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(57) ABSTRACT

One aspect of the subject matter described in this disclosure
can be implemented in a device capable of use in estimating
blood pressure. The device includes one or more arterial
sensors configured to obtain arterial measurements at two or
more elevations. The device additionally includes one or
more processors configured to determine one or more cali-
bration parameters for a first blood pressure model based on
the arterial measurements and a hydrostatic pressure differ-
ence between at least two of the elevations. The processors
also are configured to determine a first blood pressure based
on the first blood pressure model, the calibration parameters
and the arterial measurements. The processors also are
configured to determine a second blood pressure based in
part on a second blood pressure model, one or more cali-
bration parameters and the arterial measurements. The pro-
cessors are further configured to provide a final blood
pressure based on the first and second blood pressures.
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MULTI-MODEL BLOOD PRESSURE
ESTIMATION

TECHNICAL FIELD

[0001] This disclosure relates generally to sensing
devices, and more particularly, to blood pressure estimation
devices capable of use in sensing arterial data and deter-
mining a patient’s blood pressure based on the arterial data
using at least two different models.

DESCRIPTION OF RELATED TECHNOLOGY

[0002] A variety of different sensing technologies and
algorithms are being investigated for use in various bio-
medical applications, including health and wellness moni-
toring. This push is partly a result of the limitations in the
usability of traditional measuring devices for continuous,
noninvasive and ambulatory monitoring. For example, a
sphygmomanometer is an example of a traditional blood
pressure estimation device that utilizes an inflatable cuff to
apply a counter pressure to a region of interest (for example,
around an upper arm of a subject). The pressure exerted by
the inflatable cuff' is designed to restrict arterial flow in order
to provide a measurement of systolic and diastolic pressure.
Such traditional sphygmomanometers inherently affect the
physiological state of the subject, which can introduce an
error in the blood pressure measurements. Such sphygmo-
manometers also can affect the psychological state of the
subject, which can manifest itself in a physiological state
change, and thus, introduce an error in the blood pressure
measurements. For example, such devices are often used
primarily on isolated occasions, for example, when a subject
visits a doctor’s office or is being treated in a hospital setting.
Naturally, some subjects experience anxiety during such
occasions, and this anxiety can influence (for example,
increase) the user’s blood pressure as well as heart rate.
[0003] Additionally, such traditional sphygmomanometers
are not portable in the sense that they cannot be worn
without restriction of ambulatory movement, or are other-
wise inhibiting, interfering or distracting. For these and
other reasons, such devices do not provide an accurate
estimation or “picture” of blood pressure, and a user’s health
in general, over time. While implanted or otherwise invasive
devices may provide better estimates of blood pressure over
time, such invasive devices generally involve greater risk
than noninvasive devices and are generally not suitable for
ambulatory use.

SUMMARY

[0004] The systems, methods and devices of this disclo-
sure each have several aspects, no single one of which is
solely responsible for the desirable attributes disclosed
herein.

[0005] One aspect of the subject matter described in this
disclosure can be implemented in a method capable of use
in estimating blood pressure. In some implementations, the
method includes obtaining arterial measurements of an
artery at two or more elevations. The method also includes
determining one or more calibration parameters for a first
blood pressure model based on the arterial measurements
and a hydrostatic pressure difference between at least two of
the two or more elevations. The method also includes
determining a first blood pressure in the artery based on the
first blood pressure model, the one or more calibration
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parameters and the arterial measurements. The method also
includes determining a second blood pressure in the artery
based in part on a second blood pressure model, one or more
calibration parameters and the arterial measurements. The
method further includes providing a final blood pressure
based on the first and the second blood pressures.

[0006] In some implementations, the method further
includes comparing the first and the second blood pressures,
and updating the one or more calibration parameters respon-
sive to the comparison.

[0007] In some implementations, the arterial measure-
ments include arterial distension measurements and arterial
cross-sectional area measurenents at each of the at least two
elevations. In some such implementations, the determination
of the one or more calibration parameters includes deter-
mining a mean arterial cross-sectional area for each of the at
least two elevations, determining a mean arterial distension
for each of the at least two elevations, and determining a first
calibration parameter based on the mean arterial cross-
sectional areas, the mean arterial distensions, and an arterial
stress-strain relationship. In some implementations, the
determination of the one or more calibration parameters
includes determining a second calibration parameter based
on the hydrostatic pressure difference and the first calibra-
tion parameter. In some implementations, the determination
of the first blood pressure in the artery based on the first
blood pressure model includes determining the first blood
pressure using the stress-strain relationship.

[0008] In some implementations, the arterial measure-
ments further include blood velocity measurements at each
of the at least two elevations. In some such implementations,
the method further includes determining blood flow mea-
surements based on the arterial cross-sectional area mea-
surements and the blood velocity measurements. In some
such implementations, the determination of the one or more
calibration parameters includes determining a calibration
parameter based on the hydrostatic pressure difference and
the arterial blood flow measurements based on a linear
relationship between blood pressure and blood flow. In some
such implementations, the determination of the first blood
pressure in the artery based on the first blood pressure model
includes determining the first blood pressure based on the
linear relationship and the blood flow measurements.
[0009] In some implementations, the method further
includes calibrating the second blood pressure model based
on the first blood pressure. In some such implementations,
the calibration of the second blood pressure model based on
the first blood pressure includes solving a set of equations
using the first blood pressure as an input to the set of
equations. In some implementations, the determination of
the second blood pressure in the artery based on the second
blood pressure model includes determining a pulse wave
velocity (PWV) based on the arterial measurements. In some
such implementations, the determination of the PWV based
on the arterial measurements includes determining a pulse
transit time (PTT) between two arterial locations based on
the arterial measurements, and determining the PWV based
on the PTT and a distance between the two locations. In
some other implementations in which the arterial measure-
ments include arterial cross-sectional area measurements
and arterial blood velocity measurements, the method fur-
ther includes determining arterial blood flow measurements
based on the arterial cross-sectional area measurements and
the arterial blood velocity measurements. In some such
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implementations, the determining of the PWV based on the
arterial measurements includes determining a derivative of
the arterial blood flow measurements with respect to the
arterial cross-sectional area measurements, and determining
the PWV based on the derivative.

[0010] Another aspect of the subject matter described in
this disclosure can be implemented in a device capable of
use in estimating blood pressure. In some implementations,
device includes one or more arterial sensors configured to
obtain arterial measurements of an artery at two or more
elevations. The device also includes one or more processors
configured to determine one or more calibration parameters
for a first blood pressure model based on the arterial mea-
surements and a hydrostatic pressure difference between at
least two of the two or more elevations. The one or more
processors also are configured to determine a first blood
pressure in the artery based on the first blood pressure
model, the one or more calibration parameters and the
arterial measurements. The one or more processors also are
configured to determine a second blood pressure in the
artery based in part on a second blood pressure model, one
or more calibration parameters and the arterial measure-
ments. The one or more processors are further configured to
provide a final blood pressure based on the first and the
second blood pressures.

[0011] In some implementations, the one or more proces-
sors are further configured to compare the first and the
second blood pressures and update the one or more calibra-
tion parameters responsive to the comparison.

[0012] In some implementations, the arterial measure-
ments include arterial distension measurements and arterial
cross-sectional area measurements at each of the at least two
elevations. In some such implementations, the determination
of the one or more calibration parameters includes deter-
mining a mean arterial cross-sectional area for each of the at
least two elevations, determining a mean arterial distension
for each of the at least two elevations, and determining a first
calibration parameter based on the mean arterial cross-
sectional areas, the mean arterial distensions, and an arterial
stress-strain relationship. In some implementations, the
determination of the one or more calibration parameters
includes determining a second calibration parameter based
on the hydrostatic pressure difference and the first calibra-
tion parameter.

[0013] In some implementations, the arterial measure-
ments further include blood velocity measurements at each
of the at least two elevations, and the one or more processors
are further configured to determine blood flow measure-
ments based on the arterial cross-sectional area measure-
ments and the blood velocity measurements. In some such
implementations, the determination of the one or more
calibration parameters includes determining a calibration
parameter based on the hydrostatic pressure difference and
the arterial blood flow measurements based on a linear
relationship between blood pressure and blood flow.
[0014] In some implementations, the one or more proces-
sors are further configured to calibrate the second blood
pressure model based on the first blood pressure. In some
such implementations, the calibration of the second blood
pressure model based on the first blood pressure includes
solving a set of equations using the first blood pressure as an
input to the set of equations. In some implementations, the
determination of the second blood pressure in the artery
based on the second blood pressure model includes deter-
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mining a pulse wave velocity (PWV) based on the arterial
measurements. In some such implementations, the determi-
nation of the PWV based on the arterial measurements
includes determining a pulse transit time (PTT) between two
arterial locations based on the arterial measurements, and
determining the PWV based on the PTT and a distance
between the two locations. In some other implementations in
which the arterial measurements include arterial cross-sec-
tional area measurements and arterial blood velocity mea-
surements, the one or more processors are further configured
to determine arterial blood flow measurements based on the
arterial cross-sectional area measurements and the arterial
blood velocity measurements. In some such implementa-
tions, the determining of the PWV based on the arterial
measurements includes determining a derivative of the arte-
rial blood flow measurements with respect to the arterial
cross-sectional area measurements, and determining the
PWYV based on the derivative.

[0015] Another aspect of the subject matter described in
this disclosure can be implemented in a device capable of
use in estimating blood pressure. In some implementations,
device includes means for obtaining arterial measurements
of an artery at two or more elevations. The device also
includes means for determining one or more calibration
parameters for a first blood pressure model based on the
arterial measurements and a hydrostatic pressure difference
between at least two of the two or more elevations. The
device also includes means for determining a first blood
pressure in the artery based on the first blood pressure
model, the one or more calibration parameters and the
arterial measurements. The device also includes means for
determining a second blood pressure in the artery based in
part on a second blood pressure model, one or more cali-
bration parameters and the arterial measurements. The
device further includes means for providing a final blood
pressure based on the first and the second blood pressures.
In some implementations, the device additionally includes
means for comparing the first and the second blood pres-
sures, and means for updating the one or more calibration
parameters responsive to the comparison.

[0016] Another aspect of the subject matter described in
this disclosure can be implemented in one or more tangible
computer-readable media storing non-transitory instructions
executable by one or more processors to cause operations to
be performed including obtaining arterial measurements of
an artery at two or more elevations. The operations also
include determining one or more calibration parameters for
a first blood pressure model based on the arterial measure-
ments and a hydrostatic pressure difference between at least
two of the two or more elevations. The operations also
include determining a first blood pressure in the artery based
on the first blood pressure model, the one or more calibration
parameters and the arterial measurements. The operations
additionally include determining a second blood pressure in
the artery based in part on a second blood pressure model,
one or more calibration parameters and the arterial measure-
ments. The operations further include providing a final blood
pressure based on the first and the second blood pressures.
In some implementations, the operations additionally
include comparing the first and the second blood pressures,
and updating the one or more calibration parameters respon-
sive to the comparison.

[0017] Details of one or more implementations of the
subject matter described in this disclosure are set forth in the
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accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings and the claims. Note that the
relative dimensions of the following figures may not be
drawn to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 shows a plot of an example blood pressure
signal in an artery versus time during an example cardiac
cycle.

[0019] FIG. 2 shows a cross-sectional side view of a
diagrammatic representation of a portion of an artery
through which a pressure pulse is propagating.

[0020] FIG. 3 shows a block diagram representation of an
example biological signal monitoring system according to
some implementations.

[0021] FIG. 4 shows a block diagram representation of an
example blood pressure estimation device according to some
implementations.

[0022] FIG. 5A shows an example blood pressure estima-
tion device designed to be worn around a wrist according to
some implementations.

[0023] FIG. 5B shows an example blood pressure estima-
tion device designed to be worn around a finger according to
some implementations.

[0024] FIG. 6A shows an example multi-sensor blood
pressure estimation device designed to be worn around a
wrist according to some implementations.

[0025] FIG. 6B shows an example multi-sensor blood
pressure estimation device designed to be worn around a
finger according to some implementations.

[0026] FIG. 7 shows a block diagram representation of an
example bioimpedance sensor according to some implemen-
tations.

[0027] FIG. 8 shows a block diagram representation of an
example optical sensor according to some implementations.
[0028] FIG. 9 shows a cross-section of an example mea-
surement volume in which an interference pattern is illumi-
nating an artery according to some implementations.
[0029] FIG. 10 shows a plot of a power spectrum of an
example output signal output by the light detector of FIG. 8.
[0030] FIG. 11 shows a block diagram representation of an
example ultrasonic sensor according to some implementa-
tions.

[0031] FIG. 12 shows an exploded projection view of
example components of the example ultrasonic sensor of
FIG. 11 according to some implementations.

[0032] FIG. 13 shows a flow diagram of an example
process for estimating blood pressure according to some
implementations.

[0033] FIG. 14 shows a flow diagram of an example
process for estimating blood pressure according to some
implementations.

[0034] FIG. 15 shows a flow diagram of an example
process for estimating blood pressure according to some
implementations.

[0035] FIG. 16A shows a diagrammatic representation of
a standing subject wearing a blood pressure estimation
device on a wrist positioned at an elevation below the
subject’s heart.

[0036] FIG. 16B shows a diagrammatic representation of
a standing subject wearing a blood pressure estimation
device on a wrist positioned at an elevation level with the
subject’s heart.
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[0037] FIG. 17 shows a plot of an example blood pressure
curve for an artery as a function of cross-sectional area A.
[0038] FIG. 18 shows a plot of an example arterial dis-
tension signal versus time.

[0039] FIG. 19 shows a plot of an example venous imped-
ance signal versus time.

[0040] FIG. 20 shows a plot of typical changes in blood
flow Q in an example artery versus cross-sectional area A
during a cardiac cycle.

[0041] Like reference numbers and designations in the
various drawings indicate like elements.

DETAILED DESCRIPTION

[0042] The following description is directed to certain
implementations for the purposes of describing various
aspects of this disclosure. However, a person having ordi-
nary skill in the art will readily recognize that the teachings
herein can be applied in a multitude of different ways. Some
of the concepts and examples provided in this disclosure are
especially applicable to blood pressure estimation applica-
tions. However, some implementations also may be appli-
cable to other types of biological sensing applications, as
well as to other fluid flow systems. Thus, the teachings are
not intended to be limited to the specific implementations
depicted and described with reference to the drawings;
rather, the teachings have wide applicability as will be
apparent to persons having ordinary skill in the art.

[0043] This disclosure relates generally to devices, sys-
tems and methods for estimating various characteristics of
interest (also referred to herein as “properties” or “signals™)
in a fluid flow system, and in particular, a pulsating fluid
flow system. Various implementations are more particularly
directed or applicable to devices, systems and methods for
estimating various biological characteristics including, for
example, dynamic or time-varying cardiovascular charac-
teristics such as blood pressure, based at least in part on
measurements of arterial data. Some implementations more
specifically relate to a blood pressure estimation device for
estimating a subject’s transmural blood pressure based on at
least two models. In some implementations, the at least two
models include at least one model capable of self-calibration
and at least one model capable of maintaining calibration
after an initial pre-calibration. In some implementations,
while capable of self-calibration, the first model can require
movement or particular activity (such as a change in eleva-
tion of the blood pressure estimation device) to perform the
self-calibration. In some implementations, the second model
can be a non-self-calibrating blood pressure model. In some
such implementations, while not capable of self-calibration,
the second model can be a model that performs well at
maintaining its calibration even in the absence of movement
or activity (for example, while the user is sleeping).
[0044] In some implementations, during a calibration (or
recalibration) operation, the self-calibrating model can be
used to determine one or more calibration parameters
needed for calibration based on, for example, changes in
elevation associated with user movement or activity. The
one or more calibration parameters can then be used in
conjunction with the self-calibrating blood pressure model
to determine a first value of the blood pressure. In some
implementations, the first blood pressure value is then used
to calibrate the second model.

