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SYSTEMS AND METHODS FOR
MONITORING HEART RATE AND BLOOD
PRESSURE CORRELATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/398,826 filed Mar. 5, 2009, now U.S. Pat. No.
8,216,136, the contents of which are incorporated herein by
reference in its entirety.

SUMMARY

The present disclosure relates to simultaneous blood pres-
sure and heart rate monitoring to determine patient status, and
more particularly, relates to monitoring the correlation of
blood pressure and heart rate to alert a care provider to a
patient condition. Broadly, a correlation is a measurement of
the degree to which heart rate and blood pressure tend to
increase (and decrease) simultaneously.

A patient’s status may be determined by analyzing a cor-
relation between the heart rate (HR) and blood pressure (BP).
A HR signal and a BP signal may be received and a correla-
tion calculated. A characteristic of the correlation may be
identified. In some embodiments, this characteristic includes
a change in HR relative to a change in BP, or a rate of change
in HR relative to a rate of change in BP. Once identified, this
characteristic may be compared to a threshold. In some
embodiments, comparing the characteristic to a threshold
identifies whether the correlation is positive or negative.

A patient status indicator signal may be generated in
response to the threshold comparison. In some embodiments,
the characteristic and the threshold correspond to a particular
patient condition and the patient status indicator signal
includes an indication of the corresponding condition. In
some embodiments, generating the patient status indicator
signal includes querying a lookup table to retrieve a value for
a patient status.

The patient status indicator signal may be transmitted to an
output device and used as the basis for a patient status indi-
cation. In some embodiments, indicating a patient status
includes at least one of displaying the correlation character-
istic on a screen, displaying a message associated with the
patient status indicator signal, displaying a color associated
with the patient status indicator signal, displaying a graphic
associated with the patient status indicator signal, and pro-
ducing a sound associated with the patient status indicator
signal.

In some embodiments, a current BP may be calculated
based at least in part on the received HR signal. In some
embodiments, at least one of a patient outcome and current
status may be predicted using a computational model based at
least in part on HR and BP signals.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIGS. 1A and 1B depict comparisons of an arterial line
blood pressure (BP) measurement with a BP estimate based
on heart rate (HR);

FIG. 2 shows an illustrative BP/HR monitoring system in
accordance with an embodiment;

FIG. 3 is a block diagram of the illustrative BP/HR moni-
toring system of FIG. 2 coupled to a patient in accordance
with some embodiments;
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FIG. 4 is a block diagram of an illustrative signal process-
ing system in accordance with some embodiments;

FIG. 5 is a flow diagram of an illustrative BP/HR monitor-
ing process performed in accordance with some embodi-
ments;

FIGS. 6 A-6C depict illustrative BP/HR monitoring system
display screens in accordance with some embodiments; and

FIG. 7 is a flow diagram of an illustrative BP/HR monitor-
ing process performed in accordance with an embodiment.

DETAILED DESCRIPTION

Heart rate (HR) and blood pressure (BP) are generally
related according to

BP=HRxSVxTPR

where SV is the stroke volume and TPR is the total peripheral
resistance. The stroke volume is the volume of blood leaving
the heart in a given contraction, while TPR measures the
resistance exerted by the remainder of the cardiovascular
system on the heart.

This equation appears to suggest a positive correlation
between changes in HR and changes in BP, i.e. an increase in
HR might be accompanied by an increase in BP and vice
versa. Similarly, a decrease in HR might be accompanied by
an decrease in BP and vice versa.

Under normal conditions. HR and BP signals often exhibit
such a correlation. In these conditions, BP can be reasonably
estimated by some increasing function of HR. For example,
FIGS. 1A and 1B each depict a comparison of an arterial line
BP measurement with a BP estimate based on an increasing
function of HR. InFIG. 1A, this increasing function is a linear
function, while in FIG. 1B, this increasing function is a non-
linear function.

Specifically, graph 100 of FIG. 1A depicts a subject’s
systolic and diastolic BP during exercise as determined by
two different BP measurement methods: an arterial line mea-
surement and an HR-based estimate. Arterial line systolic BP
measurement 110 and arterial line diastolic BP measurement
120 are shown as dashed lines, while HR-based systolic esti-
mate 130 and HR-based diastolic estimate 140 are shown as
solid lines. In FIG. 1A, the HR-based estimates 130 and 140
are determined in accordance with the linear equation

BP=a+b-(HR)

where b=2.26 for the systolic estimate 130 and b=1.15 for the
diastolic estimate 140. The values for a were determined by
calibration at a known BP and known HR at calibration point
150 and the values for b were chosen to best match the data.
Values for b could also be estimated from the HR using a
linear or non-linear relationship derived from historical data.

FIG. 1B depicts a comparison of an arterial line BP mea-
surement with a BP estimate based non-linearly on HR. As in
FIG. 1A, FIG. 1B shows a graph 200 of a subject’s systolic BP
110 and diastolic BP 120 during exercise as determined by an
arterial line measurement (as in FIG. 1A). Graph 200 also
depicts a non-linear HR-based systolic estimate 230 and a
non-linear HR-based diastolic estimate 240 as solid lines. In
FIG. 2, the HR-based estimates 230-240 are determined in
accordance with the non-linear equation

BP=a+bIn(HR)
where b=200 for the systolic estimate 230, b=150 for the
diastolic estimate 240. The values for a and b were deter-
mined as discussed above with reference to FIG. 1A.

The linear and non-linear relationships used to provide
estimates of BP from HR in FIGS. 1A and 1B are both
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increasing functions, and thus exhibit a positive correlation
between HR and BP. However, the additional factors of SV
and TPR have, in general, a complex, non-linear and non-
monotonic dependernce on both BP and HR. This non-mono-
tonic dependence becomes clear when a patient suffers from
a pathological condition or is in a distressed state.

