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TITLE: SYSTEM AND METHOD FOR MONITORING AORTIC PULSE
WAVE VELOCITY AND BLOOD PRESSURE

CROSS-REFERENCE TO RELATED APPLICATION

[1] This application claims priority from U.S. provisional patent
application No. 62/069,106, filed October 27, 2014 entitled “SYSTEM AND
METHOD FOR MONITORING AORTIC PULSE WAVE VELOCITY AND
BLOOD PRESSURE”.

FIELD

[0002] The various embodiments described herein generally relate to a
system and method for monitoring aortic pulse wave velocity and blood
pressure, and in particular systems using a single external pulse sensor.

BACKGROUND

[0003] Pulse signals contain important information about the status of

an individual’s health. Arterial pulse signhals contain three waves that interact
to define the shape of the pulse signal. A primary wave is associated with
cardiac contraction; a reflected wave is formed as a summation of primary
wave reflections; and a dicrotic wave occurs when the Aortic Valve closes at

the end of the cardiac contraction phase, or systole.

[0004] The primary, reflected and dicrotic waves can be identified in an
arterial pulse signal acquired from most individuals. Typically, identification of
these waveforms and their characteristics requires the use of time domain or
frequency domain signal analysis methods. These waveforms can be used to
determine an aortic pulse wave velocity (AoPWV) of the arterial pulse signal.

[0005] AoPWV has been correlated with changes in blood pressure

over the short term and changes in aortic stiffness over the longer term. Aortic
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stiffness has been identified as an effective cardiac risk indicator and has also
been shown to be a predictor of risk of death from all causes.

[0006] Currently, there are several methods for determining an
individual's AoPWV. The 'gold standard’ method to determine AoPWV
involves the use of at least two arterial pulse sensors placed over the carotid
and femoral arteries. Another method to determine AoPWYV is to acquire the
brachial arterial pressure pulse signal using an inflatable cuff applied to an
arm. The acquired signals are often used with a calculated effective aortic
reflecting distance and pulse signal analysis which are then used to determine
AoPWV. Generally, known methods for acquiring pulse signals for AoPWV

analysis require the use of sophisticated hardware or are invasive.

SUMMARY OF VARIOUS EMBODIMENTS
[0007] In a broad aspect, at least one embodiment described herein

provides a method for monitoring aortic pulse wave velocity. The method can
include receiving a pulse signal from a sensor on the exterior of an individual's
body where the sensor is positioned at a sensor location that allows
acquisition of the pulse signal such that a reflected wave component of the
pulse signal is present and allows characterization of reflected wave onset. A
reflected wave onset point can be identified in the pulse signal. A reflected
wave ratio can be determined at the reflected wave onset point and the aortic
pulse wave velocity can be determined from the reflected wave ratio. The
method also includes at least one of displaying the aortic pulse wave velocity,
transmitting the aortic pulse wave velocity, and storing the aortic pulse wave

velocity.

[0008] In some embodiments, identifying the reflected wave onset point
may include determining a third derivative from the pulse signal, identifying a
second peak of the third derivative and identifying the reflected wave onset

point using the second peak of the third derivative.
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[0009] In some embodiments, identifying the reflected wave onset point
may include determining a third derivative and a fourth derivative from the
pulse signal, identifying an onset point test window from the fourth derivative,
identifying a first window peak of the third derivative in the onset point test
window, and identifying the reflected wave onset point using the first window

peak of the third derivative.

[0010] In some embodiments, determining the reflected wave ratio may
include determining a first derivative from the pulse signal, identifying a first
derivative onset point corresponding to the reflected wave onset point in the
third derivative, and determining the reflected wave ratio as a normalized

height of the first derivative onset point.

[0011] In some embodiments, determining the normalized height of the
first derivative onset point may include identifying a first peak in the first
derivative, measuring a height of the first peak, normalizing the first derivative
based on the height of the first peak, and measuring a height of the

normalized first derivative at the first derivative onset point.

[0012] In some embodiments, the aortic pulse wave velocity may be
determined using a look-up table of mappings from the reflected wave ratio to

the aortic pulse wave velocity.

[0013] In some embodiments, the method may further include
determining a heart rate from the pulse signal, and determining a normalized
aortic pulse wave velocity using a normalization factor determined from the
heart rate. In some embodiments, determining the normalized aortic pulse
wave velocity may include determining a normalized reflected wave ratio
using a normalization factor determined from the heart rate and then
determining the normalized aortic pulse wave velocity using the normalized

reflected wave ratio.

[0014] In some embodiments, the method may include calibrating blood
pressure factors for the individual, and determining the individual’s blood

pressure using the aortic pulse wave velocity and the blood pressure factors
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[0015] In some embodiments, prior to identifying the reflected wave
onset point, it may be determined if the pulse signal satisfies an error
threshold condition. The acts of identifying the reflected wave onset point,
calculating the reflected wave ratio, and determining the aortic pulse wave
velocity may only be performed if the pulse signal satisfies the error threshold

condition.

[0016] In some embodiments, determining whether the pulse signal
satisfies the error threshold condition may include determining a fourth
derivative from the pulse signal. A first peak, a second peak, and a third peak
from the fourth derivative may be identified, and it can be determined if the
first peak, second peak, and the third peak satisfy a plurality of peak error
conditions. The pulse signal may satisfy the error threshold condition if the
first peak, second peak, and the third peak satisfy the plurality of peak error

conditions.

[0017] In some embodiments, the plurality of peak error conditions may
include a first threshold and a second threshold. The first peak and the
second peak may be compared to determine if the second peak satisfies the
first threshold, and the second peak and the third peak may be compared to
determine if the third peak satisfies the second threshold. The pulse signal
may satisfy the error threshold condition if both the first threshold and the

second threshold are satisfied.

[0018] In some embodiments, a height of the second peak may be at
least 80% of a height of the first peak to satisfy the first threshold, and a
height of the third peak may be at least 10% of the height of the second peak

to satisfy the second threshold.

[0019] In some embodiments, the plurality of peak error conditions may
include an amplitude threshold, a first timing threshold, and a second timing
threshold. The first peak and the second peak may be compared to determine
if the second peak satisfies the amplitude threshold. A first distance between
the first peak and the second peak and a second distance between the

second peak and a third peak can be determined. The first distance and
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second distance may be compared to determine if the first timing threshold is
satisfied. A third distance between the first peak and the third peak can be
determined to determine if the second timing threshold is satisfied. The pulse
signal may satisfy the error threshold condition if each of the amplitude
threshold, the first timing threshold and the second timing threshold is

satisfied.

[0020] In some embodiments, a height of the second peak may be at
least 80% of a height of the first peak to satisfy the amplitude threshold, the
second distance may be less than three times the first distance to satisfy the
first timing threshold, and the third distance may be not less than 0.2 seconds

to satisfy the second timing threshold.

[0021] In another broad aspect, at least one embodiment described
herein provides a computer readable medium including a plurality of
instructions that are executable on a microprocessor of a device for adapting
the device to implement a method for monitoring aortic pulse wave velocity.
The method for monitoring aortic pulse wave velocity may be defined in
accordance with the various embodiments described in accordance with the

teachings herein.

[0022] In another broad aspect, at least one embodiment described
herein provides a system for monitoring aortic pulse wave velocity. The
system may include a pulse acquisition unit configured to acquire a pulse
signal from the exterior of an individual's body and a pulse analysis unit
having at least one of a display unit, a storage unit and a communication
interface. The pulse acquisition unit may be adapted to be positioned at a
sensor location that allows acquisition of the pulse signal such that a reflected
wave component of the pulse signal is present and allows characterization of
reflected wave onset, and the pulse acquisition unit may be configured to
transmit the pulse signal to the pulse analysis unit. The pulse analysis unit
may be configured to identify a reflected wave onset point in the pulse signal,
determine a reflected wave ratio at the reflected wave onset point, and

determine the aortic pulse wave velocity from the reflected wave ratio. The
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pulse analysis unit may further be configured to perform at least one of
displaying the aortic pulse wave velocity using the display unit, transmitting
the aortic pulse wave velocity using the communication interface or storing the
aortic pulse wave velocity using the storage unit.

[0023] In some embodiments, the pulse analysis unit may be
configured to identify the reflected wave onset point by determining a third
derivative from the pulse signal, identifying a second peak of the third
derivative, and identifying the reflected wave onset point using the second

peak of the third derivative.

[0024] In some embodiments, the pulse analysis unit may be
configured to identify the reflected wave onset point by determining a third
derivative and a fourth derivative from the pulse signal, identifying an onset
point test window from the fourth derivative, identifying a first window peak of
the third derivative in the onset point test window, and identifying the reflected

wave onset point using the first window peak of the third derivative.

[0025] In some embodiments, the pulse analysis unit may be
configured to determine the reflected wave ratio by determining a first
derivative from the pulse signal, identifying a first derivative onset point
corresponding to the reflected wave onset point in the third derivative, and
determining the reflected wave ratio as a normalized height of the first

derivative onset point.

[0026] In some embodiments, the pulse analysis unit may be
configured to determine the normalized height of the first derivative onset
point by identifying a first peak in the first derivative, measuring an height of
the first peak, normalizing the first derivative based on the height of the first
peak, and measuring a height of the normalized first derivative at the first

derivative onset point.

[0027] In some embodiments, the pulse analysis unit may be
configured to determine the aortic pulse wave velocity by using a look-up
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table of mappings from the reflected wave ratio to the aortic pulse wave
velocity.

[0028] In some embodiments, the pulse analysis unit may be
configured to determine a heart rate from the pulse signal, and determine a
normalized aortic pulse wave velocity using a normalization factor determined

from the heart rate.

[0029] In some embodiments, the pulse analysis unit may be
configured to calibrate blood pressure factors for an individual and determine
the individual’s blood pressure using the aortic pulse wave velocity and the
blood pressure factors. The pulse analysis unit may be configured to perform
at least one of displaying the individual’s blood pressure using the display
unit, transmitting the individual’'s blood pressure using the communication

interface, and storing the individual's blood pressure in the storage unit.

[0030] In some embodiments, the pulse analysis unit may be
configured to determine if the pulse signal satisfies an error threshold
condition prior to identifying the reflected wave onset point. The pulse analysis
unit may perform the steps of identifying the reflected wave onset point,
determining the reflected wave ratio, and determining the aortic pulse wave

velocity only if the pulse signal satisfies the error threshold condition.

