoregulation state value representing an impaired auto-
regulation state at a blood pressure value inside of the limits
of autoregulation, which is between fifty and one hundred
and ten millimeters of mercury in the example of FIG. 3.
Processing circuitry 110 may be configured to identify an
autoregulation state value associated with seventy millime-
ters of mercury as anomalous because the lower limit of
autoregulation is less than seventy millimetres of mercury,
the upper limit of autoregulation is greater than seventy
millimetres of mercury, and yet has been designated as
representing an impaired autoregulation state. Responsive to
determining that the autoregulation state value associated
with seventy millimeters of mercury is anomalous, process-
ing circuitry 110 may be configured to set the autoregulation
state value associated with seventy millimeters of mercury
to an autoregulation state value representing an intact auto-
regulation state.

[0141] FIGS. 4 and 5 depict graphs 400 and 500 illustrat-
ing blood pressure over time, a plurality of autoregulation
state values, and the lower limit of autoregulation, in accor-
dance with some examples of this disclosure. Processing
circuitry 110 or 214 may be configured to present graph 400
and/or 500 via display 132 or 232 or on graphical user
interface 300. Processing circuitry 110 can present graphs
400 and 500 to show indications 440 and 540 of blood
pressure values of a patient over time.

[0142] Processing circuitry 110 can also present an indi-
cation of cerebral autoregulation status in graphs 400 and
500 by, for example, presenting indications 440 and 540
between or outside of LLLA 430 and the upper limit of
autoregulation (not shown in FIGS. 4 and 5). Time is
represented along the x-axis of graphs 400 and 500, and
blood pressure is represented along the y-axis of graphs 400
and 500. The state vector or plurality of autoregulation state
values at any time represents and can be considered as a slice
or cross-section of graphs 400 and 500 in the y-axis direc-
tion.

[0143] The region above LLAs 430 and 530 and below the
ULAs (not shown in FIGS. 4 and 5) is the safe (e.g., intact)
zone or region. The region below LLAs 430 and 530 is the
unsafe (e.g., impaired) zone. Processing circuitry 110 may
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be configured to present graph 400 and/or 500 via display
132 with colors to indicate the plurality of autoregulation
state values. For example, processing circuitry 110 can
present a green color for autoregulation state values repre-
senting an intact autoregulation state, a red color for auto-
regulation state values representing an impaired autoregu-
lation state, and a black color for autoregulation state values
representing an uncategorized autoregulation state. Process-
ing circuitry 110 may be configured to output, for display,
data indicative of a color for a modified autoregulation state
value responsive to determining that modified autoregula-
tion state value represents a respective autoregulation state.
FIGS. 4 and 5 depicts these colors in greyscale as different
shades of grey.

[0144] Processing circuitry 110 may be configured to
determine the blood pressure value associated with LLA 430
when the blood pressure of the patient (shown by indicator
440) crosses the blood pressure value associated with LLA
430. In the examples of FIGS. 4 and 5, processing circuitry
110 does not determine the upper limit of autoregulation
because the blood pressure of the patient does not cross the
blood pressure value associated with the upper limit of
autoregulation. In the examples of FIGS. 4 and 5, blood
pressure values 410 and 510 are the highest blood pressure
values associated with a categorized autoregulation state
value. Blood pressure values 420 and 520 are the lowest
blood pressure values associated with a categorized auto-
regulation state value. The blood pressure values greater
than blood pressure value 410 and 510 and the blood
pressure values less than blood pressure values 420 and 520
are associated with uncategorized values because processing
circuitry 110 has insufficient data to set the autoregulation
state values in these regions.

[0145] FIG. 4 depicts one or more anomalous autoregu-
lation state values in time period 450. At the beginning of the
time period 450, indicator 440 crosses the blood pressure
values associated with the anomalous autoregulation state
values. In the example of FIG. 4, processing circuitry 110
has determined that the anomalous autoregulation state
values represent an impaired autoregulation state even
though the associated blood pressure values are inside the
limits of autoregulation. The anomalous region of state
values representing an impaired autoregulation state is
small, isolated, and surrounded by state values representing
an intact autoregulation state.

[0146] At the end of time period 450, indicator 440 crosses
the blood pressure values associated with the anomalous
autoregulation state values, and processing circuitry 110 sets
the anomalous autoregulation state values to a value repre-
senting an intact autoregulation state. In the example of FIG.
4, processing circuitry 110 can set or change the anomalous
autoregulation state values based on new data when the
blood pressure of the patient crosses through the blood
pressure values associated with the anomalous autoregula-
tion state values.

