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Receive, from one or more arterial measurement sensors, a pulse
waveform representing arterial pressure as a function of time for
each pulse of a series of blood pressure pulses, wherein the series of
blood pressure pulses are correlated to arterial distension at a
measurement location of the one or more arterial measurement
sensors on a subject’s body
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DIASTOLIC BLOOD PRESSURE
MEASUREMENT CALIBRATION

BACKGROUND

[0001] Devices for measuring cardiovascular properties
suffer from the problem that the measurement itself inter-
feres with the state of the subject, thereby leading to
erroneous results. In addition, current cuff-based methods
may impart a significant physiological impact. In current
cuff-based methods, the systolic blood pressure is obtained
by completely or at least substantially constricting an artery,
which in most cases is the brachial artery in the upper arm.
Such constriction of the artery affects pulse pressure propa-
gation and pulse pressure shapes, which may only be toler-
ated in the peripheral system. Further, the diastolic pressure
is derived from measurements obtained when the transmural
pressure (pressure difference between the outside and the
inside of an artery) is close to zero, which implies those
measurements are made under conditions that are far from
normal.

[0002] In addition, traditional methods based on inflatable
cuffs and measurements performed in a clinical environment
may have psychological effects causing changes in a
patient’s blood pressure. For example, the psychological
effects of being in clinical environment may cause an
elevation in the patient’s blood pressure. The phenomenon is
commonly called “white coat syndrome” or “white coat
hypertension.” In an additional example, a patient’s blood
pressure may be elevated during normal daily activities but
not in a clinical setting. This phenomenon is commonly
called “masked hypertension.”

SUMMARY

[0003] Various embodiments include methods and devices
for measuring blood pressure. Various embodiments may
include receiving, from one or more arterial measurement
sensors, a pulse waveform representing arterial pressure as
a function of time for each pulse of a series of blood pressure
pulses, wherein the series of blood pressure pulses may be
correlated to arterial distension at a measurement location of
the one or more arterial measurement sensors on a subject’s
body, receiving, from one or more elevation sensors, one or
more elevations of the measurement location, identifying, by
a processor, at least one pulse in the series of blood pressure
pulses that represents a transitional pulse based on one or
more characteristics of the at least one pulse, and determin-
ing, by the processor, a calibrated diastolic blood pressure
based on the at least one identified pulse and at least one
elevation from the one or more elevations that correspond to
the at least one identified pulse. In some embodiments, the
series of blood pressure pulses may be measured while a
limb of the subject is raised from at or below a heart level
of the subject to above the heart level.

[0004] In some embodiments, one or more characteristics
of the at least one pulse may include amplitude, pulse shape,
or any combination thereof. In some embodiments, identi-
fying at least one pulse in the series of blood pressure pulses
that represents the transitional pulse may include identifying
the at least one pulse in the series of blood pressure pulses
with an amplitude that is a predetermined fraction of a
maximum pulse amplitude. In some embodiments, identi-
fying at least one pulse in the series of blood pressure pulses
that represents the transitional pulse may include comparing
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individual pulse shapes of individual pulses in the series of
blood pressure pulses to a mean pulse shape of the series of
blood pressure pulses and identifying the transitional pulse
within the series of blood pressure pulses from a pulse shape
deviation from the mean pulse shape by a predetermined
percentage. In some embodiments, identifying at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse may include identifving an individual
pulse within the series of blood pressure pulses having an
oscillatory pulse shaped diastolic tail immediately preceded
by an earlier pulse having a near exponential decay shaped
diastolic tail. In some embodiments, identifying at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse may include identifving an individual
pulse within the series of blood pressure pulses having a
kink in a lowest segment of a diastolic tail of the individual
pulse, wherein the kink meets a threshold deviation from a
predetermined pulse shape.

[0005] In some embodiments, the one or more arterial
measurement sensors may include a non-interfering mea-
suring device configured to measure changes in distension of
an artery without interfering with the arterial pressure at the
measurement location during the series of blood pressure
pulses. Non-interfering may also include embodiments that
apply a constant counter pressure, below a diastolic pressure
of the subject, at the measurement location during the series
of blood pressure pulses. In some embodiments, the one or
more elevation sensors may include an elevation sensor
selected from the group consisting of an inertial sensor, a
barometer, a magnetic near-field device, a visual inertial
odometer, a global navigation satellite system (GNSS) based
sensor, and a wireless local area network (WLAN) based
sensor.

[0006] Further embodiments include a blood pressure
measuring device having one or more arterial measurement
sensors, one or more elevation sensors, and a processor
configured to perform operations of the methods summa-
rized above. Further embodiments include a blood pressure
measuring device having one or more arterial measurement
sensors, one or more elevation sensors, and means for
performing functions of the methods summarized above.
Further embodiments include a processor-readable storage
medium on which is stored processor-executable instruc-
tions configured to cause a processor of a blood pressure
measuring device to perform operations of the methods
summarized above.

BRIEF DESCRIPTION OF THE DRAWING

[0007] The accompanying drawings, which are incorpo-
rated herein and constitute part of this specification, illus-
trate various embodiments of the claims, and together with
the general description given above and the detailed descrip-
tion given below, serve to explain the features of the claims.

[0008] FIG. 1A is a schematic diagram of a non-interfer-
ing blood pressure measuring device according to various
embodiments.

[0009] FIG. 1B is a schematic diagram of a non-interfer-
ing blood pressure measuring device according to various
embodiments.

[0010] FIG. 2is a graph of pressure versus time for a series
of pulses, noting particular elements according to various
embodiments.
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[0011] FIG. 3 is a graph of pressure versus time for a series
of pulses including a transitional pulse, noting particular
elements according to various embodiments.

[0012] FIG. 4A illustrates a front elevation view of a
subject wearing a measuring device on a wrist held in a
lowered position according to various embodiments.
[0013] FIG. 4B illustrates a front elevation view of the
subject of FIG. 4A with the wrist held at heart level
according to various embodiments.

[0014] FIG. 4C illustrates a front elevation view of the
subject of FIG. 4A with the wrist held above heart level
according to various embodiments.

[0015] FIG. 51is a graph of pressure versus time for a pulse
pressure of a diastolic phase of an initial pulse and the start
of a subsequent pulse, along with a curve matching an
exponential decay of the diastolic phase according to various
embodiments.

[0016] FIG. 6A is a process flow diagram illustrating an
embodiment method of calibrating a blood pressure mea-
suring device according to various embodiments.

[0017] FIG. 6B is a process flow diagram illustrating an
embodiment method of calibrating a blood pressure mea-
suring device according to various embodiments.

[0018] FIG. 7 is a component block diagram of a com-
puting device according to various embodiments.

DETAILED DESCRIPTION

[0019] Various embodiments will be described in detail
with reference to the accompanying drawings. Wherever
possible, the same reference numbers will be used through-
out the drawings to refer to the same or like parts. Refer-
ences made to particular examples and implementations are
for illustrative purposes, and are not intended to limit the
scope of the claims.

[0020] Various embodiments include methods for calibrat-
ing a blood pressure measuring device by determining a
calibrated diastolic blood pressure from arterial distension
measurements taken under known pressure conditions cor-
responding to when the transmural pressure is or approaches
zero. In some embodiments, the known pressure conditions
may include a constant applied counter pressure and con-
trolled changes in hydrostatic pressure. The hydrostatic
pressure may be changed by adjusting the elevation of the
measurement site. The hydrostatic pressure in a limb at the
site of measurements, as well as a relatively minor counter
pressure applied to the limb, may provide known or pre-
dictable pressure conditions that may be used to manipulate
the transmural pressure to enable determining the calibrated
diastolic blood pressure.

[0021] The internal blood pressure of an artery at a mea-
surement location generally equals any external pressure,
such as a minor applied counter pressure, plus a counter-
acting pressure from the arterial wall (i.e., internal blood
pressure equals counter pressure plus transmural pressure).
In addition, the internal blood pressure may represent the
calibrated diastolic blood pressure, plus pressure from
hydrostatic pressure. Under conditions in which the trans-
mural pressure is or approaches zero, a characteristic change
in the diastolic part of a pulse waveform occurs. By adjust-
ing either or both of an applied counter pressure and the
hydrostatic pressure until that characteristic change in the
diastolic part of a pulse waveform is observed, an calibrated
diastolic blood pressure may be determined by knowing the
applied counter pressure and hydrostatic pressure resulting
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in the zero transmural pressure conditions. Thus, a blood
pressure measuring device implementing various embodi-
ments may determine the calibrated diastolic blood pressure
by adjusting applied counter pressure and hydrostatic pres-
sure while monitoring the diastolic part of a pulse waveform
and noting applied counter pressure and hydrostatic pressure
when the diastolic pulse waveform has the characteristic
shape exhibited in zero transmural pressure conditions.
[0022] Various embodiments use non-invasive techniques
that identify dynamic changes in arterial distension from a
pulse waveform representing arterial pressure measurement
values over time during each pulse. Characteristic shapes
may be identified within at least a diastolic part of a pulse
waveform that correlate to conditions in which the trans-
mural pressure is approximately zero (i.e., when arterial wall
tension is or approaches zero). Under such conditions, at
least a diastolic part of the calibrated diastolic blood pres-
sure may be determined for calibrating a blood pressure
measuring device.

[0023] As used herein, the term “pulse waveform” refers
to a graphic representation of arterial pressure as a function
of time for each pulse of a series of blood pressure pulses
correlated to an arterial distension at a measurement location
on a limb of a subject. The pulse waveform of each pulse is
characterized by a shape that may be analyzed and compared
to one or more predetermined shapes. As used herein, the
terms “pulse” or “blood pressure pulse” are used inter-
changeably to refer to the regular arterial distension of an
artery caused by local pressure increase that occurs with the
ejection of blood into the arterial system by the contractions
of the heart. As used herein, the term “transitional pulse”
refers to a pulse reflecting a notable transition from one state
of an artery to another.