[0031] In some embodiments, the pulse analysis unit may further be
configured to determine a fourth derivative from the pulse signal. The pulse
analysis unit may identify a first peak, a second peak, and a third peak from
the fourth derivative. The pulse analysis unit may determine if the first peak,
the second peak, and the third peak satisfy a plurality of peak error conditions,
and determine that the pulse signal satisfies the error threshold condition if
the first peak, the second peak, and the third peak satisfy the plurality of peak
error conditions.

[0032] In some embodiments, the plurality of peak error conditions may
include a first threshold and a second threshold. The pulse analysis unit may

compare the first peak and the second peak to determine if the second peak
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satisfies the first threshold and compare the second peak and the third peak
to determine if the third peak satisfies the second threshold. The pulse
analysis unit may determine that the pulse signal satisfies the error threshold
condition if both the first threshold and the second threshold are satisfied. In
some cases, a height of the second peak may be at least 80% of a height of
the first peak to satisfy the first threshold, and a height of the third peak may
be at least 10% of the height of the second peak to satisfy the second
threshold.

[0033] In some embodiments, the plurality of peak error conditions may
include an amplitude threshold, a first timing threshold, and a second timing
threshold. The pulse analysis unit may compare the first peak and the second
peak to determine if the second peak satisfies the amplitude threshold. The
pulse analysis unit may determine a first distance between the first peak and
the second peak and a second distance between the second peak and a third
peak and compare the first distance and second distance to determine if the
first timing threshold is satisfied. The pulse analysis unit may determine a third
distance between the first peak and the third peak to detemine if the second
timing threshold is satisfied. The pulse analysis unit can also determine that
the pulse signal satisfies the error threshold condition if each of the amplitude
threshold, the first timing threshold and the second timing threshold is
satisfied.

[0034] In some embodiments, a height of the second peak may be at
least 80% of a height of the first peak to satisfy the amplitude threshold, the
second distance may be less than three times the first distance to satisfy the
first timing threshold, and the third distance may be not less than 0.2 seconds

to satisfy the second timing threshold.

BRIEF DESCRIPTION OF THE DRAWINGS
[0035] For a better understanding of the various embodiments

described herein, and to show more clearly how these various embodiments

may be carried into effect, reference will be made, by way of example, to the
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accompanying drawings which show at least one example embodiment, and
which are now briefly described.

[0036] FIG. 1 is a block diagram of an example embodiment of a

system for monitoring aortic pulse wave velocity and blood pressure.

[0037] FIG. 2 is a flowchart of an example embodiment of a method for

monitoring aortic pulse wave velocity.

[0038] FIG. 3 is a flowchart of another example embodiment of a

method for monitoring aortic pulse wave velocity.

[0039] FIG. 4 is a diagram illustrating an example pulse signal and

derivatives of the pulse signal.

[0040] FIG. 5 is a screenshot of an example embodiment of a graphical
user interface (GUI) showing a plot of a pulse signal, the first derivative of the
pulse signal and the third derivative of the pulse signal.

[0041] FIG. 6 is a diagram illustrating a plot of an example of reflected

wave ratio against age.

[0042] FIG. 7A is a screenshot of an example embodiment of a GUI

that may be presented to a user of the system.

[0043] FIG. 7B is a diagram illustrating another example screenshot of
a GUI that may be presented to a user of the system to display cardiac

information for an individual being tested.

[0044] FIG. 8 is a flowchart of an example embodiment of a method for

determining if a pulse signal satisfies error threshold conditions.

[0045] FIG. 9A is a diagram illustrating an example pulse signal and

derivatives of the pulse signal where error threshold conditions are satisfied.

[0046] FIG. 9B is a diagram illustrating an example pulse signal and
derivatives of the pulse signal where error threshold conditions are not
satisfied.
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[0047] FIG. 9C is a diagram illustrating another example pulse signal
and derivatives of the pulse signal where error threshold conditions are not

satisfied.

[0048] FIG. 10 illustrates a plot of example reflected wave ratio
normalization factors that may be used for determining a normalized aortic

pulse wave velocity in accordance with an example embodiment.

[0049] FIG. 11 illustrates a plot of example conversion factors for
converting a reflected wave ratio to an internal age measure in accordance

with an example embodiment.

[0050] FIG. 12 illustrates a plot of example conversion factors for
converting a reflected wave ratio to an aortic pulse wave velocity in

accordance with an example embodiment.

[0051] FIG. 13 illustrates a plot of an example of aortic pulse wave

velocity determined using an alternative method against age.

[0052] FIG. 14 illustrates a plot of aortic pulse wave velocity
(determined in accordance with an example embodiment) compared with

aortic pulse wave velocity determined using an alternative method.

[0053] Further aspects and features of the embodiments described
herein will appear from the following description taken together with the

accompanying drawings.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0054] Various systems or methods will be described below to provide

an example of an embodiment of the claimed subject matter. No embodiment
described below limits any claimed subject matter and any claimed subject
matter may cover methods or systems that differ from those described below.
The claimed subject matter is not limited to systems or methods having all of
the features of any one system or method described below or to features

common to multiple or all of the apparatuses or methods described below. It is
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possible that a system or method described below is not an embodiment that
is recited in any claimed subject matter. Any subject matter disclosed in a
system or method described below that is not claimed in this document may
be the subject matter of another protective instrument, for example, a
continuing patent application, and the applicants, inventors or owners do not
intend to abandon, disclaim or dedicate to the public any such subject matter

by its disclosure in this document.

[0055] Furthermore, it will be appreciated that for simplicity and clarity
of illustration, where considered appropriate, reference numerals may be
repeated among the figures to indicate corresponding or analogous elements.
In addition, numerous specific details are set forth in order to provide a
thorough understanding of the embodiments described herein. However, it will
be understood by those of ordinary skill in the art that the embodiments
described herein may be practiced without these specific details. In other
instances, well-known methods, procedures and components have not been
described in detail so as not to obscure the embodiments described herein.
Also, the description is not to be considered as limiting the scope of the

embodiments described herein.

[0056] It should also be noted that the terms “coupled” or “coupling” as
used herein can have several different meanings depending in the context in
which these terms are used. For example, the terms coupled or coupling can
have a mechanical, electrical or communicative connotation. For example, as
used herein, the terms coupled or coupling can indicate that two elements or
devices can be directly connected to one another or connected to one another
through one or more intermediate elements or devices via an electrical
element, electrical signal or a mechanical element depending on the particular
context. Furthermore, the term “communicative coupling” may be used to
indicate that an element or device can electrically, optically, or wirelessly send
data to another element or device as well as receive data from another
element or device.
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[0057] It should also be noted that, as used herein, the wording
“and/or” is intended to represent an inclusive-or. That is, “X and/or Y” is
intended to mean X or Y or both, for example. As a further example, “X, Y,
and/or Z” is intended to mean X or Y or Z or any combination thereof.

[0058] It should be noted that terms of degree such as "substantially”,
"about" and "approximately" as used herein mean a reasonable amount of
deviation of the modified term such that the end result is not significantly
changed. These terms of degree may also be construed as including a
deviation of the modified term if this deviation would not negate the meaning

of the term it modifies.

[0059] Furthermore, any recitation of numerical ranges by endpoints
herein includes all numbers and fractions subsumed within that range (e.g. 1
to Sincludes 1, 1.5, 2, 2.75, 3, 3.90, 4, and 5). It is also to be understood that
all numbers and fractions thereof are presumed to be modified by the term
"about" which means a variation of up to a certain amount of the number to

which reference is being made if the end result is not significantly changed.

[0060] Described herein are various example embodiments of a system
and method that may be used for monitoring aortic pulse wave velocity
(AOPWV). Furthermore, at least some of the embodiments of the systems and
methods described herein may also be used to monitor an individual's blood
pressure using the aortic pulse wave velocity. In addition, at least some of the
embodiments described herein may also be used to track changes in an
individual’s AoPWV and blood pressure over time as part of a health or fitness

tracking program.

[0061] At least some of the embodiments described herein take into
account that the effective aortic reflecting distance is a factor that increases
with aging. Methods for determining effective aortic reflecting distance (and
therefore AoPWYV) typically introduce age, sex, weight and height as factors

that will influence the calculated result.
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[0062] At least one of the embodiments described herein, provides a
system and/or method for determining AoPWV using an arterial pulse signal
acquired in a simple, non-invasive and cost effective manner. At least one of
the embodiments described herein, provides a system and/or method for
obtaining AoPWV directly from the analysis of a pulse signal without a need
for information about age, sex, height, weight or other factors. These systems
or methods may be used to monitor blood pressure in a continual fashion and

to assess aortic stiffness for health risk estimation.

[0063] In the embodiments described herein, AoPWV may be
determined from a pulse signal acquired from the exterior of an individual’s
body. Generally, pulse signals include three wave components: a primary
wave, a reflected wave and a dicrotic wave. Analysis of these components

can be used to determine the AoPWV.

[0064] The aortic reflected wave is a wave that originates in the aorta
and other blood vessels distal to the aorta. Each cardiac contraction initiates a
primary wave that travels down the walls of the aorta. Reflections of the
primary wave are generated and return towards the heart in response to
various reflecting sites. Reflecting sites can include, but are not limited to,
sites where the aorta gives rise to other blood vessels (e.g. renal arteries),
where the aorta narrows, where the aorta wall properties vary, where the
aorta bifurcates to form the iliac arteries and various other reflecting sites that
may occur, such as in response to a range of phenomena associated with the
distal arterial tree, for example. Reflections occurring at a number of separate
sites can sum to form a reflected wave that may be detectable in an arterial

pulse signal acquired from a suitable location.

[0065] An arterial pulse signal can be acquired non-invasively using a
variety of techniques. In many cases, pulse sensors placed on, or superior to,
an individual’'s lower abdomen are able to acquire the pulse signal in a way
that allows identification of an aortic reflected wave component of the pulse
signal. Examples of suitable locations for non-invasive arterial pulse sensors

include placement on the trunk, upper extremities and head of an individual

7269033

Date Regue/Date Received 2022-02-10



10

15

20

25

30

-14 -

although other suitable locations may also be used. Suitable sensor locations
generally refer to sensor locations that allow acquisition of the pulse signal
such that a reflected wave component of the pulse signal is present in the
sensed data and allows characterization of reflected wave onset.