[0147] In accordance with the techniques of this disclo-
sure, processing circuitry 110 may be configured to identify
and modify the anomalous autoregulation state values before
the blood pressure of the patient crosses through the blood
pressure values associated with the anomalous autoregula-
tion state values. Processing circuitry 110 may be configured
to identify a set of autoregulation state values representing
an intact autoregulation state. In the example of FIG. 4, the
set of intact autoregulation state values may be associated
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with blood pressure values from LLA 430 to blood pressure
value 410. Processing circuitry 110 may then determine that
the anomalous autoregulation state values are inside of the
set of intact autoregulation state values.

[0148] In some examples, processing circuitry 110 may
also be configured to determine a set of impaired autoregu-
lation state values at blood pressure values less than LLA
430. Processing circuitry 110 may then be configured to
determine that the difference between the blood pressure
values associated with anomalous autoregulation state val-
ues and the blood pressure values associated with the set of
impaired autoregulation state values is greater than a thresh-
old value, such as ten, fifteen, or twenty millimeters of
mercury. Graph 500 shows that processing circuitry 110 has
modified the anomalous autoregulation state values to have
a state value representing an intact autoregulation state value
in response to determining that the anomalous autoregula-
tion state values are far away in terms of blood pressure from
the set of impaired autoregulation state values below LLA
430 (e.g., greater than a threshold amount away from the set
of impaired autoregulation state values).

[0149] Insome examples, processing circuitry 110 may be
configured to modify an anomalous autoregulation state
value that represents an intact or impaired autoregulation
state (e.g., a categorized value) to an uncategorized value to
indicate that processing circuitry 110 is not sure of the
correct state. Alternatively, processing circuitry 110 may be
configured to replace the anomalous categorized state values
with the opposite categorized state values (e.g., replace an
anomalous impaired state value with an intact state value).
Processing circuitry 110 may be configured to determine
whether to set the anomalous autoregulation state value to a
categorized or uncategorized state value based on a confi-
dence of the surrounding state or some other confidence
metric. For example, processing circuitry 110 may be con-
figured to determine a confidence metric for autoregulation
state values associated with blood pressure values within a
threshold value from the first blood pressure value. Process-
ing circuitry 110 may be configured to set the anomalous
autoregulation state value to an uncategorized autoregula-
tion value in response to determining that the confidence
metric is less than the threshold confidence level.

[0150] As stated above, processing circuitry 110 may be
configured to determine a confidence metric for the auto-
regulation state values associated with blood pressure values
within a threshold value from the blood pressure value
associated with the first autoregulation state value. The
confidence metric may indicate whether the surrounding
autoregulation state values are consistent, which may sup-
port processing circuitry 110 setting the first autoregulation
state value to the predominant autoregulation state value of
the surrounding autoregulation state values.

[0151] Processing circuitry 110 can determine whether the
confidence metric is greater than a threshold confidence
level. For example, if six of the ten surrounding autoregu-
lation state values have an autoregulation state value repre-
senting a particular autoregulation state, the particular auto-
regulation state may be the predominant state, but the
confidence metric may be less than a threshold confidence
level. If nine of the ten surrounding autoregulation state
values have an autoregulation state value representing the
predominant particular autoregulation state, processing cir-
cuitry 110 may determine that the confidence metric is
greater than a threshold confidence level. Processing cir-
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cuitry 110 may then set the first autoregulation state value to
the predominant autoregulation value in response to detet-
mining that the confidence metric is greater than the thresh-
old confidence level.

[0152] FIGS. 6A-6D are block diagrams illustrating
example data structures 602A-602D storing a plurality of
autoregulation state values that are updated by processing
circuitry of a regional oximetry device. In the example of
FIG. 6A, processing circuitry 110 determines blood pressure
value 600A of the patient to be fifty millimeters of mercury.
Processing circuitry 110 also determines the lower limit of
autoregulation to be associated with blood pressure values
between fifty and fifty-five millimeters of mercury.

[0153] FIG. 6A depicts data structure 602A, which may
also be referred to as “a state vector,” including eight blood
pressure values and eight autoregulation state values. The
blood pressure values are spaced at intervals of five milli-
meters of mercury, but other spacings, including one, two, or
three millimeters of mercury, are possible. In some
examples, processing circuitry 110 determines data structure
602A having one hundred and fifty autoregulation state
values associated with blood pressure values ranging from
one to one hundred and fifty millimeters of mercury. Thus,
data structures 602A-602D may be simplified versions of a
state vector across thirty millimeters of mercury with a
resolution of five millimeters of mercury.