Indeed, there are many medical conditions in which HR
and BP are negatively correlated. For example, uncontrolled
atrial fibrillation is a condition characterized by an abnor-
mally rapid heart rate caused by unregulated firing of electri-
cal pulses within the heart muscles. This rapid firing induces
an elevated heart rate (known as tachycardia) while simulta-
neously preventing the ventricles from filling completely
with blood before the next contraction. In this condition, HR
increases while SV decreases. As a result, the total volume of
blood pumped to the body from the heart (the product of SV
and HR, also known as the cardiac output) can decrease
during atrial fibrillation, leading to a decrease in BP.

Detecting a change in the correlation of BP and HR can
alert medical providers to potentially dangerous patient con-
ditions. This correlation is difficult or impossible for a care
provider to monitor from intermittent BP and HR readings. A
monitoring system that tracks this correlation automatically
for a care provider and indicates a patient status in response to
the correlation provides a new tool in patient diagnosis and
treatment. In light of this observation, the present disclosure
relates to systems and methods for simultaneous blood pres-
sure and heart rate monitoring to determine patient status, and
more particularly, relates to monitoring the correlation of
blood pressure and heart rate to alert a care provider to a
patient condition.

FIG. 2 shows an illustrative BP/HR monitoring system 10.
System 10 may include a sensor unit 12 and a monitor 14. In
an embodiment, sensor unit 12 includes sensors 16 and 18
capable of detecting a signal carrying information about a
patient’s HR and BP, respectively. Sensor 16 may detect any
signal that carries information about a patient’s HR, such as
an electrocardiograph signal or the pulsatile force exerted on
the walls of an artery using, for example, a piezoelectric
transducer. Sensor 18 may detect any signal carrying infor-
mation about a patient’s BP and may employ, for example,
oscillometric methods using piezoelectric transducers or
invasive arterial line methods. According to another embodi-
ment, system 10 may include a plurality of sensors forming a
sensor array in lieu of either or both of sensors 16 and 18.
Although only two sensors 16 and 18 are illustrated in the
sensor unit 12 of FIG. 3, it is understood that any number of
sensors measuring any number of physiological signals may
be used to assess patient status in accordance with the tech-
niques described herein.

In an embodiment, sensors 16 and 18 are combined within
a single sensor capable of detecting a single signal carrying
information about both HR and BP. In an embodiment, this
sensor may be a pulse oximeter. In this embodiment, sensor
unit 12 may include a light sensor that is placed at a site on a
patient, typically a fingertip, toe, forehead or earlobe, orin the
case of a neonate, across a foot. The oximeter may pass light
using a light source through blood perfused tissue and pho-
toelectrically sense the absorption of light in the tissue. For
example, the oximeter may measure the intensity of light that
is received at the light sensor as a function of time. The light
intensity or the amount of light absorbed may then be used to
calculate the HR and BP of a patient, among other physiologi-
cal signals. Techniques for obtaining HR and BP measure-
ments from oximetry data are described in more detail in
co-pending, commonly assigned U.S. patent application Ser.
No. 12/242,867, filed Sep. 30, 2008, entitled “SYSTEMS
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AND METHODS FOR NON-INVASIVE CONTINUOUS
BLOOD PRESSURE DETERMINATION” and co-pending,
commonly assigned U.S. patent application Ser. No. 12/242,
238, filed Sep. 30, 2008, entitled “LASER SELF-MIXING
SENSORS FOR BIOLOGICAL SENSING,” which are
incorporated by reference herein in their entirety.

In an embodiment, sensor unit 12 includes a laser Doppler
sensor. Techniques for obtaining information about blood
pressure from self-mixed laser Doppler sensors are described
in more detail in co-pending, commonly assigned U.S. patent
application Ser. No. 12/242,738, filed Sep. 30, 2008, entitled
“LASER SELF-MIXING SENSORS FOR BIOLOGICAL
SENSING,” which is incorporated by reference herein in its
entirety.

It will be understood that the present disclosure is appli-
cable to any suitable signals that communicate BP and HR
information. It should be understood that the signals may be
digital or analog. Moreover, those skilled in the art will rec-
ognize that the present disclosure has wide applicability to
signals including, but not limited to other biosignals (e.g.,
electrocardiogram, electroencephalogram, electrogastro-
gram, phonocardiogram, electromyogram, pathological
sounds, ultrasound, or any other suitable biosignal), or any
combination thereof. For example, the techniques of the
present disclosure could be applied to monitoring the corre-
lation between respiration rate and pathological sounds, or
respiration rate and arterial (or venous) pressure fluctuations.

In an embodiment, the sensor unit 12 may be connected to
and draw its power from monitor 14 as shown. In another
embodiment, the sensor unit 12 may be wirelessly connected
to monitor 14 and include its own battery or similar power
supply (not shown). In an embodiment, sensor unit 12 may be
communicatively coupled to monitor 14 via a cable 24. How-
ever, in other embodiments, a wireless transmission device
(not shown) or the like may be used instead of or in addition
to cable 24.

Monitor 14 may be configured to calculate physiological
parameters (e.g., HR and BP) based at least in part on data
received from sensor unit 12. In an alternative embodiment,
the calculations may be performed on the monitoring device
itself and the result of the calculations may be passed to
monitor 14. Further, monitor 14 may include a display 20
configured to display the physiological parameters or other
information about the system. In the embodiment shown,
monitor 14 may also include a speaker 22 to provide an
audible sound that may be used in various other embodiments
to be discussed further below, such as for example, sounding
an audible alarm in the event that a patient’s physiological
parameters are not within a predefined normal range.

In the illustrated embodiment, system 10 may also include
a multi-parameter patient monitor 26. The monitor 26 may
include a cathode ray tube display, a flat panel display (as
shown) such as a liquid crystal display (LCD) or a plasma
display, or may be any other type of monitor now known or
later developed. Multi-parameter patient monitor 26 may be
configured to calculate physiological parameters and to pro-
vide a display 28 for information from monitor 14 and from
other medical monitoring devices or systems (not shown). In
an embodiment to be discussed further below, multi-param-
eter patient monitor 26 may be configured to display esti-
mates of a patient’s BP and HR from monitor 14. Monitor 26
may include a speaker 30.

