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LIGHT-BASED NON-INVASIVE BLOOD
PRESSURE SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application claims the benefit of and
priority to U.S. Provisional Patent Application Ser. No.
62/577,982, filed on Oct. 27, 2017, entitled “LIGHT-
BASED NON-INVASIVE BLOOD PRESSURE,” the con-
tents of which are hereby incorporated by reference in their
entirety.

BACKGROUND

[0002] The blood pressure of a patient is a critical mea-
surement that is used in monitoring and treating the patient.
There are two means by which the blood pressure of the
patient can be measured, one is invasive and the other is
non-invasive. In the invasive means, the blood pressure is
obtained by direct measurement, requiring a sensor to be
inserted into the circulatory system of the patient to obtain
the measurements. As such, the invasive means, while
providing an accurate measurement, can cause discomfort in
the patient or the subject for which the blood pressure is
being measured. Additionally, there is an increased risk of
complications and/or expense due to the invasive nature of
such blood pressure measurement. Such increased compli-
cations risk and/or expenses can be unwarranted in many
cases, such as during a simple patient examination.

[0003] In the non-invasive means, the sensing of the blood
pressure is done externally to the patient. Typically, this
involves the application of a cuff about a limb of the patient
and the pressurization of the cuff to cut-off circulation
through the limb. The pressure applied by the cuff to the
limb is slowly reduced and as blood flow is resumed, the
blood pressure can be measured based on the pressure
remaining in the cuff. This process is often repeated multiple
times to ensure an accurate measurement or as a means of
monitoring over an extended period of time, with pauses
required between measurement instances. While this means
is non-invasive, it does require the temporary cessation of
circulation in a portion of the patient, which can be dam-
aging to the health of the patient and also requires time for
the process to be fully performed. Additionally, such non-
invasive blood pressure measurement techniques are sensi-
tive to motion of the patient and/or equipment which can
result in inaccurate and/or unobtainable blood pressure
measurements. In patient transport or emergency situations,
the patient and/or apparatus can be subjected to a large
amount of motion during time in which an accurate blood
pressure measurement can be critical to assess the state of
the patient.

[0004] Blood pressure measurement and/or monitoring
can be improved by non-invasive blood pressure systems
and/or methods that do not require the restriction of circu-
lation and provides the accurate blood pressure values/
measurements needed for patient treatment and/or monitor-
ing, including beat-to-beat blood pressure measurements
that are conventionally the domain of invasive means.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a block diagram of an example light-
based non-invasive blood pressure system.
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[0006] FIG. 2 is an example light-based non-invasive
blood pressure system with a coherent light source.

[0007] FIG. 3 is an example light-based non-invasive
blood pressure system with a non-coherent light source.
[0008] FIG. 4 is an example arrangement of a light-based
non-invasive blood pressure system.

[0009] FIG. 5 is an example method of generating a
non-invasive blood pressure signal.

[0010] FIG. 6 is an example method of determining a
non-invasive blood pressure.

DETAILED DESCRIPTION

[0011] Embodiments of this disclosure measure two val-
ues that can be used to compute a patient’s instantaneous
blood pressure. Embodiments of this disclosure measure the
instantaneous Non-Invasive Blood Pressure (NIBP) of a
patient with an apparatus that determines the values for, in
one example, two of the unknowns in the water hammer
equation: pulse wave velocity (PWV) and instantaneous
blood velocity (v,). The water hammer equation relates
instantaneous blood pressure to pulse wave velocity and
blood flow velocity as follows:

P=pPWV v,

[0012] where PWYV is the pulse wave velocity, p is the
density of the blood that may be assumed to be a
constant, for example, v, is the instantaneous velocity
of the blood, and P, is the desired instantaneous blood
pressure. Other equations relate instantaneous blood
pressure to pulse wave velocity and blood flow, such as
various constitutive equations, like those described in
U.S. patent application Ser. No. 16/103,797, filed Aug.
14, 2018, titled “CONSTITUTIVE EQUATION FOR
NON-INVASIVE BLOOD PRESSURE MEASURE-
MENT” and U.S. patent application Ser. No. 15/999,
038, filed Aug. 16, 2018, titled “NON-INVASIVE
BLOOD PRESSURE MEASUREMENT DEVICES,
SYSTEMS, AND METHODS,” which are incorpo-
rated by reference herein in their entirety. Those other
equations relating instantaneous blood pressure to
pulse wave velocity, blood flow velocity, and/or vessel
mechanical characteristics or geometries may be used
in determining the desired variables using the light-
based emitters and detectors disclosed here.

[0013] Some conventional NIBP measurement systems
rely on PWV to measure NIBP, but each requires an initial
calibration measurement, taken at least once, to convert a
relative blood pressure value to an actual blood pressure
value. The required calibration measurement is taken using
a traditional blood pressure cuff, for example on the arm or
perhaps the finger. Such conventional NIBP measurement
systems that require an initial calibration and all calculations
are based on a difference or differential value of that initial
calibration measurement and are therefore not an actual
measurement of the blood pressure value.

[0014] The disclosed NIBP systems and devices instead
take an instantaneous blood pressure measurement rather
than a change from an initial calibration measurement.
Avoiding the need for a calibration measurement prevents
the patient from experiencing blood flow restriction alto-
gether. Although PWV is highly correlated with blood
pressure (BP) so that changes in blood pressure can be
calculated from changes in PWV by relying on an initial
calibration measurement relatively accurately, what has not
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been solved until now is how to eliminate the need to acquire
and use a separate, initial calibration value or values to
register a particular PWV to a particular value of blood
pressure (as opposed to simply a change in blood pressure)
for a patient. State of the art of NIBP using PWV typically
uses a standard cuff-based measurement, to interrupt the
blood flow, to measure and associate a particular blood
pressure to a particular PWV measurement in a patient.
Interrupting the blood flow requires that the patient’s
appendage being measured is compressed to restrict the
blood flow. Such restriction of the patient’s blood flow
prevents such conventional methods of measuring blood
pressure from being applied to areas of the patient’s body
that cannot withstand restricted blood flow, such as a
patient’s neck, for example.

[0015] In this way, conventional methods and devices that
provide NIBP measurements using PWV require a distinct
calibration step. In contrast to the state of the art, the
disclosed embodiments include a method and device that
eliminate the requirement of a distinct calibration step,
especially using a technology that temporarily restricts
blood flow. In short, the disclosed embodiments include
self-calibrating NIBP systems and methods using PWV, or
alternatively, NIBP systems and methods using PWV with-
out the temporary interruption of blood flow.

[0016] The lack of need for a calibration step for devices
using the method taught herein arises from the use of the
approximate relationships between P,, v,, and A,, such as the
water hammer equation in its integrated (non-differential)
form. In the water hammer equation, the blood pressure is
related to the PWV by a scale factor that can be known
without a distinct calibration step. The scale factor can be
found using the same ultrasound and/or light-based technol-
ogy that is used to measure the PWV. That scale factor is
related to the blood velocity and blood density. In this way,
a particular blood pressure is calculated as the PWV scaled
by the blood density and the blood velocity.

[0017] Blood velocity can be acquired using light and/or
ultrasound as a time varying waveform. PWV can also be
measured with light and/or ultrasound also as a time varying
function. The time-varying nature of the PWV means that it
can be updated from beat to beat if desired. The time-varying
nature of the blood velocity means that blood velocity can be
measured at a much finer resolution than a cardiac cycle, that
is to say, continuously during the cardiac cycle for as many
cardiac cycles as is desired. Because blood density is already
sufficiently known and is relatively constant, not only can a
particular blood pressure measurement be known as if it
were obtained by a standard cuff-based measurement, but all
manners of blood pressure measurements can be made as
time-varying waveforms describing the instantaneous pres-
sure at as many points during a cardiac cycle as desired. That
is to say, blood pressure can be monitored continuously
throughout the cardiac cycle with as fine a resolution as is
required, and this can be done for as many contiguous
cardiac cycles as is desired for beat-to-beat monitoring, or as
intermittently as desired for long term monitoring.

[0018] Measuring the instantaneous blood pressure
instead of its change relative to a calibrated baseline mea-
surement means, for example, that as arterial walls stiffen
(due to disease, drug therapy, and/or normal vasculature
responses, for example) which increases the PWYV, this new
PWV value is measured along with any corresponding
change in blood velocity to produce an updated blood
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pressure waveform. Additionally, if the heart pumps more or
less energetically, the blood velocity changes accordingly,
which results in the blood pressure changing proportion-
ately, all else equal. This updated blood velocity measure-
ment at the prevailing PWV (which characterizes the state of
the vasculature) corresponds to the updated blood pressure
after being scaled by blood density. In other words, since
there are two measurements made, PWV and blood velocity,
and not just PWV alone, a distinct calibration step is not
needed, as the ambiguity of PWV by itself is remedied by
adding the second measured value of blood velocity. This is
of great value over conventional patient NIBP monitoring
using PWV alone where typically the calibration step
requires a blood pressure measurement performed by
restricting blood flow, which can be more costly, time
consuming, and/or uncomfortable to the patient. In the
embodiments discussed below, light-based technology is
used to acquire the blood velocity and/or the PWV although
other methods of obtaining the PWV and/or the blood
velocity can alternatively or additionally be used. Further
embodiments implement various techniques and devices to
measure or detect instantaneous blood velocity. As is
described in greater detail below, specific embodiments
simplify the task of measuring NIBP without sacrificing
reliability. Still further, embodiments enable the measure-
ment of (or at least an estimation of) NIBP without requiring
calibration that relies on a separate means for detecting
blood pressure, which simplifies the treatment and evalua-
tion of the patient.