[0066] In some cases, suitable locations may be identified by analyzing
the pulse signals received from the pulse sensors. In some cases, the pulse
signal may be analyzed to determine that it has a sufficient signal to noise
ratio and contains signal components corresponding to the primary wave, the
reflected wave and the dicrotic wave. For example, the received pulse signals
may be compared to error condition thresholds. If the pulse signals satisfy the
error condition thresholds (i.e. if the pulse signals are not considered
erroneous or invalid based on the set thresholds) then the location may be

identified as being a suitable location for identifying the individual’'s AOPWV.

[0067] In various embodiments described in accordance with the
teachings herein, an individual's AoOPWV can be identified from an arterial
pulse signal. Once the pulse signal has been acquired, signal analysis
techniques can be applied in order to derive AOPWV. In various embodiments
described herein, derivatives of the pulse signal may be analyzed in order to
derive the AoPWV. In some cases, analysis of pulse signal derivatives can

reveal subtle wave components.

[0068] In some cases, polynomial smoothing methods may be used to
smooth a received pulse signal and obtain derivatives of the pulse signal. For
example, the Savitzky-Golay method of polynomial curve fitting can be used
in some embodiments to determine and smooth pulse signal derivatives while
retaining high frequency content. Various alternative polynomial smoothing

techniques may be used, such as spline interpolation for example.

[0069] In some embodiments described herein, the first and third
derivatives of the pulse signal may be used to identify primary and reflected
waves for derivation of the AoPWYV. For example, the second peak of the third
derivative may be used to identify a reflected wave onset point in the pulse

signal. The second peak may then be used to identify a corresponding point in
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the first derivative signal. This point may be referred to as the reflected wave
onset point (RWOP) or the first derivative onset point. In some cases, the
fourth derivative of the pulse signal may be used to identify an onset point test
window for examining the third derivative. A first window peak of the third
derivative in the onset point test window may then be used to identify the

reflected wave onset point.

[0070] In some embodiments, the RWOP may be used to determine a
reflected wave ratio. The reflected wave ratio may be determined using a
normalized height of the RWOP. The reflected wave ratio may then be used
to determine the individual’s AoPWV. In some cases, the individual’'s AoPWV
may then be compared to population averages to identify the individual's
physiological age and/or may be used to determine the individual’'s blood

pressure.

[0071] The example embodiments of the systems and methods
described herein may be implemented as a combination of hardware or
software. In some cases, the example embodiments described herein may be
implemented, at least in part, by using one or more computer programs,
executing on one or more programmable devices having at least one
processing element, and a data storage element (including volatile and non-
volatile memory and/or storage elements). These devices may also have at
least one input device (e.g. a keyboard, mouse, a touchscreen, and the like),
and at least one output device (e.g. a display screen, a printer, a wireless

radio, and the like) depending on the nature of the device.

[0072] It should also be noted that there may be some elements that
are used to implement at least part of one of the embodiments described
herein that may be implemented via software that is written in a high-level
procedural language such as object oriented programming. Accordingly, the
program code may be written in C, C** or any other suitable programming
language and may comprise modules or classes, as is known to those skilled
in object oriented programming. Alternatively, or in addition thereto, some of

these elements implemented via software may be written in assembly

7269033

Date Regue/Date Received 2022-02-10



10

15

20

25

30

-16 -

language, machine language or firmware as needed. In either case, the

language may be a compiled or interpreted language.

[0073] At least some of these software programs may be stored on a
storage media (e.g. a computer readable medium such as, but not limited to,
ROM, magnetic disk, optical disc) or a device that is readable by a general or
special purpose programmable device. The software program code, when
read by the programmable device, configures the programmable device to
operate in a new, specific and predefined manner in order to perform at least

one of the methods described herein.

[0074] Furthermore, at least some of the programs associated with the
systems and methods of the embodiments described herein may be capable
of being distributed in a computer program product comprising a computer
readable medium that bears computer usable instructions for one or more
processors. The medium may be provided in various forms, including non-
transitory forms such as, but not limited to, one or more diskettes, compact
disks, tapes, chips, and magnetic and electronic storage. In alternative
embodiments, the medium may be transitory in nature such as, but not limited
to, wire-line transmissions, satellite transmissions, internet transmissions (e.g.
downloads), media, digital and analog signals, and the like. The computer
useable instructions may also be in various formats, including compiled and

non-compiled code.

[0075] Referring now to FIG. 1, shown therein is a block diagram of an
example embodiment of a system 10 that can be used to monitor aortic pulse
velocity and blood pressure for an individual. The system 10 includes an
operator unit 12, a data acquisition unit 40, and a sensor unit 42. The system
10 is provided as an example and there can be other embodiments of the
system 10 with different components or a different configuration of the
components described herein. The system 10 further includes several power
supplies (not all shown) connected to various components of the system 10
for providing power thereto as is commonly known to those skilled in the art.

In general, a user may interact with the operator unit 12 to acquire pulse
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signals from a sensor unit 42 located on the exterior of an individual, to

perform pulse signal analysis and review the results of the analysis.

[0076] The operator unit 12 comprises a processing unit 14, a display
16, a user interface 18, an interface unit 20, Input/Output (I/0) hardware 22, a
wireless unit 24, a power unit 26 and a memory unit 28. The memory unit 28
comprises software code for implementing an operating system 30, various
programs 32, a data acquisition interface 34, a data analyzer 36, and one or
more databases 38. Many components of the operator unit 12 can be
implemented using a desktop computer, a laptop, a mobile device, a tablet,
and the like.

[0077] The processing unit 14 controls the operation of the operator
unit 12 and can be any suitable processor, controller or digital signal
processor that can provide sufficient processing power processor depending
on the configuration, purposes and requirements of the system 10 as is
known by those skilled in the art. For example, the processing unit 14 may be
a high performance general processor. In alternative embodiments, the
processing unit 14 may include more than one processor with each processor
being configured to perform different dedicated tasks. In alternative
embodiments, specialized hardware can be used to provide some of the

functions provided by the processing unit 14.

[0078] The display 16 may be any suitable display that provides visual
information depending on the configuration of the operator unit 12. For
instance, the display 16 can be a cathode ray tube, a flat-screen monitor and
the like if the operator unit 12 is a desktop computer. In other cases, the
display 16 can be a display suitable for a laptop, tablet or handheld device
such as an LCD-based display and the like. Examples of GUIs that may be
shown to a user on the display 16 are shown in FIGS. 5, 7A and 7B.

[0079] The user interface 18 can include at least one of a mouse, a
keyboard, a touch screen, a thumbwheel, a track-pad, a track-ball, a card-
reader, voice recognition software and the like again depending on the

7269033

Date Regue/Date Received 2022-02-10



10

15

20

25

30

-18 -

particular implementation of the operator unit 12. In some cases, some of
these components can be integrated with one another.

[0080] The interface unit 20 can be any interface that allows the
operator unit 12 to communicate with other devices or computers. In some
cases, the interface unit 20 can include at least one of a serial port, a parallel
port or a USB port that provides USB connectivity. The interface unit 20 can
also include at least one of an Internet, a Local Area Network (LAN), an
Ethernet, a Firewire, a modem or a digital subscriber line connection. In some
embodiments, various combinations of these elements may be incorporated
within the interface unit 20.

[0081] The 1/0O hardware 22 is optional and can include, but is not
limited to, at least one of a microphone, a speaker and a printer, for example,

depending on the configuration of the operator unit 12.

[0082] The wireless unit 24 is optional and can be a radio that
communicates utilizing CDMA, GSM, GPRS or Bluetooth protocol according
to standards such as |EEE 802.11a, 802.11b, 802.11g, or 802.11n. The
wireless unit 24 can be used by the operator unit 12 to communicate with

other devices or computers.

[0083] The power unit 26 can be any suitable power source that
provides power to the operator unit 12 such as a power adaptor or a
rechargeable battery pack depending on the implementation of the operator

unit 12 as is known by those skilled in the art.

[0084] The memory unit 28 may include RAM, ROM, one or more hard
drives, one or more flash drives or some other suitable data storage elements
such as disk drives, etc. The memory unit 28 may be used to store an
operating system 30 and programs 32 as is commonly known by those skilled
in the art. For instance, the operating system 30 provides various basic
operational processes for the operator unit 12. The programs 32 include
various user programs so that a user can interact with the operator unit 12 to

perform various functions such as, but not limited to, acquiring data, viewing
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and manipulating data, adjusting parameters for data analysis as well as
sending messages as the case may be.

[0085] The data acquisition interface 34 may be used to obtain or
record pulse signals that are sensed by the sensor unit 42. The data
acquisition interface 34 is coupled to the data acquisition unit 40 and the
sensor unit 42 in order to acquire these signals. In some cases, the data
acquisition interface 34 may be integrated into the data acquisition unit 40 as
a software or hardware component operating in conjunction with the data

acquisition unit 40.

[0086] The data acquisition unit 40 may be used to control the
operation of sensor unit 42 and to transfer pulse signals to the operator unit
12 through the interface unit 20. In some embodiments, the data acquisition
unit 40 and the sensor unit 42 may be combined as a single unit, while in
other embodiments they may operate as separate units. In some cases, the
data acquisition unit 40, the sensor unit 42 and the operator unit 12 can be
combined as a single unit. In some cases, the data acquisition unit 40 and
sensor unit 42 may be wireless devices that are wirelessly coupled to the
operator unit 12 and each (or a combined unit) may include a battery or other

power source.

[0087] It should be noted that the data acquisition interface 34 may also
obtain pulse signal data that is stored on a data store, such as the databases
28 or an external data store, or received from another computing device via
the interface unit 20 or the wireless unit 24, for example, rather than obtain
the pulse signal data by using the data acquisition unit 40 and the sensor unit
42. In other words, there may be cases in which the data acquisition interface
34 may obtain pre-recorded pulse signal data for analysis by the data

analyzer 36.

[0088] The data analyzer 36 may be configured to process the pulse
signal data that was obtained by the data acquisition interface 34 in order to
monitor an individual's aortic pulse wave velocity. In at least some

embodiments, the data analyzer 36 may be further operable to process the
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pulse signal data to monitor an individual's blood pressure and/or to provide
an estimated physiological age.

[0089] The data analyzer 36 may also process the pulse signal data to
determine whether the acquired signals satisfy error condition thresholds.
Such error processing may be used to determine whether the sensor unit 42
has been placed at a suitable location for identifying the individual’s aortic
pulse wave velocity. Example embodiments of analysis methods that may be
employed by the data analyzer 36 are described in more detail with respect to
FIGS. 2, 3 and 8.