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

Calibration device 80, which may be powered by monitor
14 viaa cable 82, a battery, or by a conventional power source
such as a wall outlet, may include any suitable physiological
signal calibration device. Calibration device 80 may be com-
municatively coupled to monitor 14 via cable 82, and/or may
communicate wirelessly (not shown). For example, calibra-
tion device 80 may take the form of any invasive or non-
invasive BP monitoring or measuring system used to generate
reference BP measurements for use in calibrating BP moni-
toring techniques. Calibration device 80 may also access
reference measurements stored in memory (e.g., RAM,
ROM, or a storage device). For example, in some embodi-
ments, calibration device 80 may access reference measure-
ments from a relational database stored within calibration
device 80, monitor 14, or multi-parameter patient monitor 26.

FIG. 3 is a block diagram of a BP/HR monitoring system
200, such as system 10 of FIG. 2, which may be coupled to a
patient 40 in accordance with an embodiment. Certain illus-
trative components of sensor unit 12 and monitor 14 are
illustrated in FIG. 3.

Sensor unit 12 may include encoder 42. In an embodiment,
encoder 42 may contain information about sensor unit 12,
such as what type of sensors it includes (e.g., whether the
sensor is a pressure transducer or a pulse oximeter). This
information may be used by monitor 14 to select appropriate
algorithms, lookup tables and/or calibration coefficients
stored in monitor 14 for calculating the patient’s physiologi-
cal parameters.

Encoder 42 may contain information specific to patient 40,
such as, for example, the patient’s age, weight, and diagnosis.
This information about a patient’s characteristics may allow
monitor 14 to determine, forexample, patient-specific thresh-
old ranges in which the patient’s physiological parameter
measurements should fall and to enable or disable additional
physiological parameter algorithms. This information may
also be used to select and provide coefficients for equations
from which BP and HR are determined based on the signal or
signals received at sensor unit 12. For example, some pulse
oximetry sensors rely on equations to relate an area under a
pulse of a photoplethysmograph (PPG) signal to determine
BP. These equations may contain coefficients that depend
upon a patient’s physiological characteristics as stored in
encoder 42. In some embodiments, encoder 42 may include a
memory or a coded resistor which stores one or more of the
following types of information for communication to monitor
14: the types of sensors included in sensor unit 12; the wave-
length or wavelengths of light used by an oximetry sensor
when included in sensor unit 12; a signal threshold for each
sensor in the sensor array; any other suitable information; or
any combination thereof.

In an embodiment, signals from sensor unit 12 and encoder
42 may be transmitted to monitor 14. In the embodiment
shown, monitor 14 may include a general-purpose micropro-
cessor 48 connected to an internal bus 50. Microprocessor 48
may be adapted to execute software, which may include an
operating system and one or more applications, as part of
performing the functions described herein. Also connected to
bus 50 may be a read-only memory (ROM) 52, a random
access memory (RAM) 54, user inputs 56, display 20, and
speaker 22.

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

In the embodiment shown, a time processing unit (TPU) 58
may provide timing control signals to a stimulus drive 17,
which may control when a stimulus is used to apply a signal
to the patient, the response to which communicates informa-
tion about BP, HR or other physiological processes. For
example, stimulus drive 17 may be an light emitter in an
oximetry configuration. Techniques for obtaining BP mea-
surements by inducing perturbations in a patient via a stimu-
lus drive are described in more detail in co-pending, com-
monly assigned U.S. patent application Ser. No. 12/248,738,
filed Oct. 9, 2008, entitled “SYSTEMS AND METHODS
USING INDUCED PERTURBATION TO DETERMINE
PHYSIOLOGICAL PARAMETERS,” which is incorporated
by reference herein in its entirety. TPU 58 may also control
the gating-in of signals from sensor unit 12 through an ampli-
fier 62 and a switching circuit 64. The received signal or
signals from sensor unit 12 may be passed through an ampli-
fier 66, a low pass filter 68, and an analog-to-digital converter
70. The digital data may then be stored in a queued serial
module (QSM) 72 (or buffer) for later downloading to RAM
54 as QSM 72 fills up. In one embodiment, there may be
multiple separate parallel paths having amplifier 66, filter 68,
and A/D converter 70 for multiple sensors included in sensor
unit 12.

In an embodiment, microprocessor 48 may determine the
patient’s physiological parameters, such as BP and HR, using
various algorithms and/or look-up tables based on the value
of the received signals and/or data from sensor unit 12. For
example, when sensor unit 12 includes an oximetry sensor,
microprocessor 48 may generate an equation that represents
empirical data associated with one or more patients that
includes various BP measurements associated with different
areas under a pulse of a PPG signal. Signals corresponding to
information about patient 40 may be transmitted from
encoder 42 to a decoder 74. These signals may include, for
example, encoded information relating to patient character-
istics. Decoder 74 may translate these signals to enable the
microprocessor to determine the thresholds based on algo-
rithms or look-up tables stored in ROM 52. User inputs 56
may be used to enter information about the patient, such as
age, weight, height, diagnosis, medications, treatments, and
so forth. In an embodiment, display 20 may exhibit a list of
values which may generally apply to the patient, such as, for
example, age ranges or medication families, which the user
may select using user inputs 56.

The signal from the patient can be degraded by noise,
among other sources. One source of noise is electromagnetic
coupling from other electronic instruments. Movement of the
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patient also introduces noise and affects the signal. For
example, the contact between the sensor and the skin can be
temporarily disrupted when movement causes either to move
away from the skin. Another source of noise is ambient light
that reaches the light detector in an oximetry system.

Noise (e.g., from patient movement) can degrade a sensor
signal relied upon by a care provider, without the care pro-
vider’s awareness. This is especially true if the monitoring of
the patient is remote, the motion is too small to be observed,
or the care provider is watching the instrument or other parts
of the patient, and not the sensor site. Processing sensor
signals may involve operations that reduce the amount of
noise present in the signals or otherwise identify noise com-
ponents in order to prevent them from affecting measure-
ments of physiological parameters derived from the sensor
signals.