[0019] This disclosure begins with a description of one
example of a medical device that may be used in specific
embodiments. Next is a discussion of one embodiment of a
sensor for measuring NIBP using ultrasound. Alternative
embodiments for sensors which measure NIBP are further
discussed.

[0020] FIG. 1 illustrates a non-invasive blood pressure
(NIBP) measurement system 100 that includes an NIBP
sensor 110 and an NIBP module 150. The NIBP sensor 110
1s placed on and/or near a patient to generate and transmit an
NIBP signal 140 to the NIBP module 150. The NIBP signal
140 is indicative of the blood velocity and vessel wall
motion of the patient and is processed by the NIBP module
150 to determine/calculate the blood pressure of the patient.
The NIBP measurement system 100, as shown in FIG. 1,
allows for the efficient and accurate acquisition of the
patient’s blood pressure.

[0021] The NIBP sensor 110 includes a light emitter 120
and a light detector 130. Alternatively, the NIBP sensor 110
can include multiple light emitters 120 and/or light detectors
130. The NIBP sensor 110 is placed on and/or near a patient,
such as against the skin of the patient, so that the light
emitter 120 and the light detector 130 are in contact with or
proximally located to the patient. The light emitter 120 emits
light that is transmitted into the tissue of the patient and
reflected from various tissues, such as blood vessels, various
fluids, such as blood, and/or other features of the patient’s
anatomy. The reflected light is detected by the light detector
130, which outputs the NIBP signal 140 indicative of the
motion of and within the patient’s vasculature, the various
tissues, fluids and/or other features of the patient’s anatomy.
[0022] The light emitter 120 can include a coherent light
source 122 and/or a non-coherent light source 124. The
coherent light source 122 emits coherent light which are
light waves that are of one phase and frequency. An example
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coherent light source 122 is a laser. The coherent light source
122 can also be a light source that emits non-coherent light
that is then filtered, processed and/or manipulated so that the
light transmitted into the tissues of the patient is coherent. A
non-coherent light source 124 can be a light source that
emits light in one or more phases and/or having one or more
frequencies and/or waveforms. Example non-coherent light
sources can include light emitting diodes (LEDs), incandes-
cent, fluorescent, halogen and other non-coherent light emit-
ting sources.

[0023] In an example embodiment, an example non-co-
herent light source 124 can include a narrow or wide
bandwidth non-coherent light source. That is, the non-
coherent light source 124 can emit light having a relatively
narrow range of variability, or a relatively small or narrow
bandwidth. For example, a narrow bandwidth, non-coherent
light source can include an LED that emits light across a
relatively small range of frequencies. A non-coherent light
source, such as an LED, can be used for one or more optical
interferometry techniques, such as low-coherence interfer-
ometry, to acquire and/or determine an instantaneous blood
velocity of the patient.

[0024] The light emitted by one or both of a coherent light
source 122 and a non-coherent light source 124 can be in a
visible, non-visible, or mixed spectrum of light emission.
That is, the light emitted by the light emitter 120 can be
within a spectrum of light visible to the human eye, can be
in a light spectrum non-visible to the human eye, or a mix
of light including light in both the visible and non-visible
spectrum. Example visible light can include colored light,
such as visible light having a longer wavelength within the
red portion of the visible spectrum and/or a visible light
having a shorter wavelength within the blue/violet portion of
the visible spectrum. Non-visible light can include short
wavelength non-visible light, such as ultraviolet light, and
long wavelength non-visible light, such as infrared light.
[0025] The one or more light sources 122 and/or 124 of the
one or more light emitters 120 can be selected based on the
properties, such as wavelength, frequency, intensity and/or
other properties of the light emitted from the light source
122 and/or 124. In an example embodiment, the light source
122 and/or 124 can be selected based on the wavelength of
light emitted from the light source 122 and/or 124. In human
tissues, some wavelengths of light have greater penetrating
capabilities, such as some infrared wavelengths, for
example, indicating that the light emitted by the light source
122 and/or 124 travels further into the tissues of the patient
before being absorbed and/or reflected. The increased pen-
etration depth of some longer wavelength light can increase
the tissue depth in which the NIBP system 100 can accu-
rately determine the blood pressure of the patient and/or
other patient physiological properties, such as blood vessel
geometry and/or dynamics.

[0026] The light emitter(s) 120 and/or the light sources
122, 124 can be oriented and/or include a directional ele-
ment to direct the light towards the tissues of a patient. In
this manner, the emitted light can be controlled and/or
directed along a selected and/or desired pathway. For
example, the emitted light can be directed to enter the patient
tissues at a specified angle, and/or range of angles, of
incidence with respect to the flowing blood through the
vessel. After interacting with the vessel wall, proximate
tissue, and/or flowing blood, reflected/scattered light either
reverses direction back towards the same side the light
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entered at a second angle back towards the detector (reverse
scatter) or continues to the detector on the opposite side of
the interrogated vessel (forward scatter). The type of scatter
is dependent on the position of the detector relative to the
emitter.

[0027] In an example embodiment, a directional element,
such as a diffuser and/or lens can be used in conjunction with
the light emitter(s) 120. One or more diffusers can be located
between the light emitter(s) 120 and the patient to diffuse the
emitted light from the light emitter(s) 120. Diffusing the
light emitted from the light emitter(s) 120 can increase the
area illuminated by the light, such as the area through which
the emitted light is transmitted into and/or through the
tissues of the patient. In the example of a coherent 122
and/or a non-coherent light source, the light emitted by such
sources is typically focused to a relatively narrow or small
cross-sectional area. Diffusing the emitted coherent, or non-
coherent, light increases the cross-sectional area of the
emitted light which increases the cross-sectional area of the
patient tissues illuminated by the emitted light. The wider
area of the diffused light can increase the likelihood of the
emitted light contacting and reflecting off of a blood vessel
and/or blood therein. Non-diffused light illuminates a
smaller cross-section of the patient tissues which can require
movement of the NIBP sensor 110 to properly position the
NIBP sensor 110 so that the light from the light emitter(s)
120 interacts with a blood vessel of the patient in order to
allow for the determination, capture and/or calculation of the
instantaneous blood velocity of the patient.

[0028] Additionally, two or more of the light emitter(s)
120 and/or the light sources 122, 124 can emit light have
varying and/or different properties. That is, the NIBP sensor
110 can simultaneously and/or sequentially emit light hav-
ing varying properties, such as varying intensities, frequen-
cies, wavelengths and/or other light properties. Emitting
light having varying and/or different properties can create
multiple NIBP signals that can be processed by the NIBP
module 150 to determine a blood pressure of the patient in
a non-invasive manner. The use of multiple and/or different
light emitter(s) 120 and/or light sources 122, 124 may assist
with error reduction and increasing accuracy of the deter-
mined/calculated blood pressure using the light-based NIBP
system 100.

[0029] In an embodiment, an example NIBP sensor can
include both a coherent source 122 and a non-coherent
source 124. Light from one or more of the sources 122, 124
can be selectively emitted in a continuous and/or intermit-
tent manner, such as first emitting light from the coherent
source 122 and second from the non-coherent source 124.
The two sources 122, 124 can be individually disposed on
the NIBP sensor 110 in separate light emitters 120, or can be
integrated into a single light emitter 120. A dedicated
reference path exists between the non-coherent source 124
and on or more light detectors 1324-132r of the light
detector 130. Alternatively, each source 122, 124 can be
paired with an individual light detector 130.

[0030] The NIBP sensor 110 also includes one or more
light detectors 130 that can include one or more detectors
1324, 132b . . . 132n, to detect light, emitted from the one
or more light emitters 120, that is reflected from tissues,
blood and/or other components of the patient. The light
detector(s) 130 can detect one or more properties of the
incoming light to generate a signal, such as an NIBP signal
(e.g. motion signal from blood flow or vasculature walls)
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140, that can be output from the NIBP sensor 110 to the
NIBP module 150 for processing. Example propetties of the
incoming light that can be detected by the light detector(s)
130 can include the frequency, phase change, wavelength,
intensity and/or other properties of the incoming light. The
NIBP signal 140 output from the NIBP sensor 110 to the
NIBP module 150 is indicative of the detected property(s) of
the light detected by the light detector(s) 130.

[0031] One or more light detectors 130 and/or one or more
detectors 132a, 1326 . . . 1321 can be distributed and/or
arranged on the NIBP sensor 110 to detect light reflected
from various tissues, fluids and/or other features of the
patient’s anatomy. Each of the light detectors 130 and/or the
detectors 132a, 1324 . . . 132# can be associated with one or
more light emitters 120 and/or sources 122, 124. Alterna-
tively, a single light detector 130, and/or detector 1324, can
be included to detect the reflected light from the patient
tissues and/or fluids.