[0090] In alternative embodiments, the data acquisition interface 34
and data analyzer 36 may be combined as a single hardware and software
component or may be separated into multiple hardware and software
components. The data acquisition interface 34 and data analyzer 36 are
typically implemented using software, but there may be instances in which

they may be implemented using FPGA or application specific circuitry.

[0091] For ease of understanding, certain aspects of the methods
described herein are described as being performed by the data analyzer 36. it
should be noted, however that these methods are not limited in that respect,
and the various aspects of the methods described herein may be performed
by other hardware and software components for determining AoPWV and

other parameters.

[0092] The databases 38 may be used to store data for the system 10
such as system settings, parameter values, and calibration data. For example,
in some embodiments, the system 10 may use initial calibration to determine
the individual’'s blood pressure factors. In some cases, these blood pressure
factors may be stored in databases 38 and used in various methods
described herein to determine the individual’s blood pressure using their aortic
pulse wave velocity. The databases 38 may also store other information that
is used for the operation of the programs 32 or the operating system 30 such
as dynamically linked libraries and the like.
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[0093] The operator unit 12 comprises at least one interface that the
processing unit 14 communicates with in order to receive or send information.
This interface may be the user interface 18, the interface unit 20 or the
wireless unit 24, depending on the particular configuration of the operator unit
12. For example, the blood pressure factors used by the system 10 in order to
monitor blood pressure using AoPWV may be inputted by a user through the
user interface 18 or these blood pressure factors may be received through the

interface unit 20 from a separate computing device or data store.

[0094] The processing unit 14 may communicate with either one of the
user interface 18, the interface unit 20 or the wireless unit 24 as well as the
display 16 or the 1/O hardware 22 in order to output information related to at
least one of the individual's AoPWV, blood pressure, the individual’s
‘physiological age’, other information that may be derived from the pulse

signals or system parameters.

[0095] Users of the operator unit 12 may communicate information
across a network connection to a remote system for storage and/or further
analysis in some embodiments. This communication may also include email
communication or other communication over a network such as the Internet or

a wireless cellular network, for example.

[0096] In some cases, the user may also use the operator unit 12 to
input information for system parameters that are used for proper operation of
the system 10 such as calibration information and other system operating
parameters as is known by those skilled in the art. Data that are obtained from
tests, as well as parameters used for operation of the system 10, may be
stored in the memory unit 28. The stored data may include raw recorded data

as well as processed signal data.

[0097] The data acquisition unit 40 comprises hardware and circuitry
that may be used to record pulse signals from an individual. The sensor unit
42 may be used to measure data and/or parameters that may be used to
acquire a pulse signal from the individual.
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[0098] In some embodiments, the sensor unit 42 may be an optical
pulse sensor. Non-invasive optical pulse sensors can detect variations in light
transmitted through or reflected from skin surfaces. In some embodiments, an
optical sensor can be placed over an individual’s fingernail to acquire a pulse
signal. Other suitable sensor locations for an optical sensor may include, but
are not limited to, the hypothenar area of the palm and the external auditory
canal. A wide variety of other suitable locations may be used to acquire

signals using an optical pulse sensor.

[0099] Various modifications can be made to the sensor unit 42. For
example, light in the red, green or other wavelength regions may be
effectively employed. In some embodiments, an optical pulse sensor can be
operated in a transmission mode for illuminating elements on one side of the
fingertip and in a reception mode for a photodetector element on the other
side of the fingertip. Alternatively, in some embodiments, an optical pulse
sensor may have an LED and a photodetector element that may be used in a
reflective mode arrangement. In some cases, the photodetector element may

be a phototransistor or a photodiode.

[00100] In some cases, a variety of alternative sensor instruments such
as, but not limited to, a pressure tonometer, a piezo film, an impedance
plethysmograph, or an inflatable cuff, for example, can be used as the sensor
unit 42. Accordingly, the example methods for monitoring AocPWV described
herein may be modified to account for differences in the pulse signals
acquired by different sensor unit implementations. For example, the
relationship of the reflected wave ratio to aortic pulse wave velocity may vary
for different pulse acquisition sensors so different look-up tables may be

necessary.

[00101] Suitable sensor locations may also vary for differing sensor
instruments. For example, a pressure sensor may use a physically pulsatile
arterial pulse signal for adequate operation. Furthermore, in some cases the
sensor location may affect the morphology of the acquired pulse signal.

Accordingly, the pulse detection methods may need to be modified in certain
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cases to account for these changes in morphology to obtain a reflected wave
ratio that can be calibrated with the aortic pulse wave velocity.

[00102] In some cases, in order to obtain sufficient signal detail for pulse
signal analysis the optical sensor samples the pulse signal with sufficient
sampling speed and resolution. For example, a 200 Hz sampling speed with
20 bits of resolution may be used in some embodiments. In some cases, the
data acquisition unit 40 can adjust the sampling speed and sampling
resolution of an Analog to Digital convertor (ADC) associated with the sensor
unit 42.

[00103] In some cases, the sensor unit 42 and the data acquisition unit
40 can be combined in a single unit. For example, in one embodiment, an
optical pulse sensor such as an oximeter incorporating an infrared LED, with a
wavelength of 880 nm and a matching photodiode, may operate in
transmission mode when placed over a finger of the individual. The oximeter
may have onboard processing circuitry (i.e. the data acquisition unit 40) that
acquires the pulse signal using an analog-to-digital conversion (ADC) at the

desired sampling speed and resolution.

[00104] The data acquisition unit 40 may be coupled to the operator unit
12 using various interfaces as described above. The data acquisition unit 40
may send data that has been measured from the individual to the operator
unit 12 such as, but not limited to, at least one of pulse signal data, heart rate
data, oxygen saturation data, and battery voltage data, for example. In some
cases, the data may be encoded so as to ensure that missed data can be
detected. For example, where a 20 bit pulse sample is used, the data
acquisition unit 40 may assign a number from 0 to 255 to each 20 bit pulse
sample. The data acquisition interface 34 can extract 20 bit pulse samples
and ensure that the 0 to 255 assigned numbers are incrementing in a way that
indicates no missed data. In some cases, if there is missed data then the
missed data can be replaced with an average of the samples immediately
before and after the missed data. The data acquisition interface 34 can

combine the received samples into a continuous data sample for analysis.
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[00105] In some embodiments, the pulse signal may be acquired without
using any signal conditioning techniques. In some cases, conditioning the
acquired signal may affect the pulse signal in ways that make analysis of
primary and reflected wave components less effective.

[00106] Referring now to FIG. 2, shown therein is flowchart of an
example embodiment of a method 200 for monitoring aortic pulse wave
velocity. Method 200 can be used by the system 10 to monitor the aortic pulse

wave velocity of an individual.

[00107] At 202, data analyzer 36 receives a pulse signal. The pulse
signal may be received from a sensor unit 42 positioned on the exterior of an
individual’s body. The sensor unit 42 can be positioned at a sensor location
that allows acquisition of the pulse signal such that a reflected wave
component of the pulse signal is present and allows characterization of
reflected wave onset. In some embodiments, the data analyzer 36 may
receive a pulse signal that has been pre-recorded and stored in a data store,

as described previously.

[00108] In some embodiments the sensor unit 42 and the data
acquisition unit 40 may be combined into a pulse acquisition unit. In such
embodiments, the pulse acquisition unit may be configured to acquire the
pulse signal from the individual and to process the signal or transmit the
signal to a pulse analysis unit for processing. In some embodiments, the pulse
acquisition unit may further incorporate the pulse analysis unit. In other
embodiments, the operator unit 12 or another processing unit may operate as

the pulse analysis unit.

[00109] In some cases, the data analyzer 36 may determine if the pulse
signal satisfies at least one error threshold condition prior to identifying a
RWOP. In some cases, determining if the pulse signal satisfies the error
threshold condition may also be used to determine if the sensor unit 42 has
been placed in a suitable sensor location for acquiring the pulse signal
according to method 200. An example method for determining if a pulse signal
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satisfies error threshold conditions will be described in further detail below
with reference to FIG. 8.

[00110] Depending on the type of sensor unit 42 used, the pulse signal
may be acquired in different forms. For example, in some embodiments the
pulse signal can be acquired as a volume pulse signal and the data analyzer
36 may analyze the volume pulse signal directly. In other cases, the data
analyzer 36 may convert or transform the volume pulse signal into a pressure
pulse signal prior to performing data analysis including identifying a RWOP.
An example derivation of a transfer function that may be used is described in
the article ‘Noninvasive Assessment of the Digital Volume Pulse: Comparison
with the Peripheral Pressure Pulse’ by Millasseau et al (Hypertension, 2000;
36: 952-956).

[00111] In some embodiments, the pulse signal may be filtered by the
data acquisition interface 34 or the data analyzer 36 prior to being processed
by the data analyzer 36. For example, the acquired pulse signal may be
filtered to remove noise or other unwanted artifacts. An example of this is
using a Finite Impulse Response (FIR) filter to remove high frequency noise
as well as other unwanted signal components, such as signal components
due to respiratory variations. For instance, the FIR filter may have a 200th-
order pass band, allowing signal components of the pulse signal for
frequencies between 0.4-40Hz to pass, while blocking other signal

components. Other appropriate filtering techniques may also be used.

[00112] At 204 the data analyzer 36 can identify a RWOP in the pulse
signal. In some cases, the data analyzer 36 may identify the RWOP (and the
reflected wave ratio) using derivatives of the pulse signal. Various methods
may be used to determine pulse signal derivatives, in some cases along with
smoothing techniques to generate smoothed derivative signals such as, but
not limited to, a Savitsky-Golay technique may be used to determine smooth

pulse signal derivatives, for example.

[00113] In some embodiments, the data analyzer 36 may determine first,

second, third and fourth derivatives of the pulse signal. A smoothing window
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may be applied to the pulse signal to smooth the determined derivatives by,
for each data point in the acquired pulse signal, smoothing the determined
derivatives using adjacent points within the smoothing window. For instance,
the smoothing window may take into account a set of data points before and a
set of data points after each data point, e.g. 4 points before and after, 6 points

before and after etc.