BP/HR monitoring system 10 may also include calibration
device 80. Although shown external to monitor 14 in the
example of FIG. 2, calibration device 80 may additionally or
alternatively be internal to monitor 14. Calibration device 80
may be connected to internal bus 50 of monitor 14. As
described above, reference measurements from calibration
device 80 may be accessed by microprocessor 48 for use in
calibrating the sensor measurements and determining physi-
ological signals from the sensor signal and empirical data of
one or more patients.

FIG. 4 is an illustrative processing system 300 in accor-
dance with an embodiment. In an embodiment, input signal
generator 310 generates an input signal 316. As illustrated,
input signal generator 310 includes pre-processor 320
coupled to sensing device 318. It will be understood that input
signal generator 310 may include any suitable signal source,
signal generating data, signal generating equipment, or any
combination thereof to produce signal 316. Signal 316 may
be a single signal, or may be multiple signals transmitted over
a single pathway or multiple pathways.

Pre-processor 320 may apply one or more signal process-
ing techniques to the signal generated by sensing device 318.
For example, pre-processor 320 may apply a pre-determined
transformation to the signal provided by the sensing device
312 to produce an input signal 316 that can be appropriately
interpreted by processor 312. Pre-processor 320 may also
perform any of the following operations to the signal pro-
vided by the sensing device 318: reshaping the signal for
transmission; multiplexing the signal; modulating the signal
onto carrier signals; compressing the signal; encoding the
signal; and filtering the signal.

In the embodiment of FIG. 4, signal 316 is be coupled to
processor 312. Processor 312 may be any suitable software,
firmware, and/or hardware, and/or combinations thereof for
processing signal 316. For example, processor 312 may
include one or more hardware processors (e.g., integrated
circuits), one or more software modules, computer-readable
media such as memory, firmware, or any combination
thereof. Processor 312 may, for example, be a computer or
may be one or more chips (i.e., integrated circuits). Processor
312 may, for example, be configured of analog electronic
components. Processor 312 may perform some or all of the
calculations associated with the BP/HR monitoring methods
of the present disclosure. For example, processor 312 may
correlate the BP and HR signals and identify a characteristic
of the correlation, to be discussed further below. Processor
312 may also perform any suitable signal processing to filter
signal 316, such as any suitable band-pass filtering, adaptive
filtering, closed-loop filtering, and/or any other suitable fil-
tering, and/or any combination thereof. Processor 312 may
also receive input signals from additional sources (not
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shown). For example, processor 312 may receive an input
signal containing information about treatments provided to
the patient. These additional input signals may be used by
processor 312 in any of the calculations or operations it pet-
forms in accordance with the BP/HR monitoring system 300.

Processor 312 may be coupled to one or more memory
devices (not shown) or incorporate one or more memory
devices such as any suitable volatile memory device (e.g,
RAM, registers, etc.), non-volatile memory device (e.g.,
ROM. EPROM, magnetic storage device, optical storage
device, flash memory, etc.), or both. In an embodiment, pro-
cessor 312 may store physiological measurements or previ-
ously received data from signal 316 in a memory device for
later retrieval. Processor 312 may be coupled to a calibration
device (not shown) that may generate or receive as input
reference measurements for use in calibrating calculations.

Processor 312 is coupled to output 314 through patient
status indicator signal 319, and may be coupled through addi-
tional signal pathways not shown. Output 314 may be any
suitable output device such as, for example, one or more
medical devices (e.g., amedical monitorthat displays various
physiological parameters, a medical alarm, or any other suit-
able medical device that either displays physiological param-
eters or uses the output of processor 312 as an input), one or
more display devices (e.g., monitor, PDA, mobile phone, any
other suitable display device, or any combination thereof),
one or more audio devices, one or more memory devices (e.g.,
hard disk drive, flash memory, RAM, optical disk, any other
suitable memory device, or any combination thereof), one or
more printing devices, any other suitable output device, or
any combination thereof. In an embodiment, patient status
indicator signal 319 includes at least one of an identification
of a medical condition of the patient; an alert; a current HR
measurement; a current BP measurement; a HR/BP correla-
tion measurement; another current physiological measure-
ment; an estimated patient status; and an estimated patient
outcome. In some embodiments, patient status indicator sig-
nal 319 will be stored in a memory device or recorded in
another physical form for future, further analysis.

It will be understood that system 300 may be incorporated
into system 10 (FIGS. 2 and 3) in which, for example, input
signal generator 310 may be implemented as parts of sensor
12 and monitor 14 and processor 312 may be implemented as
part of monitor 14. In some embodiments, portions of system
300 may be configured to be portable. For example, all or a
part of system 300 may be embedded in a small, compact
object carried with or attached to the patient (e.g., a watch,
other piece of jewelry, or cellular telephone). In such embodi-
ments, a wireless transceiver (not shown) may also be
included in system 300 to enable wireless communication
with other components of system 10. As such, system 10 may
be part of a fully portable and continuous BP/HR monitoring
solution.

FIG. 5 is a flow diagram of an illustrative BP/HR monitor-
ing process performed in accordance with some embodi-
ments. The steps in this process will be discussed with con-
tinued reference to the systems and apparatus described in
FIGS. 2-4. Processor 312 receives a HR signal (step 610) and
receives a BP signal (step 620). These signals are transmitted
to processor 312 from input signal generator 310 via input
signal 316. As discussed above, these steps 610 and 620 may
be accomplished by receiving a single signal at processor
312. For example, signal 316 may be an oximetry signal that
contains information about both HR and BP.

In response to receiving the HR and BP signals, processor
312 calculates a correlation of the signals (step 630). The
calculated correlation can be any measure of the degree to
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which the two signals vary together, i.e. the tendency of the
two signals to increase simultaneously and decrease simulta-
neously. In one embodiment, the correlation is calculated in
accordance with

AHR
ABP’

where AHR measures a change in HR over an interval and
ABP measures a change in BP over the same interval. In
another embodiment, the correlation is the Pearson product
moment correlation, calculated in accordance with

T

1 HR; - HR Y BP, - BP

T-1 '
=

SHR SBP

where T is the number of samples or measurements; HR, and
BP, are the ith HR and BP measurements, respectively; AR
and BP are the sample mean HR and BP, respectively; and s,
and sz, are the sample standard deviations of HR and BP,
respectively.