[0024] As used herein, the term “pulse pressure” refers to
the difference between systolic and diastolic pressures,
which changes during the time from one heart beat to the
next. This value is generally not affected by local changes in
the hydrostatic pressure in the peripheral regions of the body
of the subject, as long as the transmural pressure remains
positive.

[0025] As used herein, the term “transmural pressure”
refers to the pressure difference between the pressure inside
an artery and directly outside the artery at a specific location
in a specific artery. The transmural pressure will depend on
the hydrostatic pressure, which may be influenced by the
height of the measurement location. For example when a
measuring device is attached to the wrist of a subject,
moving the wrist slowly up and down will cause significant
changes in the transmural pressure measured at the measur-
ing location, while the pulse pressure will be relatively
unaffected by slow up and down motion of the wrist.
Without an externally applied counter pressure (e.g., inward
pressure from a cuff, adhesive bandage, or other externally
applied element), the transmural pressure may be presumed
to be approximately equal to the blood pressure.

[0026] The terms “calibrated blood pressure” or “cali-
brated diastolic blood pressure” are used herein to define the
actual pressure in an artery at a specific location and at a
particular time. In various embodiments, a hydrostatic pres-
sure, together with a minor counter pressure, may equal a
calibrated diastolic blood pressure during conditions in
which a transmural pressure is equal to or approaches zero.
In contrast, the term “blood pressure” is used herein as a
general term to refer to a pressure in the arterial system of
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the subject. For the sake of this specification, the transmural
pressure, the pulse pressure, and the calibrated blood pres-
sure are all considered “blood pressures.” For example,
devices that measure the transmural pressure at a specific
location and devices that measure the pulse pressure may be
used to measure and/or estimate blood pressure.

[0027] As used herein, the expression “constant pulse
rate” refers to a pulse rate that over a period of several
heartbeats does not change significantly (e.g., not more than
10%). In this respect, a beat-to-beat variation may be as high
as 50% and still be considered a constant pulse rate. Thus,
an average of the pulse rate over a certain amount of time
may be used. For example, a pulse rate measured over 30-60
seconds may be considered constant if variations over that
period are below 10%. Alternatively, an upper limit of
variation may be used, such as 5%, 2%, or 1%. As a further
alternative, a moving average over a certain amount of time
(e.g., 1 minute) may be used for calculating pulse rate and
determining whether the pulse rate is constant. As yet a
further alternative, a limit on the maximum amount of
change in a moving average of the pulse rate in a certain
amount of time may be used. This may be related to the
derivative/slope of the moving average of the pulse rate.

[0028] As used herein, the term “measuring device” refers
to a physical apparatus for taking measurements of biomet-
ric and/or physical changes to a subject. The measuring
device may be a structure that can be worn by the subject or
a structure near or adjacent the subject, such as on a fixture
(e.g., furniture, sports equipment, automobile fixtures, etc.).
In contrast, the term “sensor” generally refers to a device
that responds to a physical stimulus (as heat, light, sound,
pressure, magnetism, or a particular motion) and transmits a
resulting impulse (as for measurement or operating a con-
trol). A sensor may measure changes in position, size, and/or
composition, such as within an organ or a portion of a body.
For example, the term “arterial measurement sensor” more
specifically refers to a component of the measuring device,
which performs the actual measurement of a physical char-
acteristic of an artery of the subject, such as fluctuations in
blood flow and/or the cross-sectional area of an artery.
Similarly, the term “elevation sensor” more specifically
refers to a component configured to detect an elevation or
changes in an elevation at a measurement location. An
elevation sensor may output one or more elevation indica-
tors. As used herein, the term, “elevation indicator” refers to
a gauge of position, movement, proximity, speed, accelera-
tion, and/or other measurement from which an elevation or
change in elevation may be determined. An elevation sensor
may include a 3D inertial sensor, such as an accelerometer,
in which elevation changes may be inferred from integration
of the accelerometer output. Other examples of elevation
sensors include a barometer, a magnetic near-field device, a
visual inertial odometer, a GNSS based sensor, a WLAN
based sensor (e.g., WWAN, Bluetooth, or Wi-Fi), visible
light communication (VLC) or any other type of sensor
configured to measure the elevation or a change in elevation
of a measurement location. The measuring device may
include an arterial measurement sensor, an elevation sensor,
and computing devices for processing signals from the
arterial measurement sensor, the elevation sensor, and/or
communicating with external equipment. The arterial mea-
surement sensor and/or the elevation sensor do not have to
directly contact an artery, but may be placed on a skin
surface above or near the artery.
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[0029] Any of a wide variety of measuring devices may be
used with the various embodiments. For example, a mea-
suring device may be configured to be wearable, such as in
the form of, or incorporated into, a patch, a finger sleeve
(such as the non-interfering blood pressure measuring
device 100 shown in FIGS. 1A and 1B), a wrist cuff, a finger
ring, a band of a wrist watch, a back case of a wrist watch,
and/or another form of apparel (i.e., clothing that includes an
embodiment of a measuring device. However, the various
embodiments may be used with measuring devices that are
not worn by a subject, but are configured to place the sensor
against the skin of the subject. For example, a measuring
device may be incorporated into safety belts, steering
wheels, armrests, seats and other structures in an automo-
bile, train, airplane, or other vehicle, and configured so that
the sensor(s) are able to take arterial measurements of a
subject. As another example, a measuring device may be
incorporated into smart furniture and configured so that the
sensor(s) is in direct contact with a subject or in close
proximity with the subject. As a further example, a measur-
ing device may be incorporated into athletic equipment,
such as helmets, racket handles, wrist or headbands, shoes,
socks, handle bars, etc., and configured so that the sensor(s)
are able to take arterial measurements of a subject.

[0030] As used herein, the expression “non-interfering
blood pressure measuring device” refers to a measuring
device that does not substantially interfere or perturb an
artery being measured or provides a constant level of
interference. A non-interfering blood pressure measuring
device may be used over a long period (e.g. over 1-24
hours), enabling blood pressure readings to be taken over a
longer period than practical with traditional cuff-based mea-
surement techniques. Monitoring blood pressure over a
longer period enables observations of changes in blood
pressure that occur over time, which may provide important
information about the health of the subject.

[0031] Various cardiovascular properties (e.g., blood pres-
sure and pulse rate) can be measured or estimated in the
limbs of a subject, such as from an arm or finger, by
measuring changes in the diameter (referred to as “disten-
sion”) of peripheral arteries (“arterial distension”) using a
variety of sensors. Some non-limiting examples of non-
interfering blood pressure measuring devices that may be
used in various embodiments to measure arterial distension
include ultrasound sensors, bioimpedance sensors, and pho-
toplethysmographic sensors. Changes in arterial distension
(i.e., pulse amplitude) and the mean value of an arterial
distension signal received from a peripheral artery sensor
may result from variations attributed to changes of the
artery, particularly when changing elevations of a limb.

[0032] Stress-strain properties of arterial walls may be
highly non-linear. At low pressures, an arterial vessel is very
elastic, dominated by elastin fibers. At higher pressures, an
arterial vessel appears stiffer, dominated by collagen fibers.
A very coarse classification of arteries is muscular or elastic,
although most arteries may be a combination of muscular
and elastic properties. The larger arteries in the central
system are predominantly elastic, whereas the arteries in the
peripheral system are predominantly muscular. The periph-
eral arteries are generally thinner and stiffer than the arteries
in the central system and the elastic properties are more
dependent on the smooth muscles than in the central arteries.
The smooth muscles in peripheral arteries are arranged in a
spiral pattern, and the arterial expansion with an increase in
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pressure is predominantly in the radial direction and negli-
gible in the longitudinal direction. Artery walls are in
general much stiffer than the surrounding tissues. As a result,
the pressure right outside an artery is essentially the same as
the pressure outside the limb if no external pressure is
applied.

[0033] The elastic properties of an artery may vary over
time, particularly since the tension in the muscles in the
artery typically changes over time according to the state of
the person. Further, a number of substances may affect the
tension of the muscles in an artery. For example, nitro-
glycerine relaxes smooth muscles, which generally
decreases their stiffness and may cause arteries to expand in
diameter even when pressure in the artery remains constant
or decreases.

[0034] Some contemporary blood pressure measuring
devices measure the distension of an artery by measuring the
expansion or change in diameter of the artery with each
heartbeat. Accurately converting the measure of arterial
distension into a calibrated blood pressure (e.g., a calibrated
diastolic blood pressure value) requires knowledge of cer-
tain properties of the artery. In particular, it is usually
required to know at least the stiffness or elasticity of the
artery in order to convert dimensional characteristics like
arterial distension into a measurement of blood pressure.
However, estimating and/or determining such arterial prop-
erties using conventional techniques is not straightforward.
In addition, conventional techniques generally interfere with
(i.e., perturb) the artery being measured.

[0035] Previous attempts at providing accurate non-inter-
fering blood pressure measuring devices have suffered from
calibration problems, particularly for continuous measure-
ments, since arterial properties change so frequently. When
the calibration of a non-interfering blood pressure measuring
devices is inaccurate, the blood pressure calculated from
dimensional characteristics (e.g., cross-sectional area) of an
artery will be inaccurate. Some solutions that acknowledge
the variation in arterial properties over time suggest recali-
bration at regular intervals.

