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NONINVASIVE SYSTEMS FOR BLOOD
PRESSURE MEASUREMENT IN ARTERIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/715,743, filed Dec. 14, 2012, which
claims the benefit of U.S. Provisional Application No.
61/570,711, filed Dec. 14, 2011 and entitled, “Noninvasive
Method and Device for Measurement of Instantaneous Pres-
sure in Arteries,” both of which are incorporated by refer-
ence herein in their entirety for all purposes.

FIELD
[0002] This filing relates to non-invasive blood pressure
measurement.
BACKGROUND
[0003] The pulmonary and systemic arterial pressure wave

is an important parameter in the diagnosis of various pul-
monary artery and systemic artery diseases such as pulmo-
nary hypertension, pulmonary stenosis, systemic hyperten-
sion and arterial stenosis. Invasive methods of pressure
measurement cause discomfort for the patients, and they
include procedural and post-operative risks, the later includ-
ing infection with an increasing incidence of mortality due
to antibiotic resistant bacteria. Accordingly, non-invasive
techniques for blood pressure measurement are preferred
and may become increasingly important.

[0004] Once such technique is known as applanation
tonometry. However, it is limited to measurement in certain
locations such as the radial arteries at wrist or carotid arteries
where these systemic arteries are close to the surface of the
skin. Moreover, commercially-available tonometric devices
are all quite motion-sensitive further limiting their use/
applicability. Still further: affixing, wearing and ultimately
removing the force or displacement sensor employed a
tonometric monitoring system can be difficult and some-
times uncomfortable.

[0005] Another technique for estimating blood pressure is
variously described in which blood velocity is measured via
ultrasound Doppler and then the Bernoulli equation applied
to calculate a result. However, the Bernoulli equation does
not properly apply to moving boundary condition systems or
those involving unsteady flow—both of which are features
of the relevant biological systems. As such, the accuracy/
applicability of these approaches are limited. These methods
can only provide estimates for mean pressure, systolic
pressure, and/or diastolic pressure. They are not able to
provide the pressure wave or pressure at any time during a
cardiac cycle.

[0006] Therefore, improved noninvasive techniques—es-
pecially noncontact methods—for measuring and/or moni-
toring the arterial pressure waveform are needed.

SUMMARY

[0007] The inventive embodiments include the subject
devices and systems (e.g., including the sensor hardware
referenced herein and the addition of a computer processor
and other ancillary or support electronics and various hous-
ing elements), and methods (including the hardware and
software for carrying out the same). These embodiments
provide a noninvasive approach for blood pressure measure-
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ment in pulmonary artery and systemic arteries by using
wall displacement and blood velocity that are measured
non-invasively using ultrasound and/or microwave or other
radiofrequency (RF) techniques. Methods, devices, and sys-
tems are provided for calculating instantaneous pressure in
the arteries and/or outputting highly accurate pressure wave
estimates generated from a calculated slope of the D-U loop
(as defined below) together with vessel wall displacement
wave measurements.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The figures provided herein are diagrammatic and
not necessarily drawn to scale, with some components and
features exaggerated and/or abstracted for clarity. Variations
from the embodiments pictured are contemplated. Accord-
ingly, depiction of aspects and elements in the figures are not
intended to limit the scope of the claims, except when such
intent is explicitly stated as such.

[0009] FIG. 1 is a flowchart illustrating activity in an
example embodiment of the subject method.

[0010] FIGS. 2A-B illustrate options for systems operat-
ing according to an example embodiment of the subject
method.

DETAILED DESCRIPTION

[0011] Various example embodiments are described
below. Reference is made to these examples in a non-
limiting sense. They are provided to illustrate more broadly
applicable aspects of inventive aspects. Various changes
may be made to the embodiments described and equivalents
may be substituted without departing from their true spirit
and scope. In addition, many modifications may be made to
adapt a particular situation, material, composition of matter,
process, process act(s) or step(s) to the objective(s), spirit or
scope of the claims made herein.