In another embodiment, the correlation between two con-
tinuous-time signals x(t) and y(t), each of which have a dura-
tion at least T time units is calculated as a cross-correlation
function in accordance with

1 T
Tf(; x(T)ylt+n)ydr.

In another embodiment, the correlation between two dis-
crete-time signals x[n] and y[n] (e.g., those that are sampled
by a computer), each of which have a duration at least T
samples, is calculated as a cross-correlation function in accor-
dance with

T-1

Z x[m]y[n + m].

m=0

Note that such correlation calculations are synonymous
with convolution calculations when one of the signals under
investigation is symmetric. It will be understood that the
foregoing are merely examples of techniques for calculating
a correlation in accordance with the methods and systems
described herein.

In response to calculating a correlation of the HR and BP
signals, processor 312 determines whether a characteristic of
the correlation exceeds a threshold (step 640). A characteris-
tic of the correlation may include any feature of the calculated
correlation, or recently-calculated correlations, including a
maximum, minimum or average value; median or mode val-
ues; a derivative or rate of change; a second derivative; an
amplitude at a signal landmark; the timing of a signal land-
mark; a similarity of the correlation over an interval to a
pre-defined shape or pattern; a function of the current corre-
lation; a function of the correlation over a time period; and a
frequency content of the correlation.

Processor 312 may retrieve a threshold from memory such
as ROM 52 or RAM 54 or may retrieve it from a remote
storage device. This threshold signifies the point at which the
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characteristic of the correlation indicates a patient condition
warranting an indication, such as a dangerous patient condi-
tion. For example, a patient may reach a point at which an
increasing heart rate no longer corresponds to an increasing
cardiac output due to compromised left ventricular refill (or,
for example, when a patient is experiencing massive hemor-
rhaging). This point may correspond to a threshold on a
characteristic of the correlation. In an embodiment, a charac-
teristic of the correlation is the sign of the correlation, i.e.
whether it is positive or negative and the threshold of interest
is exceeded when the correlation is negative. In another
embodiment, a characteristic of the correlation is the rate of
change of the correlation and the threshold of interest is
exceeded when the rate of change of the correlation exceeds
a fixed negative value (indicating a transition toward negative
correlation of HR and BP).

In some embodiments, a history of correlations is used to
generate a characteristic of the correlation. In one embodi-
ment, a small negative correlation that persists beyond a dura-
tion threshold may indicate a dangerous condition. In another
embodiment, a correlation that continues to decrease, even
slowly, beyond a duration threshold may indicate a dangerous
condition.

Once the processor 312 has determined whether a charac-
teristic of the correlation exceeds a threshold, processor 312
generates a patient status indicator signal 319 based at least in
part on the results of the determination (step 650). In an
embodiment, processor 312 stores a patient status indicator
value associated with the patient status indicator signal 319 in
a memory device such as ROM 52 or RAM 54, as discussed
in more detail below. In an embodiment, the patient status
indicator signal 319 includes an alert when the threshold has
been exceeded. In some embodiments, the patient status indi-
cator signal 319 includes at least one of an identification of a
medical condition of the patient; an alert; a current HR mea-
surement; a current BP measurement; a HR/BP correlation
measurement; and another current physiological measure-
ment. In an embodiment to be discussed further below, the
patient status indicator signal 319 includes at least one of a
patient status and predicted outcome produced by a predictive
computational model based on the HR and BP signals. In an
embodiment, the processor 312 determines the patient status
indicator signal 319 by querying a look-up table to determine
an appropriate patient status value given the results of the
comparison between the characteristic of the correlation and
the threshold. The look-up table may be stored in ROM 52,
RAM 54 or another electronic memory device communicably
coupled to processor 312. For example, when the correlation
is found to be negative, the processor 312 will find the entry in
the look-up table that corresponds to a negative correlation
and retrieve the associated patient status value. This associ-
ated patient status value may be a specific medical condition
(e.g., “tachycardia due to blood loss™), an alert as will be
discussed further below, or a prompt for the care provider to
input additional information via user inputs 56. The look-up
table may also be indexed by patient characteristics as
described previously, such as age weight, height, diagnosis,
medications, and treatments. In an embodiment, the look-up
table may be indexed by previously stored patient status indi-
cator values.

In some embodiments, processor 312 may compute more
than one correlation of the HR and BP signals to perform a
threshold test for more than one patient condition. In some
embodiments, processor 312 may compare each of more than
one characteristic of the calculated correlations to a corre-
sponding threshold. In some embodiments, processor 312
may combine the results of each of these comparisons using
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algebraic or logical operations to determine an appropriate
patient status indicator signal 319. In some embodiments,
different threshold comparisons may take priority over other
threshold comparisons. For example, processor 312 may gen-
erate a patient status indicator signal 319 corresponding to
“normal” when the correlation exceeds a first positive thresh-
old value, but generate a patient status indicator signal 319
corresponding to “atrial fibrillation” when the correlation
exceeds the first threshold value and the rate of change of
correlation drops below a second threshold value.

In some embodiments, the processor 312 will use addi-
tional information about the patient’s physiological state or
medical treatment to generate the patient status indicator
signal 319. For example, processor 312 may compute a
patient’s blood oxygenation level when input signal 316
includes an oximetry signal and additionally use this infor-
mation to generate the patient status indicator signal 319. In
another embodiment, processor 312 may detect abnormal
pulse shapes in a patient’s ECG signal and additionally use
this information to generate the patient status indicator signal
319. In another embodiment, processor 312 may generate a
patient status indicator signal 319 corresponding to “critical
tachycardia” when the correlation exceeds a first positive
threshold value and the heart rate exceeds a second positive
threshold value.

In another embodiment, the correlation may be considered
along with respiratory information to diagnose obstructive
sleep apnea (OSA) in sleep studies. OSA is often character-
ized by cyclic changes in BP and HR, combined with cessa-
tion in breathing.