[0036] Various embodiments include methods, systems,
and devices for calibrating a blood pressure measuring
device for measurements from an artery in an extremity of
a subject without requiring a reference device (e.g., an
inflatable cuff). Various embodiment methods may include
determining a profile or shape of a pulse waveform repre-
senting arterial distension, over the duration of a pulse. The
arterial distension pulse shape of each pulse in a series of
pulses may be measured at a measurement location on an
extremity of the subject such as an arm or finger. Thus, the
pulse shape of each pulse may reflect the measured changes
in arterial distension as a function of time. By comparing the
pulse shape of each pulse in a series of pulses, a transitional
pulse in the series of pulses may be identified. The transi-
tional pulse may be identified by a characteristic change in
pulse shape, which is believed to be associated with the
onset of arterial buckling but not necessarily representing
the buckling point. The characteristic change indicating a
transitional pulse may be identified in the diastolic tail
portion of the pulse shape plotting pressure versus time.
[0037] FIG. 1A illustrates a non-interfering blood pressure
measuring device 100 configured to determine blood pres-
sure in an artery of a subject 5 in accordance with various
embodiments. The non-interfering blood pressure measuring
device 100 may include a computing device 230, that may
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operate as a control unit remote from a skin-contact device
101 using wireless signals 250 to communicate with the
skin-contact device 101 for processing data. The computing
device 230 may be a smartphone, watch-phone, tablet,
laptop, or other type of computer device. The skin-contact
device 101 may include a sleeve 150 containing a processor
and transceiver for communicating with the computing
device 230. Data processing may be performed in the
skin-contact device 101 operating as a computing device,
the computing device 230, or a combination of both. In
addition, the skin-contact device 101 may have a separate
power source, such as by a wire coupled to a nearby source
of power (e.g., electrical outlet or battery).

[0038] In various embodiments, the location of the non-
interfering blood pressure measuring device 100, and par-
ticularly the skin-contact device 101, the measurement loca-
tion of the sensors, and the location of the measured artery
may be within close proximity of one another. However, the
measurement location does not necessarily have to be coin-
cident with the location of the measuring device. For
example, various embodiments may include an ultrasound-
based sensor that performs the measurement on a particular
location at a distance from the ultrasound-based sensor.
[0039] Various types of sensors and measuring devices
may be used to measure dimensional characteristics of an
artery. Some examples of sensors and measuring devices
include devices that employ technologies such as ultra-
sound, nuclear magnetic resonance, propagating electro-
magnetic waves, optical sensing, and/or bioelectrical imped-
ance. For example, ultrasound may be used to measure an
artery wall or flow velocity (i.e., Doppler velocimetry).
Nuclear magnetic resonance may also be used to measure
arterial dimensions. Other types of sensors and measuring
devices include devices capable of detecting a propagation
property of electro-magnetic waves. In addition, optical
instruments may be used to detect and measure arterial
dimensions (e.g. photoplethysmography) and/or flow veloc-
ity. Bioelectrical impedance may be measured, particularly
in applications in which arterial dimension and/or flow
velocity may be detected from the bioelectrical impedance
variations. Additional devices suitable for measuring dimen-
sional characteristics of an artery may be used in accordance
with various embodiments.

[0040] FIG. 1B illustrates an example of a non-interfering
blood pressure measuring device 100 configured to measure
blood pressure from an artery 9 in a limb of a subject 5
suitable for use with the various embodiments. As the
various embodiments are applicable to a variety of non-
interfering blood pressure measuring device, the examples
of non-interfering blood pressure measuring device 100
illustrated in FIGS. 1A and 1B are provided merely for
identifying examples and representative components that
may be involved in implementing various embodiments.
Thus, the examples in FIGS. 1A and 1B are not intended to
limit the scope of the claims to the illustrated types of
non-interfering blood pressure measuring device.

[0041] A non-interfering blood pressure measuring device
100 may be placed at a particular location on the subject 5
being measured (i.e., a select portion of the subject’s body).
For example, the skin-contact device 101 of the non-inter-
fering blood pressure measuring device 100 may include a
sleeve 150 formed as a unitary structure that wraps partially
or completely around a limb of the subject 5 (e.g., a sleeve
on a subject’s fingertip or a watch on the subject’s wrist).
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Alternatively, the non-interfering blood pressure measuring
device 100 may include sets of individual patches (each
including one or more sensors) that are separated from one
another. The sleeve 150 may be formed as an elastic band
that incorporates a patch or patches with electrodes and a
pouch or ‘pocket’ for holding electronics, such as a control
unit 200.

[0042] The sleeve 150 may be sized to ensure relatively
low levels of counter pressure (i.e., inwardly from a surface
of the skin) to ensure the underlying artery is not perturbed.
The constant counter pressure may be considered “minor” as
long as it is below a diastolic pressure (~90 mmHg) of the
subject. The counter pressure may be below 60 mmHg and
may preferably be closer to 25 mmHg, which is far more
comfortable to the subject. Such a minor constant counter
pressure, which may be comparable to the pressure applied
by compression stockings, will generally be lower than the
pressure applied by an inflatable cuff-type blood pressure
device (~200 mmHg). In addition, the application of the
minor constant counter pressure may stabilize the veins
without hampering a return blood flow. As a result of the
minor constant counter pressure, a measurement signal may
become larger because of slight modifications to the stress-
strain relationship.

[0043] The non-interfering blood pressure measuring
device 100 may include multiple sensors, such as sets of
electrodes 111, 112, 121, 122 and one or more elevation
sensors 130. The sets of electrodes 111, 112, 121, 122 may
be integrated into the inside surface of the sleeve 150 (i.e.,
configured to face the subject’s skin when worn thereon)
that presses against the skin. A firm and even engagement
between the skin and the sensor may be desirable.

[0044] The sets of electrodes 111, 112, 121, 122 may be
used for measuring one or more parameters using bioelectric
impedance, and the control unit 200 coupled to the elec-
trodes for processing data. A first set of electrodes may
include a first inner detection electrode 111 and a first outer
excitation electrode 112. A second set of electrodes may
include a second inner detection electrode 121 and a second
outer excitation electrode 122. Alternatively, a single elec-
trode may function as both the excitation and measurement
electrode such that only one set of two electrodes may be
included. In addition, more than four electrodes 111, 112,
121, 122 may be included.

[0045] The electrodes 111, 112, 121, 122 may be posi-
tioned on a portion of skin of the limb of the subject 5. The
second set of two outer excitation electrodes 112, 122 may
be placed with an outer separation distance S, between the
electrodes somewhat larger than the depth d at which the
artery 9 is embedded in the limb. At the measurement area,
a depth d may be less than 0.5 cm, but the separation may
be considerably larger, only confined by the length of the
limb. The first set of two inner detection electrodes 111, 121
may be placed with an inner separation distance S,, which
is less than the outer separation distance S, and disposed
between the two outer excitation electrodes 112, 122. The
inner separation distance S, may be approximately equal to
the depth d of the artery or greater. At the measurement area,
the inner separation distance S, may be from 1-2 mm to
several centimeters. For example, the inner separation dis-
tance S, may be approximately 0.75 cm and the outer
separation distance S; may be approximately 1.5 cm.
[0046] In the various embodiments, an elevation sensor
130 may provide an output that may be continuously con-

Dec. 21,2017

verted to a measure of the elevation of the measuring
location. For example, an instantaneous elevation or change
in elevation may be obtained by double integration of an
acceleration signal, such as provided by an accelerometer on
the non-interfering blood pressure measuring device 100 or
placed at the measuring location. The estimation of elevation
or change in elevation of the measuring area may be
validated by a level signal provided by an angular sensor
mounted on the non-interfering blood pressure measuring
device 100 or at the measurement location. A horizontal
level may imply a higher likelihood for a position of the
measuring site around the middle of the dynamic range for
the elevation based on the range of movement of the limb on
which the non-interfering blood pressure measuring device
100 is positioned. Similarly, a vertical position may imply a
high likelihood for being at one of the extremes of the
elevation of the limb on which the non-interfering blood
pressure measuring device 100 is positioned.

[0047] In various embodiments, variations of the hydro-
static pressure may be continuously evaluated based on
outputs from the elevation sensor 130. For example, an
elevation difference of 60 cm will correspond to a 47 mmHg
arterial pressure change, while a mean arterial pressure at
heart level may be around 100 mmHg. Thus, changes in
elevation estimated based on a 3D accelerometer with
measurements integrated to detect position changes, may be
combined with information from a high resolution barom-
eter in order to better determine the elevation of the mea-
suring location.

[0048] In various embodiments, the non-interfering blood
pressure measuring device 100 may include a control unit
200, which may register and/or process outputs from the
electrodes 111, 112, 121, 122 and/or the elevation sensor
130. Values from sensor measurements may be stored in
optionally provided memory 202. Alternatively, external
memory may be operatively coupled to the processor 201,
directly or indirectly through the control unit 200. The
control unit 200 may regulate and/or control the timing
and/or output levels of the electrodes 111, 112, 121, 122. The
control unit 200 may include one or more processors 201
configured to make intermediate and/or final calculations
and determinations regarding blood pressure measurements.
For ease of description and illustration, some detailed
aspects of the control unit 200 are omitted. However, the
control unit 200 may include some or all of the further
detailed aspects described with respect to the computing
device 230 in FIG. 1A.

[0049] While the control unit 200 is illustrated as a single
unit, multiple control units may be provided. For example,
a computing device (e.g., 230 in FIG. 1A) remote from the
skin-contact device 101 may be an additional control unit.
Alternatively, more than one control unit may be included
within or on the skin-contact device 101. The multiple
control units may operate together, sharing responsibilities;
one control unit may act as a master over one or more other
control units; or a combination thereof. Alternatively, the
computing device remote from the skin-contact device 101
may operate exclusively as the control unit. Although con-
nections 251, 252 are illustrated as wired connections, the
control unit 200 may include one or more wireless connec-
tions, such as using one or more wireless transceivers and
antennas.