[0032] The light detector 130 and/or the detectors 132a,
1325 . . . 132n, can be arranged relative to and/or spaced
from the light emitter(s) 120 and/or light sources 122, 124.
The spacing between the emitter and the detector influences
and/or determines the tissue depth from which reflected light
can be detected especially with incoherent or broad band
sources. The reflected light waveform arrives at the detector
along a reference path (having no significant motion) along
with that which is reflected from the patient tissues. The light
detector(s) 130, and/or the detectors 1324, 1326 . . . 132n,
are positioned and/or sized to detect the reflected light based
on the depth of the tissue from which the light is reflected.
For coherent light, for example, the correlation is periodic so
that there is little depth discrimination. For incoherent light,
the depth is highly resolved as the path length between the
light emitter and the light detector along the reference path
is the same as the path length through the tissue because the
light waveform has a very small correlation length.

[0033] The arrangement of the light emitter(s) 120 and/or
light sources 122, 124 relative to the light detector(s) 130
and/or detectors 132a, 1326 . . . 132r can be used to
determine depth information based on the detected reflected
light. As the spacing between the emitted light and the
detected light is known based on the arrangement of the
emitter and detector, or components thereof, the depth of the
tissue off which the emitted light reflected could be deter-
mined, particularly for incoherent source 124. The depth
information can be informative of the depth of certain tissue
types, such as a blood vessel, and can also be used to
determine the size of tissue features, such as the cross-
sectional area and/or wall thickness of a blood vessel.
[0034] In an example embodiment, the light detector 130
can include an array of detectors 132a, 1325 . . . 132n that
are arranged in a grid formation. Each of the detectors 132a,
1325 . .. 132n can generate a signal that includes informa-
tion regarding the positioning of the detector 132a, 1325 . .
. 132x within the grid formation. In this manner, the NIBP
signal 140 generated by each detector 132a, 1325 .. . 132»
includes properties of the detected light and spacing infor-
mation to determine a depth from which the light was
reflected based on the spacing between the detector 1324,
1325 . . . 132p and light emitter 120.

[0035] The NIBP sensor 110 can be a self-contained
device or included as a part of another device. For example,
both the NIBP sensor 110 and the NIBP module 150 can be
included in a single device. Alternatively, the NIBP sensor
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110 can be fully or partially self-contained and can transmit
the NIBP signal 140 to a separate NIBP module 150, such as
via a wired or wireless connection. In a fully self-contained
example, the NIBP sensor 110 can include the necessary
hardware to output the NIBP signal 140, such as including
a power source for providing the necessary energy to the
light emitter(s) 120 and/or transmit the NIBP signal 140 to
the NIBP module 150, such as via a wired or wireless
connection. In a partially self-contained example, the NIBP
sensor 110 can include all or a portion of the hardware
required to generate and transmit the NIBP signal 140 and
require input and/or the assistance of another connected
device to generate and/or transmit the NIBP signal 140, such
as requiring a connection to a power source. Such a power
source can be included in the NIBP module 150, with a
wired or wireless connection between the NIBP sensor 110
and the NIBP module 150 allowing for the transfer of data,
such as the NIBP signal 140, and power from a power source
of the NIBP module 150 or an external power source
coupled thereto.

[0036] The NIBP sensor 110 can be constructed to allow
it to be reusable on many patients. As part of the reusability,
the construction of the NIBP sensor 110 allows the NIBP
sensor 110 to be disinfected, cleaned, sterilized or otherwise
receive the requisite cleaning necessary for use on multiple
patients. The various components, such as the light emitter
(s) 120 and/or the light detector(s) 130 can be protected by
a cleanable covering that does not distort and/or adversely
affect the emission and/or detection of the light through the
cleanable covering. In an embodiment, the covering is a film
based covering that can be removed and replaced to main-
tain a requisite cleanliness or the film can be a layer of
individual films that can be removed individually between
uses of the NIBP sensor 110 or the covering could be the
diffuser/lens.

[0037] In another embodiment, the NIBP sensor 110 can
be a disposable article, such as a patch, that can be applied
to the patient to acquire, process and/or transmit the NIBP
signal 140. Both the light emitter(s) 120 and the light
detector(s) 130 can be disposed on the patch and the patch
can be powered by a connection to the NIBP module 150
which can also supply power to the patch. The transmission
of power and/or data can be through a wired connection,
such as by a cable, and/or a wireless connection, such as by
inductive power coupling and/or wireless data transmission
or energy harvesting technology or by a local battery.
[0038] During use, the NIBP sensor 110 is placed on or
against a patient to allow the light emitter(s) 120 to transmit
light into the patient’s tissues and for the light detector(s)
130 to detect the light reflected therefrom. The NIBP sensor
110 structure can include a handle or other features to assist
a user with placing and/or restraining the NIBP sensor 110
against the tissues of the patient.

[0039] To assist with an extended monitoring of a patient’s
blood pressure using the NIBP system 100, the NIBP sensor
110 can be affixed or secured to the patient during the
extended monitoring period. During the monitoring period,
the NIBP system 100 can acquire the blood pressure of the
patient selectively and/or regularly. The acquisition of the
blood pressure of the patient can be automatically initiated/
triggered, such as by a predetermined schedule, a triggering
event/physiological measurement and/or by a signal from an
external device/system. Additionally, or alternatively, the
acquisition of the blood pressure of the patient can be
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manually triggered, such as by a user actuation of the NIBP
system 100 and/or by a user caused signal from an external
device/system. The NIBP sensor 110 can include positioning
elements to assist with minimizing motion of the NIBP
sensor 110 when placed on a patient. For example, the NIBP
sensor 110 can include a cuff, or other garment or restraint,
to constrain the NIBP sensor 110 in a relative position on the
patient. The band or restraint can be selectively releasable to
ease the securement and removal of the NIBP sensor 110
from the patient. Alternatively, the NIBP sensor 110 can be
adhered to a patient, such as with a temporary adhesive. The
NIBP sensor 110 itself can have the adhesive pre-applied or
the adhesive can be applied by a user to the NIBP sensor 110
or the patient in preparation for affixing the NIBP sensor 110
to the patient. Additionally, other suitable securing means,
such as surgical tape and/or elastic bandages, can be used to
secure the NIBP sensor 110 to the patient.

[0040] The NIBP system 100 also includes a signal pro-
cessing module 160, a computing module 170, an optional
display 180, an optional communication module 182 and a
pulse wave velocity (PWV) module 184. The NIBP module
150 can be a separate device from the NIBP sensor 110 or
the NIBP module 150 and the NIBP sensor 110 can be
integrated in, or as a portion of, a single device, such as
another patient monitoring and/or treatment device(s). The
NIBP module 150 and the NIBP sensor 110 can be com-
municatively coupled to assist with transmitting the NIBP
signal 140 from the NIBP sensor 110 to the NIBP module
150.

[0041] The NIBP module 150 receives the NIBP signal
140 for processing and use in determining/calculating the
blood pressure of the patient. The NIBP signal 140 includes
a Doppler signal caused by the reflection of the emitted light
off moving components of the patient’s tissues when com-
pared to an intrinsic or extrinsic reference path, namely the
flowing red blood cells within a vessel. The light emitted by
the light emitter(s) 120 penetrates or passes through the
patient’s tissues and reflects from various components
thereof, including blood as it flows through a vessel. The
light reflected from the moving blood experiences a fre-
quency shift from the emitted light due to the reflection of
the light from a moving surface of one or more blood cells.
The frequency, or Doppler, shift can be processed to deter-
mine the instantaneous velocity (v,), or speed, of the moving
blood through the vessel. The combination of the calculated/
determined instantaneous velocity of the patient’s blood, the
PWYV of the patient and the essentially universal density of
blood (p) can be used to calculate the instantaneous blood
pressure (P,) of the patient, such as through the use of
Equation 1, for example:

PApPWVv, (Equation 1)
[0042] The signal processing module 160 processes the
raw data to produce the NIBP signal 140. As part of the
signal processing, the signal processing module 160 can
include amplification 162, filtering 164 and/or conversion
166 of the received signal. The various signal processing
procedures, such as amplification 162, filtering 164 and/or
analog-to-digital conversion 166, can prepare the NIBP
signal 140 for processing to determine and/or calculate the
instantaneous blood velocity (v;) of the patient as well as
optionally determining and/or calculating PWV in some
examples.
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[0043] Amplification 162 of the NIBP signal 140 can be
performed using a low-noise amplification (LNA) element
and/or circuit to amplify the NIBP signal 140 while mini-
mizing the degradation of the signal-to-noise ratio of the
original NIBP signal 140. Amplification 162 can be neces-
sary for processing the NIBP signal 140, as the NIBP signal
140 generated by the NIBP sensor 110 can be a low power
signal in this example. The amplified NIBP signal 140 can
then be filtered 164, such as by the use of an anti-alias
filtering element and/or circuit, in preparation for conversion
166. The conversion 166 of the amplified and filtered NIBP
signal 140 can convert the analog signal to a digital signal
using an analog-to-digital conversion element and/or circuit.
Upon completion of the signal processing of the NIBP
signal, the NIBP signal 140 can then be processed to
determine and/or calculate the instantaneous velocity of the
patient’s blood as well as optionally determining and/or
calculating PWV using start-of-the-art means. In a further
embodiment, all or a portion of the signal processing of the
NIBP signal 140 can be performed at the NIBP sensor 110
prior to transmission of the NIBP signal 140 to the NIBP
module 150. Alternatively, the NIBP signal can be processed
without the use of one or more of the intervening signal
processing steps.