In response to receiving the patient status indicator signal
319, output 314 indicates a patient status (step 660). Output
314 may indicate a patient status by any means useful for
alerting a patient and a care provider to a patient status.
Output 314 may indicate a patient status by performing at
least one of the following in response to the particular patient
status indicator signal 319: presenting an alert screen on a
display; presenting a warning message on a display; produc-
ing a tone or sound; changing a color of a display or a light
source; producing a vibration; and sending an electronic mes-
sage. Output 314 may perform any of theseactions in a device
close to the patient, or at a mobile or remote monitoring
device as described previously. In an embodiment, output 314
produces a continuous tone or beeping whose frequency
changes in response to changes in the correlation. In an
embodiment, output 314 produces a colored or flashing light
which changes in response to changes in the correlation.

In some embodiments, processor 312 may continuously or
periodically perform steps 610-660 and update the patient
status indicator signal as the patient’s condition changes. In
some embodiments, processor 312 performs steps 610-660 at
regular intervals. In an embodiment, processor 312 performs
steps 610-660 at a prompt from a care provider via user inputs
56. In an embodiment, processor 312 performs steps 610-660
at intervals that change according to patient status. For
example, steps 610-660 will be performed more often when a
patient is undergoing rapid changes in physiological condi-
tion, and will be performed less often as the patient’s condi-
tion stabilizes

FIGS. 6A-6C depict illustrative BP/HR monitoring system
display screens in accordance with some embodiments. In
FIGS. 6A-6C, display screens are depicted as embedded
within a unit similar to monitor 14 of FIG. 2, but it will be
understood that these screens are merely illustrative and
could be included in the display of any output device 314 as
discussed above.
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In the embodiment illustrated in FIG. 6A, systolic BP
waveform 710, diastolic BP waveform 720 and heart rate
waveform 730 are displayed. Additionally, current BP 740,
current correlation 750 and current HR 760 are displayed.
The waveforms 710-730 and current values 740-760 are com-
municated to the output 314 by patient status indicator signal
319.

In an embodiment, processor 312 derives the BP and HR
waveforms 710-730 from one or more physiological signals.
For example, processor 312 may use an oximetry signal, or
may use both an electrocardiograph signal and an arterial line
signal. In an embodiment, processor 312 calculates improved
BP waveforms 710 and 720 by incorporating the HR wave-
form 730 into the BP calculation. This may be achieved by
processor 312 augmenting its calculation of BP waveforms
710 and 720 with the information contained in HR waveform
730 by any one of the following example estimation tech-
niques: a minimum-variance estimator, a maximum-likeli-
hood estimator, a least-squares estimator, a moment estima-
tor, a minimum-mean-square-etror estimator, a maximum a
posteriori estimator; and an adaptive estimation technique. To
perform any of these estimation techniques, processor 312
may use previous measurements of BP, HR and any other
physiological signals stored in a memory device. Processor
312 may also use data from other patients as stored in cali-
bration device 80, or statistical parameters stored in ROM 52,
RAM 54, encoder 42 or at a remote data storage location.
Other estimation techniques may include rule-based systems
and adaptive rule-based systems, such as propositional logic,
predicate calculus, modal logic, non-monotonic logic and
fuzzy logic.

In an embodiment, processor 312 produces confidence
intervals for the derived BP waveforms 710-720 using the
heart rate waveform 730. Confidence intervals allow a care
provider to assess the quality of a particular BP measurement
when making decisions about patient care. Processor 312
may use any one of the following example computational
techniques to construct confidence intervals for the derived
BP waveforms 710-720 using the heart rate waveform 730:
sample statistic techniques, likelihood theory, estimating
equations and significance testing. When constructing the
confidence intervals, processor 312 may retrieve a priori sta-
tistical parameters from a memory device such as ROM 52,
RAM 54, encoder 42 or at a remote data storage location.
Confidence measures may include probability density esti-
mates calculated, for example, using non-parametric Baye-
sian estimation methods, neural networks, or any suitable
heteroassociative function estimation method.

In the embodiment illustrated in FIG. 6B, the display
includes a correlation waveform 770 over an interval of time.
The level at which the correlation is zero is indicated by
dashed line 780. The display of FIG. 6B also includes a
warning message 790 alerting the care provider that the cor-
relation waveform 770 has dropped below a previously-cal-
culated or previously-defined threshold, signifying a danger-
ous medical condition. As discussed previously with respect
to FIG. 5, the warning message 790 of F1G. 6B is displayed by
output 314 in response to patient status indicator signal 319,
and is associated at least in part with the comparison pet-
formed by processor 312 in step 640.

FIG. 6C depicts an embodiment in which the correlation
waveform 770 is displayed along with estimates of a patient
status 791 and a patient outcome 792. These estimates 791
and 792 are determined by processor 312 based on a predic-
tive computational model. In some embodiments, the predic-
tive computational model determines only one of the patient
status estimate 791 and the patient outcome estimate 792. In
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some embodiments, the predictive computational model
determines additional estimates of a patient’s current physi-
ological status and prognosis. The predictive computational
model used by processor 312 may be based in part on at least
one of the following data sources: BP waveforms 710 and
720; HR waveform 730; additional physiological signals;
patient characteristics; historical data of the patient or other
patients; and computational or statistical models of physi-
ological processes. Processor 312 may retrieve any of these
data sources from memory such as ROM 52 or RAM 54, from
calibration device 80, from an external memory device, or
from a remote memory device. The structure of the predictive
computational model used by processor 312 may, for
example, be based on any of the following models: a neural
network, a Bayesian classifier, and a clustering algorithm. In
an embodiment, processor 312 develops a predictive neural
network based at least in part on historical data from the given
patient and other patients. In some embodiments, processor
312 implements the predictive computational model as a
hypothesis test. Processor 312 may continually refine or aug-
ment the predictive computational model as new patient data
is received via input signal 316. Processor 312 may also refine
the predictive model based on feedback from the patient or
care provider received through the user inputs 56. Other pre-
dictive frameworks may include rule-based systems and
adaptive rule-based systems such as propositional logic,
predicate calculus, modal logic, non-monotonic logic and
fuzzy logic.