[0154] In the example of data structure 602B shown in
FIG. 6B, processing circuitry 110 determines blood pressure
value 600B of the patient to be fifty-five millimeters of
mercury. Based on data collected at the latest blood pressure
value, processing circuitry 110 sets the autoregulation state
value associated with fifty-five millimeters of mercury to a
state value representing an impaired autoregulation state.
Processing circuitry 110 can determine a state value repre-
senting an impaired autoregulation state based on determin-
ing that a mean or median of the correlation coefficients
associated with fifty-five millimeters of mercury are greater
than a threshold such as 0.3 or 0.5. Processing circuitry 110
also determines the lower limit of autoregulation to be
associated with blood pressure values between fifty-five and
sixty millimeters of mercury.

[0155] In the example of data structure 602C shown in
FIG. 6C, processing circuitry 110 determines blood pressure
value 600C of the patient to be sixty millimeters of mercury.
Based on data collected at the most recent blood pressure
value, processing circuitry 110 sets (e.g., maintains) the
autoregulation state value associated with sixty millimeters
of mercury at a state value representing an intact autoregu-
lation state. Processing circuitry 110 can maintain the state
value representing an intact autoregulation state based on
determining that a mean or median of the correlation coef-
ficients associated with sixty millimeters of mercury are less
than a threshold such as 0.3 or 0.5. From FIG. 6B to FIGS.
6C and 6D, processing circuitry 110 does not change the
lower limit of autoregulation, which is associated with blood
pressure values between fifty-five and sixty millimeters of
mercury.

[0156] Inthe example of FIG. 6D, processing circuitry 110
determines blood pressure value 600D of the patient to be
sixty-five millimeters of mercury. Based on data collected at
the most recent blood pressure value, processing circuitry
110 sets the autoregulation state value associated with
sixty-five millimeters of mercury to a state value represent-
ing an intact autoregulation state. The autoregulation state
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value associated with sixty-five millimeters of mercury was
previously set to an uncategorized state (see FIGS. 6A-6C).
In the example of FIG. 6D, processing circuitry 110 may
now have sufficient data to categorize the state value asso-
ciated with sixty-five millimeters of mercury.

[0157] In the example of data structure 602D shown in
FIG. 6D, processing circuitry 110 may be configured to
identify the autoregulation state value associated with sev-
enty millimeters of mercury, which represents an uncatego-
rized autoregulation state, as anomalous. Processing cir-
cuitry 110 can determine that an uncategorized
autoregulation state value is anomalous based on determin-
ing that a first set of autoregulation state values associated
with blood pressure values higher than seventy millimeters
of mercury has a categorized state. In the example of FIG.
6D, the autoregulation state value at seventy-five millime-
ters of mercury has a categorized value representing an
intact autoregulation state. Processing circuitry 110 can also
determine that a second set of autoregulation state values
associated with blood pressure values lower than seventy
millimeters of mercury has the same categorized state. In the
example of FIG. 6D, the autoregulation state values at sixty
and sixty-five millimeters of mercury have a categorized
value representing an intact autoregulation state.

[0158] Responsive to determining that a first autoregula-
tion state value is surrounded by a different type or category
of state value, processing circuitry 110 can modify the first
autoregulation state value to match the surrounding type or
category of value. For example, based on determining that
an uncategorized autoregulation state value at seventy mil-
limeters of mercury is surrounded by categorized, intact
autoregulation state values at sixty, sixty-five, and seventy-
five millimeters of mercury, processing circuitry 110 may be
configured to modify the autoregulation state value associ-
ated with seventy millimeters of mercury to represent an
intact autoregulation state. Modifying the autoregulation
state value associated with seventy millimeters of mercury
may remove or correct anomalous values from data structure
602D and improve the presentation of the autoregulation
status of the patient and the intact region of autoregulation
(see FIG. 5).

[0159] In examples in which processing circuitry 110
determines that the autoregulation state value at seventy
millimeters of mercury is anomalous and modifies the
autoregulation state value, processing circuitry 110 may be
further configured to store the unmodified (e.g., pre-cor-
rected) state value to memory 120. In the example of FIG.
6D, the unmodified state value associated with seventy
millimeters of mercury is an uncategorized state value, and
the modified state value will represent an intact autoregu-
lation state because the nearby state values also represent an
intact autoregulation state. After modifying the autoregula-
tion state value associated with seventy millimeters of
mercury, processing circuitry 110 may be configured to
determine new autoregulation state values based on the
unmodified value associated with seventy millimeters of
mercury. Using the unmodified value may reduce the chance
that an erroneous modification or correction results in a
future erroneous modification or correction. Additionally or
alternatively, processing circuitry 110 can use the modified
values to determine whether an autoregulation state value is
anomalous.