[0045] In some implementations, during regular operation
(after calibration), a blood pressure estimation device as
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disclosed herein can continuously or semi-continuously (for
example, periodically) perform arterial measurements and
compute a first blood pressure value based on the first
self-calibrating blood pressure model, and in parallel, com-
pute a second blood pressure value based on the second
non-self-calibrating model. In some implementations, the
blood pressure estimation device can then compare the first
and the second blood pressure values. In some such imple-
mentations, the blood pressure estimation device can select
amore reliable one of the first and the second blood pressure
values to output or store. In some other implementations, the
blood pressure estimation device can average or otherwise
manipulate or combine the first and the second blood
pressure values into a third (“final”) blood pressure value to
output or store. In some implementations, the blood pressure
estimation device can perform a re-initialization or other
re-calibration operation in which the first and the second
models are re-calibrated in response to a determination that
a sequence of one or more first blood pressure values (a “first
blood pressure signal”) and a sequence of one or more
second blood pressure values (a “second blood pressure
signal”) have diverged. Such divergence can indicate that
one or more of the calibration parameters have changed, for
example, as a result of the arterial walls dilating or con-
tracting or otherwise becoming more elastic (less stiff) or
less elastic (more stiff).

[0046] Some implementations further relate to calibration
and validation techniques, and more specifically, to calibra-
tion techniques based on hydrostatic pressure measure-
ments. In particular, such calibration techniques do not
require external reference devices or the use of known or
inferred person-specific attributes. In some implementa-
tions, the calibration techniques provide full initial calibra-
tion as well as continued or regular updating of calibration
based on user activity. Such initial and subsequent updating
of calibration enables accurate blood pressure estimation, as
well as the accurate estimation and monitoring of other
cardiovascular system characteristics, even as cardiovascu-
lar properties change over time, for example, as the arterial
walls dilate or contract or otherwise become more elastic or
less elastic.

[0047] Particular implementations of the subject matter
described in this disclosure can be implemented to realize
one or more of the following potential advantages. Some
implementations provide a robust and reliable way to esti-
mate a subject’s blood pressure in substantially real time
regardless of the state of the subject or the activity the
subject is engaged in. Some implementations provide initial
calibration and continued updating or validation of calibra-
tion without the use of an external reference device or any
externally applied counter pressure. Some implementations
of the blood pressure estimation devices described herein
also are designed to consume relatively little power enabling
continuous wearing, estimation and monitoring of a biologi-
cal signal of interest, such as an arterial distension waveform
or a blood pressure, over extended durations of time (for
example, hours, days, weeks or even a month or more)
without external calibration, recharging or other interrup-
tion. Continuous monitoring generally provides greater
prognostic and diagnostic value than isolated measurements,
for example, obtained in a hospital or doctor’s office setting.
[0048] Some implementations of the blood pressure esti-
mation devices described herein also are designed with
small form factors and with housings that can be coupled to
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a subject (also referred to herein as a “patient,” “person” or
“user”) so as to be wearable, noninvasive, and nonrestrictive
of ambulatory use. In other words, some implementations of
the ambulatory monitoring devices described herein do not
restrict the free uninhibited motion of a subject’s arms or
legs enabling continuous or periodic monitoring of cardio-
vascular characteristics such as blood pressure even as the
subject is mobile or otherwise engaged in a physical activity.
Not only do such devices not interfere with the subject’s
daily or other desired activities, they also may encourage
continuous wearing by virtue of such non-interference. In
some implementations, it can further be desirable that the
subject has no notion about when the sensing device(s) of
the blood pressure estimation device is actually performing
measurements.

[0049] As used herein, the term “pulse pressure” refers to
the difference between the systolic pressure and the diastolic
pressure for a given cardiac cycle. Pulse pressure is gener-
ally not affected by local changes in the hydrostatic pressure
in an artery in the peripheral regions of the body of a subject.
As used herein, the term “transmural pressure” refers to the
pressure difference between the pressure inside a particular
artery and the pressure directly outside the artery at a
particular time and at a particular location along the artery.
Unlike the pulse pressure, the transmural pressure depends
on hydrostatic pressure. For example, if a sensing device is
coupled with a wrist of a subject, changing the elevation of
the wrist can cause significant changes in the transmural
pressure measured at the wrist, while the pulse pressure will
generally be relatively unaffected (assuming the state of the
subject is otherwise unchanged). As used herein, the term
“absolute arterial pressure” refers to the actual pressure in a
particular artery at a particular location along the artery at a
particular time. Typically, the absolute arterial pressure is
relatively consistent with the transmural pressure so long as
no significant external pressure is applied to the artery (such
as from a counter pressure applied by an inflatable cuff or
other external device). For many intents and purposes, the
transmural pressure may be presumed to be approximately
equal to the absolute arterial pressure, and as such, the terms
“absolute arterial pressure” and “transmural pressure” are
used interchangeably hereinafter where appropriate unless
otherwise noted. As used herein, the term “blood pressure”
is a general term referring to a pressure in the arterial system
of a subject. As such, the terms transmural pressure, absolute
arterial pressure, pulse pressure, systolic pressure and dia-
stolic pressure all may referred to hereinafter generally as
blood pressure.

[0050] As used herein, the terms “processor,” “processing
unit,” “controller” and “control unit” are used interchange-
ably and refer to one or more distinct control units or
processing units in electrical communication with one
another. In some implementations, a processing unit may
include one or more of a general purpose single- or multi-
chip processor, a central processing unit (CPU), a digital
signal processor (DSP), an applications processor, an appli-
cation specific integrated circuit (ASIC), a field program-
mable gate array (FPGA) or other programmable logic
device (PLD), discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed
to perform the functions and operations described herein.
[0051] As used herein, the terms “device” and “system”
are used interchangeably and refer to a physical apparatus
that may include a variety of hardware components includ-
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ing discrete logic and other electrical components, as well as
components such as computer readable media that may store
software or firmware and components such as processors
that may execute or otherwise implement software or firm-
ware.

[0052] As used herein, the terms “estimating,” “calculat-
ing,” “inferring,” “deducing,” “evaluating” and “determin-
ing” are used interchangeably where appropriate unless
otherwise indicated. Similarly, derivations from the roots of
these terms may be used interchangeably where appropriate;
for example, the terms “estimation,” “calculation,” “infer-
ence” and “determination” may be used interchangeably
herein. Additionally, the phrase “capable of” may be used
interchangeably with the phrases “configured to,” “operable
to,” “adapted to,” “manufactured to,” and “programmed to”
where appropriate unless otherwise indicated.

[0053] Additionally, the conjunction “or” as used herein is
intended in the inclusive sense where appropriate unless
otherwise indicated; that is, the phrase “A, B or C” is
intended to include the possibilities of A individually; B
individually; C individually; A and B and not C; B and C and
not A; A and C and not B; and A and B and C. Similarly, a
phrase referring to “at least one of” a list of items refers to
any combination of those items, including single members.
As an example, the phrase “at least one of A, B, or C” is
intended to cover the possibilities of at least one of A; at least
one of B; at least one of C; at least one of A and at least one
of B; at least one of B and at least one of C; at least one of
A and at least one of C; and at least one of A, at least one
of B and at least one of C.

[0054] When fluid is injected into a vessel over a relatively
short duration of time, the injection will typically generate
one or more propagating wave modes of pressure and fluid
motion. In the context of the cardiovascular systen, propa-
gating wave modes—referred to hereinafter as “pulses”™—
are generated responsive to the contraction of the left
ventricle of the heart and the accompanying injection of
blood into the arterial system. The fluid—blood—can be
modeled as incompressible, while the vessel—the arterial
walls of an artery—can be modeled as elastic. The dominant
propagating wave mode along a typical artery is the propa-
gating deformation of the arterial walls of the artery, referred
to hereinafter as an arterial distension waveform or as an
arterial distension signal (as used herein, the arterial disten-
sion signal also can refer to measurements of the arterial
distension waveforms obtained for a series or sequence of
pulses over an extended duration of time).

[0055] The time-varying nature of the arterial distension
waveform results from the flow and pressure pulses caused
by the subject’s heartbeat. As used herein, reference to a
pulse can encompass a flow pulse or a pressure pulse—both
are physical descriptions of the same underlying response of
the arterial system. However, while flow pulses and pressure
pulses propagate with the same velocities, the pulse shapes
(the particular shapes of the waveforms) of the two types of
pulses can generally be different. This difference exists at
least in part because of the nonlinear relationship between
the arterial distension signal caused by the flow pulses and
the time-varying pressure variation associated with the pres-
sure pulses (the difference also can be explained by the
complex fluid impedance). The nonlinearity exists in part
because the elasticity of the arterial walls decreases with
increasing distension. Although the term “arterial distension
signal” is sometimes strictly used with reference to flow
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pulses, as used herein the arterial distension signal may refer
to the arterial distension waveform associated with either
flow pulses or pressure pulses.

[0056] FIG. 1 shows a plot 100 of an example blood
pressure signal in an artery versus time during an example
cardiac cycle. Although the plot 100 is a plot of blood
pressure versus time, the plot 100 also is indicative of the
arterial distension waveform. As indicated above, a plot of
blood flow (also referred to herein as “arterial flow”) versus
time would exhibit similar features as the plot 100 of blood
pressure versus time, although the specific shapes of the
features would be slightly different. As a person of ordinary
skill in the art will appreciate, each cardiac cycle 102
includes both a systolic phase (“ventricular systole”) 104,
during which the left ventricle of the heart contracts and
pumps blood into the arterial system, and a diastolic phase
(“ventricular diastole”) 106, during which the left ventricle
relaxes and fills with blood in preparation for the next
systolic phase. Because each cardiac cycle 102 yields a
respective pressure pulse, the arterial distension waveform
associated with each pressure pulse also includes features
characteristic of the systolic and diastolic phases. For
example, the systolic phase 104 characteristically includes a
rapid rise of the pressure culminating in a local maximum or
peak 108 (the “systolic pressure™) responsive to the injection
of blood from the left ventricle during the given cardiac
cycle 102. The diastolic phase 106, on the contrary, char-
acteristically includes a marked drop in blood pressure
culminating in a local minimum 110 (the “diastolic pres-
sure”) during the given cardiac cycle 102 as a consequence
of the relaxation of the left ventricle. In fact, the ending
portion of the diastolic phase 106 can be characterized by an
exponentially decaying blood pressure that asymptotically
approaches a pressure 112 (referred to herein as the “infinity
pressure”) lower than the typical diastolic pressure (the
blood pressure never reaches the infinity pressure because
the systolic phase of the next cardiac cycle interrupts the
exponential decay as shown).

[0057] FIG. 2 shows a cross-sectional side view of a
diagrammatic representation of a portion of an artery 200
through which a pressure pulse 202 is propagating. The
block arrow in FIG. 2 shows the direction of blood flow and
pulse propagation. As diagrammatically shown, the propa-
gating pulse 202 causes strain in the arterial walls 204,
which is manifested in the form of an enlargement in the
diameter (and consequently the cross-sectional area A) of
the arterial walls—referred to as “distension.” The spatial
length L of an actual propagating pulse along an artery
(along the direction of blood flow) is typically comparable
to the length of a limb, such as the distance from a subject’s
shoulder to the subject’s wrist or finger, and is generally less
than one meter (m). The spatial length L of a pulse will
generally decrease with increasing distance from the heart
until the pulse reaches capillaries. However, the length L of
a propagating pulse can vary considerably from subject to
subject, and for a given subject, can vary significantly over
durations of time depending on various factors.

[0058] FIG. 3 shows a block diagram representation of an
example biological signal monitoring system 300 according
to some implementations. As shown, the monitoring system
300 includes a sensing system 302 and a control system 304
electrically coupled with the sensing system. The sensing
system 302 is capable of performing measurements associ-
ated with one or more signals or quantities of interest and
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providing raw sensor data, including raw arterial data, based
on the measurements. The control system 304 is capable of
controlling operation of the sensing system 302 and pro-
cessing sensor data received from the sensor system. In
some implementations, the monitoring system 300 further
includes an interface system 306 capable of transmitting or
receiving data, such as raw or processed sensor data, to or
from various components within or integrated with the
monitoring system 300 or, in some implementations, to or
from various components, devices or other systems external
to the monitoring system 300.

[0059] FIG. 4 shows a block diagram representation of an
example blood pressure estimation device 400 according to
some implementations. The blood pressure estimation
device 400 is an example implementation of the biological
signal monitoring system 300 described above with refer-
ence to FIG. 3. For example, the blood pressure estimation
device 400 includes a sensor suite 402 that implements the
sensing system 302 of FIG. 3. The sensor suite 402 includes
at least one arterial sensor 404. In some implementations,
the sensor suite 402 includes two or more arterial sensors
404 of the same sensor type (modality). In some implemen-
tations, the sensor suite 402 includes two or more arterial
sensors 404 of different sensor types (modalities). In some
implementations, the sensor suite 402 includes an arterial
sensor 404 configured for ultrasonic sensing. Additionally or
alternatively, the sensor suite 402 can include an arterial
sensor 404 configured for optical sensing. Additionally or
alternatively, the sensor suite 402 can include an arterial
sensor 404 configured for impedance plethysmography
(IPG) sensing, also referred to in biological contexts as
bioimpedance sensing.

[0060] In various implementations, whatever type or types
of sensor modality are utilized, each arterial sensor 404
broadly functions to obtain measurements (also referred to
as “arterial data”). Such arterial data can include arterial
distension data indicative of an arterial distension signal
resulting from the propagation of pulses through a portion of
the artery proximate to the arterial sensor 404. In some
implementations, an arterial sensor 404 can be configured to
provide an output that may be continuously converted to a
measure of the arterial distension dA as a function of time
(also referred to herein as “arterial distension data” or
“arterial distension measurements”). Additionally or alter-
natively, in some implementations, the same or a different
arterial sensor 404 can be configured to provide the same or
a different output that may be continuously converted to a
measure of the arterial cross-sectional area A as a function
of time (also referred to herein as (“arterial cross-sectional
area data,” “cross-sectional area measurements,”). Addition-
ally or alternatively, in some implementations, the same or
a different arterial sensor 404 can be configured to provide
the same or a different output that may be continuously
converted to a measure of the blood velocity v as a function
of time (also referred to herein as “blood velocity data” or
“blood velocity measurements™). Additionally or alterna-
tively, in some implementations, the same or a different
arterial sensor 404 can be configured to provide the same or
a different output that may be continuously converted to a
measure of the blood flow Q as a function of time (also
referred to herein as “blood flow data” or “blood flow
measurements”). In some implementations, the arterial data
measured or otherwise obtained by the arterial sensor 404
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can be provided to the controller 408 in the form of an
electrical signal such as a voltage signal.

[0061] Referring back to FIG. 4, the sensor suite 402 also
can include an elevation sensor 406 for determining an
elevation (also used interchangeably with and referred to as
a “height”) of the device. In some implementations, the
elevation can be a differential elevation relative to a previous
elevation, a differential elevation relative to a reference
elevation, or an absolute elevation (or altitude). In various
implementations, the elevation sensor 406 can collectively
refer to one or more of each of a plurality of different types
of sensors. For example, the elevation sensor 406 can
include one or more accelerometers or one or more gyro-
scopes for detecting relative motion and orientation. For
example, the one or more accelerometers can include a
three-dimensional (3D) inertial sensor, such as a three-axis
accelerometer. Elevation changes may be inferred from
integration of the accelerometer output. In some implemen-
tations, the position and elevation of the blood pressure
estimation device 400 can be tracked using such sensors. In
some such implementations, the elevation sensor 406 can be
configured to provide an output that may be continuously
converted to a measure of the elevation of the blood pressure
estimation device 400 as a function of time (also referred to
herein as “elevation data” or “elevation measurements”).
Additionally or alternatively, the elevation sensor 406 can
include an absolute elevation sensor such as a high resolu-
tion barometric altimeter. Additionally or alternatively, a
magnetic near-field navigation system can be integrated in
the blood pressure estimation device 400 to provide eleva-
tion estimates.

[0062] In the blood pressure estimation device 400, the
control system 304 is implemented at least in part by a
controller 408. The controller 408 is electrically coupled
with the sensor suite 402. The controller 408 is capable of
processing the arterial data received from the arterial sensors
404 and the elevation data received from the elevation
sensor 406. While the controller 408 is shown and described
as a single component, in some implementations, the con-
troller 408 can collectively refer to two or more distinct
control units or processing units in electrical communication
with one another. In some implementations, the controller
408 includes one or more of a general purpose single- or
multi-chip processor, a central processing unit (CPU), a
digital signal processor (DSP), an application specific inte-
grated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device (PLD), discrete
gate or transistor logic, discrete hardware components, or
any combination thereof designed to perform the functions
and operations described herein.