[0050] FIG. 2 is a graph of blood pressure during a first
pulse 21 and a substantial portion of a second pulse 22
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showing variations in pressure (i.c., the vertical axis, mea-
sured in mmHg) over time (i.e., the horizontal axis, mea-
sured in sec/100) that occur during a pulse. In various
embodiments, a non-interfering blood pressure measuring
device (e.g., 100) may be used to measure arterial distension
for generating the graph in FIG. 2. The maximum pulse
pressure achieved in a pulse is referred to as the systolic
blood pressure (SBP), the minimum pulse pressure is
referred to as the diastolic blood pressure (DBP), and a
difference between the two is referred to as the pulse
pressure 6P. Each of the first pulse 21 and the second pulse
22 are general representations of pulse waveforms of pulse
pressures that occur after each contraction of the left heart
ventricle.

[0051] A pulse is considered as having three parts. A first
part S,, S, referred to as the systolic phase, reflects the
immediate rise of the pressure as a consequence of the
ejection from the heart. A third part includes reflections R,
which form oscillations occurring during the diastolic phase
that result from discontinuities in the arterial system, such as
bifurcations or diameter changes. The reflections R may
vary among subjects and tend to be more pronounced in
younger subjects and virtually non-existent in older subjects.
A second part D), D, referred to as the diastolic phase,
reflects the fall in pressure after the systolic phase. Various
embodiments determine the calibrated diastolic blood pres-
sure by recognizing a characteristic change of the diastolic
part of the pulse waveform that occurs when the transmural
pressure approaches zero.

[0052] While FIG. 2 shows pressure as the vertical axis,
similar pulse shapes are expected to be observed using
various measurements of physiological properties related to
blood pressure. For example, if arterial distension is plotted
against time, a similar pulse shape may be expected, since
incremental blood pressure variations and distension varia-
tions are generally proportional. Thus, measurements taken
at a measurement location need not be converted into blood
pressure as part of the various embodiment methods of
calibrating a non-interfering blood pressure measuring
device.

[0053] The diastolic phase is generally characterized by an
exponentially decaying pressure. The exponential decay
asymptotically approaches a value typically higher than the
venous pressure, but is redirected before doing so upon the
occurrence of the second pulse 22 (i.e., a subsequent pulse),
which starts the systolic phase S, of the second pulse 22. The
exponential decay may be caused by the arterial system
being connected with the veins through the capillary net-
work with a high fluid-flow resistivity and the veins being
much more elastic than the arteries. Thus, the venous system
essentially behaves like a capacitor, which has a capacitance
much larger than that of the arterial system. Propagation
effects may play an insignificant role for the decay since a
time-constant of the decay may be much larger than the
pulse propagation time through the arterial system.

[0054] Various embodiments correlate conditions under
which the transmural pressure reaches zero with observable
changes that occur in the later part of the diastolic phase of
the pulse shape (i.e., the pulse tail). The pulse pressure
generated by the heart of the subject may be generally
constant on short time scales, such as under a minute.
However, external pressures applied to a measurement loca-
tion, such as a limb of a subject, may be changed quickly to
affect a transmural pressure locally in an artery at the
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measurement location. Thus by applying a combination of
hydrostatic pressure and a counter pressure to the measure-
ment location equal to a diastolic blood pressure over a short
time scale, the transmural pressure will approach or reach
zero, which may be reflected in changes to the diastolic
phase of measured pulses.

[0055] FIG. 3 is a graph of a third pulse 23 and a portion
of a fourth pulse 24 showing variations in pulse pressure
(i.e., the vertical axis, measured in mmHg) over time (i.e.,
the horizontal axis, measured in sec/100). In various
embodiments, a non-interfering blood pressure measuring
device (e.g., 100) may be used to measure arterial distension
for generating the graph in FIG. 3. The third pulse 23 and
fourth pulse 24 represent transitional pulses that where
achieved by applying a constant counter pressure of 40
mmHg to the subject with a wrist-worn measuring device
sleeve and decreasing the internal pressure by increasing the
hydrostatic pressure obtained by elevating the measurement
location (e.g., by raising the subject’s arm).

[0056] The third pulse 23 includes a kink K in a lowest
segment of the diastolic tail, which forms at an elevation or
inclination higher than the level of the subject’s heart.
Various embodiments associate the kink K with the trans-
mural pressure reaching zero, at least for the diastolic part of
a pulse. The kink K may correspond to an onset of arterial
buckling but does not necessarily represent the buckling
point of the artery. Although smaller or less significant bends
may be observed without the constant counter pressure, the
formation of the kink may be more pronounced when a
minor counter pressure around the measuring device and the
limb is applied. The transition from the shapes illustrated in
FIG. 2 to the shape illustrated in FIG. 3 may occur after only
a very small increase in elevation of the measurement
location when the combined effect of a counter pressure and
hydrostatic pressure causes the transmural pressure to
approach zero.

[0057] The kink K corresponds to an additional concave
curve or bend at the end of the diastolic part of the pulse
waveform. As the size and shape of the kink K may vary, a
threshold deviation from a predetermined pulse shape may
be used to recognize a kink K that may be properly asso-
ciated with the transmural pressure reaching zero in the
diastolic tail. The predetermined pulse shape may help
distinguish signs of the transmural pressure reaching zero
from other minor oscillations that may occur. For example,
the threshold deviation may include a designated deviation
percentage from the predetermined pulse shape. Thus,
deviations in a diastolic tail of a measured pulse waveform
that meet (or exceed) the designated deviation percentage
may be used to identify a pulse in a series of blood pressure
pulses as being a transitional pulse. The predetermined pulse
shape may be based on a designated waveform (e.g., a mean
pulse waveform). Alternatively, rather than a designated
deviation percentage, the threshold deviation may be a
designated peek pressure value in the diastolic tail, which if
met or exceeded may be used to identify the transitional
pulse. As a further alternative, the threshold deviation may
include a designated rate of change, which if met or
exceeded may be used to identify the transitional pulse.
[0058] While FIG. 3 shows pressure on the vertical axis,
similar pulse shapes are expected to be observed using
various measurements of arterial properties related to blood
pressure. For example, if arterial distension is plotted against
time, a similar pulse shape may be expected when the
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measurement location is at the same elevation as the sub-
ject’s heart. Thus, measurements taken at a measurement
location need not be converted into blood pressure to
observe the changes in pulse shape used in the various
embodiment methods of calibrating a non-interfering blood
pressure measuring device.

[0059] Various embodiments use a combination of a con-
stant minor counter pressure and/or changing hydrostatic
pressure as known applied pressures, since such small
pressures do not tend to perturb arterial measurements and
may be readily known or calculated.

[0060] FIGS. 4A-4C illustrate a subject 5 holding out a
limb in three different positions. The subject 5 is wearing a
non-interfering blood pressure measuring device 100 in the
same location in all three positions. Alternatively, a different
non-interfering blood pressure measuring device may be
used in place of the non-interfering blood pressure measur-
ing device 100.

[0061] In various embodiments, the non-interfering blood
pressure measuring device 100 may initiate continuous pulse
pressure measurements in an initial position below the
subject’s heart level, such as shown in FIG. 4A. The
non-interfering blood pressure measuring device 100 may
measure and/or record arterial distension signals. In addi-
tion, the arterial distension signals may be filtered with a
high-pass filter, such as by filtering measured values slightly
below the reciprocal pulse rate (e.g., 10% to 50% below the
reciprocal pulse rate).

[0062] The non-interfering blood pressure measuring
device 100 may include a counter pressure device, such as
one or more of a patch, band, sleeve, or cuff that may
provide a constant minor counter pressure (e.g., 10-60
mmHg), such as on the subject’s finger, wrist, or arm. The
non-interfering blood pressure measuring device 100 does
not need to be an inflatable device since minor levels of
pressure may be applied to the tissue surrounding the artery
being measured by patches, bands, and/or sleeves as well. In
this initial position, the non-interfering blood pressure mea-
suring device 100 is disposed at a first elevation E,. Mea-
surements may be displayed directly on the non-interfering
blood pressure measuring device 100 or output by the
non-interfering blood pressure measuring device 100 for
display and/or analysis by a remote computing device. Once
the measurements demonstrate a constant pulse rate, the
subject 5 may be instructed to raise his or her limb (i.e.,
active movement by the subject 5) or the subject’s limb may
be moved for them by an assistant or other apparatus (i.e.,
passive movement by the subject 5).

[0063] In FIG. 4B, the subject’s limb has been raised to
slightly above the subject’s heart level, positioning the
non-interfering blood pressure measuring device 100 at a
second elevation E,. The change in elevation between the
first elevation E, and the second elevation E, causes a
change in hydrostatic pressure within the artery at the
measurement location, which when combined with the
minor counter pressure may equal a diastolic blood pressure
of the subject 5. In some embodiments, is it preferable to
compensate for the distance between heart level and shoul-
der at which the main artery enters the peripheral arm.
Typically 5-20 cm may be subtracted from the elevation
height to compensate for this distance. Alternatively, com-
pensation for this distance need not be included. This may
mean the transmural pressure is at or near zero, which may
cause a significant change of the tail end of the diastolic part
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of the pulse shape waveform. Such a change may be
identified by a processor in the non-interfering blood pres-
sure measuring device 100 or a remote processor connected
thereto. If the second elevation E, is the earliest point from
the first elevation E; when a transitional pulse is identified
(i.e., a pulse including the signature kink K in the tail of the
diastolic part), the second elevation E, may be used by a
processor to calculate the corresponding hydrostatic pres-
sure, and thus determine an calibrated diastolic blood pres-
sure for calibrating the blood pressure measuring device in
accordance with various embodiments. Thus, the transi-
tional pulse may be associated with the hydrostatic pressure
at the first upward level, relative to the heart, at which a
significant change in shape is identified in the diastolic part
of a pulse. In some embodiments, the measurements may not
start until the second elevation E, shown in FIG. 4B.
[0064] In FIG. 4C, the subject’s limb has been raised to a
third elevation E,, above the second elevation E,. The
change in elevation between the second elevation E, and the
third elevation E, will cause additional changes in hydro-
static pressure and may continue to measure an irregular
pulse shape waveform. Such indications may further cor-
roborate an earlier determination about the second elevation
E, being properly associated with the transitional pulse used
to determine the calibrated diastolic blood pressure. For
example, if the kink becomes more pronounced at an eleva-
tion higher than the second elevation E, (e.g., E,), instruc-
tions may be given to lower the subject’s limb slowly to
confirm the determined calibrated diastolic blood pressure
from the second elevation E,.