[0044] The NIBP signal 140 is processed or directed,
depending on the NIBP system 100 configuration, to be
analyzed/evaluated by the computing module 170 to deter-
mine/calculate the instantaneous blood velocity. The analy-
sis/evaluation of the NIBP signal 140 can include further
processing, such as additional filtering, such as by a high-
pass, low-pass, and/or band-pass filtering element and/or
circuit, to isolate the relevant portion of the NIBP signal for
analysis/evaluation. Additionally, the NIBP signal can be
decimated if the bandwidth of the signal is sufficiently low.
The Doppler data of the NIBP signal can then be scaled to
determine the instantaneous blood velocity and/or analyzed
for additional data about the vasculature of the patient, such
as the cross-sectional diameter of the vessel as a function of
time. Additionally, the Doppler spectrum of the data can be
scaled in frequency based on the angle of incidence of the
emitted light relative to the patient tissues/blood flow of
interest as well as the angle relative to the same tissue/blood
flow as it reflects to arrive at the detector. The values of the
angles described can be entered by a user, assumed value(s)
and/or determined based on vasculature information includ-
ing the orientation of the vessel.

[0045] Alternatively, one or more of the determined/cal-
culated value of the instantaneous blood velocity and/or one
or more vessel dynamics, such as the cross-sectional diam-
eter, for example, can be transmitted to the computing
module 170 to determine/calculate the instantaneous blood
pressure of the patient.

[0046] The computing module 170 includes a processor
172 and memory 174. The processor 172 can execute
various functions and/or programming, such as that stored in
the memory 174 or other storage locations. The various
fanctions can include controlling one or more operations of
the NIBP module 150 and/or the NIBP sensor 110, such as
the determination/calculation of an instantaneous blood
pressure based on the instantaneous blood velocity and
PWYV of a patient. In an embodiment, one or more functions
of one or more components of the NIBP system 100 can be
integrated with the computing module 170, or vice versa.
For example, one or more components, functions and/or
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capabilities, or portion thereof, of the signal processing
module 160 can be integrated with and/or performed by the
computing module 170, or vice versa. Additionally, one of
more functions and/or capabilities, or portion thereof, of the
communication module 182 can be integrated with the
computing module 170. Further, the computing module 170
can include and/or be connected to an interface, device
and/or system for receiving input from one or more of a user,
a device and/or a system remote from the NIBP module 150
and/or the NIBP system 100.

[0047] The computing module 170 can calculate the
instantaneous blood velocity and/or one or more vessel
dynamics based on the NIBP signal 140 and can receive a
pulse wave velocity of the patient, such as from the pulse
wave velocity module 184. Using these two values and an
assumption of a relatively universal blood density, the
instantaneous blood pressure of the patient can be deter-
mined/calculated, such as by using Equation 1 above. The
instantaneous blood pressure can then be output to a display
and/or communicated to another device and/or system for
display and/or use in one or more device/system functions.

[0048] The computing module 170 can also process and/or
use the received information, such as the NIBP signal 140,
the PWV and/or other information received by, detected by
and/or input to the computing module 170 to determine,
calculate and/or otherwise process the various available
information to assess one or more vascular, hemodynamic,
and/or physiological parameters. For example, the comput-
ing module 170 and/or the NIBP module 150 can process
various information, including the NIBP signal, to measure
one or more vascular parameters, such as the cross-sectional
diameter of a vessel, and one or more cardiac performance
parameters. These measurements and/or other measure-
ments/assessments based on the information that is able to
be processed by the computing module 170 and/or the NIBP
module 150 can provide insight into the physiological
performance and/or parameters of a patient monitored by the
NIBP system 100. Additionally, the information calculated
and/or determined by the NIBP system 100 can be commu-
nicated, such as via the communication module 182, to one
or more devices, systems and/or users remote from the NIBP
system 100. This communicated information can be used by
one or more of the remote devices, systems and/or users for
various other processes, such as patient treatment, patient
data collection, patient monitoring, post-event reviews/au-
dits, statistical data collection and/or other processes/uses.

[0049] The NIBP module 150 can include an optional
display 180 that can display, or show, information to a user.
In an example, the display 180 can include indications to a
user regarding the NIBP system 100, such as the detection,
or lack thereof, of a blood vessel, an indicated depth of a
detected blood vessel, an instantaneous blood velocity, a
pulse wave velocity and/or a blood pressure value. Alterna-
tively, or additionally, the display 180 can include informa-
tion regarding the patient, such as an identification, and/or
information regarding the NIBP system 100, such as a status
of the system 100 and/or one or more components of the
system 100. Status information of the NIBP system 100 can
include maintenance and/or use related information, such as
an indication that the NIBP system 100 requires mainte-
nance or instructions to prompt the user to reposition the
NIBP sensor 110 if the NIBP sensor 110 is currently not
detecting a blood vessel.
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[0050] The display 180 can include display formats that
display actual values regarding the displayed information or
can display qualities of the displayed information. For
example, the display 180 can display an actual value of a
measured variable and/or the display 180 can display an
indication of the value, such as indicating a position of the
value on a scale indicating one or more ranges associated
with qualifiers such as an acceptable or unacceptable status.
The formats of the display 180 can include digital formats
that alter the display to show information or can include
analog formats that indicate the information on a scale or
other format. In an example, the display and/or an audio
element, such as a speaker, can provide a notification/alerts
if a value, such as a blood pressure, deviates from a normal
value and/or range. This alert/notification can inform a user,
or others, to the abnormal measured and/or determined value
of the patient physiological parameter, such as the patient’s
blood pressure.

[0051] In addition to being an output device, the user
interface 180 can be and/or can include an input/output
means for a user to input information into the NIBP module
150 and/or NIBP system 100. For example, the user inter-
face 180 can include a touchscreen capability to allow the
user to interact with and/or control the NIBP module 150
and/or NIBP system 100. The NIBP module 150 and/or
NIBP system 100 can query the user for input, such as for
inputting settings and/or other information, and can receive
the requested information via a user input using the input
capabilities of the display 180. Example user input can
include a selection of a light source 122, 124 to use and/or
other selection(s) of controllable aspects of the NIBP system
100.

[0052] The communication module 182 can provide a
communication pathway between the NIBP module 150
and/or the NIBP system 100 via one or more wired and/or
wireless connections. Various communication protocols and/
or pathways can be supported by the communication module
182 to allow the NIBP module 150 and/or NIBP system 100
to communicate with remote devices, systems and/or users.
For example, the communication module 182 can facilitate
communication between the NIBP module 150 and/or the
NIBP system 100 with one or more remote devices, systems
and/or users through a local network and/or internet based
connection, such as a Wi-Fi, Bluetooth®, WiGig, and/or
other connection/communication protocol, method and/or
standard. Communications from the communication module
182 can optionally be encrypted and/or transmitted across a
secure communication link established between the com-
munication module 182 and an external device/system. The
secure communications can prevent the dissemination of
confidential patient information and also can protect the
integrity of the communication from outside influence and/
or manipulation, especially during software upgrades.

[0053] The communication module, or other component/
system of the NIBP module 150, can include user validation
functionality. The user validation functionality can limit the
available features/functionality of the NIBP system 100
and/or provide instruction based on the user and their
credentials/validation. For example, a doctor, nurse or
healthcare worker can be validated by the user validation
functionality as a trained user of the NIBP system. In
response, the communication module 182 can communicate
the user level/validation to the computing module 170 to
allow, unlock and/or expand one or more functions/features
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of the NIBP system 100. In another example, the user can be
an untrained individual and the user validation functionality
can validate as such. In response, the communication mod-
ule 182 can communicate the user level/validation to the
computing module 170 to restrict one or more functions/
features of the NIBP system 100. Additionally, the NIBP
system 100 can provide instructions based on the user
level/validation, such as providing additional instructions to
users validated as having a lower training/experience level.
User credentials/validations can be transmitted/communi-
cated to the communication module 182 via a physical user
input, such as via a numerical keypad and/or touchscreen, or
via a wireless input, such as contactless identification card,
such as near field communication (NFC), and/or other
wireless data transmission device/system. The user valida-
tion functionality can also include optional confirmation of
the user credentials/validations by confirming the received
user credentials/validations with a remote device/system,
such as a server, via the communication module 182.