[0063] In some implementations, the blood pressure esti-
mation device 400 further includes a signal processor 410.
In some implementations, raw sensor data including raw
arterial data and raw elevation data, can be sent, transmitted,
communicated or otherwise provided to the signal processor
410 from the sensor suite 402 or from the controller 408. For
example, the signal processor 410 can include any suitable
combination of hardware, firmware and software config-
ured, adapted or otherwise operable to detect, extract and
otherwise process or determine an arterial distension signal,
blood flow signal or other signals of interest based on the
raw arterial data received from the sensor suite 402. In some
implementations, the signal processor 410 can include signal
or image processing circuits or circuit components includ-
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ing, for example, amplifiers (such as instrumentation ampli-
fiers), analog or digital mixers or multipliers, switches,
analog-to-digital converters (ADCs), passive or active ana-
log filters, among others. In some implementations, the
signal processor 410 can be integrated with or within the
controller 408, for example, where the controller 408 is
implemented as a system-on-chip (SoC) or system-in-pack-
age (SIP). In some implementations, the signal processor
410 can be a DSP included within or otherwise coupled with
the controller 408. In some implementations, the signal
processor 410 can be implemented at least partially via
software. For example, one or more functions of, or opera-
tions performed by, one or more of the circuits or circuit
components just described can instead be performed by one
or more software modules executing, for example, in a
processing unit of the controller 408 (such as in a general
purpose processor or a DSP).

[0064] In some implementations, raw arterial distension
data obtained by the arterial sensor 404 is advantageously
processed using high-pass filtering techniques. In some such
implementations, the signal processor 410 performs one or
more high-pass filtering operations on the raw arterial dis-
tension data using, for example, one or more analog or
digital filtering operations performed via any suitable com-
bination of software and hardware including digital or
discrete components, and in some instances, one or more
passive or active filter components. Such high-pass filtering
can advantageously be used to significantly reduce low
spectral frequency components, for example, having fre-
quencies below a few Hertz (Hz) (for example, below 3 Hz
or below 4 Hz). Such low spectral frequency components
can be caused by motion artifacts, respiration artifacts or
from low frequency propagating waves not of interest.

[0065] In some implementations, the arterial data also can
be advantageously processed using low-pass filtering tech-
niques or bandpass filtering techniques. In some such imple-
mentations, the signal processor 410 performs one or more
low-pass filtering operations on the arterial distension data
using, for example, one or more analog or digital filtering
operations performed via any suitable combination of soft-
ware and hardware including digital or discrete components,
and in some instances, one or more passive or active filter
components. Such low-pass filtering can advantageously be
used to significantly reduce high frequency noise compo-
nents outside of the frequency band of interest.

[0066] The controller 408 can store data in, and retrieve
data from, a memory 412. For example, the data stored in the
memory 412 can include raw arterial data and elevation data
obtained from one or more sensors of the sensor suite 402,
filtered or otherwise processed arterial data or elevation data,
or calculated or estimated cardiovascular characteristics or
signals, such as blood pressure, determined based on such
raw or processed arterial distension data and elevation data.
The memory 412 also can store processor-executable code
or other executable computer-readable instructions capable
of execution by the controller 408 to perform various
operations (or to cause other components such as sensors in
the sensor suite 402 or the signal processor 410 to perform
operations), including any of the calculations, computations,
estimations or other determinations described herein (in-
cluding those presented in any of the equations below). It
should also be understood that the memory 412 can collec-
tively refer to one or more memory devices (or “compo-
nents”). For example, depending on the implementation, the
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controller 408 can have access to and store data in a different
memory device than the signal processor 410. In some
implementations, one or more of the memory components
can be implemented as a NOR- or NAND-based Flash
memory array. In some other implementations, one or more
of the memory components can be implemented as a dif-
ferent type of non-volatile memory. Additionally, in some
implementations, one or more of the memory components
can include a volatile memory array such as, for example, a
type of RAM.

[0067] In some implementations, the controller 408 can
communicate data stored in the memory 412 or data
received directly from the signal processor 410 through an
interface 414. For example, such communicated data can
include blood pressure data or other data derived or other-
wise determined from the arterial data or the elevation data.
The interface 414 can collectively refer to one or more
interfaces of one or more various types. In some implemen-
tations, the interface 414 can include a memory interface for
receiving data from or storing data to an external memory
such as a removable memory device. Additionally or alter-
natively, the interface 414 can include one or more wireless
network interfaces or one or more wired network interfaces
enabling the transfer of raw or processed data to, as well as
the reception of data from, an external computing device,
system or server.

[0068] A power supply 416 can provide power to some or
all of the components in the blood pressure estimation
device 400. The power supply 416 can include one or more
of a variety of energy storage devices. For example, the
power supply 416 can include a rechargeable battery, such as
a nickel-cadmium battery or a lithium-ion battery. Addition-
ally or alternatively, the power supply 416 can include one
or more supercapacitors. In some implementations, the
power supply 416 can be chargeable (or “rechargeable’™)
using power accessed from, for example, a wall socket (or
“outlet”) or a photovoltaic device (or “solar cell” or “solar
cell array”) integrated with the blood pressure estimation
device 400. Additionally or alternatively, the power supply
416 can be wirelessly chargeable.

[0069] The aforedescribed components of the blood pres-
sure estimation device 400 can be configured in a single
housing. The housing and other components of the blood
pressure estimation device 400 can be configured such that
when the monitoring device is affixed or otherwise physi-
cally coupled to a subject, the arterial sensor 404 is in
contact with or in close proximity to the skin of the user. In
various implementations, the housing of the blood pressure
estimation device 400 is a wearable housing or is incorpo-
rated into or integrated with a wearable housing. In some
specific implementations, the wearable housing includes (or
is connected with) a physical coupling mechanism for
removable non-invasive attachment to the user. The housing
can be formed using any of a variety of suitable manufac-
turing processes, including injection molding and vacuum
forming, among others. In addition, the housing can be made
from any of a variety of suitable materials, including, but not
limited to, plastic, metal, glass, rubber and ceramic, or
combinations of these or other materials. In particular imple-
mentations, the housing and coupling mechanism enable full
ambulatory use. In other words, some implementations of
the blood pressure estimation devices described herein are
noninvasive, not physically-inhibiting and generally do not
restrict the free uninhibited motion of a subject’s arms or
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legs, enabling continuous or periodic monitoring of cardio-
vascular characteristics such as blood pressure even as the
subject is mobile or otherwise engaged in a physical activity.
As such, the ambulatory blood pressure estimation device
400 facilitates and enables long-term wearing and monitor-
ing (for example, over days, weeks or a month or more
without interruption) of one or more biological characteris-
tics of interest to obtain a better picture of such character-
istics over extended durations of time, and generally, a better
picture of the user’s health.

[0070] In some implementations, the blood pressure esti-
mation device 400 can be positioned around a wrist of a user
with a flexible or elastic strap or band. FIG. 5A shows an
example blood pressure estimation device 500 designed to
be worn around a wrist according to some implementations.
In the illustrated example, the blood pressure estimation
device 500 includes a housing 502 integrally formed with,
coupled with or otherwise integrated with a wristband 506.
During operation, the blood pressure estimation device 500
can be coupled around the wrist such that arterial sensor (or
sensors) 504 are positioned along a segment of the radial
artery 510. In some implementations, the arterial sensor 504
may be hidden from view from the external or outer surface
of the housing 502 facing the subject while the blood
pressure estimation device 500 is coupled with the subject,
but exposed on an inner surface of the housing 502 to enable
the arterial sensor 504 to obtain measurements through the
subject’s skin from the underlying artery. In some other
implementations, the blood pressure estimation device 500
can similarly be designed or adapted for positioning around
a forearm, an upper arm, an ankle, a lower leg, an upper leg,
or a finger (all of which are hereinafter referred to as
“limbs”) using a strap or band.

[0071] In some other implementations, the blood pressure
estimation devices disclosed herein can be positioned on a
region of interest of the user without the use of a strap or
band. For example, the arterial sensor 504 and the other
components of the blood pressure estimation device 500 can
be enclosed in a housing that is secured to the skin of the
user using an adhesive or other suitable attachment mecha-
nism (an example of a “patch” device). FIG. 5B shows an
example blood pressure estimation device 500 designed to
be worn around a finger according to some implementations.
In some such implementations, the blood pressure estima-
tion device 500 can be coupled around the finger such that
arterial sensor 504 is positioned along a segment of the
digital artery 512.

[0072] FIG. 6A shows an example multi-sensor blood
pressure estimation device 600 designed to be worn around
a wrist according to some implementations. In some imple-
mentations, the multi-sensor blood pressure estimation
device 600 includes at least two arterial sensors including a
first arterial sensor 604A and a second arterial sensor 604B.
In some implementations, both the first arterial sensor 604A
and the second arterial sensor 604B are sensors of the same
sensor type. In some such implementations, the first arterial
sensor 604A and the second arterial sensor 604B are iden-
tical sensors. In such implementations, each of the first
arterial sensor 604A and the second arterial sensor 604B
utilizes the same sensor technology with the same sensitivity
to the arterial distension signal caused by the propagating
pulses, and has the same time delays and sampling charac-
teristics.
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[0073] The blood pressure estimation device 600 also
includes a housing 602 integrally formed with, coupled with
or otherwise integrated with a wristband 606. During opera-
tion, the blood pressure estimation device 600 can be
coupled around the wrist such that the first and the second
arterial sensors 604A and 604B are positioned along a
segment of the radial artery 610. Again, in some implemen-
tations, the first and the second arterial sensors 604A and
604B may be hidden from view from the external or outer
surface of the housing 602 facing the subject, but exposed on
an inner surface of the housing 602. In some other imple-
mentations, the blood pressure estimation device 600 can
similarly be designed or adapted for positioning around
another limb using a strap or band. FIG. 6B shows an
example multi-sensor blood pressure estimation device 600
designed to be wormn around a finger according to some
implementations. Like the blood pressure estimation device
500 of FIG. 5B, the blood pressure estimation device 600
can be coupled around the finger such that arterial sensors
604A and 604B are positioned along a segment of the digital
artery 612.

[0074] In some implementations, the magnitude of the
distance AD of separation between the first arterial sensor
604 A and the second arterial sensor 604B (and consequently
the distance between the first and the second locations along
the artery during regular operation) can be in the range of
about 1 centimeter (¢cm) to tens of centimeters—long enough
to distinguish the arrival of the pulse at the first physical
location from the arrival of the pulse at the second physical
location, but close enough to provide sufficient assurance of
arterial consistency. In some specific implementations, the
distance AD between the first and the second arterial dis-
tension sensors 604A and 604B can be in the range of about
1 cm to about 30 cm, and in some implementations, less than
or equal to about 20 cm, and in some implementations, less
than or equal to about 10 cm, and in some specific imple-
mentations less than or equal to about 5 cm. In some other
implementations, the distance AD between the first and the
second arterial distension sensors 604A and 604B can be
less than or equal to 1 cm, for example, about 0.1 cm, about
0.25 cm, about 0.5 cm or about 0.75 cm. By way of
reference, a typical PWV can be about 15 meters per second
(m/s). Using an blood pressure estimation device 600 in
which the first and the second arterial distension sensors
604A and 604B are separated by a distance of about 5 cm,
and assuming a PWV of about 15 m/s implies a PTT of
approximately 3.3 milliseconds (ms). As will be appreciated
by a person of ordinary skill in the art, the spatial length T
of a pulse can be greater than the distance AD from the first
arterial distension sensor 604 A to the second arterial sensor
604B in such implementations. The value of the magnitude
of the distance AD between the first and the second arterial
sensors 604A and 604B can be preprogrammed into or
otherwise stored in the memory 412.

[0075] As described above, during the systolic phase of
the cardiac cycle, as a pulse propagates through a particular
location along an artery, the arterial walls expand according
to the pulse waveform and the elastic properties of the
arterial walls. Along with the expansion is a corresponding
increase in the volume of blood at the particular location or
region, and with the increase in volume of blood an asso-
ciated change in one or more characteristics in the region.
Conversely, during the diastolic phase of the cardiac cycle,
the blood pressure in the arteries decreases and the arterial
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walls contract. Along with the contraction is a corresponding
decrease in the volume of blood at the particular location,
and with the decrease in volume of blood an associated
change in the one or more characteristics in the region.

[0076] In the context of bioimpedance sensing (or imped-
ance plethysmography (IPG)), the blood in the arteries has
a greater electrical conductivity than that of the surrounding
or adjacent skin, muscle, fat, tendons, ligaments, bone,
lymph or other tissues. The susceptance (and thus the
permittivity) of blood also is different from the susceptances
(and permittivities) of the other types of surrounding or
nearby tissues. As a pulse propagates through a particular
location, the corresponding increase in the volume of blood
results in an increase in the electrical conductivity at the
particular location (and more generally an increase in the
admittance, or equivalently a decrease in the impedance).
Conversely, during the diastolic phase of the cardiac cycle,
the corresponding decrease in the volume of blood results in
an increase in the electrical resistivity at the particular
location (and more generally an increase in the impedance,
or equivalently a decrease in the admittance).

[0077] An arterial sensor 404 configured as a bioimped-
ance sensor generally functions to perform measurements by
applying an electrical excitation signal at an excitation
carrier frequency to a region of interest via two or more
input electrodes, and by detecting an output signal (or output
signals) via two or more output electrodes. FIG. 7 shows a
block diagram representation of an example bioimpedance
sensor 700 according to some implementations. The
bioimpedance sensor 700 includes an excitation circuit 702
capable of generating an electrical excitation signal I,
having an adjustable excitation frequency f., ., (in some
other implementations, the excitation circuit 702 can be
implemented in or integrated with a controller, for example,
the controller 408). In some implementations, the excitation
circuit 702 can simultaneously or alternately generate mul-
tiple excitation signals at different excitation frequencies
depending on the biological characteristics of interest. In the
illustrated implementation, the excitation circuit 702 func-
tions as a current source that provides the excitation signal
1., n the form of an electrical current signal, and more
specifically, a radio frequency (RF) alternating current (AC)
signal. In some implementations, the excitation circuit 702
can include a current mirror comprised of a multiple MOS-
FETs or bipolar junction transistors as well as other circuit
components such as amplifiers.

[0078] The excitation signal I ., is injected into (or
“provided to”) the artery 708 of interest via two or more of
input electrodes 704 in contact with the skin of the subject
overlying the artery. The injected excitation signal I, ;, can
be a single-ended signal or a differential signal. The
bioimpedance sensor 700 also includes one or more output
electrodes 706 in contact with the skin in proximity to the
artery 708 of interest. The output electrodes 706 are operable
to sense a voltage response signal V,, . In some such
implementations, the voltage response signal V,, , is rep-
resentative of an electrical voltage response of the tissues
including the blood in the artery 708 of interest to the
applied excitation signal I . The detected voltage
response signal V,, . is influenced by the different, and in
some instances time-varying, electrical properties of the
various tissues through which the injected excitation current
signal is passed. The detected voltage response signal V, .,
is amplitude- and phase-modulated by the time-varying
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impedance (or inversely the admittance) of the underlying
artery 708, which fluctuates synchronously with the user’s
heartbeat. To determine various biological characteristics,
information in the detected voltage response signal is gen-
erally demodulated from the excitation carrier frequency
component of the detected voltage response signal V. ..
[0079] In the context of optical sensing, the absorbance or
scattering of some frequencies of light (for example, within
the near-infrared (NIR) window) by the blood or by various
components of the blood (for example, red blood cells) in
the arteries is different than that of the surrounding or
adjacent skin, muscle, fat, tendons, ligaments, bone, lymph
or other tissues. For example, and as similarly described
above, as a pulse propagates through a particular location of
an artery, the corresponding increase in the volume of blood
can result in an increase in the absorption of particular
frequencies of light at the particular location. Some arterial
sensors 404 configured as an optical sensor generally func-
tions to perform measurements by applying an optical signal
(electromagnetic radiation) at a transmitter frequency to a
region of interest via one or more light emitters, and by
detecting a backscattered or reflected signal (or signals) via
one or more light detectors.