[00114] The data analyzer 36 may then determine a pulse onset point
for each heartbeat pulse in the pulse signal using the determined derivatives.
For example, the data analyzer 36 may process the first derivative to identify
local signals maximums and minimums in the acquired pulse signal. Signal
minimums in the pulse signal may be determined as zero crossing points of
the first derivative from negative to positive, while signal maximums may be
determined as zero crossing points of the first derivative from positive to
negative. Similarly, this methodology may be used to identify local maximums
and minimums in the first derivative by analyzing the second derivative and so
forth for the third and fourth derivatives.

[00115] The pulse onset point for each pulse may be determined by
identifying a first local maximum in the first derivative. A pulse onset test
window may be used to validate the first local maximum in the first derivative.
The pulse onset test window may be determined based on the heart rate, e.g.
as a portion of a heartbeat, such as half a beat length in time. Then, analyzing
the first derivative backwards in time from the first local maximum in the first
derivative, the first local minimum of the pulse signal can be identified. The
first local minimum may be determined to be the pulse onset point for a

particular heartbeat wave pulse.

[00116] The local maximums of the pulse signal may then be identified
using the first derivative. This time, analyzing the first derivative forward in
time from the first local maximum in the first derivative, the local maximums of
the pulse signal can be identified by the zero crossings (from positive to
negative). Once again, the local maximums of the pulse signal can be

confirmed using a local max test window determined based on the heart rate,
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typically shorter than the pulse onset test window (e.g. as 1/3 or 74 of a
heartbeat length).

[00117] In some embodiments, the third derivative and fourth derivative
may be used to identify the reflected wave onset point. The fourth derivative
can be used to identify an onset point test window that can be applied to the
third derivative to identify the reflected wave onset point in the third derivative.
A first peak of the third derivative within the onset point test window (a first
window peak) can be identified. This first window peak (i.e. the point in time
corresponding to the first window peak) may be identified as the reflected

wave onset point.

[00118] For each pulse, a first local maximum (a first peak), second local
maximum (a second peak), and third local maximum (a third peak) can be
identified in the fourth derivative. These local maximums or peaks may again
be confirmed using a test window, e.g. +/- 0.05s. The third peak location can

be used to define the onset point test window.

[00119] The local maxima in the fourth derivative may be identified by
analyzing the fourth derivative starting from the onset of each pulse
(determined as described above). From the point in the fourth derivative
corresponding to the onset point, and moving backwards in time, the fourth
derivative can be analyzed until a zero crossing from positive to negative is
identified (as the analysis is moving backwards in time, this will be the case
where if t<t+1, f"'(1)<0 and f""(t+1)>=0). From this zero crossing, the first three

"peaks” ( or local maxima) in the 4th derivative are identified.

[00120] In some cases, at least one of the peaks in the 4" derivative of a
pulse may occur prior to the onset point for that pulse identified above. This

may occur depending on the remaining blood pressure from a previous pulse.

[00121] The first, second and third peak may be used to determine if the
acquired pulse signal satisfies error conditions, as will be discussed further
below. In some cases, if the acquired pulse signal does not satisfy the error
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conditions, then the pulse signal may not be usable for determining the
reflected wave ratio.

[00122] In some embodiments, the reflected wave onset point may be
identified beginning from a location in the third derivative corresponding to the
third peak location and identifying the next closest local maximum (moving
forward in time). This next closest local maximum may be determined to be

the reflected wave onset point (RWOP).

[00123] In some embodiments, the reflected wave onset point for a
particular pulse may be identified in the third derivative. A local minimum of
the third derivative for that particular pulse can be identified. Beginning from
the local minimum, and moving forward in time, the reflected wave onset point
(RWOP) may be identified as the next location t in the third derivative where
t<t+1 and f"(t)>=f"(t+1). That is, the next peak in the third derivative
(beginning from the local minimum and moving forward in time) may be
identified as the RWOP.

[00124] Another example of a method using pulse signal derivatives to
identify the RWOP and reflected wave ratio will be described in further detail
below with regards to FIG. 3.

[00125] At 206, the data analyzer 36 can determine a reflected wave
ratio at the RWOP. In accordance with the teachings herein, an individual’s
reflected wave ratio has been identified as having a generally linear
relationship with age. An individual’s reflected wave ratio can also be used to
determine  AoPWV. An example plot illustrating reflected wave ratios

compared with age is described below with reference to FIG. 6.

[00126] At 208, the data analyzer 36 determines the aortic pulse wave
velocity from the reflected wave ratio. In some cases, the aortic pulse wave
velocity can be determined from the reflected wave ratio using a look-up table.
The look-up table may include a mapping of reflected wave ratios to aortic

wave pulse velocity.
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[00127] In some cases, the look-up table may be determined
experimentally. In some cases, the look-up table provides a value that is an
average of many experimental observations. For example, AoPWV can be
derived using the 'gold standard' carotid-femoral testing procedure
simultaneously with acquisition of the reflected wave ratio. This data can be

used to map reflected wave ratio values to AoPWV values.

[00128] At 210, the system 10 may perform various actions with the
determined aortic pulse wave velocity. In some cases, the AoPWV can be
displayed on the display 16. For example, the display 16 may display the
aortic pulse wave velocity in a GUI such as that shown in FIG. 8B, discussed
below. Various other values derived from analysis of the pulse signal may
also be displayed on the display 16. Alternatively, or in addition thereto, the
derived values may be transmitted to another electronic device. Alternatively,

or in addition thereto, the derived values may be stored in a data store.

[00129] The data analyzer 36 may also transmit the aortic pulse wave
velocity to a remote location for storage or further analysis. For example, the
aortic pulse wave velocity may be transmitted over the internet to be stored in
a profile for the individual in a computer system or database. The individual
may be able to access their profile over the internet to review the changes in
their AoPWV over time. This may also allow the individual to share
information about their AoPWV with other individuals such as a health or

fitness professional.

[00130] In some cases, the data analyzer 36 may store the AoPWYV in
the databases 38. The AoPWV may be stored for further analysis at a later
time, for later transmission, for display to the user at a later time or for various

other uses.

[00131] In some cases, the data analyzer 36 may perform further
analysis on the AoPWV. In some cases, an individual's heart rate may affect
their AoPWV. For example, a 50% increase in heart rate above 60 beats per
minute (“bpm”) may result in a ~5% increase in AoPWV. Similarly, each 1%

increase in heart rate above 60 bpm may result in a ~0.1% increase in
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AoPWV. Accordingly, it may be desirable to normalize the AoPWV
determined by the data analyzer 36 to account for the individual’s current

heart rate.

[00132] In some cases, the pulse signal received by the data analyzer
36 may include information related to the individual’s current heart rate. In
such cases, the data analyzer 36 may use the heart rate information from the
pulse signal to determine a normalized aortic pulse wave velocity. For
example, the data analyzer 36 may normalize AoPWV using a baseline heart
rate of the individual’s resting heart rate or an estimated resting heart rate or
baseline heart rate range. For example, in some cases AoPWV may be
normalized to a heart rate of 60 bpm. An example formula for determining a

normalized AoPWYV is shown below:

Let HR>60 = the number of bpm that the heart rate is above 60 bpm. If
the heart rate is equal to or less than 60 bpm then HR>60 =0

Let HR>60/ 60 x 100 = %HR>60
AoPWV normalized to 60bpm = AoPWVeo
AoPWVeo = AOPWYV - AoPWV(%HR>60 x 0.1)

[00133] In some cases, the heart rate information received from the
pulse signal may be used to normalize the reflected wave ratio prior to
determining the AoPWV. The normalized reflected wave ratio can then be
used to determine the AoPWV. An example of normalizing the reflected wave
ratio using heart rate information will be described below with reference to
FIG. 10.

[00134] In some cases, the data analyzer 36 may also determine an
individual’s blood pressure using the AoPWV. In some cases, the normalized

AoPWV may also be used to determine the individual’s blood pressure.

[00135] In at least some cases, the data analyzer 36 may also calibrate
blood pressure factors for the individual. The data analyzer 36 can then

determine the individual’s blood pressure using the aortic pulse wave velocity
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and the blood pressure factors. The blood pressure factors may be
determined during an initial calibration process and may then be used on a
continual basis by the data analyzer 36 to monitor the individual’s blood
pressure. In some cases, the blood pressure factors may need to be re-
calibrated at intervals after the initial calibration.

[00136] A relationship between pulse wave velocity and blood pressure
was identified by Theodor et al. in their article ‘Implantable Acceleration
Plethysmography for Blood Pressure Determination’ (35th Annual
International Conference of the IEEE EMBS). Pulse wave velocity and blood

pressure can be related using equation (1):
BP = mpgp * PWV?2 + cp (1)

Equation 1 indicates that the relationship between AoPWV and blood
pressure (in Equation (1) BP refers to systolic blood pressure) is nonlinear.
Equation (1) uses an empirical slope mBP and offset cBP—both parameters
depend on individual characteristics of the patient. Accordingly, the blood
pressure factors mep and csp must be determined for an individual prior to
being able to determining blood pressure using AoPWV. The blood pressure
factors mep and csp may be used to determine the slope and offset of the

linear relationship between AoPWV and blood pressure.

[00137] To determine the blood pressure factors, two different blood
pressure readings may be taken. This may be done by having the individual
take an initial blood pressure reading using an oscillometric BP cuff while
seated and a second reading after standing up. Capturing the specific beat
when the blood pressure is taken sitting and then standing up will allow
AoPWV readings to be matched to associated blood pressure readings for the
two instances. Once the blood pressure factors have been determined,
AoPWV can be used for continual monitoring of blood pressure using the

various methods described herein. This may allow an individual’s blood
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pressure to be monitored on a continual and ongoing basis using a single
external sensor.

[00138] Referring now to FIG. 3, shown therein is flowchart of an
example embodiment of a method 300 for monitoring aortic pulse wave

velocity that may be implemented using the system 10.

[00139] At 302, the data analyzer 36 receives a pulse signal. As
mentioned above, in some cases the pulse signal may be a volume pulse
signal and the data analyzer 36 may analyze the volume pulse signal directly.
In other cases, the data analyzer 36 may convert the volume pulse signal to a

pressure pulse signal before performing the analysis.

[00140] At 304, the data analyzer 36 may determine a first derivative
and a third derivative from the pulse signal. Various signal analysis
techniques may be used to determine the first derivative and the third
derivative. For example, the pulse signal may be processed using the
Savitzky-Golay polynomial smoothing/differentiation filter method to generate
a smoothed version of the pulse signal derivatives of the pulse signal. In some
embodiments, the data analyzer 36 may use the first derivative and the third

derivative to identify the RWOP in the pulse signal.