[0012] That said, the subject technique is based on the fact
that the walls of the large central pulmonary and systemic
arteries are almost elastic. Therefore, the blood pressure and
their wall displacement wave can be characterized as having
the same shape. Stated another way, the wall displacement
wave is in phase with the blood pressure wave.

[0013] Thus, in the absence of a reflected wave at the
beginning of the cardiac cycle, the below relation between
an increment of pressure (dP) and an increment of average
velocity over cross-section area (dU) holds:

P ~(pe)dU, )

[0014] Where p is the density of fluid, ¢ is the wave speed,
and “+” sign corresponds to forward waves. In addition from
1D wave theory, wave speed can be written as a function of
blood vessel distensibility (dis):

. @
Sy

where dis can be calculated as:

3
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where A is the cross-section area, A+/4.D?, and D is the
diameter of the vessel. Using the chain rule and substituting
D in (3) results in:

24D “

Combining (4) and (2) and substitute in (1) yields:

dp, = (%)dm. ©

Accordingly, the slope of a graph of the vessel diameter
plotted against blood velocity, generally center-line blood or
cross-section area average of the velocity, (i.e., the D-U
graph or loop) at the beginning of the cardiac cycle (m,) is
equal to D/2c.

[0015] Also, wall displacement wave speed is related to
Young’s modulus (E) and wall thickness (t) through Moens-
Kortweg equation:

Eh N (6
c= | — - Eh=pDc.
pD

Using thin elastic tube theory with applied internal pressure,
the following equation holds:

Tgpg = —

where 000 is the circumferential stress, R is the radius of the
tube P is the internal pressure, and h is the thickness of the
tube. Assuming that radial stress is much smaller than
circumferential stress and by using (7) the circumferential
strain can be written as:

PR (8)

= 7o

Based on the definition of the circumferential strain:
€9 = 4

And combining (8) and (9), replacing diameter for radius
vields:

PD? (10)
(AD)’

[
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Substituting Eh from (10) into (6) results in:

[ (1D
‘TN %D

From equation (5) the slope of D-U graph at the beginning
of the cardiac cycle is

_dp, D 12)

M= an, T e

Combining (11) and (12) and solving for P yields:

pD(AD) 13)
T 2m?

Where D, for AD (i.e., D-D,) may be determined by any of
avariety of approaches as typical in the art. For instance, any
of a search algorithm, allometric equations (age-corrected),
diastolic diameter, clinically derived values, or an approxi-
mate based on patient history may be employed.

[0016] With these principles in mind, FIG. 1 shows the
steps for noninvasive instantaneous pressure measurement.
At 10 and 20, wall displacement and velocity waves are
measured noninvasively at the same or substantially the
same location (e.g., within about 1 cm for large/larger
vessels and within about 5 mm in small/smaller vessels and
more generally—though not necessarily—within +/-1 ves-
sel diameter in separation) along any pulmonary or systemic
artery using ultrasound, microwave, or other suitable tech-
nique(s). These measurements are accomplished with at
least one sensor adapted to record a first data set that
correlates to blood vessel distension and adapted to record a
second data set that correlates to blood velocity, more
particularly center-line blood velocity or cross-sectional area
average of the velocity. Then at least one computer proces-
sor is programmed to convert the first data set to a mea-
surement of blood vessel distention and the second data set
to a measurement of relevant blood velocity.

[0017] At 30, the shape of the pressure wave is captured
or recorded and will be the same as the shape of the wall
displacement (assuming a linear elastic vessel wall) mea-
sured at 10.

[0018] At 40, the D-U loop is determined and the slope
(m,) at the beginning of a cardiac cycle calculated therefrom.
Or the slope may be calculated in another fashion. In any
case, with m , the pressure may be calculated at any moment
during the cardiac cycle using equation (13) or any similar
equation. At 50, the blood pressure wave, if desired, is
so-constructed.