[0160] FIGS. 7 and 8 are flow diagrams illustrating
example techniques for determining that an autoregulation
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state value is anomalous, in accordance with some examples
of this disclosure. Although FIGS. 7 and 8 are described with
respect to processing circuitry 110 of regional oximetry
device 100 (FIG. 1), in other examples, processing circuitry
210, 214, and/or 216 (FIG. 2), alone or in combination with
processing circuitry 110, may perform any part of the
techniques of FIGS. 7 and 8.

[0161] In the example of FIG. 7, processing circuitry 110
receives one or more signals from a patient (700). Process-
ing circuitry 110 can receive a signal indicating blood
pressure from sensing circuitry 141, a signal indicating
oxygen saturation from sensing circuitry 140, and a signal
indicating blood volume from sensing circuitry 142. Pro-
cessing circuitry 110 may be configured to determine blood
pressure values based on the signal received from sensing
circuitry 141. Processing circuitry 110 may also be config-
ured to determine correlation coeflicient values based on the
blood pressure values and values of another physiological
parameter.

[0162] In the example of FIG. 7, processing circuitry 110
determines a plurality of autoregulation state values associ-
ated with a plurality of blood pressure values based on the
one or more signals (702). Processing circuitry 110 can
determine an autoregulation state value associated with the
most recent blood pressure value based at least in part on the
correlation coefficient values associated with the most recent
blood pressure value and nearby blood pressure values.
Processing circuitry 110 can store the autoregulation state
values to memory 120, such as in a data structure in the form
of an array or a vector.

[0163] In the example of FIG. 7, processing circuitry 110
determines that a first autoregulation state value of the
plurality of autoregulation state values is anomalous based
on other autoregulation state values of the plurality of
autoregulation state values (704). For example, processing
circuitry can determine that an autoregulation state value is
anomalous based on the nearby autoregulation state values.
In examples in which a first autoregulation state value is
surrounded by autoregulation state values that represent a
different autoregulation state, processing circuitry 110 may
be configured to identify the first autoregulation state value
as anomalous.

[0164] In some examples, processing circuitry 110 can
determine that a first autoregulation state value is anomalous
by determining that a difference between the blood pressure
value associated with the first autoregulation state value and
each of a set of blood pressure values associated with a set
of autoregulation state values is greater than a threshold
value. In examples in which the first autoregulation state
value and the set of autoregulation state values represent the
same autoregulation state, the distance between the first
autoregulation state value and the set of autoregulation state
values may indicate whether the first autoregulation state
value is anomalous or incorrect. A state value representing
an intact autoregulation state that is far away from, in terms
of blood pressure value, other state values representing an
intact autoregulation state may be an anomalous or incorrect
value.

[0165] In some examples, in examples in which the dif-
ference between the blood pressure value associated with the
first autoregulation state value and the blood pressure values
associated with all of the other autoregulation state values
that represent the same autoregulation state, processing
circuitry 110 can determine that the first autoregulation state
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value is anomalous. Processing circuitry 110 may determine
that there are two correct sets or regions of impaired
autoregulation state values (e.g., above the ULA and below
the LLA) and only one set or region of impaired autoregu-
lation state values, so the process of determining an anoma-
lous autoregulation state value may be different for intact
and impaired autoregulation state values.

[0166] Processing circuitry 110 can also identify small sets
of autoregulation state values (set of two, three, or four
values) that represent the same autoregulation state and are
clustered together far away from all of the other autoregu-
lation state values representing the same autoregulation
state. Processing circuitry 110 may search for these small
sets because two adjacent anomalous values can reinforce
each other if processing circuitry 110 compares individual
state values to all of the surrounding state values. In
examples in which three values representing an impaired
state are in a large region of state values representing an
intact state, processing circuitry 110 may not determine a
sufficiently high confidence metric to modify all three values
because the three values may reduce the confidence in the
surrounding intact values. Thus, processing circuitry 110
may be configured to identify a small cluster of autoregu-
lation state values as anomalous in response to determining
that a distance (difference in blood pressure values) from
other autoregulation state values representing the same
autoregulation state is greater than a threshold value.
[0167] Responsive to determining that the distance
between the first autoregulation state value and the set of
autoregulation state values representing the same autoregu-
lation state as the first autoregulation state value is greater
than a threshold value, processing circuitry 110 can set the
first autoregulation state value to represent the autoregula-
tion state of the autoregulation state values surrounding the
first autoregulation state value (e.g., the predominant state
value of the surrounding or nearby autoregulation state
values). Alternatively, processing circuitry 110 can set the
first autoregulation state value to an uncategorized state
value in response to, for example, determining that a con-
fidence metric for the surrounding autoregulation state val-
ues is less than a threshold value.