[00141] At 306, the data analyzer 36 may identify the second peak of the
third derivative. The data analyzer 36 may be able to automatically identify the
second peak of the third derivative using various peak detection methods. For
example, the second positive to negative zero crossing of the 4th derivative
may be used to detect the second peak of the third derivative.

[00142] At 308, the data analyzer 36 identifies the RWOP in the first
derivative using the second peak of the third derivative. The RWOP may be
identified as the point in the first derivative corresponding to the second peak
of the third derivative. In some cases, this point may be referred to as the first
derivative onset point. An example of a GUI illustrating the relationship
between an acquired pulse signal, first derivative, and third derivative is

described below with reference to FIG. 5.
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[00143] Referring again to FIG. 3, at 310 the data analyzer 36 may
determine the reflected wave ratio as a normalized height of the first

derivative onset point.

[00144] In some embodiments, the data analyzer 36 may identify a first
5 peak in the first derivative. For example, the first peak may be the point of
maximum amplitude in the test window for the pulse signal. The data analyzer
36 may then measure a height of the first peak. The data analyzer 36 may
normalize the first derivative based on the height of the first peak. The data
analyzer 36 may measure a height of the normalized first derivative at the first

10 derivative onset point to determine the reflected wave ratio.

[00145] For example, the height of the first peak of the first derivative
may be added to the amplitude of every point in the first derivative. The first
peak of the first derivative may then be normalized to a value of 1. As a result
of this example normalization, a point that originally was located on the zero
15 axis will have a normalized height of 0.50. The normalized height of the
RWOP (i.e. the reflected wave ratio in this embodiment) may be determined
by measuring a height of the normalized first derivative at the first derivative
onset point. Using this normalization approach, the reflected wave ratio has a
value that ranges between 0 and 1. In some cases, normalized height of the
20 RWOP may be determined as:

M +R

RWOPnormalized = W

where M is the height of the first peak, and R is the height of the RWOP.

[00146] At 312, the data analyzer 36 may determine the AoPWV from
the reflected wave ratio using a look-up table as described previously for
25 method 200.

[00147] At 314, the system 10 may perform at least one of storing,
transmitting and displaying the AoPWV. These acts may be performed in the

same manner as described above with respect to FIG. 2 at 210.
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[00148] Referring now to FIG. 4, shown therein is a diagram illustrating
an example plot 400 of a volume pulse signal 410 and the first derivative 420,
the second derivative 430, the third derivative 440, and the fourth derivative
450 of the pulse signal 410. The plot 400 shows time represented in second
on the x-axis and signal amplitude that has been re-scaled to have values
between 0 and 1 on the y-axis. The signal amplitude for the volume pulse
signal 410 may be derived from a voltage reading of the sensor unit 42 in
Volts, while the signal amplitude for the first derivative 420, the second
derivative 430, the third derivative 440, and the fourth derivative 450 are
derivatives of the signal amplitude of the volume pulse signal 410. Various
signal processing techniques apparent to those skilled in the art may be used
to determine the derivatives of the pulse signal. For example, the Savitzky-
Golay method of polynomial smoothing and analysis may be used in some

embodiments.

[00149] As mentioned above, various embodiments of the systems and
methods described in accordance with the teachings herein may analyze the
derivatives of the pulse signal to identify subtle wave components and other
signal parameters. For example, the first derivative 420 and the third
derivative 440 may be used to identify the RWOP and determine the reflected
wave ratio. In some cases, the fourth derivative 450 may be used to

determine whether the pulse signal 410 satisfies an error threshold condition.

[00150] Referring now to FIG. 5, shown therein is an example GUI 500
that may be displayed to a user who is using the system 10. The GUI 500
may be an example of a Pulse Analysis screen that can be shown to a user.
The GUI 500 includes navigational buttons such as at least one of a pulse
analysis button 505, a physiological age button 515, a signal analysis button
525, a back button 535, a switch user button 545 and a view profile button
555. The various navigational buttons may be operated by a user using the

user interface 18 to navigate among various GUI screens of the system 10.

[00151] The GUI 500 also shows a plot 502 showing the pulse signal
510, the first derivative 520 and the third derivative 530. Plot 502 shows time
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on the x-axis in seconds and signal amplitude on the y-axis. In plot 502, the
second peak of the third derivative 530 has been identified for each pulse and
is shown using RWOP line 540. The GUI 500 illustrates an example of the
results of using the first and third derivatives to identify the RWOP line 540 in
pulse signal 510.

[00152] Referring now to FIG. 6, shown therein is a diagram illustrating a
chart 600 of a reflected wave ratio 610 on the y-axis compared with age 620
on the x-axis. Chart 600 represents data collected from a number of
individuals over the age spectrum to identify a relationship between the
reflected wave ratio 610 and age 620. Plot 600 shows a trend 630 of the
reflected wave ratio 610 increasing with age 620 that is slightly exponential.

[00153] Referring now to FIG. 7A, shown therein is a screenshot of an
example GUI 700 that may be presented to a user of the system 10. The GUI
700 is an example of a results page for an individual. The GUI 700 displays
the pulse signal 710 acquired for the individual as well as various factors that
may be determined through analysis of the pulse signal 710. The pulse signal
710 is shown on a graph where the x-axis represents time in seconds and the
y-axis represents signal amplitude re-scaled to have values between 0 and 1.

[00154] As shown in the GUI 700, the RWOP 718 of the individual may
be displayed along with their chronological age 722 and their physiological
age 720. The physiological age 720 may be determined by comparing the
AoPWYV determined for that individual with a population average. The GUI 700
also includes a text box 724 allowing the user to input notes related to the
results.

[00155] The GUI 700 includes a variety of navigational buttons that may
be used to navigate among the different GUIs in the system 10. At least one
of a pulse analysis button 702, a physiological age button 704, a signal
analysis 706, a back button 708, a switch user button 712, and a view profile
button 714 may be used to navigate through various GUIs in the system 10 to

determine different values, display different information or input system
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parameters. A start new recording button 716 may be used to initiate the
acquisition of a pulse signal from an individual using the sensor unit 42.

[00156] Referring now to FIG. 7B, shown therein is a screenshot of
another example GUI 750 that may be displayed to a user of system 10. The
GUI 750 displays a plot of average AoPWV 764 on the y-axis against
population age on the x-axis. The individual's AoPWV 766 may be identified
on the plot. A circle on the individual's AoPWV 766 indicates the individual’s
chronological age 768 on the plot. The intersection of the individual's AoPWV
766 and the average AoPWYV 764 can be used to determine the individual's
physiological age 770. The GUI 750 may also show numerical AoOPWV values
772 and reflected wave index values (or ratio) 774.

[00157] The GUI 750 may also include a number of navigational buttons
that can be used to navigate among the different GUIs in the system 10. At
least one of a pulse analysis button 752, a physiological age button 754, a
signal analysis 756, a back button 758, a switch user button 760, and a view
profile button 762 may be used to navigate through various GUIs in the
system 10 to determine different information, display different information or

input system parameters.

[00158] Referring now to FIG. 8, shown therein is an example
embodiment of a method 800 for determining if a received pulse signal
satisfies an error threshold condition. In some cases, the data analyzer 36
may determine if the pulse signal satisfies the error threshold condition prior
to identifying the RWOP. In some cases, the data analyzer 36 may only
perform at least one of the acts of identifying the RWOP, calculating the
reflected wave ratio, and determining the aortic pulse wave velocity if the
pulse signal satisfies the error threshold condition.

[00159] The method 800 may be used by the system 10 to eliminate
poor quality pulses where the reflected wave cannot be identified with
adequate accuracy. In some cases, the method 800 may also be used to
identify suitable locations for the placement of sensor unit 42 on the exterior of
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an individual’'s body. For example, in some cases if less than 3 pulses satisfy
the error threshold condition, the recording may need to be repeated or the

sensor may need to be repositioned.

[00160] At 802, the data analyzer 36 receives a pulse signal. As
mentioned above, in some cases the pulse signal may be a volume pulse
signal. In some cases, the data analyzer 36 may convert the volume pulse
signal to a pressure pulse signal. In some cases, the pulse signal may be
obtained by the sensor unit and in other cases it may be prerecorded and

obtained from a data store or a transmission from another device.

[00161] At 804, the data analyzer 36 determines a fourth derivative from
the pulse signal. The fourth derivative may be determined using various

analytical approaches such as the Savitzky-Golay method mentioned above.

[00162] At 806, the data analyzer 36 identifies a first peak, a second
peak and a third peak from the fourth derivative of the pulse signal. The first,
second and third peak may be identified automatically by the data analyzer 36
using various known peak detection methods. The first, second and third peak
may be used to determine if the acquired pulse signal satisfies an error

threshold condition.

[00163] The data analyzer 36 may determine if the first peak, second
peak, and the third peak satisfy a plurality of peak error conditions. In some
embodiments, the pulse signal may satisfy the error threshold condition if the
first peak, second peak, and the third peak satisfy the plurality of peak error

conditions.

[00164] In some embodiments, the plurality of peak error conditions may
include a first threshold and a second threshold. In some embodiments, the
plurality of peak error conditions may include an amplitude threshold, a first
timing threshold, and a second timing threshold. The pulse signal may satisfy
the error threshold condition if each of the amplitude threshold, the first timing

threshold and the second timing threshold is satisfied.
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[00165] The data analyzer 36 may compare the first peak and the
second peak to determine if the second peak satisfies the amplitude
threshold. For example, the height of the second peak may be a certain
proportion of the height of the first peak (e.g. 80%) to satisfy the amplitude
threshold.

[00166] The data analyzer 36 can also determine the distance between
the first peak and the second peak (a first distance, e.g. in time) and the
distance between the second peak and the third peak (a second distance).
The first distance and second distance may then be compared to determine if
the first timing threshold is satisfied. For example, the second distance may
be limited to a maximum multiple of the first distance (e.g. 2 or 3). That is, the
second distance may be less than three times the first distance to satisfy the
first timing threshold. In other words, to satisfy the first timing threshold, the
third peak may have occurred after the second peak but is spaced apart from
the second peak by less than 3 times the spacing between the first peak and

the second peak.