FIG. 6C depicts a “hypertensive” patient status 791. The
patient status estimate 791 may be selected from any number
of potential values, and is embedded in the patient status
indicator signal 319. The processor 312 determines the appro-
priate patient status estimate 791 by applying the predictive
computational model to the input signal 316. For example, the
processor 312 may use a predictive computational model
whichis capable of producing patient statuses including “not-
mal,” “undergoing exertion,” “hypotensive,” “hypertensive,”
“blood loss,” “tachycardia,” “tachyarrhythmia,” “bradycar-
dia,” “cardiac output reduction” and other statuses.

FIG. 6C also depicts a “fair” patient outcome estimate 792.
The patient outcome estimate 792 may be an output of the
predictive computational model. Possible patient outcome
estimates 792 may include “good,” “fair,” “poor,” “critical”
and any other prognostic indication for use in triaging patients
or informing care providers of the severity of patient illness.

FIG. 7 is a flow diagram of an illustrative BP/HR monitor-
ing system in accordance with an embodiment. For purposes
of illustration, the process of F1IG. 7 will be described as being
performed by microprocessor 48 of FIG. 3, but may be per-
formed more generally by processor 312. Upon power-up of
the BP/HR monitoring system, microprocessor 48 stores an
initial status value (step 701) and an initial test counter value
(step 702). These values may be stored in RAM 54, to which
the microprocessor 48 is communicably coupled via internal
bus 50. The initial status value represents a nominal patient
condition, and may be, for example, the value “0” represent-
ing a normal patient status. The initial test counter value
represents which medical condition microprocessor 48 is cur-
rently testing for when comparing a characteristic of the
correlation to a threshold (which will be referred to as the
“current medical condition™). Microprocessor 48 may be
configured to test for more than one medical condition, and
each medical condition may be associated with an identifying
number. For example, the medical condition “tachycardia”
may be associated with identifying number “1” and the medi-
cal condition “atrial fibrillation” may be associated with iden-
tifying number “2”. When the test counter value is equal to the
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identifying number of a medical condition, microprocessor
48 performs the threshold test associated with that medical
condition, as will be discussed in more detail below. Micro-
processor 48 will sequentially carry out the performance of
the test associated with each medical condition and increment
the test counter value at the conclusion of each test.

At step 703, microprocessor 48 determines whether patient
monitoring is currently in progress. Microprocessor 48 may
make this determination by monitoring the signal produced
by sensor unit 12 for a “patient present” condition. For
example, when a patient is not being monitored by sensor unit
12, the signal produced by sensor unit 12 may be a near-zero
or ambient voltage level, from which microprocessor 48 may
conclude that monitoring is not in progress. If microprocessor
48 determines that monitoring is in progress, microprocessor
48 retrieves a set of test parameters corresponding to the
current test counter value (step 704). These test parameters
may include instructions for carrying out the correlation cal-
culation, instructions for identifying the correlation charac-
teristic and the particular threshold value associated with the
medical condition test corresponding to the current medical
condition. Microprocessor 48 may retrieve these test param-
eters from ROM 52 and store the parameters as the current set
of test parameters in RAM 54.

Microprocessor 48 determines whether any new input data
has been received (step 705) by querying QSM 72 via internal
bus 50. If buffer QSM 72 is empty, microprocessor 48 deter-
mines whether any other medical condition requires the same
correlation calculation as the current medical condition (step
711). Microprocessor 48 may perform this step, for example,
by comparing the instructions for the correlation calculation
associated with the current medical condition to the instruc-
tions for the correlation calculation associated with each of
the other medical conditions as stored in ROM 52. If micro-
processor 48 determines that another medical condition
requires the same correlation calculation as the current medi-
cal condition, this correlation calculation is retrieved from
RAM 54 (step 712).

Returning to step 705, if new data has been buffered into
QSM 72, microprocessor 48 stores this new data in RAM 54
(step 706) and may clear the data stored in QSM 72. Micro-
processor 48 then retrieves all of the data necessary to per-
form the correlation calculation from RAM 54 in accordance
with the instructions in the test parameters associated with the
current medical condition (step 707). At step 708, micropro-
cessor 48 performs this correlation calculation. Next, micro-
processor 48 performs the same comparison as step 711,
determining whether any other medical condition requires the
same correlation calculation as the current medical condition.
If another medical condition requires the same correlation
calculation, the calculation performed at step 708 is stored in
RAM 54 (step 710). Performing these kinds of checks elimi-
nates redundancy in data storage in RAM 54 and decreases
the time required for microprocessor 48 to perform a full
cycle of threshold tests for all medical conditions.

At step 713, microprocessor 48 extracts the correlation
characteristic from the correlation calculation. The correla-
tion characteristic for the current medical condition is
included in the current test parameters associated with the
current medical condition, as retrieved by microprocessor 48
from ROM 52. For example, the correlation characteristic
may be a rate of change of the calculated correlation, or may
be any other characteristic as discussed above. At step 714,
microprocessor 48 may determine whether the correlation
characteristic exceeds a threshold. As described above, the
threshold is also included in the test parameters associated
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with the current medical condition and was retrieved by
microprocessor 48 from ROM 52 in step 704.

If the correlation characteristic exceeds the threshold,
microprocessor 48 updates the stored status value in RAM 54
to a new status value associated with the current condition
(step 715). For example, if the current medical condition is
“tachycardia” and the associated correlation characteristic
exceeds the associated threshold, the status value will be
updated to “1,” where “1” is the status value corresponding to
the presence of “tachycardia.” If the correlation characteristic
does not exceed the threshold at step 714, the stored status
value does not change.

At step 716, a patient status indicator signal is generated
based upon the stored status value. The patient status indica-
tor signal may include an indication of the stored status value,
and may include additional information as described in detail
above. Microprocessor 48 increments the test counter at step
717, at which point microprocessor 48 returns to step 703.
When there are a finite number of medical conditions stored
in ROM 52, microprocessor 48 will perform step 717 by
resetting the test counter to its initial value once it performed
steps 704-716 for all of the stored conditions, and repeat the
full cycle of threshold tests.