[0168] In the example of FIG. 7, processing circuitry 110
modifies the first autoregulation state value in response to
determining that the first autoregulation state value is
anomalous (706). Processing circuitry 110 can modify the
first autoregulation state value by setting the first autoregu-
lation state value to the value of nearby autoregulation state
values.

[0169] In the example of FIG. 7, processing circuitry 110
determines an autoregulation status of the patient based on
the plurality of autoregulation state values including the
modified first autoregulation state value (708). Processing
circuitry 110 can present an indication of the autoregulation
status of the patient via display 132 (such as, for example,
indicator of autoregulation status 350 shown in FIG. 3).
[0170] In the example of FIG. 8, processing circuitry 110
determines a plurality of autoregulation state values for a
patient (800). Processing circuitry 110 can associate each
autoregulation state value with a blood pressure value and
store the plurality of autoregulation state values and the
blood pressure values to memory 120. Processing circuitry
110 can determine each autoregulation state value based on
signals received via sensing circuitry 140-142 indicating
physiological parameters of a patient.
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[0171] In the example of FIG. 8, processing circuitry 110
receives new portion(s) of one or more signals from the
patient (802). In the example of FIG. 8, processing circuitry
110 determines a current blood pressure value for the patient
(804). Processing circuitry 110 can determine a new blood
pressure value of the patient based on a new portion of a
signal received from sensing circuitry 141.

[0172] In the example of FIG. 8, processing circuitry 110
sets the autoregulation state value associated with the cur-
rent blood pressure value (806). Processing circuitry 110 can
also determine a new autoregulation state value for the
patient at the current blood pressure. Processing circuitry
110 can use previously determined values of physiological
parameters. Processing circuitry 110 can set the autoregu-
lation state value in the state vector associated with the
current blood pressure to the newly determined autoregula-
tion state value.

[0173] In the example of FIG. 8, processing circuitry 110
determines whether there are any anomalous values of the
plurality of autoregulation state values (808). Responsive to
determining that there are no anomalous values, processing
circuitry 110 receives new portion(s) of one or more signals
from the patient. Processing circuitry 110 then repeats the
steps of 804, 806, and 808.

[0174] Processing circuitry 110 can identify an autoregu-
lation state value as anomalous based on determining that
the autoregulation state value represents an intact autoregu-
lation state, is in a small region of intact values, and is far
away from the largest intact region. Processing circuitry 110
can also identify an autoregulation state value as anomalous
based on determining that the autoregulation state value
represents an impaired autoregulation state, is in a small
region of impaired values, and is far away from the largest
impaired regions.

[0175] Processing circuitry 110 may be configured to
identify a small region of state values as a group or cluster
of less than a threshold number of nearby state values with
the same state value. In examples in which the autoregula-
tion state values are spaced at one millimeter of mercury, the
threshold number may be three, five, or ten millimeters of
mercury, for example. Processing circuitry 110 may also be
configured to identify a small region based on determining
that the region is far away from a larger region of the same
state values. In examples in which the autoregulation state
values are spaced at one millimeter of mercury, processing
circuitry 110 can determine that two regions are far away if
the two regions are separate by at least five, ten, fifteen, or
twenty millimeters of mercury and no autoregulation state
values indicating the same state, for example.

[0176] One example technique for determining anomalous
values is to apply a smoothing function the plurality of
autoregulation state values. Processing circuitry 110 may be
configured to generate a plurality of smoothed autoregula-
tion state values based on the application of the smoothing
function. Processing circuitry 110 can pass the plurality of
autoregulation state values through the smoothing function
to generate smoothed autoregulation state values. The
smoothing function may operate as a moving average, a
low-pass filter, or a Gaussian filter to remove outliers in the
plurality of autoregulation state values. A Gaussian filter
may use a bell-shaped curve to weight the nearby
unsmoothed autoregulation state values (e.g.. original) in
generating a smoothed autoregulation state value. A
smoothed autoregulation state value may be equal to a
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weighted average of the nearby unsmoothed autoregulation
state values. Processing circuitry 110 may be configured to
determine that an autoregulation state value is anomalous in
examples in which the smoothed and unsmoothed autoregu-
lation state values have different values. Using the smooth-
ing function, processing circuitry 110 can remove or modify
small regions of anomalous state values.