[0019] A highly accurate estimate (given the assumptions
noted above) of blood pressure 1s thus determined from the
shape and magnitude calculated at 30 and 40. Any (or all)
such data (e.g., instantaneous pressure, systolic/diastolic
max/min pressure, pulse pressure, and/or the entire pressure
wave) is output at 60 in a computer-readable format or data
stream. This data can be in the form of an average over a
given number of cycles or as a real time data stream.
Accordingly, instantaneous pressure measurements and/or
the calculated pressure wave may be displayed in real time
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for physician evaluation and/or logged for monitoring or
subsequent evaluation of a physician, or other analysis.
[0020] Regardless, what is meant by “real time” in the
context above will generally mean that it takes about 1
second or less from the time of data acquisition for calcu-
lation and data presentation, more often such action is
essentially without the delay perceptible to humans. In any
case, real time activity in the subject embodiments concern
manipulation of such a mass of data and calculations that the
task 1s well beyond human capacity, thereby requiring the
use of a computer processor.

[0021] FIG. 2A diagrammatically illustrates such a com-
puter-based system 100 with various hardware and patient-
handling options. Namely, a patient may be scanned in a
supine position 90, in a standing position 90' or otherwise.
The scanner 110 may be associated with an armature, a
C-arm, a scanner “tunnel,” or otherwise configured. If
scanner 110" is configured as a handheld scanner, then a
standing position 90' may be preferable to accommodate the
handheld operation as shown in FIG. 2B. The scanner may
be moved relative to the patient to scan a selected area or
areas. Or the patient may be moved relative to the scanner
(as indicated). Notably, targeting larger central vessels (as
opposed to smaller more distal vessels) may be desirable for
improved accuracy. In the larger vessels, diameter displace-
ments are generally larger. Also, the assumption of vessel
elasticity is more perfect/pure, whereas peripheral vessels
tend to exhibit a greater degree of visco-elastic behavior.
Still, in most any location selected the subject embodiments
offer useful improvement over previous techniques.

[0022] In any case, scanner 110/110' includes on-board
electronics for sending and receiving signals 112 to perform
the referenced measurements of blood flow velocity and/or
vessel distension. Use of microwave sensor (at least for
measuring vessel displacement) and/or ultrasound sensors
(for measuring either or both vessel distension and blood
velocity) for such purposes is well known. An example of
suitable publicly-available hardware includes the GE
LOGIQ Book Portable Ultrasound Machine, which technol-
ogy is readily adapted to the subject methods and systems.
[0023] Alternatively, a hand-held scanner 110 incorpo-
rated in system 100 may advantageously be battery-powered
so as to avoid connection to a wall socket. Whether hand-
held or incorporated or in a larger unity, the scanner device
(s) may interface by wireless (as indicated) or wired (not
shown) communication with a general purpose computer
120, optionally including display 122 to perform and com-
municate results, respectively. Otherwise, on-board process-
ing and/or display hardware may be provided in connection
with the sensor housing itself. Such options would be
especially useful for a hand-held or semi-portable device as
these may be used by a patient/subject at home, during
travel, etc.

[0024] Variations

[0025] In addition to the embodiments that been disclosed
in detail above, still more are possible within the classes
described and the inventors intend these to be encompassed
within this Specification and claims. This disclosure is
intended to be exemplary, and the claims are intended to
cover any modification or alternative which might be pre-
dictable to a person having ordinary skill in the art.

[0026] Moreover, the various illustrative processes
described in connection with the embodiments herein may
be implemented or performed with a general purpose pro-
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cessor, a Digital Signal Processor (DSP), an Application
Specific Integrated Circuit (ASIC), a Field Programmable
Gate Array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware compo-
nents, or any combination thereof designed to perform the
functions described herein. A general purpose processor may
be a microprocessor, but in the alternative, the processor
may be any conventional processor, controller, microcon-
troller, or state machine. The processor can be part of a
computer system that also has a user interface port that
communicates with a user interface, and which receives
commands entered by a user, has at least one memory (e.g.,
hard drive or other comparable storage, and random access
memory) that stores electronic information including a pro-
gram that operates under control of the processor and with
communication via the user interface port, and a video
output that produces its output via any kind of video output
format, e.g., VGA, DV, HDMI, DisplayPort, or any other
form.