[0065] The effect of a change in hydrostatic pressure may
be readily determined from the change in elevation of a
measurement location. When the elevation of the measure-
ment location changes by a known distance, the hydrostatic
pressure will change from a previous value at the measure-
ment location. Various embodiments assume that if the pulse
rate is constant, the blood pressure will also remain constant,
which implies that any change in blood pressure at the
measuring site as a result of a height change may be
primarily associated with the hydrostatic pressure change.
Thus, an adjustment for the change in hydrostatic pressure
may be incorporated into an expression of the average of the
mean arterial pressures as follows:

(P} (P} +AP—{ Py ) +pgth (),

where AP, is the hydrostatic pressure change, p is a density
of the fluid (i.e., the blood density), g is the gravitational
acceleration (i.e., 9.8 m/s?), and Ah is a distance correspond-
ing to the change in elevation (i.e., a height change).

[0066] Various embodiments identify a transitional pulse
used to determine a calibrated diastolic blood pressure by
recognizing a characteristic change in shape of the diastolic
tail of a pressure pulse waveform (i.e., the “pulse shape”).
The characteristic change in pulse shape may be identified
by various methods.

[0067] Generally, the minimum pressure value of a pulse
occurs very close to the onset of a subsequent pulse. A strong
indication that zero transmural pressure conditions have
been achieved or are nearly achieved in the last part of a
pulse is when a minimum pressure value or near minimum
pressure value does not occur at the end of the pulse (i.e., the
beginning of the subsequent pulse). Thus, the characteristic
change in pulse shape may be identified by recognising a
pulse within the series of pulses that includes a mimimum or
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near minimum pressure value occurring at a predetermined
time earlier than expected, following a first zero crossing of
the pulse shape, as illustrated in FIG. 3. For example the
predetermined time may be a fraction (e.g., ¥, 14, or %5) of
a diastolic tail period T ,. The diastolic tail period T, may be
defined as the period from the first zero crossing with a
negative gradient of the pulse shape after the systolic peak
to the next consecutive zero crossing of the pulse shape
having a positive gradient. In addition, the minimum pres-
sure value occurring at the predetermined time may need to
also have a corresponding amplitude that is a predetermined
fraction (e.g., ¥ to %2) of the maximum pulse amplitude for
the pulse in question.

[0068] In various embodiments, the characteristic change
in pulse shape may additionally or alternatively be charac-
terized by cross-correlating identified kinks at more than one
measurement elevation. This technique compares individual
the pulse shapes of pulses in a series of pulses during the
period in which the changing external pressure is applied.
For example, a predetermined percentage (e.g., 20%) devia-
tion in measurements occurring during the diastolic tail
period T, may be attributed to the characteristic change in
pulse shape of a transitional pulse. In this way, the charac-
teristic change in pulse shape may be recognized by com-
paring individual pulses in the series of pulses and identified
a pulse within the series of pulses that deviates from a mean
pulse shape within the series of pulses by a predetermined
percentage.

[0069] In various embodiments, the characteristic change
in pulse shape may additionally or alternatively be identified
by calculating an expected pulse shape for at least the
diastolic tail period T, and comparing measured values of
the diastolic tail period in each pulse shape to the expected
pulse shape. For example, measured values may be fitted to
an exponential decay of the diastole and pulses with sig-
nificant deviations there from may be identified as a transi-
tional pulse or at least a transitional pulse candidate.

[0070] Additionally or alternatively in various embodi-
ments, the characteristic change in pulse shape may be
identified by changes in the reflections (e.g.. R). Over short
periods, the reflection sites tend to remain constant. Thus,
deviations from expected reflections may indicate a charac-
teristic change in pulse shape associated with the transmural
pressure approaching zero. For example, a lack of reflections
or reduction in size of reflections in a pulse waveform may
be considered the characteristic change in pulse shape
associated with the transmural pressure approaching zero.

[0071] FIG. 5 is a graph of another pulse shape 25
showing changes in pressure (i.e., the vertical axis, mea-
sured in mmHg) over time (i.e., the horizontal axis, mea-
sured in sec/100) during a diastolic phase and part of a
subsequent systolic phase. In various embodiments, a non-
interfering blood pressure measuring device (e.g., 100) may
be used to measure arterial distension for generating the
graph in FIG. 5. Superimposed on the pulse 25 is a decaying
exponential function P, f(t), expressing the exponential
decay of the pulse 25 during and extended well beyond the
diastolic phase. An extrapolation of exponentially decaying
pressures P, (i.e., the pressures during the diastolic portion
of the pulse pressure) over time may be express as:
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I
Pip=a exp(—g/' +b,

where a represents an arterial distension amplitude of the
diastolic phase, t represents a length of time, and t, repre-
sents a time-constant of the decay. The time-constant of the
decay t, may reflect the resistance of the capillary network
connecting an artery to veins in conjunction with the capac-
ity of the veins. Equation (2) also includes an asymptotic
value b that represents the underlying vein pressure contri-
butions.

[0072] Various embodiments determine estimated values
of exponentially decaying pressures P, using an incremen-
tal sensitivity k applied to measured values corresponding to
the diastolic phase of a pulse. In this regard, consideration
need not be given to estimated pulse pressures not corre-
sponding to the diastolic phase (e.g., the systolic phase). A
plot of the estimated exponentially decaying pressures P,
following the peak pressure of a pulse may be used to
determine a coeflicient that fits the exponential decay func-
tion of equation (2) to the estimated exponentially decaying
pressures P,,. Assuming the arterial distension amplitude a
may be determined along with the incremental sensitivity k,
and considering that the venous pressure may be low, the
determined coeflicient may be an additive (or subtractive)
value that represents the asymptotic value b in equation (2).
The determined coeflicient may be different from the venous
pressure, due to biases inherent in most measuring schemes,
many of which may be relatively large. Nonetheless, a value
of the underlying venous pressure may be used in determin-
ing the coeflicient by subtracting that value from the asymp-
totic value b determined from the curve fitting. Thus, the
determined asymptotic value b minus the venous pressure
may equal the coefficient applied to the otherwise estimated
values of pulse pressure to determine a calibrated blood
pressure.

[0073] Various embodiments fit the exponentially decay-
ing function P, f(t) to the pulse pressure estimates (or raw
measurement data, such as arterial distension) during dia-
stolic phases. The curve fitting procedure may be a least-
squares procedure, may be based on fitting a straight line to
the logarithm of the data values with the expected asymp-
totic value added, or may be another well known curve-
fitting method. The diastole may be defined as starting at the
time instance after the first dip of the pulse in which the
second derivative of the measured pulse waveform with
respect to time is positive and ending at the onset of the
subsequent pulse.

[0074] FIG. 6A illustrates a method 600 of measuring a
blood pressure measuring device. The blood pressure mea-
suring device may be configured to take measurements on an
artery in a limb of a subject according to various embodi-
ments. The various operations of the method 600 may be
performed by a blood pressure measuring device (see e.g.,
FIG. 1), including one or more sensor(s) and a control umt
or other computing device and/or processor in communica-
tion with a blood pressure measuring device.

[0075] Inblock 602, a processor may receive, from one or
more arterial measurement sensors, a pulse waveform rep-
resenting arterial pressure as a function of time for each
pulse of a series of blood pressure pulses. The series of blood
pressure pulses may be correlated to arterial distension at a
measurement location of the one or more arterial measure-



US 2017/0360313 A1

ment sensors on a subject’s body. Arterial pressure mea-
surements associated with blood pressure may be taken from
an artery in an extremity (e.g., a finger, wrist, or arm) of a
subject. The arterial measurement sensors may be one or
more non-interfering blood pressure measurement devices
directly or indirectly (e.g., from memory or through another
intermediate device). Some non-limiting examples of non-
interfering blood pressure measuring devices that may be
used with the various embodiments include ultrasound sen-
sors, bioimpedance sensors, and photoplethysmographic
sensors. The arterial pressure measurements may represent
arterial pressure as a function of time for a series of pulses
correlated with arterial distension at a measurement location
on a limb of a subject.

[0076] In some embodiments, a minor counter pressure
may be applied while the continuous arterial pressure mea-
surements are taken. Applying a small amount of counter
pressure may help stabilize the arterial pressure measure-
ments. The processor may filter the received measurement
signals in various ways and at various stages of the opera-
tions of method 600. The filtering may initially be a high-
pass filtering to eliminate low-frequency fluctuations caused
by unwanted perturbation. Alternatively or additionally,
wavelet filtering may be performed in relation to pulse
localization in time, amplitude and shape, and periodicity.
[0077] In addition, the processor may store the measure-
ments. In various embodiments, the pulse shapes may be
recorded continuously as the sensor data is received, and the
pulse rate may be measured and averaged over a sliding
measurement time window. The time window for averaging
measurements may be between approximately thirty sec-
onds in duration and approximately two minutes in duration.
For example, the processor may store the measured pulses in
a memory, such as a database of measured pulses for
different observation times.