[0177] In some examples, processing circuitry 110 is
configured to fit the whole autoregulation state vector, or a
portion of the vector, to an expected autoregulation function,
to change unknown or anomalous state values to a consistent
state value. For the expected autoregulation function, pro-
cessing circuitry 110 can use a previous morphology of
autoregulation state values or a fit of historical patient data,
such as historical patient blood pressure value data. The
expected autoregulation function may include a lower limit
of autoregulation, an upper limit of autoregulation, a set of
autoregulation state values representing an intact autoregu-
lation state between the lower limit of autoregulation and the
upper limit of autoregulation, and two sets of autoregulation
state values representing an impaired autoregulation state,
one set below the lower limit of autoregulation and the other
set above the upper limit of autoregulation.

[0178] In the example of FIG. 8, responsive to determin-
ing that there are anomalous values, processing circuitry 110
modifies the anomalous autoregulation state values (810). In
examples in which processing circuitry 110 applies a
smoothing function to determine an anomalous autoregula-
tion state value, processing circuitry 110 may be configured
to set the anomalous autoregulation state value to the
smoothed autoregulation state value. Processing circuitry
110 can determine that an autoregulation state value is
anomalous using a smoothing function by determining that
the unsmoothed and smoothed autoregulation state values
associated with a particular blood pressure value are differ-
ent.

[0179] Processing circuitry 110 can also use estimates of
the limits of autoregulation to replace anomalous autoregu-
lation state values. In some examples, processing circuitry
110 is configured to replace an autoregulation state value
below the lower limit of autoregulation or above the upper
limit of autoregulation, where the autoregulation state value
represents an intact autoregulation state. Processing circuitry
110 may be configured to replace an autoregulation state
value above the lower limit of autoregulation and below the
upper limit of autoregulation, where the autoregulation state
value represents an impaired autoregulation state.

[0180] 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.

[0181] The techniques described in this disclosure, includ-
ing those attributed to devices 100 and 200, processing
circuitry 110, 210, 214, and 216, memories 120 and 220,
displays 132 and 232, sensing circuitries 140-142, circuitries
240 and 245, sensing devices 150-152 and 250, and various
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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.
[0182] As used herein, the term “circuitry” refers to an
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 functional-
ity. The term “processing circuitry” refers one or more
processors distributed across one or more devices. For
example, “processing circuitry” can include a single proces-
sor or multiple processors on a device. “Processing cir-
cuitry” can also include processors on multiple devices,
wherein the operations described herein may be distributed
across the processors and devices.

[0183] 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 100 and 200, processing
circuitry 110, 210, 214, and 216, memories 120 and 220,
sensing circuitries 140-142, and/or circuitries 240 and 245.
In addition, any of the described units, modules or compo-
nents may be implemented together or separately as discrete
but interoperable logic devices. Depiction of different fea-
tures as modules or units is intended to highlight different
functional aspects and does not necessarily imply that such
modules or units must be realized by separate hardware or
software components. Rather, functionality associated with
one or nore modules or units may be performed by separate
hardware or software components, or integrated within
common or separate hardware or software components.
[0184] 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 RAM, ROM, programmable ROM (PROM),
erasable programmable ROM (EPROM), electronically
erasable programmable ROM (EEPROM), flash memory, a
hard disk, a compact disc ROM (CD-ROM), a floppy disk,
a cassette, magnetic media, optical media, or any other
computer readable storage devices or tangible computer
readable media.

[0185] In some examples, a computer-readable storage
medium comprises non-transitory medium. The term “non-
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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 and circuitry described herein, including,
but not limited to, devices 100 and 200, processing circuitry
110, 210, 214, and 216, memories 120 and 220, displays 132
and 232, sensing circuitries 140-142, circuitries 240 and
245, sensing devices 150-152 and 250 may be programmed
with various forms of software. The one or more processors
may be implemented at least in part as, or include, one or
more executable applications, application modules, librar-
ies, classes, methods, objects, routines, subroutines, firm-
ware, and/or embedded code, for example.

[0186] In examples in which processing circuitry 110 is
described herein as determining that a value is less than or
equal to another value, processing circuitry 110 may be
configured to determine that a value is only less than the
other value. Similarly, in examples in which processing
circuitry 110 is described herein as determining that a value
is less than another value, processing circuitry 110 may be
configured to determine 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.”

[0187] 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:

sensing circuitry configured to receive one or more sig-

nals from a patient; and

processing circuitry configured to:

determine a plurality of autoregulation state values
associated with a plurality of blood pressure values
based on the one or more signals;

determine that a first autoregulation state value of the
plurality of autoregulation state values is anomalous
based on other autoregulation state values of the
plurality of autoregulation state values;

modify the first autoregulation state value in response
to determining that the first autoregulation state
value is anomalous; and

determine an autoregulation status of the patient based
on the plurality of autoregulation state values includ-
ing the modified first autoregulation state value.