[0027] A processor may also be implemented as a com-
bination 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 configuration. These devices may also be
used to select values for devices as described herein. The
camera may be a digital camera of any type including those
using CMOS, CCD or other digital image capture technol-
ogy.

[0028] The steps of a method or algorithm described in
connection with the embodiments disclosed herein may be
embodied directly in hardware, in a software module
executed by a processor, or in a combination of the two. A
software module may reside in Random Access Memory
(RAM), flash memory, Read Only Memory (ROM), Elec-
trically Programmable ROM (EPROM), Electrically Eras-
able Programmable ROM (EEPROM), registers, hard disk,
a removable disk, a CD-ROM, or any other form of storage
medium known in the art. An exemplary storage medium is
coupled to the processor such that the processor can read
information from, and write information to, the storage
medium. In the alternative, the storage medium may be
integral to the processor. The processor and the storage
medium may reside in an ASIC. The ASIC may reside in a
user terminal. In the alternative, the processor and the
storage medium may reside as discrete components in a user
terminal.

[0029] In one or more exemplary embodiments, the func-
tions described may be implemented in hardware, software,
firmware, or any combination thereof. If implemented in
software, the functions may be stored on, transmitted over or
resulting analysis/calculation data output as one or more
instructions, code or other information on a computer-
readable medium. Computer-readable media includes both
computer storage media and communication media includ-
ing any medium that facilitates transfer of a computer
program from one place to another. A storage media may be
any available media that can be accessed by a computer. By
way of example, and not limitation, such computer-readable
media can comprise RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that can be
used to carry or store desired program code in the form of
instructions or data structures and that can be accessed by a
computer. The memory storage can also be rotating mag-
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netic hard disk drives, optical disk drives, or flash memory
based storage drives or other such solid state, magnetic, or
optical storage devices. Also, any connection is properly
termed a computer-readable medium. For example, if the
software is transmitted from a website, server, or other
remote source using a coaxial cable, fiber optic cable,
twisted pair, digital subscriber line (DSL), or wireless tech-
nologies such as infrared, radio, and microwave, then the
coaxial cable, fiber optic cable, twisted pair, DSL, or wire-
less technologies such as infrared, radio, and microwave are
included in the definition of medium. 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 magnetically, while
discs reproduce data optically with lasers. Combinations of
the above should also be included within the scope of
computer-readable media.

[0030] Operations as described herein can be carried out
on or over a website. The website can be operated on a
server computer, or operated locally, e.g., by being down-
loaded to the client computer, or operated via a server farm.
The website can be accessed over a mobile phone or a PDA,
or on any other client. The website can use HTML code in
any form, e.g., MHTML, or XML, and via any form such as
cascading style sheets (“CSS”) or other.

[0031] Also, the inventors intend that only those claims
which use the words “means for” are intended to be inter-
preted under 35 USC 112, sixth paragraph. Moreover, no
limitations from the specification are intended to be read into
any claims, unless those limitations are expressly included
in the claims. The computers described herein may be any
kind of computer, either general purpose, or some specific
purpose computer such as a workstation. The programs may
be written in C, or Java, Brew or any other programming
language. The programs may be resident on a storage
medium, e.g., magnetic or optical, e.g. the computer hard
drive, a removable disk or media such as a memory stick or
SD media, or other removable medium. The programs may
also be run over a network, for example, with a server or
other machine sending signals to the local machine, which
allows the local machine to carry out the operations
described herein.

[0032] Also, it is contemplated that any optional feature of
the embodiment variations described may be set forth and
claimed independently, or in combination with any one or
more of the features described herein. Reference to a sin-
gular item, includes the possibility that there is a plurality of
the same items present. More specifically, as used herein and
in the appended claims, the singular forms “a,” “an,” “said,”
and “the” include plural referents unless specifically stated
otherwise. In other words, use of the articles allow for “at
least one” of the subject item in the description above as well
as the claims below. It is further noted that the claims may
be drafted to exclude any optional element. As such, this
statement is intended to serve as antecedent basis for use of
such exclusive terminology as “solely,” “only” and the like
in connection with the recitation of claim elements, or use of
a “negative” limitation.