[0078] In block 604, the processor may receive, from one
or more elevation sensors, one or more elevations of the
measurement location. The elevations may reflect the eleva-
tion measurements of the measurement location and corre-
spond to respective ones of the series of pulses. In some
embodiments, the one or more elevations may be elevation
measurements of the measurement location that the proces-
sor can use to calculate the elevation of the measurement
site, and thus estimate the hydrostatic pressure in the artery.
Thus, during the series of pulses, the limb may be raised
from below a heart of the subject to an elevation level with
the subject’s heart. The limb may continue to be raised
beyond the elevation level with the subject’s heart. A minor
constant counter pressure may be applied on or near the
measurement location during the elevation changes.

[0079] In block 606, the processor may identify at least
one pulse in the series of blood pressure pulses that repre-
sents a transitional pulse based on one or more characteris-
tics of the at least one pulse. The one or more characteristics
may include amplitude, pulse shape, or any combination
thereof. The transitional pulse may be identified by a char-
acteristic change in the pulse shape, particularly of the
diastolic tail of the pulse shape. The characteristic change is
believed to be generally associated with or caused by the
onset of arterial buckling.

[0080] In block 608, the processor may determine a dia-
stolic blood pressure based on the at least one identified
pulse and at least one elevation from the one or more
elevations that correspond to the at least one identified pulse.
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The diastolic blood pressure determined in block 608 may
be used to calibrate the non-invasive blood pressure mea-
suring device. Such calibration may involve correlating the
measurement values received from the particular measure-
ment sensor (e.g., ultrasound, bioimpedance, optical, etc.) to
the determined calibrated diastolic blood pressure. Such
correlation may involve calculating a conversion factor for
determining blood pressure based upon sensor measure-
ments. Such a calibration or conversion factor may be stored
in memory for use by the non-invasive blood pressure
measuring device.

[0081] FIG. 6B illustrates a method 601 of calibrating a
blood pressure measuring device according to various
embodiments. The blood pressure measuring device may be
configured to take measurements on an artery in a limb of a
subject. The various operations of the method 601 may be
performed by a blood pressure measuring device (see e.g,,
FIG. 1), including one or more sensor(s) and a control umt
or other computing device and/or processor in communica-
tion with a blood pressure measuring device.

[0082] In block 610, a processor may initiate and receive
continuous arterial pressure measurements associated with
blood pressure that are taken from an artery in an extremity
(e.g., a finger, wrist, or arm) of a subject. The measurements
may be received from a non-interfering blood pressure
measurement device directly or indirectly (e.g., from
memory or through another intermediate device). Some
non-limiting examples of non-interfering blood pressure
measuring devices that may be used with the various
embodiments include ultrasound sensors, bioimpedance
sensors, photoplethysmographic sensors or any combination
thereof. The arterial pressure measurements may represent
arterial pressure as a function of time for a series of pulses
correlated with arterial distension at a measurement location
on a limb of a subject. In some embodiments, a minor
counter pressure may be applied while the continuous arte-
rial pressure measurements are taken. Applying a small
amount of counter pressure may help stabilize the arterial
pressure measurements. The processor may filter the
received measurement signals in various ways and at various
stages of the operations of method 601. The filtering may
initially be a high-pass filtering to eliminate low-frequency
fluctuations caused by unwanted perturbations. Alterna-
tively or additionally, wavelet filtering may be performed in
relation to pulse localization in time, amplitude and shape,
and periodicity.

[0083] In addition, the processor may store the measure-
ments. In various embodiments, the pulse shapes may be
recorded continuously as the sensor data is received, and the
pulse rate may be measured and averaged over a sliding
measurement time window. The time window for averaging
measurements may be between approximately thirty sec-
onds in duration and approximately two minutes in duration.
For example, the processor may store the measured pulses in
a memory, such as a database of measured pulses for
different observation times.

[0084] In determination block 615, the processor may
determine whether the received continuous pulse pressure
measurements reflect a constant pulse rate. Ensuring the
subject has a constant pulse rate before further analysis may
ensure a more accurate calibration of blood pressure mea-
surements.

[0085] In response to the processor determining the
received continuous pulse pressure measurements do not
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reflect a constant pulse rate (i.e., determination block
615="No”), the processor may continue to receive continu-
ous pulse pressure measurements in block 610.

[0086] In response to the processor determining the
received continuous pulse pressure measurements reflect a
constant pulse rate (i.e., determination block 615="Yes”),
the processor may initiate an elevation change of the mea-
surement location in block 620. Changes to the elevation of
the limb on which measurements are being taken, changes
the hydrostatic pressure at the measurement location. In
some embodiments. initiating the elevation change may
include generating an output that indicates the subject
should raise or lower the limb on which the measuring
device is positioned. The processor may activate a signal
that prompts the subject to raise the limb from a lowered
position. Alternatively, an assistant, medical practitioner, or
person may raise the limb. In some embodiments, the
processor may activate an apparatus that physically raises
the limb from the lowered position.

[0087] In block 625, the processor may receive a series of
elevation indicators reflecting the elevation measurements
of the measurement location and corresponding to respective
ones of the series of pulses. In some embodiments, the series
of elevation indicators may be elevation measurements of
the measurement location that the processor can use to
calculate the elevation of the measurement site, and thus
estimate the hydrostatic pressure in the artery. Thus, during
the series of pulses, the limb may be raised from below a
heart of the subject to an elevation level with the subject’s
heart. The limb may continue to be raised beyond the
elevation level with the subject’s heart. A minor constant
counter pressure may be applied on or near the measurement
location during the elevation changes.

[0088] In block 630, the processor may determine a pulse
waveform representing arterial pressure as a function of time
for each pulse of the series of blood pressure pulses corre-
lated to arterial distension at the measurement location on
the limb. The determination of the pulse waveform may be
a graphical or mathematical representation of the blood
pressure or a measured parameter during each pulse. The
determination of the pulse waveform of each pulse may
enable the processor to identify one pulse in the series of
pulses that is a transitional pulse. The transitional pulse may
be identified by a characteristic change in the pulse shape,
particularly of the diastolic tail of the pulse shape. The
characteristic change is believed to be generally associated
with or caused by the onset of arterial buckling.

[0089] In determination block 635, the processor may
determine whether a transitional pulse is identified from
among the determined pulse shapes of the series of pulses.
The transitional pulse may be identified as one pulse within
the series of pulses that exhibits a characteristic change in
pulse shape associated with arterial buckling. In particular,
the characteristic change may be recognized in the diastolic
tail of the one pulse. The characteristic change in pulse shape
may be identified by determining a pulse from the series of
pulses that includes a minimum pressure value occurring at
a predetermined time following a first zero crossing. Also,
the amplitude of the pulse from the series of pulses may be
a predetermined fraction of the maximum pulse amplitude
for the pulse from the series of pulses. In addition or
alternatively, the characteristic change in pulse shape may be
recognized by comparing the pulse shape of individual
pulses in the series of pulses and identifying a pulse within
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the series of pulses exhibiting a pulse shape that deviates
from a mean pulse shape of the series of pulses by a
predetermined percentage. The mean pulse shape may be
based on the pulse shape of individual pulses in the series of
pulses, based on an average pulse shape for the subject, or
based on another pulse designated as the average pulse
shape. As a further alternative, the characteristic change in
pulse shape may be recognized by identifying one or more
pulses having an oscillatory pulse shaped diastolic tail that
is immediately preceded by an earlier pulse having a near
exponential decay shaped diastolic tail. Further still, the
characteristic change in pulse shape may be identified at a
lowest segment of the pulse shape.

[0090] In response to not identifying a transitional pulse
(i.e., determination block 635=No”), the processor may
further initiate an elevation change in block 620.

[0091] In response to the processor identifying a transi-
tional pulse (i.e., determination block 635=“Yes”), the pro-
cessor may determine a calibrated diastolic blood pressure in
block 650. The determination of the calibrated diastolic
blood pressure may be from an external pressure indicator of
the series of external pressures indicators corresponding to
a measured diastolic blood pressure of the transitional pulse.
The calibrated diastolic blood pressure determined in block
650 may be used to calibrate the non-invasive blood pres-
sure measuring device. Such calibration may involve cor-
relating the measurement values received from the particular
measurement sensor (e.g., ultrasound, bioimpedance, opti-
cal, etc.) to the determined calibrated diastolic blood pres-
sure. Such correlation may involve calculating a conversion
factor for determining blood pressure based upon sensor
measurements. Such a calibration or conversion factor may
be stored in memory for use by the non-invasive blood
pressure measuring device.

[0092] In determination block 655, the processor may
determine whether blood pressure measurement calibrations
should continue. For further or continuous calibration, the
processor may determine the measurements and calibration
determination should continue. Also, the processor may
receive an input indicating the calibration should continue or
cease.

[0093] In response to the processor determining not to
continue calibration (i.e., determination block 655=No”),
the processor may end in block 660. In response to the
determining that calibration should continue (i.e., determi-
nation block 655=Yes”), the processor may continue to
receive continuous pulse pressure measurements in block
610.

[0094] The parameters used to calculate blood pressure
may be received from any of several sensors known in the
art for monitoring vascular dynamics. Such sensors may
include an IPG (bioimpedance sensing), PPG (optical sens-
ing), ultrasound for arterial distension and/or flow velocity.
[0095] The validation methods of various embodiments
may be implemented with one of several signal and data
processing devices such as a Digital Signal Processing
device, a Mixed Signal Processing ASIC, a field program-
mable gate array (FPGA) or a dedicated implementation
based on a combination of analog and/or digital compo-
nents.

[0096] Various embodiments include a non-interfering
blood pressure measuring device. As mentioned above,
physical characteristics of an artery, such as the cross-
sectional area A, may be measured with an arterial mea-
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surement sensor. Such measurements may be used to mea-
sure changes in arterial properties. Thus, changes in an
arterial cross-sectional area over a pulse, which represent
distension of the artery, may be quantified by the difference
between the maximum and minimum cross-sectional areas
over the pulse.