2. The device of claim 1, wherein the processing circuitry
is configured to determine that the first autoregulation state
value is anomalous at least in part by:

identifying a set of intact autoregulation state values of

the plurality of autoregulation state values, each of the
intact autoregulation state values of the set representing
an intact autoregulation state;
determining that the first autoregulation state value rep-
resents an intact autoregulation state; and

determining that a difference between a blood pressure
value associated with the first autoregulation state value
and each of a set of blood pressure values associated
with the set of intact autoregulation state values is
greater than a threshold value.

3. The method of claim 1, wherein the processing circuitry
is configured to determine that the first autoregulation state
value is anomalous at least in part by:
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determining a limit of autoregulation based on the plu-

rality of autoregulation state values;

determining that the first autoregulation state value rep-

resents an intact autoregulation state; and
determining that the first autoregulation state value is
outside of the limit of autoregulation.
4. The device of claim 1, wherein the processing circuitry
is configured to determine that the first autoregulation state
value is anomalous at least in part by:
identifying a first set of impaired autoregulation state
values of the plurality of autoregulation state values,
each of the impaired autoregulation state values of the
set representing an impaired autoregulation state;

determining that the first autoregulation state value rep-
resents an impaired autoregulation state; and

determining that a difference between a blood pressure
value associated with the first autoregulation state value
and each of a set of blood pressure values associated
with the set of impaired autoregulation state values is
greater than a threshold value.

5. The device of claim 1, wherein determining that the
first autoregulation state value is anomalous at least in part
by:

determining a limit of autoregulation based on the plu-

rality of autoregulation state values;

determining that the first autoregulation state value rep-

resents an impaired autoregulation state; and
determining that the first autoregulation state value is
inside of the limit of autoregulation.
6. The device of 1, wherein the processing circuitry is
configured to determine that the first autoregulation state
value is anomalous at least in part by:
determining that the first autoregulation state value rep-
resents an uncategorized autoregulation state; and

determining that a first set of autoregulation state values
of the plurality of autoregulation state values has a
categorized autoregulation value, the categorized auto-
regulation value representing a categorized autoregu-
lation state, wherein the categorized autoregulation
value includes an intact autoregulation value or an
impaired autoregulation value, and wherein the first set
of autoregulation state values is associated with blood
pressure values that are higher than a blood pressure
value associated with the first autoregulation state
value; and

determining that a second set of autoregulation state

values of the plurality of autoregulation state values has
the categorized autoregulation value, wherein the sec-
ond set of autoregulation state values is associated with
blood pressure values that are lower than a blood
pressure value associated with the first autoregulation
state value,

wherein the processing circuitry is configured to modify

the first autoregulation state value at least in part by
setting the first autoregulation state value to the cat-
egorized value.

7. The device of claim 1, wherein the first autoregulation
state value is associated with a first blood pressure value,
wherein the processing circuitry is configured to determine
that the first autoregulation state value is anomalous at least
in part by:

applying a smoothing function to the plurality of auto-

regulation state values to generate a plurality of
smoothed autoregulation state values; and
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determining that a first smoothed autoregulation state
value of the plurality of smoothed autoregulation state
values and the first autoregulation state value have
different values, wherein the first smoothed autoregu-
lation state value is associated with the first blood
pressure value,

wherein the processing circuitry is configured to modify
the first autoregulation state value at least in part by
setting the first autoregulation state value to the first
smoothed autoregulation state value in response to
determining that the first smoothed autoregulation state
value and the first autoregulation state value have
different values.

8. The device of claim 1, wherein the first autoregulation
state value is associated with a first blood pressure value,
and wherein the processing circuitry is configured to:

determine a confidence metric for autoregulation state
values associated with blood pressure values within a
threshold value from the first blood pressure value,
wherein the autoregulation state values associated with
the blood pressure values within the threshold value
from the first blood pressure value have a predominant
autoregulation value; and

determine that the confidence metric is greater than a
threshold confidence level,

wherein the processing circuitry is configured to modify
the first autoregulation state value at least in part by
setting the first autoregulation state value to the pre-
dominant autoregulation value in response to determin-
ing that the confidence metric is greater than the
threshold confidence level.

9. The device of claim 1, wherein the processing circuitry

is further configured to:

store an unmodified value of the first autoregulation state
value; and

determine new autoregulation values for the plurality of
autoregulation state values after modifying the first
autoregulation state value and based on the unmodified
value of the first autoregulation state value.