[00167] The data analyzer 36 can also determine the distance between
the first peak and the third peak (a third distance). The third distance may be
compared to a third distance criterion to determine if the second timing
threshold is satisfied. For example, to satisfy the second timing threshold, the
first peak and the third peak may be spaced apart by a minimum distance (in
time), such as .2s. That is, the third distance may be not less than the
minimum distance (e.g. 0.2 seconds) to satisfy the second timing threshold. In
some cases, the minimum distance may be modified based on a user’s heart
rate.

[00168] At 808, the data analyzer 36 may compare the first peak and the
second peak to determine if the second peak satisfies the first threshold. For
example, in some cases, to satisfy the first threshold, the height of the second
peak may be at least 80% of the height of the first peak. In some cases, the

height of a peak can refer to the height of that peak above the zero axis.
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[00169] At 810, the data analyzer 36 may then compare the second
peak and the third peak to determine if the third peak satisfies the second
threshold. For example, in some cases, to satisfy the second threshold, the
height of the third peak may be at least 10% of the height of the second peak.

[00170] At 812, the data analyzer 36 may determine if the pulse signal
satisfies the error threshold condition. For example, the pulse signal may
satisfy the error threshold condition if both the first threshold and the second
threshold are satisfied.

[00171] Referring now to FIG. 9A, shown therein is a plot 900 of an
example pulse signal 905 and a fourth derivative 910 of the pulse signal 905.
The x-axis of plot 900 shows time in seconds while the y-axis of plot 900
shows signal amplitude that has been scaled to have values between 0 and 1.
In the first pulse of the fourth derivative 910, the first peak 915, second peak
920 and the third peak 925 can be identified. In the examples shown in FIGS.
9A-9C, the error threshold condition requires that the height of the second
peak be at least 80% of the height of the first peak to satisfy the first threshold
and the height of the third peak be at least 10% of the height of the second

peak to satisfy the second threshold.

[00172] In plot 900, the second peak 920 is taller than the first peak 915
and thus greater than 80% of the height of the first peak 915. Accordingly, the
first threshold is satisfied by this pulse. Furthermore, the third peak 925 is
more than 10% of the height of the second peak 920 so the second threshold

is also satisfied. As a result, this pulse satisfies the error threshold condition.

[00173] Referring now to FIG. 9B, shown therein is a plot 930 of another
example pulse signal 935 and the fourth derivative 940 of the pulse signal
935. The x-axis of plot 930 shows time in seconds while the y-axis of plot 930
shows signal amplitude that has been scaled to have a value of between 0
and 1. In the first pulse of the fourth derivative 940, the first peak 945, second
peak 950 and the third peak 955 can be identified.
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[00174] In plot 930, the height of the third peak 955 is not 10% of the
height of the second peak 950. Thus, the second threshold is not satisfied by
the pulse signal. Accordingly, the pulse signal 935 shown in plot 930 does not
satisfy the error threshold condition. As none of the pulses shown in plot 930
satisfy the error threshold condition, this may suggest that the sensor unit 42

is not placed in a suitable location for recording a pulse signal.

[00175] Referring now to FIG. 9C, shown therein is a plot 960 of another
example pulse signal 965 and a fourth derivative 970 of the pulse signal 965.
The x-axis of plot 960 shows time in seconds while the y-axis of plot 960
shows signal amplitude that has been scaled to have values between 0 and 1.
In the first pulse of the fourth derivative 970, the first peak 975, second peak
980 and the third peak 985 can be identified.

[00176] In plot 930, the height of the second peak 980 is not 80% of the
height of the first peak 975. Thus, the first threshold is not satisfied by the
pulse signal. Accordingly, the pulse signal 965 shown in plot 960 does not
satisfy the error threshold condition. As none of the pulses shown in plot 960
satisfy the error threshold condition, this may suggest that the sensor unit 42

is not placed in a suitable location for recording a pulse signal.

[00177] Referring now to FIG. 10, shown therein is an example plot 1000
of reflected wave ratio normalization factors that may be used to determine a
normalized AoPWYV. The reflected wave ratio normalization factors may
normalize the reflected wave ratio, and thereby the AoPWV based on a user’'s
heart rate. The reflected wave ratio normalization factors may normalize the
reflected wave ratio to a baseline heart rate range, for example a heart rate

range from 60Bpm to 75Bpm.

[00178] The reflected wave ratio normalization factors 1000 shown in
FIG. 11 were determined by the inventors by experimental testing on a
sample of the population. Pulse signal data was collected over a period of
several months from more than 100 different users. A total of over 2000 pulse

signal data sets were collected from the users. Each pulse signal data set was
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used to determine a reflected wave ratio and heart rate. The determined
reflected wave ratio was then plotted against the heart rate. As a large
number of pulse signal data sets were used, from a varied population, it was
assumed that the results provided a cloud of points with a ratio distribution
independent from the heart rate.

[00179] Outliers were removed, and the cloud of points was analyzed to
determine a correlation between the heart rate and the determined reflected
wave ratio. In particular, a correlation was determined for higher and lower

heart rates—that is heart rates above 75bpm and below 60bpm.

[00180] The cloud of points was de-trended and used to determine heart
rate correction or normalization factors (i.e. making the reflected wave ratio
independent from the heart rate). The correction/normalization factors were
then validated by testing several subjects representative of individuals of both

genders and across age groups.

[00181] The validation testing included having test subjects increase
their heart rate by performing easy exercises. The individuals were then
asked to rest until their heart rate recovered towards a baseline value. A
series of pulse signal recordings were determined as the heart rate recovered
towards the baseline. For each pulse signal recording, the reflected wave ratio

was determined.

[00182] The reflected wave ratio results were then analyzed with and
without using the normalization factors. As expected, with normalizing the
results, the reflected wave ratio varied with heart rate. By contrast, after

normalization the reflected wave ratio remained more stable.

[00183] As shown in plot 1000, different low heart rate normalization
factors 1010 and high or elevated heart rate normalization factors 1020 may
be used depending on the user's heart rate. For instance, the normalization

factors may be determined to be:

Ratioyermatizea = Ratio +0.09 +0.0017 « (80, . gth)
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for elevated heart rates (e.g. heart rate over 75 Bpm), and:

Rati0normatizea = Ratio +0.06 +0.002 x (00, . length)

for low heart rates (e.g. heart rates below 60 Bpm).

[00184] Referring now to FIG. 11, shown therein is an example plot 1100
of conversion factors 1110 for determining a user’s internal age using the
reflected wave ratio. As mentioned above, the reflected wave ratio can be
used to determine an individual’'s internal age as well as their AoPWV. Plot
1100 shows an example of the internal age conversion factors 1110 that may
be used. It might be noted that the best fit line through the data set shown in
FIG. 6 is very slightly exponential while the conversion factors 1110 may be
linear. In some cases, for ease of calculation the relationship between
reflected wave ratio and internal age can be defined using a linear
relationship. In general, the reflected wave ratio used to determine the
individual’s internal age may be a normalized reflected wave ratio determined
as described above. Accordingly, the conversion factors 1110 may be slightly
offset from those shown in FIG. 6, as the conversion factors 1110 are

generated based on normalized reflected wave ratios.

[00185] The conversion factors 1110 shown in plot 1100 correspond to
determining an individual’s internal age by:

(Ratio — 0.2875)
0.005722

Internal Age =

[00186] Referring now to FIG. 12, shown therein is an example plot 1200
of conversion factors 1210 that may be used in some embodiments to convert
a reflected wave ratio (or normalized reflected wave ratio) to AoPWV. The
conversion factors 1210 shown in plot 1200 correspond to determining an

individual’s AoPWYV by using the following relation:
AoPWV = 17.43 % Ratio — 0.1714

[00187] Once again, the normalized reflected wave ratio may be used.

The AoPWV and/or internal age and/or reflected wave ratio analysis can be
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repeated for each pulse in the acquired pulse signal. The analysis results may
be cleaned (e.g. to remove outliers) and then averaged for the entire pulse
signal. This can be used to provide a more accurate and reliable assessment
of reflected wave ratio, AoPWV, internal age, BP, etc.

[00188] Referring now to FIG. 13, shown therein is an example plot 1300
showing the relationship between AoPWV 1310 and an individual’'s age 1320.
As shown in plot 1300, AocPWV 1310 has a generally upward trend 1330 with
age 1320 with a correlation coefficient of 0.8708. Plot 1300 was generated by
testing individual AoPWV using a SphygmoCor Xcel System from AtCor
Medical Pty Limited (for reference, see
http://www.atcormedical.com/sphygmocor_xcel.html).

[00189] For further examples of the correlation between AoPWV and
age see 'Determinants of pulse wave velocity in healthy people and in the
presence of cardiovascular risk factors: ‘establishing normal and reference

values' (available at http://eurheartj.oxfordjournals.org/content/31/19/2338).

[00190] Referring now to FIG. 14, shown therein is an example plot 1400
of AoPWV 1410 determined using the methods described herein and AoPWV
1420 obtained using the SphygmoCor Excel System. As plot 1400 illustrates,
there appears to be good correlation (a correlation coefficient of 0.7242)
between the AoPWV 1410 results determined using the methods described

herein and determining AoPWV 1420 using the SphygmoCor Excel System.

[00191] While the applicant's teachings described herein are in
conjunction with various embodiments for illustrative purposes, it is not
intended that the applicant's teachings be limited to such embodiments. On
the contrary, the applicant's teachings described and illustrated herein
encompass various alternatives, modifications, and equivalents, without

generally departing from the embodiments described herein.
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CLAIMS:

1. A method for monitoring aortic pulse wave velocity, the method
comprising:
receiving, by a processor, a pulse signal from a single sensor on
5 the exterior of an individual’s body, the single sensor being positioned at a
sensor location that allows acquisition of the pulse signal such that an
aortic reflected wave component of the pulse signal is present and allows
characterization of reflected wave onset;
determining, by the processor, a first derivative from the pulse
10 signal;
determining, by the processor, a third derivative from the pulse
signal;
identifying, by the processor, a reflected wave onset point in the
pulse signal at a pulse signal location corresponding to a second peak of
15 the third derivative;
determining, by the processor, a reflected wave ratio at the
reflected wave onset point by:
identifying, by the processor, a first derivative onset point in the
first derivative corresponding in time to the reflected wave onset point
20 in the third derivative;
determining, by the processor, the reflected wave ratio as a
normalized height of the first derivative onset point; and
determining, by the processor, the aortic pulse wave velocity from
the reflected wave ratio; and
25 at least one of displaying the aortic puise wave velocity, transmitting
the aortic pulse wave velocity, and storing the aortic pulse wave velocity.