[0054] In addition to communication with a remote
device, system and/or user, the communication module 182
can support communication between the NIBP module 150
and one or more NIBP sensors 110. Communication
between the NIBP module 150 and one or more NIBP
sensors 110 can be via a wired and/or a wireless connection.
The connection can support the transmission of data, such as
the NIBP signal, from the NIBP sensor 110 to the NIBP
module 150 and/or the transmission of data, such as com-
mands to control the light emitter(s) 120, from the NIBP
module 150 to the NIBP sensor 110. That is, the connection
between the NIBP sensor 110 and the NIBP module 150 can
be a two-way connection to allow the transmission of data,
commands and/or other communication between the NIBP
sensor 110 and the NIBP module 150.

[0055] Additionally, the communication module 182 can
be modular and/or expandable to allow upgrading and/or
replacement of one or more communication modules 182.
For example, the communication module 182 can facilitate
secured communications between the NIBP module 150
and/or the NIBP system 100. The secure communication
network/protocol can require specific hardware to allow the
NIBP module 150 and/or NIBP system 100 to access the
secure communication network/protocol. To allow the NIBP
module 150 and/or NIBP system 100 to access the secure
communication network, the proper communication module
182 can be inserted into and/or otherwise coupled to the
NIBP module 150 and/or NIBP system 100.

[0056] The NIBP module 150 can include an optional
pulse wave velocity module 184 that can determine a pulse
wave velocity of a patient, receive information related to the
pulse wave velocity of the patient and/or connect to one or
more devices to capture the data for use in determining a
pulse wave velocity of the patient. Pulse wave velocity
(PWV) is the velocity at which the pressure wave, caused by
arterial pulse, propagates through the circulatory system of
a patient, or other. Pulse wave velocity information can be
sensed by the NIBP system 100 and/or another device/
system near, or substantially, simultaneously as the collec-
tion of the NIBP signal 140. This near, or substantially,
simultaneously acquisition of PWV data and blood velocity
data negates the need for a calibration step to determine an
accurate blood pressure using Equation 1, for example.
Equation 1 is representative of a solution to one of several
possible mathematical partial differential equations describ-
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ing the physics relating blood pressure, blood velocity, and
vessel area and diameter. The disclosure can rely on any of
the mathematical equations that relate blood pressure, blood
velocity, and vessel area and diameter (vessel geometries),
such as one or more constitutive equations described in U.S.
patent application Ser. No. 16/103,797, filed Aug. 14, 2018
entitled “CONSTITUTIVE EQUATION FOR NON-INVA-
SIVE BLOOD PRESSURE MEASUREMENT SYSTEMS
AND METHODS,” which is incorporated by reference
herein in its entirety.

[0057] The pulse wave velocity received and/or deter-
mined by the pulse wave velocity module 184 and the
instantaneous blood velocity information determined by the
NIBP system 100, can be used, such as by Equation 1, to
determine the instantaneous blood pressure of a patient.
PWYV data can be collected using the NIBP system 100, such
as through processing the NIBP signal 140, and/or can be
received from an external device/system as a pulse wave
velocity signal 142. The pulse wave velocity signal 142 can
be obtained using various techniques, such as pulse wave
Doppler (PWD) and/or continuous wave Doppler (CWD)
techniques to obtain raw signal data that is processed to
determine and/or calculate the PWV. Ultrasound and/or
light-based systems and/or device can use the techniques,
such as PWD and/or CWD, to collect PWV data for use by
the NIBP system 100. Additionally, the PWV and/or the
instantaneous blood velocity measurements and/or vessel
geometry can be used to determine additional circulatory
data, such as vessel information, cardiac output and/or other
measurements or circulatory performance metrics.

[0058] FIG. 2 illustrates an example light-based non-
invasive blood pressure system 200 with a coherent light
source. An NIBP sensor 210 is shown, including a light
emitter 220, with a coherent light source and a light detector
230. The light emitter emits light 222 and 224 through skin
250 into deeper tissue 251 containing blood vessel 260. The
light detector 230 receives reflected light 232 and 234 that
is reflected from tissue 251 and blood vessel 260. The skin
250 and tissue 251 has a depth 252, or thickness, to the blood
vessel 260, which has a vessel diameter 262, a vessel wall
thickness 264 and a blood flow 266. The reflected light 232,
234 from the various tissues/features of the tissue 251 and
blood vessel 260 is received by the light detector 230 to
generate an NIBP signal that can be processed to determine
measurements of the tissues/features, such as an instanta-
neous blood velocity, which can be used in various calcu-
lations to determine one or more physiological parameters,
such as an instantaneous blood pressure.

[0059] In the example shown in FIG. 2, the light emitter
220 includes a coherent light source, such as a laser diode
that emits the light 222, 224. The coherent light source emits
light at a fixed frequency that is sufficiently low to penetrate
the tissue 251 and/or vessel 260, such as infrared light. Other
coherent light sources capable of emitting light that suffi-
ciently penetrates tissues, such as skin 250 and vessel 260,
can be used. The maximum depth of penetration of the
emitted light, such as 222, 224, is determined at least in part
by the spacing distance 212 between the light emitter 220,
or light source contained therein, and the light detector 230,
or the light detector therein. Additionally, a relative absorp-
tion of the path lengths of the emitted light, such as 222, 224,
the directivity of the light source of the light emitter 220
and/or an angle supporting the greatest reflection of light, at
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least in part, influence the maximum depth that the emitted
light 222, 224 can penetrate into the tissue 251, 260.
[0060] As the emitted light 222, 224 is transmitted into
and through the tissues 251, 260, a portion of the emitted
light is absorbed by the tissues 251, 260. This absorption
reduces the energy of the light transmitting through the
tissues 251, 260 so the relative absorption of the light along
the path lengths of the light emitted, such as 222, 224
influences the energy of the reflected light 232, 234 reflected
from the tissues 251, 260. The energy of the reflected light
232, 234 needs to be sufficient to reach the light detector 230
and/or be detectable by the light detector 230 to generate an
NIBP signal. Therefore, the relative absorption of each of
the path lengths of the emitted light 222, 224 has an effect
on the maximum depth to which the emitted light 222, 224
can be transmitted to sufficiently reflect as reflected light
232, 234 and be detectable by the light detector 230.
[0061] The angle of the emitted light, such as 222, 224,
relative to the tissues 251, 260 supporting the greatest
reflection of light received at the detector 230 is the “angle
of incidence” of the emitted light. The angle(s) of incidence,
among other Doppler contributors, from the tissues 251,
260, results in the reflected light 232, 234 with the greatest
energy and/or is the angle at which the incidence angle of the
light relative to and contacting the tissues 251, 260 is
substantially similar to the reflection angle of the light
relative to and reflecting from the tissues 251, 260 on its way
to the detector 230. These two angles each cause a change
in frequency in the signal as perceived by the detector 230
(between the light emitter and the flowing blood and the
flowing blood and the detector, respectively) and together
can be used to calculate the Doppler correction factor.
[0062] An angle 256 is the incidence angle of the emitted
light 222, 224 relative to a normal 254 of the interrogated
tissue 251. The angle 256 can be based on an orientation of
the light source of the light emitter 220, such as positioning/
orienting the light source to project/emit light, and/or direct-
ing the emitted light, so that it reflects from the tissue at an
angle relative to the normal 254 as the light is transmitted
towards the flowing blood. The angle 256 can be also be
based on the refraction of the emitted light, such as 222, 224,
caused by the difference in propagating characteristics
between the material covering the source 220 and the tissue
it is in contact with, for example, the index of refraction of
251, 260. The range of angles of light emitted from the light
source can also have an effect on the angle 256 of the emitted
light entering the tissues 251, 260 from the light emitter 220
and/or the light source therein.

[0063] To determine an instantaneous velocity of the
blood flow 266 in the vessel 260, light 224, emitted from the
light emitter 220, is transmitted through the tissues 251, 260
to contact the blood flow 266 and reflect therefrom, as
reflected or scattered light 234. The reflected light 234 is
received by the light detector 230 and has a Doppler
frequency, or shift, from the emitted light 224, due to the
reflection of the light 234 from a moving fluid, or component
thereof, which is the flowing blood 266. In addition to
receiving the Doppler shifted reflected light 234, the light
detector 230 also receives light 232 that is reflected from
non-moving tissues, such as skin and tissue between the skin
and the exterior vessel wall on either or both sides of the
vessel. The reflected light 232 and 234 are received by the
light detector 230, and cause a signal to be generated in
response to and based on the detected light 232, 234.
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[0064] The low frequency AC portion of the reflected light
signal, caused by photodetection of the light 232 and 234 by
the light detector 230, is the difference frequency/Doppler
portion of the signal. The DC portion is the sum of incident
power of the Doppler shifted signal, caused by photodetec-
tion of the reflected light 234, and the non-shifted signals,
caused by photodetection of the reflected light 232. The
low-frequency AC portion of the signal can then be pro-
cessed to determine the velocity of the blood flow 266 or any
vessel wall motion and/or proximate tissue to determine
PWV. The Doppler signal energy is typically a distribution
of Doppler energy as there are many blood flow contributors
of different speeds and angles relative to the source and
receiver, for example. The distribution of Doppler energy is
then mapped, either analytically, based upon the geometry of
the vasculature with respect to the source and receiver and
the assumed and/or measured blood velocity profile, or
empirically to the correct velocity of 266. The intensity of
the DC portion is, in part, related to the presence of a
specular reflection between source and detector as it reflects/
refracts when it interacts with tissue 251 and vessel 260. The
DC portion may be used to detect movement of vessel wall
surfaces, for example, when a pulse travels through the
interrogated portion of the vessel.