[0080] FIG. 8 shows a block diagram representation of an
example optical sensor 800 according to some implemen-
tations. For example, the optical sensor 800 can implement
one or more of the arterial sensors 404 of the blood pressure
estimation device 400. In some implementations, the optical
sensor 800 can be structured as a planar device configured
to be arranged flush with, or at least parallel to, the skin
surface of a limb. In some implementations, the optical
sensor 800 is configured as a Doppler velocimetry sensor,
such as a laser Doppler velocimetry (LDV) sensor. Using a
Doppler velocimetry sensor, such as an LDV sensor, to
implement the optical sensor 800 enables the measurement
of the velocity v of blood flowing parallel to the skin, as is
the case in most arteries in limbs and digits. An LDV sensor
also can distinguish flowing blood from other tissues, and
thus enable the obtainment of the arterial lumen V in the
same measurement. Having both the velocity v and the
arterial lumen V then enables a determination of the blood
flow Q through the artery.

[0081] The optical sensor 800 may include one or more
light emitters 802 (also referred to herein collectively as “the
light emitter,” “the light transmitter” or “the light source™).
In some implementations, the light emitter 802 is configured
to emit coherent light. In some such implementations, the
light emitter 802 includes one or more lasers, such as laser
diodes. In some implementations, the light emitter 802 may
be configured to emit light of a wavelength that is less
susceptible to absorption by biological tissue and water. In
some implementations, the light emitter 802 can include a
laser, such as an edge emitting semiconductor laser or a
vertical cavity surface emitting laser (VCSEL) that produces
a light beam having an infrared wavelength in the range of
850 nanometers (nm) to 1500 nm. In some other implemen-
tations, the light emitter 802 can emit light beams having
visible wavelengths.

[0082] The optical sensor 800 also includes one or more
light detectors 804 (also referred to herein collectively as
“the light detector” or “the photodetector”). In some imple-
mentations, the light detector 804 includes one or more
photodiode arrays. In some implementations, the light detec-
tor 804 may be configured to detect backscattered light of a
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particular range of wavelengths. For example, a silicon (Si)
photodiode may be used to detect wavelengths of light
below 900 nm, a germanium (Ge) photodiode may be used
to detect wavelengths up to 1300 nm, and a gallium arsenide
(GaAs) photodiode or Indium phosphide (InP) photodiode
may be used to detect light of longer wavelengths. The light
detector 804 may receive backscattered light and convert the
received light power of the backscattered light to an elec-
trical output signal. The electrical output signal of the light
detector 804 may be converted to a voltage signal by a
transimpedance amplifier (not shown).

[0083] In some implementations, the optical sensor 800
includes one or more planar optical structures 806 (collec-
tively referred to hereinafter as “planar optics™) configured
to direct optical light emitted from the light emitter 802 into
two light beams 803A and 803B. In some implementations,
the planar optics also can be configured to collect and shunt
backscattered light 805 to the light detector 804. In some
implementations, the planar optics 806 can include a planar
transparent structure having refractive index structures, sur-
face relief structures, diffractive structures, or other wave-
guide structures known in the art to direct the light from the
light emitter 802 out of the optical sensor 800 and to collect
and direct backscattered light towards the light detector §04.
In some implementations, the planar optics 806 are config-
ured as a waveguide having a diffractive structure comprised
of two superimposed gratings. The superimposed gratings
can be configured to have slightly different grating constants
and a mean grating constant approximately equal to the
optical wavelength of the light emitter 802. In implementa-
tions in which the optical sensor 800 is implemented as an
LDV, the two light beams 803A and 803B output by the light
emitter 802 are directed so that the beams have different
directions of propagation and intersect to form an interfer-
ence pattern that propagates perpendicularly away from the
surface of the waveguide. In some implementations, the
light emitter 802 and planar optics 806 may be configured to
direct the two light beams 803A and 803B into the subject’s
limb towards an artery 808 to illuminate the artery with an
interference pattern forming a measurement volume that
includes a cross-section of the artery.

[0084] FIG. 9 shows a cross-section of an example mea-
surement volume 900 in which an interference pattern 902
is illuminating an artery 908 according to some implemen-
tations. In the illustrated implementation, the interference
pattern 902 of the measurement volume 900 includes a
number of interference fringes that are parallel to the bisec-
tor of the axes of the two emitted beams and transverse an
arterial longitudinal axis of the artery 908. In some
examples, the interference fringes may be perpendicular to
the arterial longitudinal axis of the artery 908, or approxi-
mately perpendicular to the arterial longitudinal axis of the
artery 908. The spacing between the fringes, or “fringe
spacing,” may be determined by the optical wavelength of,
and the angle between, the emitted beams that form the
interference pattern 902. In some implementations, the
fringe spacing is larger than the typical diameter D, of blood
cells (approximately 10 pm). The number of fringes may, in
some instances, be limited according to the length L, of the
illuminated area. In some example implementations, the
interference pattern may include between 5 fringes and 100
fringes, for example 20 fringes. In the example shown in
FIG. 9, the illustrated segment of the artery 908 is substan-
tially straight, with an arterial longitudinal axis that corre-
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sponds with an x axis. In this example, the transverse or
perpendicular axis corresponds with a y axis.

[0085] As described above, the two light beams 803 A and
803B output by the light emitter 802 propagate into the
tissues perpendicular to the long axis of the artery 808
beneath the skin. The measurement of velocity in an artery
that is perpendicular to the overall direction of propagation
of light is possible because the interference fringes are
aligned in the same direction as the direction of the bisector
of the two transmitted beams 803A and 803B. The light
scattered by moving blood cells will then be frequency-
modulated and the modulation frequency f, will be given by
the velocity v of the moving blood cells in conjunction with
the spacing between interference fringes. This may be
expressed as

v

Ja= X/2sin(a)’

where A represents the optical wavelength and 2a. represents
the angle between the two transmitted beams 803A and
803B. Because the two beams 803A and 803B either origi-
nate from the same light source or at least from two mutually
coherent light sources, and also are assumed to have the
same optical path length from the source (at least within the
coherence length of the source), the two beams form an
interference pattern in the intersection region with interfer-
ence fringes aligned in the direction of the bisector of the
beams and at a fringe spacing of x,=A/(2 sin o), where o is
half the angle between the two light beams.

[0086] A particle such as a red blood cell moving through
the interference pattern with a velocity component v, in the
plane of the intersecting beams and perpendicular to the
bisector of the light beams will scatter light modulated by a
frequency given by the dot product of the velocity v and a
vector defining the difference between the propagation vec-
tors of the two beams divided by 2m, i.e., Al=v,/x=v-Ak/2n
where Af is the Doppler frequency shift observed in back-
scattered light, v, is the velocity component perpendicular to
the propagation direction of light, x,is the fringe spacing of
the interference pattern formed in the measurement volume,
and the vector Ak is the difference between the propagation
vectors of the two light beams 803A and 803B. The differ-
ence of the Doppler shifts of scattered light in a given
direction (arbitrary) emerging from the two impinging
beams will be independent of the scattering direction (direc-
tion of detection). The frequency shift Af observed in the
backscattered light received by the light detector 804 is
proportional to the velocity component of backscattering
particles perpendicular to the bisector of the two beams
803A and 803B.

[0087] FIG. 10 shows a plot of a power spectrum 1000 of
an example output signal output by the light detector 804 of
FIG. 8. In particular, FIG. 10 shows a plot of the magnitude
S of the detected light signal, which is proportional to
backscattered light intensity, versus frequency w. As shown,
the power spectrum 1000 includes a non-shifted portion or
peak 1002 and a frequency-shifted portion or peak 1004.
The frequency-shifted portion 1004 corresponds to the
power (or intensity) of received light due to backscattering
by moving particles (blood cells) moving through the inter-
ference pattern of the measurement volume with a non-zero
velocity. In other words, the power of the frequency-shifted



US 2018/0078155 Al

portion 1004 will be proportional to the number of scattering
particles, namely blood cells, in the measurement volume
assuming. The non-shifted portion 1002 corresponds to the
power of received light due to total backscattering by both
moving blood cells and non-moving or slowly moving
particles including, for example, arterial walls and other
biological tissue.

[0088] The velocity v of blood may be determined from
the characteristic Doppler shift Af in the backscattered light.
The arterial lumen (or blood volume) V may be determined
from the intensity of the backscattered light, for example,
from the root mean square of the frequency-shifted portion
1004 of the detected signal. Assuming the illuminated artery
has a circular cross-section, the volume V of the illuminated
artery in the region of the arterial sensor is given by

T2
-_p?

V=30l

where D, is the diameter of the artery and L, is the length of
the interference pattern. In some implementations, the volu-
metric blood flow Q is then determined as a product of the
blood velocity v and the arterial lumen V, in some cases
incorporating the effects of the velocity profile across the
artery. As will described later in this disclosure, a blood
pressure in the arterial can be determined based on the
distension of the artery based on the arterial lumen V and
blood flow Q measured at two different elevations.

[0089] Inthe context of ultrasonic sensing, the blood in the
arteries has a different acoustic impedance than that of the
surrounding or adjacent arterial walls, skin, muscle, fat,
tendons, ligaments, bone, lymph or other tissues. An arterial
sensor 404 configured as an ultrasonic sensor generally
functions to perform measurements by transmitting ultra-
sonic waves at a scanuing frequency to a region of interest
via an ultrasonic transmitter, and by detecting a reflected
signal (or signals) via one or more ultrasonic receivers. As
used herein, the terms “ultrasound” and “ultrasonic wave”
are used interchangeably and refer to a propagating pressure
wave having a frequency greater than or equal to about 20
kilohertz (kHz), and in some implementations, in the range
of about 1 Megahertz (MHz) and about 100 MHz.

[0090] FIG. 11 shows a block diagram representation of an
example ultrasonic sensor 1100 according to some imple-
mentations. For example, the ultrasonic sensor 1100 can
implement one or more of the arterial sensors 404 of the
blood pressure estimation device 400. The ultrasonic sensor
1100 includes an ultrasonic transducer that includes an
ultrasonic transmitter 1102 and an ultrasonic receiver 1104.
The ultrasonic transmitter 1102 is generally configured to
generate and transmit ultrasonic waves towards a platen (a
“cover plate” or “cover glass”) that is in acoustical contact
with the skin over the artery 1108 of interest. In some
implementations, the ultrasonic transmitter 1102 may more
specifically be configured to generate ultrasonic plane waves
towards the platen and the artery 1108 of interest. In some
implementations, the ultrasonic transmitter 1102 includes a
layer of piezoelectric material such as, for example, poly-
vinylidene fluoride (PVDF) or a PVDF copolymer such as
PVDE-TrFE. For example, the piezoelectric material of the
ultrasonic transmitter 1102 may be configured to convert
electrical signals provided by a controller (for example, the
controller 408 described above with reference to FIG. 4) into
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a continuous or pulsed sequence of ultrasonic plane waves
at a scanning frequency. In some implementations, the
ultrasonic transmitter 1102 may additionally or alternatively
include capacitive ultrasonic devices.

[0091] The ultrasonic receiver 1104 is generally config-
ured to detect ultrasonic reflections (“reflected waves”)
resulting from interactions of the ultrasonic waves transmit-
ted by the ultrasonic transmitter 1102 with the walls of the
artery of interest being scanned. The reflected waves may
include scattered waves, specularly reflected waves, or both
scattered waves and specularly reflected waves. In some
implementations, the ultrasonic transmitter 1102 overlies the
ultrasonic receiver 1104. In some other implementations, the
ultrasonic receiver 1104 may overlie the ultrasonic trans-
mitter 1102 (as shown in FIG. 12 described below). The
ultrasonic receiver 1104 may be configured to generate and
output electrical output signals corresponding to the detected
ultrasonic reflections. In some implementations, the ultra-
sonic receiver 1104 may include a second piezoelectric layer
different than the piezoelectric layer of the ultrasonic trans-
mitter 1102. In some other implementations, the ultrasonic
transmitter 1102 and the ultrasonic receiver 1104 may share
a single piezoelectric layer. For example, the piezoelectric
material of the ultrasonic receiver 1104 may be any suitable
piezoelectric material such as, for example, a layer of PVDF
or a PVDF copolymer. The piezoelectric layer of the ultra-
sonic receiver 1104 may convert vibrations caused by the
ultrasonic reflections into electrical output signals. In some
implementations, the ultrasonic receiver 1104 further
includes a thin-film transistor (TFT) layer. In some such
implementations, the TFT layer may include an array of
sensor pixel circuits configured to amplify the electrical
output signals generated by the piezoelectric layer of the
ultrasonic receiver 1104. The amplified electrical signals
provided by the array of sensor pixel circuits may then be
provided as raw arterial data to a controller (for example, the
controller 408 described above with reference to FIG. 4) for
use in determining the blood pressure or other cardiovascu-
lar characteristics.

[0092] In some implementations, the ultrasonic sensor
1100 may further include a focusing layer 1106. For
example, the focusing layer 1106 may be positioned above
the ultrasonic transmitter 1102. The focusing layer 1106 may
generally include one or more acoustic lenses capable of
altering the paths of ultrasonic waves transmitted by the
ultrasonic transmitter 1102. In some implementations, the
acoustic lenses may be implemented as cylindrical lenses,
spherical lenses or zone lenses. In some implementations,
some or all of the lenses may be concave lenses, whereas in
some other implementations some or all of the lenses may be
convex lenses, or include a combination of concave and
convex lenses. In some implementations, sampling strate-
gies for processing output signals may be implemented that
take advantage of ultrasonic reflections being received
through a lens of the focusing layer 1106. For example, an
ultrasonic wave coming back from a lens’ focal point will
travel into the lens and may propagate towards multiple
receiver elements in a receiver array fulfilling the acoustic
reciprocity principle. Depending on the signal strength com-
ing back from the scattered field, an adjustment of the
number of active receiver elements is possible. In general,
the more receiver elements that are activated to receive the
reflected ultrasonic waves, the higher the signal-to-noise
ratio (SNR).
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[0093] Insome implementations that include such a focus-
ing layer 1106, the ultrasonic sensor 1100 may additionally
include one or more acoustic matching layers to ensure
proper acoustic coupling between the focusing lens(es) and
an object, such as a finger or wrist in contact with the platen.
For example, the acoustic matching layer may include an
epoxy doped with particles that change the density of the
acoustic matching layer. If the density of the acoustic
matching layer is changed, then the acoustic impedance will
also change according to the change in density. In alternative
implementations, the acoustic matching layer may include
silicone rubber doped with metal or with ceramic powder. In
some implementations, one or more acoustic matching lay-
ers may be positioned on one or both sides of the platen, with
or without a focusing layer.

[0094] FIG. 12 shows an exploded projection view of
example components of the example ultrasonic sensor 1100
of FIG. 11 according to some implementations. The ultra-
sonic transmitter 1102 may include a substantially planar
piezoelectric transmitter layer 1222 capable of functioning
as a plane wave generator. Ultrasonic waves may be gen-
erated by applying a voltage across the piezoelectric trans-
mitter layer 1222 to expand or contract the layer, depending
upon the voltage signal applied, thereby generating a plane
wave. In this example, the processing unit (not shown) is
capable of causing a transmitter excitation voltage to be
applied across the piezoelectric transmitter layer 1222 via a
first transmitter electrode 1224 and a second transmitter
electrode 1226. The first and second transmitter electrodes
1224 and 1226 may be metallized electrodes, for example,
metal layers that coat opposing sides of the piezoelectric
transmitter layer 1222. As a result of the piezoelectric effect,
the applied transmitter excitation voltage causes changes in
the thickness of the piezoelectric transmitter layer 1222, and
in such a manner, generates ultrasonic waves at the fre-
quency of the transmitter excitation voltage.

[0095] The ultrasonic waves may travel towards a target
region, such as an artery of interest in the finger or wrist,
passing through the platen 1228. The platen 1228 may be
formed of any suitable material that may be acoustically
coupled to the ultrasonic transmitter 1102 or the ultrasonic
receiver 1104, depending on which is adjacent the platen
1228. For example, the platen 1228 may be formed of one
or more of glass, plastic, ceramic, sapphire, metal or metal
alloy. In some implementations, the platen 1228 may include
one or more polymers, such as one or more types of
parylene, and may be substantially thinner. In some imple-
mentations, the platen 1228 may have a thickness in the
range of about 10 microns (um) to about 1000 um or more.