[0097] An embodiment blood pressure measuring device
may be configured to transmit data to any of a variety of
computing devices. For example, FIG. 8 illustrates a com-
puting device 230 suitable for use in various embodiments.
The computing device 230 may exchange data to and/or
from the blood pressure measuring devices discussed above,
such as the skin-contact device 101, and may perform one or
more of the operations of the methods 600 and 601 described
herein. For example, DBP, 8P, SBP, MAP, and/or measured
pulses, hydrostatic pressure, and/or elevation may be sent
from the blood pressure measuring device to the computing
device 230.

[0098] The term “computing device” is used herein to
refer to any one or all of cellular telephones, smart-phones,
web-pads, tablet computers, Internet enabled cellular tele-
phones, wireless local area network (WLAN) enabled elec-
tronic devices, laptop computers, dedicated healthcare elec-
tronic devices, personal computers, and similar electronic
devices equipped with at least a processor and configured to
communicate with a blood pressure measuring device
described herein, such as a negligible interfering and neg-
ligible perception configuration or form blood pressure
measuring device (e.g., a wearable patch, bracelet, anklet,
watch, etc.).

[0099] In various embodiments, the computing device 230
may include a processor 801 coupled, directly and/or indi-
rectly through bus 805, to an input/output device controller
804 and an optional internal memory 802. The processor 801
may be one or more multicore ICs designated for general or
specific processing tasks. The optional internal memory 8§02
may be volatile or non-volatile memory, and may also be
secure and/or encrypted memory, or unsecure and/or unen-
crypted memory, or any combination thereof. The input/
output device controller 8§04 and the processor 801 may also
be coupled to a touch screen panel, such as a resistive-
sensing touch screen, capacitive-sensing touch screen, infra-
red sensing touch screen, etc.

[0100] The computing device 230 may have one or more
radio signal transceivers 808 (e.g., Peanut®, Bluetooth®,
ZigBee®, Wi-Fi, RF, cellular, near field, or other WLAN)
and antennae 810, for sending and receiving, coupled to
each other and/or to the processor 801. The radio signal
transceivers 808 and antennae 810 may be used with the
above-mentioned circuitry to implement the various wire-
less transmission protocol stacks and interfaces. The com-
puting device 230 may include one or more modem proces-
sors 806 coupled to the processor 801. The one or more
modem processors 806 may enable communication via a
wide area network, local area network, personal area net-
work, near field, etc. The one or more modem processors
806 may also include reception of wireless signals 250 from
global navigation satellite systems (GNSS).

[0101] The computing device 230 may include a periph-
eral device connection interface 818 coupled to the proces-
sor 801. The peripheral device connection interface 818 may
be singularly configured to accept one type of connection, or
multiply configured to accept various types of physical and
communication connections, common or proprietary, such
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as USB, FireWire, Thunderbolt, or PCle. The peripheral
device connection interface 818 may also be coupled to a
similarly configured peripheral device connection port (not
shown). The computing device 230 may also include one or
more output devices 814, such as speakers for providing
audio outputs, a display for providing visual outputs, or a
combination thereof. The computing device 230 may also
include a housing 820, constructed of a plastic, metal, or a
combination of materials, for containing all or some of the
components discussed herein. The computing device 230
may include a power source 822 coupled to the processor
801, such as a permanent battery or a disposable or recharge-
able battery. A rechargeable battery may also be coupled to
the peripheral device connection interface 818 to receive a
charging current from a source external to the computing
device 230.

[0102] Processors (e.g.. 201, 801) of non-interfering blood
pressure measuring devices and computing devices suitable
for use in various embodiments may be any programmable
microprocessor, microcomputer or multiple processor chip
or chips that can be configured by processor executable
instructions (e.g., applications or software) to perform a
variety of functions, including the functions of the various
embodiments described above. In the various devices, mul-
tiple processors may be provided, such as one processor
dedicated to wireless communication functions and one
processor dedicated to running other applications. Typically,
software applications may be stored in internal memory
before they are accessed and loaded into the processors. The
processors may include internal memory sufficient to store
the application software instructions. In many devices, the
internal memory may be a volatile or non-volatile memory,
such as flash memory, or a mixture of both. For the purposes
of this description, a general reference to memory refers to
memory accessible by the processors including internal
memory or removable memory plugged into the various
devices and memory within the processors.

[0103] The above description has mainly addressed dif-
ferent embodiment methods, systems, and devices for iden-
tifying valid blood pressure measurements from an artery in
a limb of a subject with a non-interfering continuous blood
pressure measuring device. Various embodiment methods
may start by providing a reference pulse and performing an
initial measurement validation. In response to completing an
initial measurement validation, various embodiment meth-
ods may adjust the reference pulse to take into prior blood
pressure measurements of the subject.

[0104] In some embodiments, the device may be attached
to the subject without any initial measurement validation
being performed. [n some embodiments, the device may use
previous blood pressure measurements to adjust and/or
update the initial measurement validation. In some embodi-
ments, if not enough data points are collected to accurately
identify valid blood pressure measurements, one or more of
the various method operations described above may be
performed or repeated.

[0105] In various embodiments, the non-interfering mea-
suring device may be attached to a subject without any initial
measurement validation. After a certain amount of time has
passed, the device may be completely calibrated and start
recording measured values of pressure in a database. Prior to
being completely calibrated, the device need not record any
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values of pressure in the database, or maybe record values
of pressure in a database, but mark them with an insecurity
factor.

[0106] In various embodiments, the non-interfering mea-
suring device may be programmed with an initial measure-
ment validation or with an initial set of parameters, which
are statistically close to a large number of subjects. This
initial “rough” measurement validation may then be adapted
via adaptation algorithms over time. In another embodiment,
the initial “rough” measurement validation may be deter-
mined by matching a number of physical parameters of the
subject to a database of test subjects and choosing the
parameters of the test subject that are closest to the subject.
[0107] The foregoing method descriptions and the process
flow diagrams are provided merely as illustrative examples
and are not intended to require or imply that the operations
of various embodiments must be performed in the order
presented. As will be appreciated by one skilled in the art,
the order of operations in the foregoing embodiments may
be performed in more than one order. Words such as
“thereafter,” “then,” “next,” etc. are not intended to limit the
order of the operations; these words are simply used to guide
the reader through the description of the methods. Further,
any reference to claim elements in the singular, for example,
using the articles “a,” “an,” or “the” is not to be construed
as limiting the element to the singular.

[0108] While the terms “first” and “‘second” are used
herein, for example to describe electrodes or other elements,
such identifiers are merely for convenience and are not
meant to limit various embodiments to a particular order,
sequence, type of network or carrier.

[0109] The various illustrative logical blocks, modules,
circuits, and algorithm operations described in connection
with the embodiments disclosed herein may be implemented
as electronic hardware, computer software, or combinations
of both. To clearly illustrate this interchangeability of hard-
ware and software, various illustrative components, blocks,
modules, circuits, and operations have been described above
generally in terms of their functionality. Whether such
functionality is implemented as hardware or software
depends upon the particular application and design con-
straints imposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for
each particular application, but such implementation deci-
sions should not be interpreted as causing a departure from
the scope of the various embodiments.

[0110] The hardware used to implement the various illus-
trative logics, logical blocks, modules, and circuits
described in connection with the aspects disclosed herein
may be implemented or performed with a general purpose
processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), an FPGA or other pro-
grammable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof
designed to perform the functions described herein. A gen-
eral-purpose processor may be a microprocessor, but, in the
alternative, the processor may be any conventional proces-
sor, controller, microcontroller, or state machine. A proces-
sor may also be implemented as a combination of computing
devices, e.g., a combination of a DSP and a microprocessor,
a plurality of microprocessors, one or more microprocessors
in conjunction with a DSP core, or any other such configu-
ration. Alternatively, some operations or methods may be
performed by circuitry that is specific to a given function.
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[0111] The functions in the various embodiments may be
implemented in hardware, software, firmware, or any com-
bination thereof. If implemented in software, the functions
may be stored as one or more instructions or code on a
non-transitory computer-readable medium or non-transitory
processor-readable medium. The operations of a method or
algorithm disclosed herein may be embodied in a processor-
executable software module that may reside on a non-
transitory computer-readable or processor-readable storage
medium. Non-transitory computer-readable or processor-
readable storage media may be any storage media that may
be accessed by a computer or a processor. By way of
example but not limitation, such non-transitory computet-
readable or processor-readable media may include RAM,
ROM, EEPROM, FLASH memory, CD-ROM or other opti-
cal disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium that may be used to
store desired program code in the form of instructions or
data structures and that may be accessed by a computer. Disk
and disc, as used herein, includes compact disc (CD), laser
disc, optical disc, digital versatile disc (DVD), floppy disk,
and Blu-ray disc where disks usually reproduce data mag-
netically, while discs reproduce data optically with lasers.
Combinations of the above are also included within the
scope of non-transitory computer-readable and processor-
readable media. Additionally, the operations of a method or
algorithm may reside as one or any combination or set of
codes and/or instructions on a non-transitory processor-
readable medium and/or computer-readable medium, which
may be incorporated into a computer program product.

[0112] Various embodiments include methods, devices,
and systems for calibrating a blood pressure measuring
device that may provide a direct substitute for current
cuff-based measuring devices. Devices in accordance with
various embodiments may be incorporated into articles worn
by a subject or remaining in contact with the subject for
continuous calibration over extended periods. In addition,
the devices in accordance with various embodiments may
avoid interference with the arterial measurements being
taken.

[0113] The preceding description of the disclosed embodi-
ments is provided to enable any person skilled in the art to
make or use the claims. Various modifications to these
embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the scope of
the claims. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be
accorded the widest scope consistent with the following
claims and the principles and novel features disclosed
herein.