[0065] The response signal generated by the reception/
photodetection of light by the light detector 230 exhibits an
amplitude variation at various depths due to reflection of the
received light from a specular reflection of a surface. This
amplitude response variation phenomenon can be used to
determine the depth 252 of the blood vessel 260 and various
features of the blood vessel 260, such as the vessel diameter
262 and the vessel wall thickness 264, for example. The
spacing 212 between the light emitter 220 and light detector
230 can be varied to determine the spacing 212 at which the
signal response exhibits an increased amplitude due to the
presence of a specular reflection of a surface. The depth 252
of the vessel 260 can be determined based in part on the
spacings 212 between the light emitter 220 and the light
detector 230, where the amplitude response is increased by
a specular reflection of the vessel wall, for example. Further,
the diameter 262 of the vessel 260 can be estimated by the
variance of the spacing 212 between the light emitter 220
and light detector 230 at one or more places of the vessel
260. Additionally, the vessel wall thickness 264 can be
estimated from the signal generated by the light emitter 230,
in response to the received reflected light 232 and/or 234.

[0066] In addition to the amplitude signal, the detector(s)
of the light detector 230 along the receive path need to be
sufficiently sensitive to detect the Doppler shift in the signal
caused by the received reflected light 232, 234, with the
Doppler shifted signal likely to be in the few kHz to a few
MHz range.

[0067] FIG. 3 illustrates an example light-based non-
invasive blood pressure system 300 with a non-coherent
light source. An NIBP sensor 310 is shown, including a light
emitter 320, containing a non-coherent light source, and a
light detector 330. The light emitter 320 emits light 322 and
324 into tissues, such as tissue 251 and/or blood vessel 260.
The light detector 330 receives the reflected light 332 and
334 that is reflected from the tissues of 251 and blood vessel
260. The reflected light 332, 334 is received by the light
detector 330 to generate the NIBP signal that can be pro-
cessed to determine, or can be used to determine, one or
more physiological parameters, such as a blood pressure.
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[0068] In the example of FIG. 3, the non-coherent light
source of the light emitter 320 can be a light emitting diode
(LED) light source that emits light having a narrow band-
width. That is the non-coherent light source of the light
emitter 320 exhibits narrow bandwidth, non-coherence.
Alternatively, the LED light source could also emit light
having a broad bandwidth. Unlike the example of FIG. 2, in
which the light source is coherent and emits light of known
and constant properties, the non-coherent source of the
example of FIG. 3 emits light having a range of properties,
such as a range of frequencies, wavelengths, periods, phases,
and/or other light properties/characteristics. The non-coher-
ent light source has a coherence length, which manifests as
a relatively large response at detector 330 when the refer-
ence and reflected paths are the same optical length. In the
example of a narrow bandwidth, non-coherent source, the
coherence length of the emitted light is greater than the
coherence length of light emitted by a non-coherent light
source emitting light having a broader bandwidth. To
account for the coherence length of non-coherent light, the
NIBP sensor 310 of FIG. 3 includes a reference path 314 that
provides a known pathway for light from the light emitter
320 to detector 330.

[0069] The reference path 314 determines the depth to
which measurements can be made. The path lengths of the
light 322, 324 transmitted through the tissues 251, 260 and
back as 332, 334 are limited by the allowable path length of
reference light along the reference path 314, which is based
on the physical separation between the light source and a
detector of the light detector 330. In this manner, the longer
the path length of the reference light along the reference path
314, the longer the path length of the light transmission, such
as 322, 324, through the tissues and back as 332 and 334 can
be. The depth from which measurements can be taken is
therefore limited by the allowable path lengths of the light
transmissions, such as 322, 324, with reflection 332, 334
from the tissues 251, 260, provided the relative absorption of
the light transmitting through the tissues is not so great as to
prevent the reflected light 332, 334 from being detected by
the light detector 330.

[0070] Reference light from the non-coherent light source
of the light emitter 320 radiates underneath the emitter 320
and along the reference path 314. The radiated reference
light is provided to the detector(s) of the light detector 330
to be mixed with reflected light 332 and 334. In an example
embodiment, the reference path 314 can be coated and/or
structured so as assist the non-coherent light traveling along
the reference path 314 to mix with the reflected light 332,
334. For example, the reference path 314 can be coated such
that the portions of the reference path coating under the light
detector 330 acts as a one-way mirror, allowing reflected
light, such as 332, 334, to pass through the reference path
314 and be received by the light detector 330, while pre-
venting the radiant reference light along the reference path
314 from radiating into the tissues, such as 251, 260. The
reference path 314 allows for the mixing of the reflected
light 332 and the reference light. This mixing superimposes
the reference light emitted from the light emitter 320 and the
reflected light 332, 334, which is then detected by/at the light
detector 330. In this manner, the process of low-coherence
optical interferometry can be used to detect/determine the
Doppler shift caused by the light 334 reflecting from the
moving blood flow 266 of the vessel 260.
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[0071] The coherence length of the non-coherent light
source determines the “optical slice,” range and/or depth,
over which a useful interferometric signal can be obtained
by the detector, or photodetector, of the light detector 330.
The depth at which the measurement is being made, such as
the depth from which light is reflected, is based on the path
length between the light source and the light detector. The
optical slice is the range, at that depth, from which the
measurement is being made, such as a * range about that
depth. The coherence length of the non-coherent light deter-
mines the breadth of the optical slice or range. In the
example narrow bandwidth, non-coherent light source, the
optical slice is larger than that of a broader bandwidth,
non-coherent light source due to the coherence length of the
broader bandwidth, non-coherent light source being shorter
than the coherence length of the narrow bandwidth, non-
coherent light source.

[0072] An example broader, or wide, bandwidth non-
coherent light source can include a “white” light source.
White light is composed of light having a wide variance of
wavelengths, frequencies and/or other properties/character-
istics. As such, the coherence length of such light is rela-
tively short and the optical slice is very thin, on the order of
microns. This narrow optical slice can increase the accuracy
of depth determination since the range, optical slice, is so
narrow due to the short coherence length. As such, the use
of a wide bandwidth, non-coherent light source can increase
the accuracy of the depth determination and/or measurement
of various features, such as the depth 252 determination of
the blood vessel 260, the diameter 262 of the vessel 260, the
wall thickness 264 of the blood vessel and/or other tissue
measurements.

[0073] In the example system 300 shown in FIG. 3, the
spacing 212 between the light emitter 320 and the light
detector 330 can be 30 mm, for example, to allow for a
penetration depth of the emitted light to be nearly 30 mm
deep into the tissues 251, 260. Other example spacing
distances can range from 10-100 mm.

[0074] In the examples of FIGS. 2 and 3, the NIBP sensor
210, 310 can include multiple light sources emitting light
with similar and/or different properties. For example, the
light emitter can include multiple sources emitting light
having the same properties, multiple sources emitting light
having different properties, or a mix of light sources. In this
manner, the light emitter and light detector of the NIBP
sensor 210, 310 can have multiple pairs of light sources and
detectors having varying spacing between them so that
physically varying the separation of the light emitter and
light detector is not required to alter the depth of sensing.
Additionally, as described previously, the light emitter 220/
320 can contain one or more light sources that emit light,
such as 222/322, 224/324, into the tissue 251 and vessel 260,
and the light detector 230/330 can contain one or more
detectors to detect reflected light, such as 232/332, 234/334,
from tissues/features of the tissue 251 and vessel 260. That
is, the light emitter 220/320 can contain multiple light
sources that are arranged to emit light into the tissues 251,
260 and the light detector 230/330 can contain multiple
detectors, such as photodiodes, arranged to receive the
reflected light. Each of the light sources of the light emitter
220/320 can be arranged to form a pair with a detector of the
light detector 230/330, separated by a spacing 212. With this
arrangement of light sources of the light emitter 220/320 and
detectors of the light detector 230/330, multiple spacings
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212 between source and detector pairs can be achieved. The
signals from the one or more detectors of the light detector
230/330 can be multiplexed and output as the NIBP signal
for processing to determine one or more physiological
parameters, such as the instantaneous blood velocity and/or
PWV.

[0075] To assist with locating a vessel, such as 260, the
NIBP module and/or the NIBP sensor can include a manual
and/or automatic search algorithm that can prompt the user
to alter the spacing of the NIBP sensor and/or can activate
one or more light sources of the light emitter to provide
NIBP signals from various depths. The NIBP signal(s),
associated with a particular light source(s) and/or spacing(s),
exhibiting Doppler shift are indicative of the depth at which
the vessel is located. The search algorithm can control the
activation of the light sources to find the Doppler shifted
signal to determine the depth of the vessel, such as 260. The
light source-detector pair exhibiting the largest magnitude of
the Doppler response can then be selected for use in deter-
mining and/or measuring various physiological parameters
and/or features. Additionally, differentiation between veins
and arteries is possible based on the static or dynamic nature
of the Doppler signal from each.