[0096] A portion of the ultrasonic waves not absorbed or
transmitted by the arterial walls of the artery 1108 may be
reflected back through the platen 1228 and received by the
ultrasonic receiver 1104. The ultrasonic receiver 1104 may
include an array of sensor pixel circuits 1232 disposed on a
substrate 1234 as well as a second piezoelectric receiver
layer 1236. As described above, in some implementations,
each sensor pixel circuit 1232 may include one or more TFT
or CMOS transistor elements, electrical interconnect traces
and, in some implementations, one or more additional circuit
elements such as diodes, capacitors, and the like. Fach
sensor pixel circuit 1232 may be configured to convert an
electric charge generated in the piezoelectric receiver layer
1236 proximate to the pixel circuit into an electrical signal.
Each sensor pixel circuit 1232 may include a pixel input
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electrode 1238 that electrically couples the piezoelectric
receiver layer 1236 to the sensor pixel circuit 1232.

[0097] In some implementations, the substrate 1234 may
be a glass, plastic or silicon substrate upon which electronic
circuitry may be fabricated. In some implementations, the
substrate 1234 may be positioned between the platen 1228
and the ultrasonic transmitter 1102 or the ultrasonic receiver
1104. In some implementations, the substrate 1234 may
serve as the platen 1228. One or more protective layers,
acoustic matching layers, anti-smudge layers, adhesive lay-
ers, decorative layers, conductive layers or other coating
layers (not shown) may be included on one or more sides of
the substrate 1234 and the platen 1228.

[0098] In some implementations, a receiver bias electrode
1240 is formed or otherwise arranged on a side of the
piezoelectric receiver layer 1236 proximal to the platen
1228. The receiver bias electrode 1240 may be a metallized
electrode and may be grounded or biased to control which
signals may be passed to the array of sensor pixel circuits
1232. Ultrasonic energy that is reflected from the exposed
(upper/top) surface 1230 of the platen 1228 may be con-
verted into localized electrical charges by the piezoelectric
receiver layer 1236. These localized charges may be col-
lected by the pixel input electrodes 1238 and passed on to
the underlying sensor pixel circuits 1232. The charges may
be amplified or buffered by the sensor pixel circuits 1232
and provided to the controller. The controller can be elec-
trically connected (directly or indirectly) with the first
transmitter electrode 1224 and the second transmitter elec-
trode 1226, as well as with the receiver bias electrode 1240
and the sensor pixel circuits 1232 on the substrate 1234.
[0099] Some examples of suitable piezoelectric materials
that can be used to form the piezoelectric transmitter layer
1222 or the piezoelectric receiver layer 1236 include piezo-
electric polymers having appropriate acoustic properties, for
example, an acoustic impedance between about 2.5 MRayls
and 5 MRayls. Specific examples of piezoelectric materials
that may be employed include ferroelectric polymers such as
polyvinylidene fluoride (PVDF) and polyvinylidene fluo-
ride-trifluoroethylene (PVDF-TrFE) copolymers. Examples
of PVDF copolymers include 60:40 (molar percent) PVDEF-
TrFE, 70:30 PVDF-TrFE, 80:20 PVDF-TrFE, and 90:10
PVDR-TrFE. Other examples of piezoelectric materials that
may be utilized include polyvinylidene chloride (PVDC)
homopolymers and copolymers, polytetrafluoroethylene
(PTFE) homopolymers and copolymers, and diisopropylam-
monium bromide (DIPAB).

[0100] The thickness of each of the piezoelectric trans-
mitter layer 1222 and the piezoelectric receiver layer 1236
is selected so as to be suitable for generating and receiving
ultrasonic waves, respectively. In one example, a PVDF
piezoelectric transmitter layer 1222 is approximately 28 pm
thick and a PVDF-TtFE receiver layer 1236 is approxi-
mately 12 pm thick. Example frequencies of the ultrasonic
waves may be in the range of about 1 Megahertz (MHz) to
about 100 MHz, with wavelengths on the order of a milli-
meter or less.

Multi-Model Blood Pressure Determination

[0101] This disclosure relates generally to devices, sys-
tems and methods for estimating various characteristics of
interest (also referred to herein as “properties” or “signals™)
in a fluid flow system, and in particular, a pulsating fluid
flow system. Various implementations are more particularly
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directed or applicable to devices, systems and methods for
estimating various biological characteristics including, for
example, dynamic or time-varying cardiovascular charac-
teristics such as blood pressure, based at least in part on
measurements of arterial data. Some implementations more
specifically relate to a blood pressure estimation device for
estimating a subject’s transmural blood pressure based on at
least two models. In some implementations, the at least two
models include at least one model capable of self-calibration
and at least one model capable of maintaining calibration
after an initial pre-calibration. In some implementations,
while capable of self-calibration, the first model can require
movement or particular activity (such as a change in eleva-
tion of the blood pressure estimation device) to perform the
self-calibration. In some implementations, the second model
can be a non-self-calibrating blood pressure model. In some
such implementations, while not capable of self-calibration,
the second model can be a model that performs well at
maintaining its calibration even in the absence of movement
or activity (for example, while the user is sleeping).

[0102] In some implementations, during a calibration (or
recalibration) operation, the self-calibrating model can be
used to determine one or more calibration parameters
needed for calibration based on, for example, changes in
elevation associated with user movement or activity. The
one or more calibration parameters can then be used in
conjunction with the self-calibrating blood pressure model
to determine a first value of the blood pressure. In some
implementations, the first blood pressure value is then used
to calibrate the second model.

[0103] Insome implementations, during regular operation
(after calibration), a blood pressure estimation device as
disclosed herein can continuously or semi-continuously (for
example, periodically) perform arterial measurements and
compute a first blood pressure value based on the first
self-calibrating blood pressure model, and in parallel, com-
pute a second blood pressure value based on the second
non-self-calibrating model. In some implementations, the
blood pressure estimation device can then compare the first
and the second blood pressure values. In some such imple-
mentations, the blood pressure estimation device can select
amore reliable one of the first and the second blood pressure
values to output or store. In some other implementations, the
blood pressure estimation device can average or otherwise
manipulate or combine the first and the second blood
pressure values into a third (“final”) blood pressure value to
output or store. In some implementations, the blood pressure
estimation device can perform a re-initialization or other
re-calibration operation in which the first and the second
models are re-calibrated in response to a determination that
the first and the second blood pressures diverge. Such
divergence can indicate that one or more of the calibration
parameters have changed, for example, as a result of the
arterial walls dilating or contracting or otherwise becoming
more elastic (less stiff) or less elastic (more stiff).

[0104] FIG. 13 shows a flow diagram of an example
process 1300 for estimating blood pressure according to
some implementations. For example, the process 1300 can
be performed by, or responsive to instructions generated and
sent by, the controller 408 of the blood pressure estimation
device 400. In some implementations, the process 1300
begins in block 1302 with obtaining arterial measurements
of an artery at two or more elevations. For example, the two
or more elevations can include a first elevation below a
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subject’s heart and a second elevation approximately level
with the subject’s heart. In block 1304, the process proceeds
with determining one or more calibration parameters for a
first blood pressure model based on the arterial measure-
ments and a hydrostatic pressure difference between at least
two of the two or more elevations (for example, the first
elevation and the second elevation). In some such imple-
mentations, the first blood pressure model can be a self-
calibrating model. In block 1306, the process proceeds with
determining a first blood pressure in the artery based on the
first blood pressure model, the one or more calibration
parameters and the arterial measurements. In some imple-
mentations, the process 1300 proceeds in block 1308 with
determining a second blood pressure in the artery based in
part on a second blood pressure model, one or more cali-
bration parameters and the arterial measurements. In some
such implementations, the second blood pressure model can
be a self-calibrating model or a non-self-calibrating model.
In block 1310, the process proceeds with providing a final
blood pressure based on the first and the second blood
pressures.

[0105] Although the process 1300 has been described as
using two blood pressure models to obtain two blood
pressure estimates, in some other implementations more
than two (for example, three, four or more) blood pressure
models can be used to determine a respective number of
blood pressure estimates. For example, the process 1300 can
utilize two or more self-calibrating blood pressure models
and one non-self-calibrating blood pressure model; two or
more non-self-calibrating blood pressure models and one
self-calibrating blood pressure model; or two or more self-
calibrating blood pressure models and two or more non-self-
calibrating blood pressure models. The blood pressure esti-
mates from the different blood pressure models can then be
selectively combined, integrated or otherwise analyzed and
used to provide the final blood pressure in block 1310.

[0106] FIG. 14 shows a flow diagram of an example
process 1400 for estimating blood pressure according to
some implementations. For example, the process 1400 can
be performed by, or responsive to instructions generated and
sent by, the controller 408 of the blood pressure estimation
device 400. In some implementations, the process 1400
begins in block 1402 with obtaining arterial measurements
of an artery at two or more elevations. For example, the two
or more elevations can include a first elevation below a
subject’s heart and a second elevation approximately level
with the subject’s heart. In block 1404, the process proceeds
with determining one or more calibration parameters for a
first blood pressure model based on the arterial measure-
ments and a hydrostatic pressure difference between at least
two of the two or more elevations (for example, the first
elevation and the second elevation). In some such imple-
mentations, the first blood pressure model can be a self-
calibrating model. In block 1406, the process proceeds with
determining a first blood pressure in the artery based on the
first blood pressure model, the one or more calibration
parameters and the arterial measurements. In some imple-
mentations, the process 1400 proceeds in block 1408 with
calibrating a second blood pressure model based on the first
blood pressure. In some such implementations, the second
blood pressure model can be a non-self-calibrating model. In
block 1410, the process proceeds with determining a second
blood pressure in the artery based in part on the second
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blood pressure model, one or more calibration parameters
and the arterial measurements.

[0107] In some implementations, the process 1400 pro-
ceeds in block 1412 with comparing the first and the second
blood pressures. For example, in some implementations, the
comparison of the first and the second blood pressures
additionally includes or is followed by determining whether
the first and the second blood pressures diverge. For
example, to determine whether the first and the second blood
pressures diverge, the controller 408 can determine whether
a sequence of one or more first blood pressure values (a “first
blood pressure signal”) estimated using the first self-cali-
brating blood pressure model diverge from a sequence of
one or more second blood pressure values (a “second blood
pressure signal”) estimated using the second non-self-cali-
brating blood pressure model. In some implementations, to
determine whether the first and the second blood pressures
have diverged, a difference between the most recent first and
second blood pressure values is compared with a threshold
value (for example, 2 mmHg).

[0108] In some implementations, the process 1400 pro-
ceeds in block 1414 with providing a final (or “output” or
“resultant™) blood pressure based on the first and the second
blood pressures. For example, in some implementations, if
the controller 408 determines that the first and the second
blood pressures do not diverge, the controller 408 selects by
default a one of the first and the second blood pressure
values determined using the self-calibrating or the non-self-
calibrating blood pressure model, respectively, as the final
blood pressure in block 1414. In some other implementa-
tions, the controller 408 can compute an average of the first
and the second blood pressures and use the average as the
final blood pressure in block 1414.

[0109] In some implementations, the process 1300 also
proceeds to determine a final blood pressure in block 1414
even when the first and the second blood pressures do
diverge. For example, in some implementations, if the
controller 408 determines that the first and the second blood
pressures diverge, the controller 408 selects one of the first
and the second blood pressures determined to be the most
reliable. For example, the controller 408 can select the one
of the first and the second blood pressures having the least
standard deviation as the final blood pressure in block 1414.
In some other implementations, the controller 408 can select
by default the one of the first and the second blood pressure
values determined using the self-calibrating or the non-self-
calibrating blood pressure model, respectively, as the final
blood pressure in block 1414. In some other implementa-
tions, the controller 408 can select the one of the first and the
second blood pressure values that is obtained using the
blood pressure model that requires the most input param-
eters. In some other implementations, the controller 408 can
select the one of the first and the second blood pressure
values that is obtained using the blood pressure model that
is more accurate, reliable or suitable for a given present
activity state of the user. For example, the controller 408 can
select the first blood pressure value if the controller 408
determines, based on the elevation data, acceleration data or
other movement or position data, that the subject is active or
otherwise regularly moving the blood pressure estimation
device. On the other hand, the controller 408 can select the
second blood pressure value if the controller 408 deter-
mines, based on the elevation, acceleration or other move-
ment or position data, that the subject is inactive, still or
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otherwise not regularly moving the blood pressure estima-
tion device. In some other implementations, the controller
408 can compute an average, weighted sum or some other
linear or nonlinear combination of the first and the second
blood pressures and use the combination as the final blood
pressure in block 1414.

[0110] In some implementations, the providing of the final
blood pressure further includes storing or communicating
the final blood pressure. For example, the controller 408 can
store the final blood pressure in the memory 412. Addition-
ally or alternatively, the controller 408 can communicate the
final blood pressure over one or more interfaces (such as the
interface 414) to one or more internal, external or remote
devices such as an integrated display, an external display, a
mobile phone or other mobile computing device, or a server.

[0111] In some implementations, the process 1400 pro-
ceeds in block 1416 with updating the one or more calibra-
tion parameters responsive to the comparison of the first and
the second blood pressures. For example, in some imple-
mentations, if the difference between the first and the second
blood pressures is greater than the threshold value (for
example, 2 mmHg), the process 1400 proceeds with updat-
ing the one or more calibration parameters in block 1416.
For example, updating the one or more calibration param-
eters in block 1416 can include proceeding back to block
1402 whereupon a next set of arterial measurements of an
artery are obtained at two or more elevations. As described
above, the process 1400 may then again proceed to block
1404 whereupon the one or more calibration parameters are
re-determined (or “updated,” ‘re-calibrated” or “cali-
brated”).

[0112] In some implementations, the determination of the
one or more calibration parameters in block 1404 can be
performed the first time the process 1400 is executed (for
example, at each powering on, reboot, reset or other initial-
ization or re-initialization of the device) as well as respon-
sive to a determination, for example, in block 1416 that the
first and the second blood pressures have diverged, but not
otherwise performed during regular operation of the process
1400. Similarly, in some implementations, the calibration of
the second non-self-calibrating blood pressure model in
block 1408 can be performed the first time the process 1400
is executed (for example, at each powering on, reboot, reset
or other initialization or re-initialization of the device) as
well as responsive to a determination in block 1408 that the
first and the second blood pressures have diverged, but not
otherwise performed during regular operation of the process
1400. In some other implementations, the determination of
the one or more calibration parameters in block 1404 is
performed in each iteration of the process 1400. In such
implementations, the one or more calibration parameters are
recalibrated at each performance of the process 1400, for
example, each time a blood pressure value is to be estimated
or each time arterial measurements are obtained. In some
implementations, the calibration of the second non-self-
calibrating blood pressure model in block 1408 also is
performed in each iteration of the process 1400. In some
other implementations in which the one or more calibration
parameters for the first self-calibrating blood pressure model
are recalibrated in each iteration of the process 1400, the
calibration of the second non-self-calibrating blood pressure
model in block 1408 is still performed the first time the
process 1400 is executed (for example, at each powering on,
reboot, reset or other initialization or re-initialization of the
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device) as well as responsive to a determination, for
example, in block 1416 that the first and the second blood
pressures have diverged, but not otherwise performed during
regular operation of the process 1400.

[0113] Although the process 1400 has been described as
using two blood pressure models to obtain two blood
pressure estimates, in some other implementations more
than two (for example, three, four or more) blood pressure
models can be used to determine a respective number of
blood pressure estimates. For example, the process 1400 can
utilize two or more self-calibrating blood pressure models
and one non-self-calibrating blood pressure model; two or
more non-self-calibrating blood pressure models and one
self-calibrating blood pressure model; or two or more self-
calibrating blood pressure models and two or more non-self-
calibrating blood pressure models. The blood pressure esti-
mates from the different blood pressure models can then be
selectively combined, integrated or otherwise analyzed and
used to provide the final blood pressure in block 1414.