[0033] Without the use of such exclusive terminology, the
term “comprising” in the claims shall allow for the inclusion
of any additional element irrespective of whether a given
number of elements are enumerated in the claim, or the
addition of a feature could be regarded as transforming the
nature of an element set forth in the claims. Except as
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specifically defined herein, all technical and scientific terms
used herein are to be given as broad a commonly understood
meaning as possible while maintaining claim validity.

[0034] The breadth of the present inventive subject matter
is not to be limited to the examples provided and/or the
subject specification, but rather only by the scope of the
claim language. All references cited are incorporated by
reference in their entirety. Although the foregoing embodi-
ments been described in detail for purposes of clarity of
understanding, it 1s contemplated that certain modifications
may be practiced within the scope of the appended claims.

1. A system for noninvasive determination of blood pres-
sure comprising:

at least one sensor that produces a first data set that

correlates to distension of a blood vessel and a second
data set that correlates to blood velocity within the
vessel; and

at least one processor that converts the first data set to

measurement of blood vessel distention and the second
data set to measurement of blood velocity.

2. The system of claim 1, wherein the processor causes the
system to capture the data sets at the beginning of a cardiac
cycle.

3. The system of claim 2, wherein the processor selects
from the data sets at the beginning of the cardiac cycle.

4. The system of claim 3, wherein the processor calculates
a slope of a D-U loop at the beginning of the cardiac cycle.

5. The system of claim 4, wherein the processor calculates
blood pressure based on the slope and the blood vessel
distension.

6. The system of claim 5, adapted to record at least one of
the first and second data sets, the measurements of blood
vessel distention and average blood velocity, or the calcu-
lated blood pressure.

7. The system of claim 5, wherein the processor outputs
the calculated blood pressure for visual display.

8. The system of claim 1, adapted to produce the first and
second data sets at substantially the same location of the
blood vessel.

9. The system of claim 1, wherein the at least one sensor
is a radiofrequency sensor.

10. The system of claim 1, wherein the at least one sensor
is an ultrasound or microwave sensor.

11. A method of blood pressure estimation, the method
comprising:

selecting a blood vessel,

measuring blood vessel distention and blood velocity with

at least one sensor;

calculating, in real time, blood pressure based on the

blood vessel distension and blood velocity; and
displaying the calculated blood pressure on an electronic
display.

12. The method of claim 11, wherein the blood vessel is
a pulmonary or systemic artery.

13. The method of claim 11, wherein calculating includes
determining a slope calculated for vessel diameter plotted
against blood velocity at the beginning of a cardiac cycle.

14. The method of claim 11, wherein the blood velocity
measured is selected from center-line blood velocity and
cross-section area average of the velocity.

15. A computer readable medium having stored thereon
instructions, which when executed cause one or more pro-
cessors to:
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receive input signals from at least one sensor correspond-
ing to blood vessel distention and blood velocity;

determine, using the input signals, vessel distention and
blood velocity from sensor;

calculate blood pressure based on the blood vessel dis-

tension and blood velocity: and

output a signal corresponding to the calculated blood

pressure.

16. The computer readable medium of claim 15, wherein
the blood pressure calculation includes determining a slope
calculated for vessel diameter plotted against blood velocity
at the beginning of a cardiac cycle.

17. The computer readable medium of claim 16, wherein
the blood velocity is selected from center-line blood velocity
and cross-section area average of the velocity.

18. The computer readable medium of claim 16, wherein
the output is selected from instantaneous pressure, systolic/
diastolic max/min pressure, pulse pressure, and an entire
pressure wave.

19. The computer readable medium of claim 18, wherein
the instructions cause the output to be displayed in real time.

20. The computer readable medium of claim 18, wherein
the instructions cause the output to be displayed as an
average over a number of cycles.

* % % k¥
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