[0076] In an example embodiment in which the light
detector contains multiple detectors, the signal from each of
the detectors can be multiplexed to form a single signal, the
NIBP signal, or each signal, or groups of signals, can be
assigned an individual channel for processing. That is, the
signal from the NIBP sensor having multiple detectors can
be a single, multiplexed NIBP signal or can be two or more
NIBP signals assigned to individual channels for processing.
The use of multiple channels for processing can increase the
acquisition rate of the signal and therefore provide increased
temporal resolution of the parameters being monitored and/
or measured.

[0077] In an example embodiment, the light emitter 320
and/or the light detector 330 can be integrated with another
device and/or system and/or the necessary light emission
and/or detection can be performed by another device and/or
system to generate, or assist with generating, the NIBP
signal. For example, the light emitter and/or light detector
can be integrated with a light-based pulse oximetry and/or
perfusion sensor/system. The other device and/or system can
emit light that can be detected by the light detector 330 of
the NIBP sensor 310, the other device can detect the light
emitted by the light emitter 320 of the NIBP system 310, or
both the light emission and detection of the light emitter 320
and light detector 330 can be performed by the other
device/system, to generate the NIBP signal for processing.
[0078] FIG. 4 illustrates an example light-based non-
invasive blood pressure system 400 that includes an NIBP
sensor. The NIBP sensor includes a light emitter 420 and a
light detector 430 arranged about one or more tissues. The
light emitter 420 emits light 422 and 424 into tissues, such
as tissue 250, 251 and/or blood vessel 260. The light detector
430 receives the transmitted light 422, which transmits
through the tissues, and reflected, or scattered, light 434 that
reflects/scatters from the blood flow 266. In response to the
received light 434 and 422, the light detector 430 generates
the NIBP signal that can be processed to determine, or can
be used to determine, one or more physiological parameters,
such as a blood pressure.

[0079] The light emitter 420 and light detector 430 are
shown on substantially opposite sides of the tissue cross-
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section of FIG. 4. In other embodiments, alternative arrange-
ments of the light emitter 420 relative to the light detector
430 are possible. In these various arrangements, the light
detector 430 will receive light transmitted through and/or
reflected/scattered from the various tissues, such as 250, 251
and 260. The reflected/scattered light received by the light
detector 430 causes the NIBP signal to be generated, which
can then be processed/analyzed for various calculations/
measurements. In an example, the reflected/scattered light
434 from the blood flow 266 exhibits a Doppler response.
The Doppler response is part of the generated/output NIBP
signal, from which a velocity of the blood flow 266 can be
calculated/measured. The velocity measurement can then be
used to determine a blood pressure. Doppler responses of the
vessel wall and/or proximate tissue can be used to detect
pressure pulse motion at one or more places from which
pulse wave velocity may be derived.

[0080] FIG. 5 illustrates an example non-invasive blood
pressure signal generation method 500. At 510 coherent
light is emitted and/or at 512 non-coherent light is emitted,
the emitted light is directed into the tissues of a person. The
emitted coherent light 510 and/or the emitted non-coherent
light 512 can be emitted from one or more light sources of
a light emitter, such as previously described. The character-
istics/properties of the emitted light can interact with the
tissues to cause localized heating of the tissues and/or the
heating of the tissues can be caused by the waste heat due to
the generation of the emitted light. The heating of the tissues
can cause discomfort to a person associated with the tissues
and/or can cause damage to the tissues. To reduce and/or
minimize the discomfort and/or damage, the intensity of the
emitted light can be controlled and/or the duration of light
exposure can be controlled. Controlling one or both of the
light intensity and the duration of exposure to the light can
allow the heating of the tissues to be controlled. For
example, a high intensity of light can be emitted for a short
duration so as to provide the necessary intensity to transmit
light to a required and/or desired depth into the tissues while
limiting the duration so as not to unduly heat the tissues
exposed to the emitted light.

[0081] The light emitted at 510 and/or 512 transmits
through the tissues and reflects therefrom. The reflected light
is detected at 520, such as by a photodetector/light detector,
with the light detector generating a signal in response with
the interaction between the reference and the reflected light.
The signal output by the detector(s) is the NIBP signal 530.
When the light transmitted through the tissues reflects from
moving tissues, such as a blood cell of a blood flow through
a vessel, the reflected signal has a Doppler shift/frequency
that can be detected in the signal. When the light transmitted
through the tissues reflects from stationary tissues, such as
found in the skin or non-moving tissues outside the vessel,
the reflected signal exhibits little to no Doppler shift due to
the reflection from a substantially static tissue. The NIBP
signal generated at 530 can be analyzed to determine the
presence of a Doppler shift/frequency, and if such Doppler
frequency is present, it can be analyzed to determine a
velocity of the moving tissues, such as the instantaneous
velocity of the blood flow through the vessel or to detect
motion of the blood vessel wall and/or proximate tissue. If
the NIBP signal generated at 530 is analyzed and there is not
an indication of a Doppler shift/frequency, such as might be
caused by the reflection from a moving tissue, then one or
more parameters of the light emission and/or light detection
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can be altered to cause the emitted light to contact and reflect
from moving tissues, such as the blood flow through the
vessel, in order to obtain an NIBP signal containing the
Doppler shifted signal. The Doppler shifted NIBP signal can
be processed, such as using a method 600 of FIG. 6, to
determine one or more physiological parameters and/or
characteristics of the patient/person.

[0082] FIG. 6 illustrates an example non-invasive blood
pressure method 600. At 610, the NIBP signal is received,
such as by an NIBP module from an NIBP sensor. At 620,
the NIBP signal can be amplified, optionally, such as by
passing the signal through a low-noise amplifier and/or
circuit. The NIBP signal can then be filtered, optionally, at
630. The filtering at 630 can include anti-alias filtering of the
NIBP signal and the conversion of the analog NIBP signal
to a digital signal, such as by the use of an analog-to-digital
converter (ADC).

[0083] As discussed above, the Doppler shift of the NIBP
signal is the AC response of the NIBP signal, so the NIBP
signal can be further filtered at 630 to remove the DC
response, in some examples. The removal of the DC
response of the NIBP signal can be done using a high pass
filter (HPF) and/or a band pass filter (BPF) to remove the
portion of the signal associated with the DC response. If the
bandwidth is sufficiently low, the sample rate of the NIBP
signal can be decimated, if required and/or desired.

[0084] At 640 and/or 642, the NIBP signal can be pro-
cessed to determine vessel dynamics, such as at 640, and/or
to determine an instantaneous blood velocity, such as at 642.
To determine the instantaneous blood velocity associated
with the Doppler data of the NIBP signal, the Doppler
spectrum of the NIBP signal can also be scaled, as previ-
ously described, by correcting the spectrum by the incidence
and reflection angles as measured with respect to the motion
being detected, i.e., the blood flow. The angle(s) can be
value(s) that a user inputs, value(s) that are assumed by the
processing of the signal and/or determined from one or more
scans of the vasculature/tissue. The NIBP Doppler data as a
function of depth can be used to determine the cross-section,
or diameter, of the blood vessel as a function of time.
[0085] At 650 and/or 652, pulse wave velocity data is
determined/received at near, or substantially, simultaneously
as the determination of the blood velocity. Substantially
simultaneously is at a time recent enough to be the PWV that
would have been measured coincident with blood velocity,
which could be some time later. Alternatively, the PWV
could be averaged or taken a time separate from the deter-
mination of the blood velocity, such as an average of the
patient’s historical PWV over time (e.g., minute(s), hour(s),
day(s), or even month(s)). While the preference may be to
rely on a PWYV that is as temporally near the determination
of the blood velocity as reasonably possible, the patient’s
historical data can also be used in applications that do not
require as much accuracy or precision, such as fitness
testing, non-emergency or non-critical medical situations,
and the like.

[0086] At 650, the pulse wave velocity can be determined,
such as from data and/or measurements received/obtained
by the NIBP system, such as by the sensors/system of the
NIBP system, including an NIBP sensor and/or NIBP mod-
ule. For example, CWD techniques can be used to determine
PWYV data using the light emitter and light detector of the
NIBP system. Collection of PWV data can occur nearly, or
substantially, simultaneously as the acquisition of the NIBP
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signal by the NIBP system. In an example, PWV data can
also be obtained and/or determined from the NIBP signal. At
652, the pulse wave velocity data needed for further pro-
cessing to determine a blood pressure, can be received from
an external system, device and/or user. Example external
systems/device for obtaining the pulse wave velocity can
include the use of ultrasound based devices/systems, light
based devices/systems and/or pressure/motion sensing based
devices/systems. The external system/device can capture the
PWYV data at near, or substantially, simultaneously as the
acquisition of the NIBP and/or determination of the blood
velocity. The near, or substantially, simultaneous acquisition
of the blood velocity and PWV provides the necessary
information to calculate blood pressure, such as by Equation
1, without a calibration step. At 654 the PWV data is
obtained, from one or both of 650, 652, for use in deter-
mining/calculating the blood pressure.