[0114] FIG. 15 shows a flow diagram of an example
process 1500 for estimating blood pressure according to
some implementations. For example, the process 1500 rep-
resents a more detailed example of some implementations of
the blocks of the processes 1300 and 1400 described with
reference to FIGS. 13 and 14, respectively. In some imple-
mentations, the process 1500 includes both an initialization
(or “calibration”) phase 1501 as well as a regular (or
“normal”) operating phase 1511. In some implementations,
the initialization phase 1501 begins in block 1502 obtaining
arterial measurements of an artery at two or more elevations.
For example, the controller 408 can cause one or more
arterial sensors 404 to perform the arterial measurements at
a first elevation h;, and at a second elevation h,. The
controller 408 also can cause the elevation sensor 406 to
obtain elevation measurements at the first elevation h; and
the second elevation h,. For example, the first elevation h,
can be an elevation below the subject’s heart and the second
elevation h, can be an elevation level with the subject’s
heart, or vice versa.

[0115] FIG. 16A shows a diagrammatic representation of
a standing subject 1600 wearing a blood pressure estimation
device 1602 on a wrist positioned at an elevation 1604 below
the subject’s heart. FIG. 16B shows a diagrammatic repre-
sentation of a standing subject 1600 wearing a blood pres-
sure estimation device 1602 on a wrist positioned at an
elevation 1606 level with the subject’s heart. In some
implementations, the blood pressure estimation device can
include a display, one or more lights (for example, LEDs) or
one or more sound-producing devices to alert the subject
wearing the device to position and hold the device at the
different elevations to enable the subsequent calibration (or
recalibration) described below. While the arterial measure-
ments at the first elevation h, and at the second elevation h,
are being performed, the subject can hold the device at the
first elevation or the second elevation, respectively, for at
least a brief duration of time (for example, 2, 3,4, 5, or more
seconds) so that one or more cardiac cycles may elapse. It
should also be appreciated that the first elevation h; and the
second elevation h, can be determined as absolute elevations
or as relative elevations (for example, relative to a heart
level reference or relative to one another). Although the
following description will be primarily described as relying
on a first measurement at a first elevation below the heart
and a second measurement at a second elevation level with
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the heart, it is not necessary that the first elevation be below
the heart and the second elevation be level with the heart.
For example, one or both of the first elevation and the second
elevation can be above the heart. As another example, both
of the first and the second elevations can be below the heart.
As another example, the first elevation can be level with the
heart and the second elevation can be above or below the
heart.

[0116] In some implementations, the process 1500 pro-
ceeds in block 1504 with determining one or more calibra-
tion parameters for a self-calibrating blood pressure model
based on the arterial measurements and a hydrostatic pres-
sure difference between the first elevation h, and the second
elevation h,. In some implementations, the process then
proceeds in block 1506 with determining a first blood
pressure value (or simply “first blood pressure”) in the artery
based on the self-calibrating blood pressure model, the one
or more calibration parameters and the arterial measure-
ments. For example, the controller 408 can determine the
one or more calibration parameters for the self-calibrating
blood pressure model in block 1504 using the self-calibrat-
ing blood pressure model itself in conjunction with the
hydrostatic pressure difference. The particular arterial sensor
or sensors 404 used to obtain the arterial measurements in
block 1502, as well as the particular arterial measurements
performed by the arterial sensor(s) 404, will depend on the
particular self-calibrating blood pressure model selected or
otherwise used in blocks 1504 and 1506. Some examples of
self-calibrating blood pressure models suitable for use in
blocks 1504 and 1506 are described below.

Model A

[0117] One example of a self-calibrating blood pressure
model (“Model A”) can be based on a stress-strain relation-
ship such as that shown in Equation 1 below

P=xqaq(a*/ag-1) L),

where P is the transmural blood pressure, x, and a, are the
calibration parameters and A is a measurement of the
cross-sectional area A. FIG. 17 shows a plot of an example
blood pressure curve 1700 for an artery as a function of
cross-sectional area A. For example, the blood pressure
curve 1700 is representative of the relationship of Equation
1. The cross-sectional area A of the artery is in units of mm?>
on the horizontal axis while the transmural blood pressure P
is in units of mmHg on the vertical axis. A normal operating
portion 1702 (denoted by a thicker portion of the exponen-
tial curve 1700) is defined at an upper end by the systolic
blood pressure SBP and at a lower end by the diastolic blood
pressure DBP. A difference between the systolic and dia-
stolic pressures (the maximum and minimum pressures in a
pulse respectively) reflects a pulse pressure OP. The right end
of the normal operating portion 1702 represents a maximum
cross-sectional area of the artery corresponding to the SBP,
while the left end of the normal operating portion 1702 of
the curve represents a minimum cross-sectional area of the
artery corresponding to the DBP. A difference between the
arterial cross-sectional areas at the SBP and DBP reflects the
distension dA of the artery that may be observed during a
single cardiac cycle. A vertical dotted line in FIG. 17

represents the mean arterial cross-sectional area (A},
whereas a horizontal dotted line reflects the mean arterial
pressure (MAP), which is taken as the mean transmural

pressure {P).
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[0118] The first calibration parameter a, needed for Model
A can be determined in block 1504 based on the relationship
expressed in Equation 1. For example, the pulse pressure dp
may be approximated by the first derivative of Equation 1 as
shown below in Equation 2:

dP=xdde"* /a, 2,

where x,, and a, are again the as of yet unknown parameters

needed for calibration, {A) represents the mean cross-
sectional area and OA represents the arterial distension
corresponding to a pulse pressure dP. Under semi-steady
state (for example, slowly varying) conditions, the subject’s
pulse pressure 3P at two different elevations can be assumed
to be constant. Thus, the ratio of Equation 2 evaluated at two
different heights h, and h, may be expressed as Equation 3
below

1= A2 apapya. &)
54,

An expression for the first calibration parameter a,, can thus
be expressed as Equation 4 below.

_ {An-{4p “

%= (A, [54,)

Thus, the controller 408 can determine a value of the first
calibration parameter a, in block 1504 using Equation 4
based on the associated values of the mean cross-sectional

areas (A,) and (A,) and the arterial distensions dA, and
dA, obtained for the first and the second elevations h; and
h,, respectively.

[0119] The second calibration parameter X, can be deter-
mined in block 1504 based on a hydrostatic pressure differ-
ence AP, between the first and the second elevations h, and
h,. The hydrostatic pressure P, affects the transmural blood
pressure P in a well-defined way, for example, because the
circulatory system can be considered as a closed system.
Generally, the hydrostatic pressure P, of any fluid can be
expressed using Equation 5 below.

Py=h'p*g ®)

In Equation 5, h is the height (or elevation), g is the
gravitational acceleration at the elevation, and p is the
density of the fluid at the elevation. If measurements are
performed at two different elevations, and assuming that
there are no other appreciable changes in the cardiovascular
system, then the hydrostatic pressure difference AP, between

the mean transmural blood pressures (P, ) and (P,) at the
two elevations h; and h,, respectively, over a sequence of
pulses is given by equation 6 below.

AP~ {P)) =P, ) ~(yhy)*p*e =l pg ©

The density p of whole blood is approximately 1025 kg/m”.
The gravitational acceleration g is approximately 9.806 m/s*
at sea level (the variation of the gravitational acceleration g
with latitudinal and longitudinal location on the surface of
the earth is negligible).
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[0120]

{P,) and (P,) also can be expressed by taking the differ-
ence of Equation 1 evaluated at the two pressures as shown
in Equation 7 below.

<P2>—<P1)=x0a0(e(A2>/a0—e<Al>/a0) @)

The difference between the two mean pressures

An expression for the second calibration parameter X, can be
obtained by combining equations 6 and 7 as shown in
Equation 8 below.

Ahpg ®)

M (e — ALy

Thus, the controller 408 can determine a value of the second
calibration parameter X, in block 1504 using Equation 8
based on the associated values of the mean cross-sectional

areas (A,) and (A,), the difference Ah between the two
elevations h, and h,, and the value of the first calibration
parameter a,,.

[0121] In some implementations, in a first aspect or sub-
model of Model A, the arterial sensor 404 is configured to
measure absolute values of the arterial distension dA and the
cross-sectional area A with relatively high precision, for
example, ~>95% in some cases or applications. An ultra-
sonic sensor 1100 as described above with reference to
FIGS. 11 and 12 is capable of obtaining such measurements.
In some other implementations, a bioimpedance sensor, such
as the bioimpedance sensor 700 described above with ref-
erence to FIG. 7, can be used to obtain the measurements.
Using the absolute values of the arterial distension A and
the cross-sectional area A, the controller 408 can determine
the first blood pressure in block 1506 using the relationship
expressed in Equation 1 and the now known values of the
calibration parameters a, and x,,.

[0122] Insome instances in which the output of the arterial
sensor 404 exhibits a large calibration offset or bias, it can
be difficult to obtain high precision measurements. Instead
of relying on absolute values of the arterial distension 0A
and the cross-sectional area A, the controller 408 can, in a
second aspect or sub-model of Model A, be additionally or
alternatively configured to analyze the arterial pressure
waveform to determine the blood pressure. As just
described, in some implementations the arterial sensor 404
is unable or otherwise not configured to measure absolute
values of the arterial distension dA and the cross-sectional
area A. In some implementations, the arterial sensor 404
instead measures relative values of the arterial distension A
and the cross-sectional area A, for example, because the
arterial distension signal includes a bias. The controller 408
determines the arterial pressure waveform based on the
arterial distension data OA obtained for the diastolic portion
of the cardiac cycle. In some such implementations, the
controller 408 performs a high pass filtering operation on the
arterial distension data dA, and subsequently performs an
exponential fitting operation on the filtered arterial disten-
sion data. For example, the controller 408 can fit the
high-pass filtered arterial distension data obtained for the
diastolic phase to the exponential function expressed in
Equation 9 below

At o, T, p)=cerm 4P ®
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where @, p and T, are as of yet unknown parameters. In
particular, the parameter T, is an arterial decay time constant
associated with an arterial pulse. During the fitting, the
controller 408 evaluates the parameters o, f§ and T, for best
fit based on the arterial distension data dA.

[0123] FIG. 18 shows a plot of an example arterial dis-
tension signal 1800 versus time. As shown, the arterial
distension signal 1800 includes a first portion or time
duration 1802 during which the blood pressure estimation
device is kept at a first level (for example, a heart level), a
second portion 1804 during which the blood pressure esti-
mation device is moved from the first level to a second level
below the heart, and a third portion 1806 during which the
blood pressure estimation device is kept at the second level.
The change observed in the low frequency component of the
arterial distension signal 1800 is attributed to the filling or
draining of veins as a consequence of the change in the
hydrostatic pressure due to the change in elevation.

[0124] The use of an ultrasonic sensor to implement the
arterial sensor 404 (such as the ultrasonic sensor 1100
described above with reference to FIGS. 11 and 12) enables
the controller 408 to monitor the draining and filling of the
local veins in proximity to (or further away from) the artery
of interest. For example, an ultrasonic arterial sensor 404
can measure the time it takes for the veins to drain and fill
as the arm is moved from a first elevation h, and(for
example, at the heart) to a second elevation h,. (for example,
below or above the heart)—a time duration referred to
herein as the “venous filling time.” The use of a bioimped-
ance sensor to implement the arterial sensor 404 (such as the
bioimpedance sensor 700 described above with reference to
FIG. 7) also enables the controller 408 to monitor the
draining and filling of the local veins in proximity to the
artery of interest. For example, a bioimpedance-based arte-
rial sensor 404 also can measure a venous distension signal
in additional to an arterial distension signal.

[0125] FIG. 19 shows a plot of an example venous dis-
tension signal 1900 versus time. As shown, the venous
distension signal 1900 also includes a first portion or time
duration 1902 during which the blood pressure estimation
device is kept at a first level (for example, a heart level), a
second portion 1904 during which the blood pressure esti-
mation device is moved from the first level to a second level
below the heart, and a third portion 1906 during which the
blood pressure estimation device is kept at the second level.
The venous distension signal can be observed as a quasi-dc
signal in the frequency band below that of the parallel
arterial distension signal which is also recorded and which
often overlaps the venous impedance signal.

[0126] In some such implementations, a low-pass filtered
set of the arterial distension data also is obtained for the
diastolic phase. In some implementations, the controller 408
performs a low-pass filtering operation on the arterial dis-
tension data dA, and subsequently performs an exponential
fitting operation on the lowpass-filtered arterial distension
data. For example, the controller 408 can fit the low-pass-
filtered arterial distension data to the exponential function
expressed in Equation 10 below

At € t)=ee , (10)
where T, is an as of yet unknown venous decay time constant

associated with the veins in proximity to the artery and
where € is another unknown parameter. During the fitting,

Mar. 22,2018

the controller evaluates the parameters € and T, for best fit
based on the arterial distension data.

[0127] As described above with reference to FIG. 1, the
ending portion of the diastolic phase 106 can generally be
characterized by an exponentially decaying blood pressure
that asymptotically approaches a pressure 112 referred to
herein as the infinity pressure. An “infinity ratio” y can be
defined as the ratio of the arterial decay time constant to the
venous decay time constant as shown in equation 11 below.

Tq (11

In some implementations, the infinity ratio is computed for
each pulse. In some other implementations, the infinity ratio
can be computed as an average for each of the two elevations
h, and h,. In some implementations, an “infinity pressure”
P.. can then be determined using equation 12 below.

P, =(04+p)(1+1/y) 12).

Having the infinity pressure then enables the processor 408
to determine the offset due to the arterial sensors 404, and
consequently, enables the controller 408 to determine the
blood pressure in block 1506.

Model B

[0128] Another example of a self-calibrating blood pres-
sure model (“Model B”) also can be based on the stress-
strain relationship expressed in Equation 1. In some imple-
mentations, the arterial measurements obtained for this
self-calibrating blood pressure model include arterial dis-
tension OA measurements, arterial cross-sectional area A
measurements and blood velocity v measurements. In some
such implementations, the controller 408 can measure, esti-
mate or otherwise determine arterial flow data Q based on
the arterial cross-sectional area A measurements and blood
velocity v measurements. In some implementations, the
arterial sensor used to obtain the arterial measurements for
this model can be an optical sensor such as the optical sensor
800 described above with reference to FIG. 8. In some other
implementations, the arterial sensor used to obtain the
arterial measurements for this model can be an ultrasonic
sensor such as the ultrasonic sensor 1100 described above
with reference to FIGS. 11 and 12. Because this self-
calibrating blood pressure model requires measurements of
the arterial blood flow Q, the arterial flow measurements can
advantageously be performed by an arterial sensor espe-
cially well-suited for arterial flow measurements, such as an
ultrasonic sensor or an optical sensor configured for LDV.

[0129] To illustrate this self-calibrating blood pressure
model, consider that under semi-steady state (for example,
slowly varying) conditions, the impedance (the fluid resis-
tance) between the arterial system at the measurement site
and the connecting venous system at the measurement site
may be modelled by a resistance R. The impedance through
the corresponding portion of the venous system may be
modelled by a capacitance C. Because the capacitance C
may be modelled as extremely large given that the venous
pressure is generally close to zero, the impedance term
associated with the capacitance C can be neglected. As such,
analogous to Ohm’s law, the transmural pressure P (analo-
gous to a voltage in Ohm’s law) may be expressed as having
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an electrically equivalent relationship to the blood flow Q
(analogous to a current in Ohm’s law), for example, as
shown in equation 13 below.

P=RxQ {13)

[0130] The resistance parameter R is the unknown cali-
bration parameter in Model B. In some implementations, the
resistance parameter R may be assumed to be an unknown
constant value for small variations of the transmural pres-
sure P (for example, comparable to or smaller than the pulse
pressure OP). Assuming that the resistance R is a constant
value, Equation 13 may be valid for time averages of the
transmural blood pressure P and the blood flow Q. For

example, the mean transmural pressure {P) averaged over
the course of one or more arterial pulses may be expressed
as Equation 14 below

(P{=rx{0f (14)

where the mean blood flow { Q{ may be determined in units
of volume per unit time based on the measurements of the
mean arterial cross-sectional area A and the blood velocity

v. The difference in the mean blood pressures (P, { and (P,

{ at two elevations h, and h,, respectively, can then be
expressed in terms of the difference in the mean arterial

flows {Q,{ and {Q,({ at the two elevations h, and h,,
respectively, as shown in Equation 15.