What is claimed is:

1. A method of measuring blood pressure using a non-
interfering blood pressure measuring device, comprising:

receiving, from one or more arterial measurement sensors,
a pulse waveform representing arterial pressure as a
function of time for each pulse of a series of blood
pressure pulses, wherein the series of blood pressure
pulses are correlated to arterial distension at a mea-
surement location of the one or more arterial measure-
ment sensors on a subject’s body;

receiving, from one or more elevation sensors, one or
more elevations of the measurement location;
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identifying, by a processor, at least one pulse in the series
of blood pressure pulses that represents a transitional
pulse based on one or more characteristics of the at
least one pulse; and

determining, by the processor, a diastolic blood pressure

based on the at least one identified pulse and at least
one elevation from the one or more elevations that
correspond to the at least one identified pulse.

2. The method of claim 1, wherein the series of blood
pressure pulses are measured while a limb of the subject is
raised from at or below a heart level of the subject to above
the heart level.

3. The method of claim 1, wherein the one or more
characteristics of the at least one pulse comprises: ampli-
tude, pulse shape, or any combination thereof.

4. The method of claim 1, wherein identifying at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse comprises identifying the at least one
pulse in the series of blood pressure pulses with an ampli-
tude that is a predetermined fraction of a maximum pulse
amplitude.

5. The method of claim 1, wherein identifying at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse comprises comparing pulse shapes of
each pulse in the series of blood pressure pulses to a mean
pulse shape and identifying the transitional pulse within the
series of blood pressure pulses based on the comparison of
pulses shapes of each pulse to the mean pulse shape.

6. The method of claim 1, wherein identifying at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse comprises identifying one or more
pulses within the series of blood pressure pulses having an
oscillatory pulse shaped diastolic tail immediately preceded
by an earlier pulse having a near exponential decay shaped
diastolic tail.

7. The method of claim 1, wherein identifying at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse comprises identifying one or more
pulses within the series of blood pressure pulses having a
kink in a diastolic tail of an individual pulse, wherein the
kink meets a threshold deviation from a predetermined pulse
shape.

8. The method of claim 1, wherein the one or more arterial
measurement sensors comprises a non-interfering measuring
device.

9. The method of claim 1, further comprising:

applying a constant counter pressure, below a diastolic

pressure of the subject, at the measurement location
during the series of blood pressure pulses.

10. The method of claim 1, wherein the one or more
elevation sensors include an elevation sensor selected from
the group consisting of an inertial sensor, a barometer, a
magnetic near-field device, a visual inertial odometer, a
global navigation satellite system (GNSS) based sensor, and
a wireless local area network (WLAN) based sensor.

11. A blood pressure measuring device, comprising:

one or more arterial measurement sensors configured to

measure arterial distension when positioned at a mea-
surement location on a subject’s body;

one or more elevation sensors configured to measure

elevations of the measurement location; and

a processor coupled to the one or more arterial measure-

ment sensors and the one or more elevation sensors,
and configured to:
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determine based on measurements of arterial distension
by the one or more arterial measurement sensors a
pulse waveform representing an arterial pressure as
a function of time for each pulse of a series of blood
pressure pulses;

receive, from the one or more elevation sensors, one or
more elevations of the measurement location;

identify at least one pulse in the series of blood pressure
pulses that represents a transitional pulse based on
one or more characteristics of the at least one pulse;
and

determine a diastolic blood pressure based on the at
least one identified pulse and at least one elevation
from the one or more elevations that correspond to
the at least one identified pulse.

12. The blood pressure measuring device of claim 11,
wherein the processor is configured to identify the at least
one pulse in the series of blood pressure pulses that repre-
sents the transitional pulse by identifying at least one pulse
in the series of blood pressure pulses with an amplitude that
is a predetermined fraction of a maximum pulse amplitude.

13. The blood pressure measuring device of claim 11,
wherein the processor is further configured to identify at
least one pulse in the series of blood pressure pulses that
represents the transitional pulse by the one or more charac-
teristics of the at least one pulse, wherein the one or more
characteristics of the at least one pulse comprises: ampli-
tude, pulse shape, or any combination thereof.

14. The blood pressure measuring device of claim 11,
wherein the processor is configured to identify at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse by comparing pulse shapes of each
pulse in the series of blood pressure pulses to a mean pulse
shape and identifying the transitional pulse within the series
of blood pressure pulses based on the comparison of pulses
shapes of each pulse to the mean pulse shape.

15. The blood pressure measuring device of claim 11,
wherein the processor is configured to identify at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse by identifying one or more pulses
within the series of blood pressure pulses having an oscil-
latory pulse shaped diastolic tail immediately preceded by
an earlier pulse having a near exponential decay shaped
diastolic tail.

16. The blood pressure measuring device of claim 11,
wherein the processor is configured to identify at least one
pulse in the series of blood pressure pulses that represents
the transitional pulse by identifying one or more pulses
within the series of blood pressure pulses having a kink in
a diastolic tail of an individual pulse, wherein the kink meets
a threshold deviation from a predetermined pulse shape.

17. The blood pressure measuring device of claim 11,
wherein the one or more arterial measurement sensors
comprise a non-interfering measuring device configured to
measure changes in distension of an artery without interfer-
ing with the arterial pressure at the measurement location
during the series of blood pressure pulses.

18. The blood pressure measuring device of claim 11,
further comprising:

at least one counter pressure device selected from the

group consisting of a patch, band, sleeve, and cuff
configured to apply a constant counter pressure, below
a diastolic pressure of the subject, wherein the at least
one counter pressure device is configured to apply the
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constant counter pressure at the measurement location
during the series of blood pressure pulses.

19. The blood pressure measuring device of claim 11,
wherein the one or more elevation sensors include an
elevation sensor selected from the group consisting of an
inertial sensor, a barometer, a magnetic near-field device, a
visual inertial odometer, a global navigation satellite system
(GNSS) based sensor, and a wireless local area network
(WLAN) based sensor.

20. A blood pressure measuring device, comprising:

one or more arterial measurement sensors configured to

measure arterial distension when positioned at a mea-
surement location on a subject’s body;

one or more elevation sensors configured to measure

elevations of the measurement location;
means for receiving, from the one or more arterial mea-
surement sensors, a pulse waveform representing an
arterial pressure as a function of time for each pulse of
a series of blood pressure pulses, wherein the series of
blood pressure pulses are correlated to arterial disten-
sion at the measurement location of the one or more
arterial measurement sensors on the subject’s body;

means for receiving, from the one or more elevation
sensors, one or more elevations of the measurement
location;

means for identifying at least one pulse in the series of

blood pressure pulses that represents a transitional
pulse based on one or more characteristics of the at
least one pulse; and

means for determining a diastolic blood pressure based on

the at least one identified pulse and at least one eleva-
tion from the one or more elevations that correspond to
the at least one identified pulse.
21. A non-transitory processor-readable medium having
stored there on processor-executable instructions configured
to cause a processor of a blood pressure device to perform
operations comprising:
receiving, from one or more arterial measurement sensors,
a pulse waveform representing an arterial pressure as a
function of time for each pulse of a series of blood
pressure pulses, wherein the series of blood pressure
pulses are correlated to arterial distension at a mea-
surement location of the one or more arterial measure-
ment sensors on a subject’s body;
receiving, from one or more elevation sensors, one or
more elevations of the measurement location;

identifying, by the processor, at least one pulse in the
series of blood pressure pulses that represents a tran-
sitional pulse based on one or more characteristics of
the at least one pulse; and

determining, by the processor, a diastolic blood pressure

based on the at least one identified pulse and at least
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one elevation from the one or more elevations that
correspond to the at least one identified pulse.

22. The non-transitory processor-readable medium of
claim 21, wherein the series of blood pressure pulses are
measured while a limb of the subject is raised from at or
below a heart level of the subject to above the heart level.

23. The non-transitory processot-readable medium of
claim 21, wherein the one or more characteristics of the at
least one pulse comprises: amplitude, pulse shape, or any
combination thereof.

24. The non-transitory processor-readable medium of
claim 21, wherein identifying at least one pulse in the series
of blood pressure pulses that represents the transitional pulse
comprises identifving the at least one pulse in the series of
blood pressure pulses with an amplitude that is a predeter-
mined fraction of a maximum pulse amplitude.

25. The non-transitory processor-readable medium of
claim 21, wherein identifying at least one pulse in the series
of blood pressure pulses that represents the transitional pulse
comprises comparing pulse shapes of each pulse in the series
of blood pressure pulses to a mean pulse shape and identi-
fying the transitional pulse within the series of blood pres-
sure pulses based on the comparison of pulses shapes of each
pulse to the mean pulse shape.

26. The non-transitory processor-readable medium of
claim 21, wherein identifying at least one pulse in the series
of blood pressure pulses that represents the transitional pulse
comprises identifying one or more pulses within the series of
blood pressure pulses having an oscillatory pulse shaped
diastolic tail immediately preceded by an earlier pulse
having a near exponential decay shaped diastolic tail.

27. The non-transitory processor-readable medium of
claim 21, wherein identifying at least one pulse in the series
of blood pressure pulses that represents the transitional pulse
comprises identifying one or more pulses within the series of
blood pressure pulses having a kink in a diastolic tail of an
individual pulse, wherein the kink meets a threshold devia-
tion from a predetermined pulse shape.

28. The non-transitory processor-readable medium of
claim 21, wherein the one or more arterial measurement
sensors comprises a non-interfering measuring device con-
figured to measure changes in distension of an artery without
interfering with the arterial pressure at the measurement
location during the series of blood pressure pulses.

29. The non-transitory processor-readable medium of
claim 21, wherein the one or more elevation sensors include
an elevation sensor selected from the group consisting of an
inertial sensor, a barometer, a magnetic near-field device, a
visual inertial odometer, a global navigation satellite system
(GNSS) based sensor, and a wireless local area network
(WLAN) based sensor.

* #* * #* #®
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