[0087] At 660, the blood pressure of the patient can be
calculated and/or determined using the pulse wave velocity
data from 650, 652 and the instantaneous blood velocity
and/or vessel dynamics data from 640, 642. For example, the
instantaneous blood velocity data of 642, the pulse wave
velocity data of 652 and the assumed constant density of
blood, can be processed using Equation 1 to determine the
blood pressure of the patient based on the foregoing param-
eters/measurements.

[0088] Additionally, the data derived and/or generated
from the NIBP system can be used to assess various cardiac
performance parameters. Using the blood vessel velocity
profile and the blood velocity measurement and the vessel
diameter and/or area from the NIBP system, the blood
volume per unit time can be calculated/determined, includ-
ing net flow by integrating over time. The net flow can
indicate reverse flow within the cardiac cycle and can also
be used in the calculation of various other cardiac perfor-
mance parameters such as cardiac output and blood volume
flow rate. This and/or other data of the NIBP system, or
derived therefrom, can be used in conjunction with physi-
ological parameter data from other systems and/or devices to
monitor, treat and/or evaluate a patient and/or their physi-
ological performance.

[0089] The features disclosed in the foregoing description,
or the following claims, or the accompanying drawings,
expressed in their specific forms or in terms of a means for
performing the disclosed function, or a method or process
for attaining the disclosed result, as appropriate, may, sepa-
rately, or in any combination of such features, be used for
realizing the invention in diverse forms thereof.

1. A blood pressure measurement system for measuring
blood pressure in a patient without restricting blood flow,
comprising:

one or more light emitters configured to emit light

towards blood flowing through a blood vessel,

one or more light detectors configured to:

detect light reflected from one or both of the blood
vessel or the surrounding tissue;

detect Doppler shifted light reflected from the flowing
blood; and

generate a reflected light signal based on both the
detected light reflected from the one or both of the
blood vessel and the surrounding tissue and the
Doppler shifted light reflected from the flowing
blood;
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a processor electrically coupled to the one or more light

detectors, the processor configured to:

receive or determine the reflected light signal from the
one or more light detectors;

determine an instantaneous blood velocity of the blood
flowing through the blood vessel based at least in
part on the reflected light signal received from the
one or more light detectors;

receive pulse wave velocity data for the blood flowing
through the blood vessel; and

determine a blood pressure based at least in part on the
determined instantaneous blood velocity and the
received pulse wave velocity data.

2. The blood pressure measurement system of claim 1,
wherein the one or more light emitters and the one or more
light detectors are integrated into a blood pressure sensor
electrically coupled to the processor.

3. The blood pressure measurement system of claim 2,
wherein the processor is also integrated into the blood
pressure sensor.

4. The blood pressure measurement system of claim 2,
wherein the processor is a remote computing device from
the blood pressure sensor and the blood pressure sensor is
coupled to the processor by either a hard-wired connection
or wireless connection.

5. The blood pressure measurement system of claim 2,
wherein the blood pressure sensor is included in a patch that
is structured to be affixed to the patient.

6. The blood pressure measurement system of claim 5,
wherein the patch is disposable.

7. The blood pressure measurement system of claim 5,
wherein the patch is reusable.

8. The blood pressure measurement system of claim 1,
wherein the blood pressure measurement is beat-to-beat
blood pressure.

9. The blood pressure measurement system of claim 1,
wherein the one or more light emitters include a coherent
light source.

10. The blood pressure measurement system of claim 1,
wherein the one or more light emitters include a non-
coherent light source.

11. The blood pressure measurement system of claim 1,
wherein at least one of the one or more light emitters
includes a laser diode.

12. The blood pressure measurement system of claim 11,
wherein the at least one of the one or more light emitters
includes multiple laser diodes that are each configured to
emit light having different frequencies.

13. The blood pressure measurement system of claim 1,
wherein at least one of the one or more light detectors
includes a photodiode.

14. The blood pressure measurement system of claim 1,
further comprising a pulse wave velocity element that is
configured to detect pulse wave velocity of the pressure
wave travelling down the blood vessel.

15. The blood pressure measurement system of claim 14,
wherein the pulse wave velocity element is configured to
detect the pulse wave velocity substantially simultaneously
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with the detected light reflected from the one or both of the
blood vessel or the surrounding tissue or the detected
Doppler shifted light.

16. The blood pressure measurement system of claim 14,
wherein the pulse wave velocity element, the one or more
light emitters, and the one or more light detectors are
integrated into a blood pressure sensor electrically coupled
to the processor.

17. The blood pressure measurement system of claim 14,
wherein the pulse wave velocity element is discrete from
one or both of the one or more light emitters and the one or
more light detectors.

18. The blood pressure measurement system of claim 14,
wherein the pulse wave velocity element is integrated with
the one or more light detectors, the processor further con-
figured to determine the pulse wave velocity of the blood
flowing through the blood vessel based at least in part on the
reflected light signal received from the one or more light
detectors.

19. The blood pressure measurement system of claim 18,
wherein the processor is configured to determine the blood
velocity of the blood flowing and the pulse wave velocity of
the blood vessel substantially simultaneously.

20. The blood pressure measurement system of claim 14,
wherein the processor is further configured to determine the
blood pressure based at least in part on the substantially
simultaneously determined blood velocity and pulse wave
velocity.

21. The blood pressure measurement system of claim 14,
wherein the pulse wave velocity element includes one or
more of an ultrasound, a pressure sensor, a motion sensor, or
a high resolution optical sensor.

22. The blood pressure measurement system of claim 1,
wherein the processor is further configured to determine one
or more characteristics of one or both of the blood vessel and
the blood flowing through the blood vessel based at least in
part on one or both of the detected light reflected from one
or both of the blood vessel or the surrounding tissue or the
detected Doppler shifted light reflected from the flowing
blood.

23. The blood pressure measurement system of claim 22,
wherein the one or more characteristics include one or more
of blood vessel depth, blood vessel diameter, blood vessel
wall thickness, or blood vessel wall elasticity.

24. The blood pressure measurement system of claim 1,
further comprising a display electrically coupled to the
processor and configured to display the blood pressure.

25. The blood pressure measurement system of claim 1,
further comprising a communication module electrically
coupled to the processor and configured to transmit one or
more of the blood pressure, the instantaneous blood velocity,
or the pulse wave velocity to a remote computing device.

26. The blood pressure measurement system of claim 1,
further comprising a signal processing module configured to
one or more of amplify, filter, or digitize the reflected light
signal.

27. The blood pressure measurement system of claim 1,
wherein the one or more light emitters and the one or more
light detectors are either each paired with respective mul-
tiple light detectors or multiple light emitters are paired with
one of the light detectors.
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28. The blood pressure measurement system of claim 1,
wherein the one or more light emitters are spaced apart from
the one or more light detectors a spacing distance, and
wherein the spacing distance is either fixed or variable.

N I I



TREMOF) ETXNTRMERSEMGE

AF(RE)S US20190125191A1 2
RiES US16/167195

FRIFE(FRR)AE) LR/ELNEHE

BRiF(E R AR BERAF

LR REERAAE) EERLE

[#RI &8 A SIEDENBURG CLINTON T
KREBA SIEDENBURG, CLINTON T.
IPCHE& A61B5/022 A61B5/021 A61B5/00 A61B5/026
CPCH¥%k=
/725 A61B5/6825 A61B5/02108 A61B2562/0233
i £ 62/577982 2017-10-27 US
SNEBEEE Espacenet USPTO
HEF)

AFTETANERARIMNENERENS %, ABREBLRSHEN
KENERHERER. REMETRFEMET RS R  HERIBESA
LAHMNBEALARSY , SEMNBIHNMBA R . NE3HHMRR S E S
BERZEHHFBHAARNB[ONA=ERRAMMERSS. LEFE
AMMEFSUBEEMRNBENEE, S5 EREEHRE/LFRE
A ESRBERAMEMERFSERIRE. ERAKEREE , mRAIBE
BREMMBARE , =75 E B M,

Fr (N4 2019-05-02
g H 2018-10-22

110
{

NIBP SENSOR

™1 LIGHT EMITTER

™ LIGHT DETECTOR

™t DETECTOR 1

140

NIBP
SIGNAL

patsnap

A61B5/022 A61B5/02141 A61B5/0075 A61B5/7225 A61B5/0261 A61B5/7278 A61B5/02007 A61B5

150
§

NIBP MODULE

PULSE WAVE I H
.............. N

VELOCITY
SIGNAL

142

MEMORY —1174

COMPUTING MODULE [—1170

PROCESSOR —172

i PULSE WAVE i
{_VELOCITY MODULE |



https://share-analytics.zhihuiya.com/view/ecb12b53-5196-4198-bcd1-3a28f90d5560
https://worldwide.espacenet.com/patent/search/family/066245689/publication/US2019125191A1?q=US2019125191A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220190125191%22.PGNR.&OS=DN/20190125191&RS=DN/20190125191