(P (- (P (=r{0,{-{0,() 15

Using the hydrostatic pressure relationship shown in Equa-
tion 6 in combination with Equation 15, the value of the
resistance parameter R can be expressed as Equation 16
below.

_ i —h)eprg (16)
(@) -1

[0131] Thus, the controller can determine a value of the
resistance parameter R in block 1404 using Equation 16
based on the associated values of the mean arterial flows

(Q,({ and {Q,{ obtained for the first and the second eleva-
tions h, and h,, respectively, as well as on the difference
between the two elevations h, and h,. In some other imple-
mentations, the controller actually first determines a value of
the hydrostatic pressure difference AP, based on Equation 6
and then determines the value of the resistance R based on
Equation 15 using the result of the hydrostatic pressure
difference AP, from solving Equation 6. Either way, both
methods for determining the value of the resistance R may
in some implementations or applications be considered as
involving a determination of the hydrostatic pressure differ-
ence even if a value of the hydrostatic pressure difference is
not actually calculated.

[0132] In some implementations, the controller 408 esti-

mates the calibrated mean arterial blood pressure (P{ in
block 1506 for future values of the blood flow Q using
Equation 14 and the calibrated resistance parameter R from
Equation 16. In some implementations, the controller 408
determines the diastolic blood pressure DBP and systolic
blood pressure SDP, and thus the pulse pressure dp, using a
local time dependent version of Equation 13. In some
implementations, to determine the DBP and SDP, the con-
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troller 408 causes the arterial sensor 404 to obtain measure-
ments of the maximum and minimum blood velocity ampli-
tudes, and thus the maximum and minimum blood flow
amplitudes, and correlates the maximum and minimum
blood flow amplitudes to the DBP and SBP at the given
elevation. In some other implementations, the controller 408
determines the pulse pressure op using a functional relation-
ship such as that of Equation 1.

[0133] In some implementations, after the one or more
calibration parameters are determined in block 1504, and
after the first blood pressure is determined in block 1506, the
process 1500 proceeds in block 1508 with calibrating a
second non-self-calibrating blood pressure model based on
the first blood pressure. In some implementations, block
1508 represents the last step or operation of the initialization
phase 1501. In some other implementations, the process
1500 proceeds with determining a second blood pressure in
the artery based in part on the non-self-calibrating blood
pressure model, one or more calibration parameters and the
arterial measurements. The particular arterial sensor or sen-
sors 404 used to perform the arterial measurements in block
1502, as well as the arterial measurements performed by the
arterial sensor(s) 404, also will depend on the particular
non-self-calibrating blood pressure model selected or oth-
erwise used. Some examples of non-self-calibrating blood
pressure models suitable for use in the process 1500 are
described below.

Model C

[0134] One example of a non-self-calibrating blood pres-
sure model (“Model C”) can be based on a relationship
between blood pressure P and pulse wave velocity (PWV).
In some implementations, the PWV can be related to the
transmural blood pressure P by the Bramwell-Hill equation
shown below as Equation 17.

PV un
pwv= |21
vV p

In Equation 17, V represents the arterial lumen (blood
volume) and p represents the blood density. The volume V
can be substituted with the cross-sectional area A because
the expansion of the artery in the direction of the blood flow
with increasing pressure P can be neglected. This leads to the
following approximation shown as Equation 18.

IPA (18)
Pwvs [ 2
dA p

[0135] Additionally, the derivative of the pressure P with
respect to area A can be approximated by the ratio of the
pulse pressure dP over the distension dA of the artery. This
leads to the following approximation shown as Equation 19.

P A (19)
PWVs |
0A p

Equation 19 can be rewritten as Equation 20 below.
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aP ,p 20)

And rewriting Equation 2 above yields Equation 21 below.

2h
3A = xoe't0

In some implementations utilizing Model C, the blood
pressure estimation device includes at least two arterial
sensors 404. In some implementations, the controller 408
causes the arterial sensors 404 to obtain measurements of the
time-dependent arterial cross sectional area A(t) and in
parallel, to obtain measurements of the time-dependent
arterial distension data. The pulse wave velocity PWV is
related to the pulse transit time PTT by the separation
distance between measurement locations (the distance
between the active sensor areas of the arterial sensors 404).
For example, the controller 408 can determine the PTT of a
propagating pulse by performing arterial distension mea-
surements associated with a pulse as the pulse propagates
from a first physical location along the artery to another
more distal second physical location along the artery. As
described above with reference to the multi-sensor blood
pressure estimation device 600 of FIGS. 6A and 6B, the
arterial sensors 404 can include a first arterial sensor 604A
positioned proximate a first physical location to determine a
starting time (also referred to herein as a “first temporal
location”) at which point the pulse arrives at or propagates
through the first physical location. A second arterial sensor
604B can be positioned proximate a second physical loca-
tion to determine an ending time (also referred to herein as
a “second temporal location”) at which point the pulse
arrives at or propagates through the second physical location
and continues through the remainder of the arterial branch.
The controller 408 determines the PTT as the temporal
distance (or time difference) between the first and the second
temporal locations (the starting and the ending times).
Because the physical distance AD between the first and the
second arterial sensors is known, the PWV can be estimated
as the quotient of the physical spatial distance AD traveled
by the pulse divided by the temporal distance (the PTT) the
pulse takes in traversing the physical spatial distance AD. As
such, the controller 408 can calculate the PWV as the
quotient of the spatial distance AD divided by the PTT.

[0136] The controller 408 is capable of identifying, reg-
istering or otherwise determining the arrival or presence of
a pulse at the position of the artery proximate each arterial
sensor based on the arterial distension measurements
received from the respective arterial sensor. In some imple-
mentations, the controller 408 is configured to register a
pulse based on a detected onset of the pulse as determined
from the arterial distension data. In other words, for
example, when the arterial distension data obtained from the
first arterial sensor indicates an onset of a pulse, the con-
troller registers the associated time as the first temporal
location. Similarly, when the arterial distension data
obtained from the second arterial sensor indicates an onset
of the pulse, the controller registers the associated time as
the second temporal location. In some other implementa-
tions, it can be desirable to register, as the time associated
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with the pulse, the time at which the arterial distension data
indicates that the gradient is the steepest. For example, it is
generally true that the best temporal localization of any
signal (a pulse wave in the present context) is associated
with the time at which the gradient is steepest. The time at
which the gradient is the steepest is generally not at the onset
of the pulse, but instead, typically at some time during the
systolic upstroke prior to the peaking at the systolic pressure.

[0137] In some such implementations, for example, when
the arterial distension data obtained from the first arterial
sensor indicates that the magnitude of the gradient has
reached a local maximum (that is, when the gradient is the
steepest during a given cardiac cycle), the controller regis-
ters the associated time as the first temporal location. Simi-
larly, when the arterial distension data obtained from the
second arterial sensor indicates that the magnitude of the
gradient has reached a local maximum, the controller reg-
isters the associated time as the second temporal location. In
some other implementations, when the arterial distension
data obtained from the first arterial sensor indicates that the
magnitude of the gradient has crossed a threshold (for
example, reached or exceeded a threshold value pre-pro-
grammed into the memory or statically or dynamically
determined by the controller), the controller registers the
associated time as the first temporal location. Similarly,
when the arterial distension data obtained from the second
arterial sensor indicates that the magnitude of the gradient
has crossed (for example, reached or exceeded a threshold
value), the controller registers the associated time as the
second temporal location.

[0138] In some implementations, each of the arterial sen-
sors used to obtain arterial distension measurements for this
model can be a bioimpedance sensor such as the bioimped-
ance sensor 700 described above with reference to FIG. 7. In
some other implementations, each of the arterial sensors
used to obtain arterial distension measurements for this
model can be an optical sensor such as the optical sensor 800
described above with reference to FIG. 8. In some other
implementations, each of the arterial sensors used to obtain
arterial distension measurements for this model can be an
ultrasonic sensor such as the ultrasonic sensor 1100
described above with reference to FIGS. 11 and 12. As
described above, in some implementations, the first and the
second arterial sensors are identical sensors. In such imple-
mentations, each of the first and the second arterial sensors
utilizes the same sensor technology with the same sensitivity
to the arterial distension signal caused by the propagating
pulses, and has the same time delays and sampling charac-
teristics.

[0139] In some implementations utilizing Model C, to
calibrate the second blood pressure model based on the first
blood pressure in block 1508, the controller 408 is config-
ured to substitute the first blood pressure into Equation 1 and
solve the set of Equations 1, 20 and 21 for values of the
calibration parameters a, and x,, to be used in Model C. In
some such implementations, to determine the second blood
pressure based on the non-self-calibrating blood pressure
model, the controller 408 is configured to solve the set of
Equations 1, 20 and 21 for the blood pressure using the
values of the calibration parameters a, and x,, determined in
block 1508 and based on the measurements of the time-
dependent arterial cross-sectional area A(t) and the PWV.
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Model D

[0140] Another example of a non-self-calibrating blood
pressure model (“Model D”) also can be based on the set of
Equations 1, 20 and 21. However, unlike in Model C, the
controller 408 does not estimate the PWV based on detecting
pulse transit times. Rather, the controller 408 can estimate
the PWV used in the non-self-calibrating blood pressure
model described as Model D based on a relationship
between the arterial blood flow Q and the arterial cross-
sectional area A. The arterial measurements used for this
non-self-calibrating blood pressure model include arterial
cross-sectional area A measurements and blood velocity v
measurements. The controller 408 can measure, estimate or
otherwise determine arterial flow data Q based on the
arterial cross-sectional area A measurements and blood
velocity v measurements. In particular, some such imple-
mentations are based on time-resolved joint measurements
of the blood flow Q and arterial cross-sectional area A over
the course of a sequence of pulses. In some implementa-
tions, to determine the PWYV, the controller 408 can deter-
mine a derivative of the arterial flow Q with respect to the
cross-sectional area A. For example, the PWV can be related
to the derivative of the blood flow Q with respect to the
cross-sectional area A of the artery as shown below in
Equation 22.

dQ 22
PWV = =
[0141] An approximately linear relation between the

blood flow Q and the cross-sectional area A of the artery
exists during the systolic phase of the cardiac cycle, and the
slope of this linear relation provides for an estimate of the
PWV. FIG. 20 shows a plot 2000 of typical changes in blood
flow Q in an example artery versus cross-sectional area A
during a cardiac cycle. The controller 408 can estimate the
PWV from the linear region 2002 of the plot 2000. For
example, the controller can identify the linear region 2002
by fitting the data obtained during the systolic upstroke to a
linear regression and determining a derivative of the linear
regression. The linear region 2002 is characterized by a
portion of the data whose derivative is approximately con-
stant. The value of the derivative (the slope of the linear
regression) represents the PWV so long as the measurements
are performed in or transformed into absolute units.

[0142] Because this non-self-calibrating blood pressure
model (Model D) requires arterial flow measurements, the
arterial sensor 404 used in conjunction with Model D can be
especially well-suited to perform arterial blood velocity (and
thus also blood flow) measurements. For example, in some
implementations, the arterial sensor 404 used to obtain the
arterial measurements for this model can be an ultrasonic
sensor such as the ultrasonic sensor 1100 described above
with reference to FIGS. 11 and 12. As described above, the
use of an ultrasonic sensor to implement the arterial sensor
404 enables measurements of blood velocity v, and thus
blood flow Q, in absolute units. In some other implemen-
tations, the arterial sensor used to obtain the arterial mea-
surements for this model can be an optical sensor, and
especially an optical sensor configured for laser Doppler
velocimetry (LDV), such as the optical sensor 800 described
above with reference to FIG. 8.
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[0143] In some implementations utilizing Model D, to
calibrate the second blood pressure model based on the first
blood pressure in block 1508, the controller 408 is config-
ured to substitute the first blood pressure into Equation 1 and
solve the set of Equations 1, 20 and 21 for values of the
calibration parameters a, and x,, to be used in Model D. In
some such implementations, to determine the second blood
pressure based on the non-self-calibrating blood pressure
model, the controller 408 is configured to solve the set of
Equations 1, 20 and 21 for the blood pressure using the
values of the calibration parameters a, and x, determined in
block 1508 and based on the measurements of the time-
dependent arterial cross-sectional area A(t) and the PWV.
[0144] In some implementations, after the initialization
phase 1501 is complete, the process 1500 proceeds with the
regular operation phase 1511 beginning in block 1512 with
obtaining arterial measurements of the artery at the current
elevation. In some implementations, the regular operation
phase 1511 proceeds in block 1514 with determining a first
blood pressure in the artery based on the self-calibrating
blood pressure model, the one or more calibration param-
eters and the arterial measurements obtained at the current
elevation. In some implementations, the process 1500 pro-
ceeds in block 1516 with determining a second blood
pressure in the artery based in part on the non-self-calibrat-
ing blood pressure model one or more calibration parameters
and the arterial measurements obtained at the current eleva-
tion.

[0145] In some implementations, the regular operation
phase 1511 proceeds with comparing the first and the second
blood pressures in block 1518. For example, the controller
408 can determine whether the first and the second blood
pressures diverge in block 1518. For example, and as
described above, to determine whether the first and the
second blood pressures diverge, the controller 408 can
determine whether a sequence of one or more first blood
pressure values (a “first blood pressure signal”) estimated
using the first self-calibrating blood pressure model diverge
from a sequence of one or more second blood pressure
values (a “second blood pressure signal™) estimated using
the second non-self-calibrating blood pressure model. In
some implementations, to determine whether the first and
the second blood pressures have diverged, a difference
between the most recent first and second blood pressure
values is compared with a threshold value (for example, 2
mmHg).

[0146] In some implementations, the process 1500 pro-
ceeds in block 1520 with providing a final blood pressure
based on the first and the second blood pressures. For
example, in some implementations, if the controller 408
determines that the first and the second blood pressures do
not diverge, the controller 408 selects by default a one of the
first and the second blood pressure values determined using
the self-calibrating or the non-self-calibrating blood pres-
sure model, respectively, as the final blood pressure in block
1520. In some other implementations, the controller 408 can
compute an average of the first and the second blood
pressures and use the average as the final blood pressure in
block 1520.

[0147] In some implementations, the controller 408 also
proceeds to determine a final blood pressure in block 1520
even when the first and the second blood pressures do
diverge. For example, in some implementations, if the
controller 408 determines that the first and the second blood
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pressures diverge, the controller 408 selects one of the first
and the second blood pressures determined to be the most
reliable. For example, the controller 408 can select the one
of the first and the second blood pressures having the least
standard deviation as the final blood pressure in block 1520.
In some other implementations, the controller 408 can select
by default the a one of the first and the second blood pressure
values determined using the self-calibrating or the non-self-
calibrating blood pressure model, respectively, as the final
blood pressure in block 1520. In some other implementa-
tions, the controller 408 can select the one of the first and the
second blood pressure values that is obtained using the
blood pressure model that requires the most input param-
eters. In some other implementations, the controller 408 can
select the one of the first and the second blood pressure
values that is obtained using the blood pressure model that
is more accurate, reliable or suitable for a given present
activity state of the user. For example, the controller 408 can
select the first blood pressure value if the controller 408
determines, based on the elevation data, acceleration data or
other movement or position data, that the subject is active or
otherwise regularly moving the blood pressure estimation
device. On the other hand, the controller 408 can select the
second blood pressure value if the controller 408 deter-
mines, based on the elevation, acceleration or other move-
ment or position data, that the subject is inactive, still or
otherwise not regularly moving the blood pressure estima-
tion device. In some other implementations, the controller
408 can compute an average, weighted sum or some other
linear or nonlinear combination of the first and the second
blood pressures and use the combination as the final blood
pressure in block 1520.