10. The device of claim 1, wherein the processing cir-
cuitry is further configured to apply an expected autoregu-
lation function to the plurality of autoregulation state values
to generate a modified plurality of autoregulation state
values, the expected autoregulation function including:

a lower limit of autoregulation;

an upper limit of autoregulation;

a set of intact autoregulation state values between the
lower limit of autoregulation and the upper limit of
autoregulation;

a first set of impaired autoregulation state values associ-
ated with blood pressure values less than the lower
limit of autoregulation; and

a second set of impaired autoregulation state values
associated with blood pressure values greater than the
upper limit of autoregulation.

11. The device of claim 1, wherein the processing cit-

cuitry is further configured to:

determine a current blood pressure value for the patient
based on the one or more signals; and

set a second autoregulation state value of the plurality of
autoregulation state values, wherein the second auto-
regulation state value is associated with the current
blood pressure value.
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12. The device of claim 1, wherein the processing cir-
cuitry is further configured to output for display data indica-
tive of the autoregulation status of the patient.
13. The device of claim 12, wherein the processing
circuitry is further configured to:
output for display first data indicative of a first color for
the modified first autoregulation state value in response
to determining that the modified first autoregulation
state value represents an intact autoregulation state; and

output for display second data indicative of a second color
for the modified first autoregulation state value in
response to determining that the modified first auto-
regulation state value represents an impaired autoregu-
lation state.

14. A method comprising:

receiving, by processing circuilry, one or more signals

from a patient;

determining, by the processing circuitry, a plurality of

autoregulation state values associated with a plurality
of blood pressure values based on the one or more
signals;
determining, by the processing circuitry, that a first auto-
regulation state value of the plurality of autoregulation
state values is anomalous based on other autoregulation
state values of the plurality of autoregulation state
values;
modifying, by the processing circuitry, the first autoregu-
lation state value in response to determining that the
first autoregulation state value is anomalous; and

determining, by the processing circuitry, an autoregula-
tion status of the patient based on the plurality of
autoregulation state values including the modified first
autoregulation state value.

15. The method of claim 14, wherein determining that the
first autoregulation state value is anomalous comprises:

determining a limit of autoregulation based on the plu-

rality of autoregulation state values;

determining that the first autoregulation state value rep-

resents an intact autoregulation state; and
determining that the first autoregulation state value is
outside of the limit of autoregulation.

16. The method of claim 14, wherein determining that the
first autoregulation state value is anomalous comprises:

determining a limit of autoregulation based on the plu-

rality of autoregulation state values;

determining that the first autoregulation state value rep-

resents an impaired autoregulation state; and
determining that the first autoregulation state value is
inside of the limit of autoregulation.

17. The method of 14, wherein the first autoregulation
state value is associated with a first blood pressure value,
wherein determining that the first autoregulation state value
is anomalous comprises:
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applying a smoothing function to the plurality of auto-
regulation state values to generate a plurality of
smoothed autoregulation state values; and

determining that a first smoothed autoregulation state
value of the plurality of smoothed autoregulation state
values and the first autoregulation state value have
different values, wherein the first smoothed autoregu-
lation state value is associated with the first blood
pressure value,

wherein modifying the first autoregulation state value

comprises setting the first autoregulation state value to
the first smoothed autoregulation state value in
response to determining that the first smoothed auto-
regulation state value and the first autoregulation state
value have different values.

18. A device comprising a computer-readable medium
having executable instructions stored thereon, configured to
be executable by processing circuitry for causing the pro-
cessing circuitry to:

receive one or more signals from a patient;

determine a plurality of autoregulation state values asso-

ciated with a plurality of blood pressure values based
on the one or more signals;

determine that a first autoregulation state value of the

plurality of autoregulation state values is anomalous
based on other autoregulation state values of the plu-
rality of autoregulation state values;

modify the first autoregulation state value in response to

determining that the first autoregulation state value is
anomalous; and

determine an autoregulation status of the patient based on

the plurality of autoregulation state values including the
modified first autoregulation state value.

19. The device of claim 18, wherein the instructions to
determine that the first autoregulation state value is anoma-
lous comprise instructions to:

determine a limit of autoregulation based on the plurality

of autoregulation state values;

determine that the first autoregulation state value repre-

sents an intact autoregulation state; and

determine that the first autoregulation state value is out-

side of the limit of autoregulation.

20. The device of claim 18, wherein the instructions to
determine that the first autoregulation state value is anoma-
lous comprise instructions to:

determine a limit of autoregulation based on the plurality

of autoregulation state values;

determine that the first autoregulation state value repre-

sents an impaired autoregulation state; and

determine that the first autoregulation state value is inside

of the limit of autoregulation.
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