2. The method of claim 1, wherein determining the nomalized height of the
first derivative onset point comprises:
30 identifying a first peak in the first derivative;
measuring a height of the first peak;
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normalizing the first derivative based on the height of the first peak;
and

measuring a height of the normalized first derivative at the first
derivative onset point.

3. The method of any one of claims 1 and 2, wherein determining the aortic
pulse wave velocity comprises:
using a look-up table of mappings from the reflected wave ratio to the

aortic pulse wave velocity.

4. The method of any one of claims 1 to 3 further comprising:

determining a heart rate from the puise signal; and

determining a normalized aortic pulse wave velocity using a
normalization factor determined from the heart rate.

5. The method of any one of claims 1 to 4 wherein the pulse signal is a

volume pulse signal.

6. The method of any one of claims 1 to 5 further comprising:

calibrating blood pressure factors for the individual; and

determining the individual’s blood pressure using the aortic pulse wave
velocity and the blood pressure factors.

7. The method of any one of claims 1 to 6 further comprising:

prior to identifying the reflected wave onset point, determining if the
pulse signal satisfies an error threshold condition; and

only performing the acts of identifying the reflected wave onset point,
calculating the reflected wave ratio, and determining the aortic pulse wave
velocity if the pulse signal satisfies the error threshold condition.

8. The method of claim 7 further comprising:

determining a fourth derivative from the pulse signal;
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identifying a first peak, a second peak, and a third peak from the fourth
derivative; and

determining if the first peak, second peak, and the third peak from the
fourth derivative satisfy a plurality of peak error conditions;
wherein the pulse signal satisfies the error threshold condition if the first peak,
second peak, and the third peak from the fourth derivative satisfy the plurality
of peak error conditions.

9. The method of claim 8, wherein the plurality of peak error conditions
comprise a first threshold and a second threshold, and the method further
comprises:

comparing the first peak and the second peak from the fourth derivative
to determine if the second peak satisfies the first threshold; and

comparing the second peak and the third peak from the fourth
derivative to determine if the third peak satisfies the second threshold;

wherein the pulse signal satisfies the error threshold condition if both

the first threshold and the second threshold are satisfied.

10.The method of claim 8, wherein a height of the second peak from the
fourth derivative being at least 80% of a height of the first peak satisfies
the first threshold; and
a height of the third peak from the fourth derivative being at least 10%
of the height of the second peak satisfies the second threshold.

11.The method of claim 8, wherein the plurality of peak error conditions
comprise a relative amplitude threshold, a first timing threshold, and a
second timing threshold, and the method further comprises:
comparing the first peak and the second peak from the fourth derivative
to determine if the second peak satisfies the relative amplitude threshold,;
determining a first distance in time between the first peak and the
second peak from the fourth derivative and a second distance in time between
the second peak and a third peak from the fourth derivative;
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comparing the first distance and second distance to determine if the
first timing threshold is satisfied; and

determining a third distance between the first peak and the third peak
from the fourth derivative to determine if the second timing threshold is
satisfied;
wherein the pulse signal satisfies the error threshold condition if each of the
relative amplitude threshold, the first timing threshold and the second timing
threshold is satisfied.

12.The method of claim 11, wherein:

a height of the second peak being at least 80% of a height of the first
peak satisfies the relative amplitude threshold,

the second distance being less than three times the first distance
satisfies the first timing threshold; and

the third distance being at least 0.2 seconds satisfies the second timing
threshold.

13.A computer readable medium comprising a plurality of instructions that are
executable on a microprocessor of a device for adapting the device to
implement a method for monitoring aortic pulse wave velocity, wherein the
method comprises:

receiving a pulse signal from a single sensor on the exterior of an
individual’s body, the single sensor being positioned at a sensor location
that allows acquisition of the pulse signal such that an aortic reflected
wave component of the pulse signal is present and allows characterization
of reflected wave onset;

determining a first derivative from the pulse signal,

determining a third derivative from the pulse signal;

identifying a reflected wave onset point in the pulse signal at a
pulse signal location corresponding to a second peak of the third

derivative;

7898620

Date Regue/Date Received 2022-10-12



-48 -

determining a reflected wave ratio at the reflected wave onset point
by:
identifying, by the processor, a first derivative onset point in the
first derivative corresponding in time to the reflected wave onset
5 point in the third derivative; and
detemmining, by the processor, the reflected wave ratio as a
normalized height of the first derivative onset point;
determining the aortic pulse wave velocity from the reflected wave
ratio; and
10 at least one of displaying the aortic pulse wave velocity, transmitting
the aortic pulse wave velocity, and storing the aortic pulse wave velocity.

14.The computer readable medium of claim 13, wherein determining the
normalized height of the first derivative onset point comprises:
15 identifying a first peak in the first derivative;
measuring a height of the first peak;
normalizing the first derivative based on the height of the first peak;
and
measuring a height of the normalized first derivative at the first

20 derivative onset point.

15. The computer readable medium of any one of claims 13 and 14, wherein
the method further comprises:
calibrating blood pressure factors for the individual; and

25 determining the individual’s blood pressure using the aortic pulse
wave velocity and the blood pressure factors.

16.The computer readable medium of any one of claims 13 to 15, wherein the
method is defined according to any one of claims 3to 5 and 7 to 12.
30
17.A system for monitoring aortic pulse wave velocity, the system comprising:
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a pulse acquisition unit configured to acquire a pulse signal from the
exterior of an individual’s body; and
a pulse analysis unit comprising at least one of a display unit, a storage
unit and a communication interface;
wherein the pulse acquisition unit includes a single sensor positioned
at a sensor location that allows acquisition of the pulse signal such that an
aortic reflected wave component of the pulse signal is present and allows
characterization of reflected wave onset, and the pulse acquisition unit is
further configured to transmit the pulse signal to the pulse analysis unit; and
wherein the pulse analysis unit is configured to:
determine a first derivative from the pulse signal,
determine a third derivative from the pulse signal,
identify a reflected wave onset point in the pulse signal at a pulse
signal location corresponding to a second peak of the third derivative;
determine a reflected wave ratio at the reflected wave onset point
by:
identifying a first derivative onset point in the first derivative
corresponding in time to the reflected wave onset point in the third
derivative; and
determining the reflected wave ratio as a normalized height of
the first derivative onset point;
determine the aortic pulse wave velocity from the reflected wave
ratio; and
at least one of displaying the aortic pulse wave velocity using the
display unit, transmitting the aortic pulse wave velocity using the
communication interface, and storing the aortic pulse wave velocity in the
storage unit.

18.The system of claim 17, wherein the pulse analysis unit is configured to
determine the normalized height of the first derivative onset point by:
identifying a first peak in the first derivative;
measuring a height of the first peak;
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normalizing the first derivative based on the height of the first peak;
and

measuring a height of the normalized first derivative at the first
derivative onset point.

19.The system of any one of claims 17 to 18, wherein the pulse analysis unit
is configured to determine the aortic pulse wave velocity by using a look-
up table of mappings from the reflected wave ratio to the aortic pulse wave

velocity.

20.The system of any one of claims 17 to 19, wherein the pulse analysis unit
is further configured to:
determine a heart rate from the pulse signal; and
determine a normalized aortic pulse wave velocity using a
normalization factor determined from the heart rate.

21.The system of any one of claims 17 to 20, wherein the pulse acquisition
unit is configured to acquire a volume pulse signal.

22.The system of any one of claims 17 to 21, wherein the pulse analysis unit
is configured to:
calibrate blood pressure factors for the individual; and
detemmine the individual’'s blood pressure using the aortic pulse wave
velocity and the blood pressure factors.

23.The system of any one of claims 17 to 22, wherein the pulse analysis unit
is further configured to:
detemine if the pulse signal satisfies an error threshold condition prior
to identifying the reflected wave onset point; and
only perform the steps of identifying the reflected wave onset point,
determining the reflected wave ratio, and determining the aortic pulse wave
velocity if the pulse signal satisfies the error threshold condition.
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24.The system of claim 23, wherein the pulse analysis unit is further
configured to:

determine a fourth derivative from the pulse signal,

identify a first peak, a second peak, and a third peak from the fourth
derivative;

determine if the first peak, second peak, and the third peak from the
fourth derivative satisfy a plurality of peak error conditions; and

detemmine that the pulse signal satisfies the error threshold condition if
the first peak, second peak, and the third peak from the fourth derivative
satisfy the plurality of peak error conditions.

25.The system of claim 24, wherein the plurality of peak error conditions
comprise a first threshold and a second threshold, and the pulse analysis
unit is configured to:
compare the first peak and the second peak from the fourth derivative
to determine if the second peak satisfies the first threshold;
compare the second peak and the third peak from the fourth derivative
to determine if the third peak satisfies the second threshold; and
detemmine that the pulse signal satisfies the error threshold condition if
both the first threshold and the second threshold are satisfied.

26.The system of claim 24 wherein a height of the second peak from the
fourth derivative being at least 80% of a height of the first peak satisfies
the first threshold; and
a height of the third peak from the fourth derivative being at least 10%
of the height of the second peak satisfies the second threshold.

27.The system of claim 24, wherein the plurality of peak error conditions

comprise a relative amplitude threshold, a first timing threshold, and a
second timing threshold, and the pulse analysis unit is configured to:
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compare the first peak and the second peak from the fourth derivative
to determine if the second peak satisfies the relative amplitude threshold;

determine a first distance in time between the first peak and the second
peak from the fourth derivative and a second distance in time between the
second peak and a third peak from the fourth derivative;

compare the first distance and second distance to determine if the first
timing threshold is satisfied;

determine a third distance between the first peak and the third peak
from the fourth derivative to determine if the second timing threshold is
satisfied; and

determine that the pulse signal satisfies the error threshold condition if
each of the relative amplitude threshold, the first timing threshold and the
second timing threshold is satisfied.

28.The system of claim 27, wherein:

a height of the second peak being at least 80% of a height of the first
peak satisfies the relative amplitude threshold;

the second distance being less than three times the first distance
satisfies the first timing threshold; and

the third distance being at least 0.2 seconds satisfies the second timing
threshold.

29.The system of claim 22, and any one of claims 23 to 28 when they depend
on claim 22, wherein the pulse analysis unit is further configured to
perform at least one of displaying the individual's blood pressure using the
display unit, transmitting the individual’'s blood pressure using the
communication interface, and storing the individual's blood pressure in the
storage unit.
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