[0148] In some implementations, the process 1500 pro-
ceeds in block 1522 with updating the one or more calibra-
tion parameters responsive to the comparison of the first and
the second blood pressures. For example, in some imple-
mentations, if the first and the second blood pressures
diverge bevond the threshold value, the process 1500 returns
to block 1502 to perform additional arterial measurements at
two different elevations. The one or more calibration param-
eters for the first blood pressure model are then re-deter-
mined (or “updated,” “re-calibrated” or “calibrated”) by the
controller 408. In some such implementations, the controller
408 also then determines another value of the first blood
pressure and re-calibrates the second blood pressure model
using the new value of the first blood pressure. However, in
some other implementations, such as those described above
with reference to the process 1400 of FIG. 14, the updating
of one or more of the calibration parameters in block 1504
can be performed during each iteration of the process 1500.
In some such implementations, the controller also can re-
calibrate the second blood pressure model in block 1508
during each iteration of the process 1500.

[0149] Insome implementations, if the first and the second
blood pressures do not diverge, a next set of arterial mea-
surements is performed in block 1512 at the next current
elevation upon which the regular operation phase 1511
repeats using the next set of measurements. In such imple-
mentations, the determination of the one or more calibration
parameters in block 1504 can be performed the first time the
process 1500 is executed (for example, at each powering on,
reboot, reset or other initialization or re-initialization of the
device) as well as responsive to a determination in block
1512 that the first and the second blood pressures have
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diverged but otherwise not performed during regular opera-
tion of the process 1500. Similarly, in some implementa-
tions, the calibration of the second non-self-calibrating
blood pressure model in block 1508 can be performed the
first time the process 1500 is executed (for example, at each
poweting on, reboot, reset or other initialization or re-
initialization of the device) as well as responsive to a
determination in block 1512 that the first and the second
blood pressures have diverged, but not otherwise performed
during regular operation of the process 1500.

[0150] As described above, in some other implementa-
tions, such as those described above with reference to the
process 1400 of FIG. 14, the updating of one or more of the
calibration parameters in block 1504 can be performed
during each iteration of the process 1500. In such a manner,
the one or more calibration parameters are recalibrated at
each performance of the process 1500, for example, each
time a blood pressure value is to be estimated. In some
implementations, the calibration of the second non-self-
calibrating blood pressure model in block 1508 also is
performed during each iteration of the process 1500. In some
such implementations, the arterial sensor may be configured
to (or otherwise caused by the controller to) continuously
perform arterial measurements as the subject’s limb (and
consequently the blood pressure device) is raised or lowered
between elevations. In some implementations, the arterial
sensor may be configured to (or otherwise caused by the
controller to) output arterial measurements in response to the
elevation sensor or the controller detecting a constant or
desired elevation. In this way, arterial and elevation data are
available at each iteration of the process 1500.

[0151] As described above, depending on the models used
as the first (self-calibrating) model and the second (non-self-
calibrating) model, different sensing modalities can be used.
In other words, the blood pressure estimation device can
include one or more sensors of a particular type to increase,
maximize or optimize the first and the second models. Said
a different way, the first and the second models used by the
blood pressure device can be selected to increase, maximize
or optimize the particular type or types of the sensor or
sensors in the blood pressure device. For example, in one
example implementation of the process 1500, the controller
408 can be configured to utilize Model A and Model C. This
combination does not require arterial blood flow measure-
ments, and as such, the blood pressure estimation device
need not include (but may include) an arterial sensor capable
of performing arterial blood flow measurements. However,
because Model C relies on PTT measurements to estimate
the PWV, the blood pressure estimation device needs to
include two arterial sensors. For example, the blood pressure
estimation device can include two arterial sensors of the
same type, for example, two bioimpedance sensors that
perform all of the arterial distension and arterial cross-
sectional area measurements needed for both Model A and
Model C.

[0152] In another example implementation of the process
1500, the controller 408 can be configured to utilize Model
A and Model D. This combination does require arterial
blood flow measurements for Model D, and as such, the
blood pressure estimation device includes an arterial sensor
capable of performing arterial blood flow measurements.
Additionally, only one arterial sensor is needed because the
PWV for Model D is estimated based on arterial flow
measurements not on estimated PTTs as in Model C. For
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example, the blood pressure estimation device can include
an ultrasonic sensor that performs all of the arterial disten-
sion, arterial cross-sectional area and arterial blood flow
measurements needed for both Model A and Model D.
However, it can be desirable to obtain arterial data from two
or more different sensor modalities to improve the robust-
ness of the process 1400. As such, the arterial sensor used to
perform the arterial distension and cross-sectional area mea-
surements for use with Model A can be different than the
arterial sensor used to perform the arterial blood flow and
cross-sectional area measurements for use with Model D.
For example, a bioimpedance sensor can be used to obtain
the measurements for Model A while an ultrasonic sensor
can be used to obtain the measurements for Model D.

[0153] In another example implementation of the process
1500, the controller 408 can be configured to utilize Model
B and Model C. This combination also requires arterial
blood flow measurements for Model B, and as such, the
blood pressure estimation device includes an arterial sensor
capable of performing arterial blood flow measurements.
For example, the blood pressure estimation device can
include an ultrasonic sensor that performs all of the arterial
distension, arterial cross-sectional area and arterial blood
flow measurements needed for both Model B and Model C.
However, again, it can be desirable to obtain arterial data
from two or more different sensor modalities to improve the
robustness of the process 1400. As such, the arterial sensor
used to perform the arterial blood flow and cross-sectional
area measurements for use with Model B can be different
than the arterial sensor used to perform the arterial disten-
sion and cross-sectional area measurements for use with
Model C. For example, an ultrasonic sensor can be used to
obtain the measurements for Model B while a bioimpedance
sensor or optical sensor can be used to obtain the measure-
ments for Model C.

[0154] In another example implementation of the process
1500, the controller 408 can be configured to utilize Model
B and Model D. This combination requires arterial blood
flow measurements for both Model B and Model D, and as
such, the blood pressure estimation device includes an
arterial sensor capable of performing arterial blood flow
measurements. Additionally, only one arterial sensor is
needed. For example, the blood pressure estimation device
can include an ultrasonic sensor that performs all of the
arterial distension, arterial cross-sectional area and arterial
blood flow measurements needed for both Model B and
Model D.

[0155] Although the process 1500 has been described as
using two blood pressure models to obtain two blood
pressure estimates, in some other implementations more
than two (for example, three, four or more) blood pressure
models can be used to determine a respective number of
blood pressure estimates. For example, the process 1500 can
utilize two or more self-calibrating blood pressure models
and one non-self-calibrating blood pressure model; two or
more non-self-calibrating blood pressure models and one
self-calibrating blood pressure model; or two or more self-
calibrating blood pressure models and two or more non-self-
calibrating blood pressure models. The blood pressure esti-
mates from the different blood pressure models can then be
selectively combined, integrated or otherwise analyzed and
used to provide the final blood pressure in block 1520.
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Generally, the more models used, the more robust the
process and the mote accurate the final blood pressure can
be.

Conclusion

[0156] Various modifications to the implementations
described in this disclosure may be readily apparent to those
skilled in the art, and the generic principles defined herein
may be applied to other implementations without departing
from the spirit or scope of this disclosure. Thus, the follow-
ing claims are not intended to be limited to the implemen-
tations shown herein, but are to be accorded the widest scope
consistent with this disclosure, the principles and the novel
features disclosed herein.

[0157] Additionally, certain features that are described in
this specification in the context of separate implementations
also can be implemented in combination in a single imple-
mentation. Conversely, various features that are described in
the context of a single implementation also can be imple-
mented in multiple implementations separately or in any
suitable subcombination. Moreover, although features may
be described above as acting in certain combinations and
even initially claimed as such, one or more features from a
claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed
to a subcombination or variation of a subcombination.
[0158] Similarly, while operations are depicted in the
drawings in a particular order, this should not be understood
as requiring that such operations be performed in the par-
ticular order shown or in sequential order, or that all illus-
trated operations be performed, to achieve desirable results.
Further, the drawings may schematically depict one more
example processes in the form of a flow diagram. However,
other operations that are not depicted can be incorporated in
the example processes that are schematically illustrated. For
example, one or more additional operations can be pet-
formed before, after, simultaneously, or between any of the
illustrated operations. Moreover, various ones of the
described and illustrated operations can itself include and
collectively refer to a number of sub-operations. For
example, each of the operations described above can itself
involve the execution of a process or algorithm. Further-
more, various ones of the described and illustrated opera-
tions can be combined or performed in parallel in some
implementations. Similarly, the separation of various system
components in the implementations described above should
not be understood as requiring such separation in all imple-
mentations. As such, other implementations are within the
scope of the following claims. In some cases, the actions
recited in the claims can be performed in a different order
and still achieve desirable results.

What is claimed is:
1. A method for use in estimating blood pressure com-
prising:

obtaining arterial measurements of an artery at two or
more elevations;

determining one or more calibration parameters for a first
blood pressure model based on the arterial measure-
ments and a hydrostatic pressure difference between at
least two of the two or more elevations;

determining a first blood pressure in the artery based on
the first blood pressure model, the one or more cali-
bration parameters and the arterial measurements;
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determining a second blood pressure in the artery based in
part on a second blood pressure model, one or more
calibration parameters and the arterial measurements;
and

providing a final blood pressure based on the first and the

second blood pressures.

2. The method of claim 1, further including:

comparing the first and the second blood pressures; and

updating the one or more calibration parameters respon-

sive to the comparison.

3. The method of claim 1, wherein the arterial measure-
ments include arterial distension measurements and arterial
cross-sectional area measurements at each of the at least two
elevations.

4. The method of claim 3, wherein the determination of
the one or more calibration parameters includes:

determining a mean arterial cross-sectional area for each

of the at least two elevations;

determining a mean arterial distension for each of the at

least two elevations; and

determining a first calibration parameter based on the

mean arterial cross-sectional areas, the mean arterial
distensions, and an arterial stress-strain relationship.
5. The method of claim 4, wherein the determination of
the one or more calibration parameters includes determining
a second calibration parameter based on the hydrostatic
pressure difference and the first calibration parameter.
6. The method of claim 4, wherein the determination of
the first blood pressure in the artery based on the first blood
pressure model includes determining the first blood pressure
using the arterial stress-strain relationship.
7. The method of claim 3, wherein:
the arterial measurements further include blood velocity
measurements at each of the at least two elevations; and

the method further includes determining arterial blood
flow measurements based on the arterial cross-sectional
area measurements and the blood velocity measure-
ments.

8. The method of claim 7, wherein the determination of
the one or more calibration parameters includes determining
a calibration parameter based on the hydrostatic pressure
difference and the arterial blood flow measurements based
on a linear relationship between blood pressure and blood
flow.

9. The method of claim 8, wherein the determination of
the first blood pressure in the artery based on the first blood
pressure model includes determining the first blood pressure
based on the linear relationship and the blood flow mea-
surements.

10. The method of claim 1, further including calibrating
the second blood pressure model based on the first blood
pressure.

11. The method of claim 10, wherein the calibration of the
second blood pressure model based on the first blood
pressure includes solving a set of equations using the first
blood pressure as an input to the set of equations.

12. The method of claim 11, wherein the determination of
the second blood pressure in the artery based in part on the
second blood pressure model includes determining a pulse
wave velocity (PWYV) based on the arterial measurements.

13. The method of claim 12, wherein the determination of
the PWV based on the arterial measurements includes:
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determining a pulse transit time (PTT) between two
arterial locations based on the arterial measurements;
and

determining the PWV based on the PTT and a distance

between the two arterial locations.

14. The method of claim 12, wherein:

the arterial measurements include arterial cross-sectional

area measurements and arterial blood velocity mea-
surements;

the method further includes determining arterial blood

flow measurements based on the arterial cross-sectional
area measurements and the arterial blood velocity mea-
surements; and

the determining of the PWV based on the arterial mea-

surements includes:

determining a derivative of the arterial blood flow
measurements with respect to the arterial cross-
sectional area measurements; and

determining the PWV based on the derivative.

15. A device for use in estimating blood pressure com-
prising:

one or more arterial sensors configured to obtain arterial

measurements of an artery at two or more elevations;

one or more processors configured to:

determine one or more calibration parameters for a first
blood pressure model based on the arterial measure-
ments and a hydrostatic pressure difference between
at least two of the two or more elevations;

determine a first blood pressure in the artery based on
the first blood pressure model, the one or more
calibration parameters and the arterial measure-
ments;

determine a second blood pressure in the artery based
in part on a second blood pressure model, one or
more calibration parameters and the arterial mea-
surements; and

provide a final blood pressure based on the first and the
second blood pressures.

16. The device of claim 15, wherein the one or more
processors are further configured to:

compare the first and the second blood pressures; and

update the one or more calibration parameters responsive

to the comparison.

17. The device of ¢laim 15, wherein the arterial measure-
ments include arterial distension measurements and arterial
cross-sectional area measurements at each of the at least two
elevations.

18. The device of claim 17, wherein the determination of
the one or more calibration parameters includes:

determining a mean arterial cross-sectional area for each

of the at least two elevations;

determining a mean arterial distension for each of the at

least two elevations; and

determining a first calibration parameter based on the

mean arterial cross-sectional areas, the mean arterial
distensions, and an arterial stress-strain relationship.

19. The device of claim 18, wherein the determination of
the one or more calibration parameters includes determining
a second calibration parameter based on the hydrostatic
pressure difference and the first calibration parameter.

20. The device of claim 17, wherein:

the arterial measurements further include blood velocity

measurements at each of the at least two elevations; and
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the one or more processors are further configured to
determine arterial blood flow measurements based on
the arterial cross-sectional area measurements and the
blood velocity measurements.

21. The device of claim 20, wherein the determination of
the one or more calibration parameters includes determining
a calibration parameter based on the hydrostatic pressure
difference and the arterial blood flow measurements based
on a linear relationship between blood pressure and blood
flow.

22. The device of claim 15, wherein the one or more
processors are further configured to calibrate the second
blood pressure model based on the first blood pressure.

23. The device of claim 22, wherein the calibration of the
second blood pressure model based on the first blood
pressure includes solving a set of equations using the first
blood pressure as an input to the set of equations.

24. The device of claim 23, wherein the determination of
the second blood pressure in the artery based in part on the
second blood pressure model includes determining a pulse
wave velocity (PWYV) based on the arterial measurements.

25. The device of claim 24, wherein the determination of
the PWV based on the arterial measurements includes:

determining a pulse transit time (PTT) between two

arterial locations based on the arterial measurements;
and

determining the PWV based on the PTT and a distance

between the two arterial locations.

26. The device of claim 24, wherein:

the arterial measurements include arterial cross-sectional

area measurements and arterial blood velocity mea-
surements;

the one or more processors are further configured to

determine arterial blood flow measurements based on
the arterial cross-sectional area measurements and the
arterial blood velocity measurements; and

the determining of the PWV based on the arterial mea-

surements includes:

determining a derivative of the arterial blood flow
measurements with respect to the arterial cross-
sectional area measurements; and

determining the PWV based on the derivative.

27. A device for use in estimating blood pressure com-
prising:
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means for obtaining arterial measurements of an artery at

two or more elevations;
means for determining one or more calibration parameters
for a first blood pressure model based on the arterial
measurements and a hydrostatic pressure difference
between at least two of the two or more elevations;

means for determining a first blood pressure in the artery
based on the first blood pressure model, the one or more
calibration parameters and the arterial measurements;

means for determining a second blood pressure in the
artery based in part on a second blood pressure model,
one or more calibration parameters and the arterial
measurements; and

means for providing a final blood pressure based on the

first and the second blood pressures.

28. The device of claim 27, further including:

means for comparing the first and the second blood

pressures; and

means for updating the one or more calibration param-

eters responsive to the comparison.

29. One or more tangible computer-readable media stor-
ing non-transitory instructions executable by one or more
processors to cause operations to be performed including:

obtaining arterial measurements of an artery at two or

more elevations;

determining one or more calibration parameters for a first

blood pressure model based on the arterial measure-
ments and a hydrostatic pressure difference between at
least two of the two or more elevations;
determining a first blood pressure in the artery based on
the first blood pressure model, the one or more cali-
bration parameters and the arterial measurements;

determining a second blood pressure in the artery based in
part on a second blood pressure model, one or more
calibration parameters and the arterial measurements;
and

providing a final blood pressure based on the first and the

second blood pressures.

30. The media of claim 29, further including:

comparing the first and the second blood pressures; and

updating the one or more calibration parameters respon-
sive to the comparison.
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