The foregoing is merely illustrative of the principles of this
disclosure and various modifications can be made by those
skilled in the art without departing from the scope and spirit of
the disclosure. The following numbered paragraphs may also
describe various aspects of the disclosure.

What is claimed is:

1. A method for monitoring patient status with a processor,
the method comprising:

receiving an electronic signal indicative of a patient’s heart

rate;

receiving an electronic signal indicative of a patient’s

blood pressure;

calculating a correlation of the electronic signal indicative

of a patient’s heart rate and the electronic signal indica-
tive of a patient’s blood pressure;

determining whether the correlation is positive or negative;

comparing a characteristic of the correlation to a threshold

in response to determining that the correlation is posi-
tive;

generating a patient status indicator signal based on the

comparison; and

indicating, with an output device, a patient status based on

the generated patient status indicator signal.

2. The method of claim 1, wherein the charactetistic of the
correlation comprises a change in heart rate relative to a
change in blood pressure.

3. The method of claim 1, wherein the characteristic of the
correlation comprises a rate of change in heart rate relative to
a rate of change in blood pressure.

4. The method of claim 1, wherein indicating the patient
status comprises at least one of displaying the correlation
characteristic on a screen, displaying a message associated
with the patient status indicator signal, displaying a color
associated with the patient status indicator signal, displaying
a graphic associated with the patient status indicator signal,
and producing a sound associated with the patient status
indicator signal.

5. The method of claim 1, further comprising calculating a
current blood pressure based at least in part on the received
electronic signal indicative of the patient’s heart rate.

6. The method of claim 1, further comprising predicting at
least one of a patient outcome and current status using a
computational model based at least in part on the electronic
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signal indicative of a patient’s heart rate and the electronic
signal indicative of a patient’s blood pressure.
7. The method of claim 1, wherein the characteristic of the
correlation is selected from the group consisting of a maxi-
mum value, a minimum value, an average value, a median
value, a mode value, a rate of change, a second derivative, an
amplitude of a signal landmark, atiming of a signal landmark,
asimilarity of the correlation over an interval to a pre-defined
pattern, a function of the one or more correlations, a fre-
quency content, and any combination thereof.
8. The method of claim 1, further comprising:
calculating more than one correlation of the electronic
signal indicative of the patient’s heart rate and the elec-
tronic signal indicative of the patient’s blood pressure;

comparing each of more than one characteristic of the more
than one correlation to a respective corresponding
threshold;

generating the patient status indicator signal based on the

comparisons; and

combining the comparisons using at least one of algebraic

operations and logical operations, wherein generating
the patient status indicator signal is further based on the
combined comparisons.

9. A system for monitoring patient status with a processor,
the system comprising:

a processor capable of receiving at least one input signal,

the processor configured to:

receive an electronic signal indicative of a patient’s heart

rate;

receive an electronic signal indicative of a patient’s blood

pressure;

calculate a correlation of the electronic signal indicative of

a patient’s heart rate and the electronic signal indicative
of a patient’s blood pressure;

determine whether the correlation is positive or negative;

compare a characteristic of the correlation to a threshold in

response to determining that the correlation is positive;
generate a patient status indicator signal based on the com-
parison; and

an output device communicably coupled to the processor

configured to indicate a patient status based on the gen-
erated patient status indicator signal.

10. The system of claim 9, wherein the characteristic of the
correlation comprises a change in heart rate relative to a
change in blood pressure.

11. The system of claim 9, wherein the characteristic of the
correlation comprises a rate of change in heart rate relative to
a rate of change in blood pressure.

12. The system of claim 9, wherein the output device is
further configured to perform at least one of displaying the
correlation characteristic on a screen, displaying a message
associated with the patient status indicator signal, displaying
a color associated with the patient status indicator signal,
displaying a graphic associated with the patient status indi-
cator signal, and producing a sound associated with the
patient status indicator signal.

13. The system of claim 9, wherein the processor is further
configured to calculate a current blood pressure based at least
in part on the received electronic signal indicative of the
patient’s heart rate.

14. The system of claim 9, wherein the processor is further
configured to predict at least one of a patient outcome and
current status using a computational model based at least in
part on the electronic signal indicative of a patient’s heart rate
and the electronic signal indicative of a patient’s blood pres-
sure.
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15. The system of claim 9, wherein the characteristic of the
correlation is selected from the group consisting of a maxi-
mum value, a minimum value, an average value, a median
value, a mode value, a rate of change, a second derivative, an
amplitude of a signal landmark, a timing ofa signal landmark,
a similarity of the correlation over an interval to a pre-defined
pattern, a function of the one or more correlations, a fre-
quency content, and any combination thereof.
16. The system of claim 9, wherein the processor is further
configured to:
calculate more than one correlation of the electronic signal
indicative of the patient’s heart rate and the electronic
signal indicative of the patient’s blood pressure;

compare each of more than one characteristic of the more
than one correlation to a respective corresponding
threshold;

generate the patient status indicator signal based on the

comparisons; and

combine the comparisons using at least one of algebraic

operations and logical operations; and

generate the patient status indicator signal based on the

combined comparisons.

17. A system for monitoring patient status, the system
comptrising:

10

18

non-transitory computer readable medium storing com-
puter executable instructions for:

receiving an electronic signal indicative of'a patient’s heart
rate;

receiving an electronic signal indicative of a patient’s
blood pressure;

calculating a correlation of the electronic signal indicative
of a patient’s heart rate and the electronic signal indica-
tive of a patient’s blood pressure;

determining whether the correlation is positive or negative;

comparing a characteristic of the correlation to a threshold
in response to determining that the correlation is posi-
tive; and

generating a patient status indicator signal based on the
comparison; and

an output device configured to indicate a patient status
based on the generated patient status indicator signal.

18. The system of claim 17, wherein the characteristic of

the correlation comprises a change in heart rate relative to a

20 change in blood pressure.

19. The system of claim 17, wherein the characteristic of
the correlation comprises a rate of change in heart rate relative
to a rate of change in blood pressure.
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