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APPARATUS AND METHOD FOR
CHARACTERIZING ARTERIAL STIFFNESS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Cross Reference to Related Application

Background of the Invention

[0001] The present invention relates to measurement of
arterial stifiness and 1n particular to a system that can
separate arterial stiflness into measures of structural stiflness
and load-dependent stiflness without requiring dithcult mea-
sures of arterial dimensions.

[0002] Artenial stifiness 1s strongly associated with
clevated risk of cardiovascular disease, kidney disease,
cognitive decline, and diabetes. While total arterial stiflness
provides important clinical information, the present inven-
tors have determined that arterial stifiness can be usefully
decomposed 1nto two components that provide additional
insight. The first component, termed structural stifiness, 1s
primarily determined by the structural constituents artenial
wall such as elastin and collagen. The second component,
termed load-dependent stifiness, relates to a non-linear
change 1n stifiness with loading by blood pressure which
stiffens the arterial wall as the arterial wall expands during
the cardiac cycle and experiences increased collagen fiber
loading.

[0003] Studies by the inventors suggest that adults with
atypically greater load-dependent stifiness v would benefit
from more aggressive medical treatment of cardiovascular
disease while patients whose arterial stifiness dominated by
structural stiflness would fare better using statin and con-
ventional blood pressure medications. See generally,
Pewowaruk R J, Korcarz C, Tedla Y, Burke G, Greenland P,
Wu C, Gepner A D, Carotid Artery Stiflness Mechanisms
Associated With Cardiovascular Disease Events and Inci-
dent Hypertension: the Multi-Ethnic Study of Atherosclero-
s1s (MESA), Hypertension, 2022 Mar; 79 (3): 639-666,
hereby incorporated by reference. Additional studies have
established an association between structural stifiness and
all-cause mortality and load-dependent stifiness and chronic
kidney disease. Total stifiness was associated with dementia
but load-dependent and structural stiflness were not. See,
Ryan Pewowaruk, Claudia Korcarz, Ian De Boer, Bryan
Kestenbaum, Susan R. Heckbert, Yacob G. Tedla and Adam
D. Gepner, Carotid Artery Stiflness Mechanisms Are Asso-
ciated With End Organ Damage and All-Cause Mortality:

MESA (Multi-Ethnic Study of Atherosclerosis) originally
published 28 Mar. 2023, Journal of the American Heart
Association, 2023; 12: 6027517 co-authored by the present
inventors and incorporated by reference.

[0004] Structural stiflness and load-dependent stiflness
can be derived from total arterial stiflness, the latter of which
can be determined using ultrasonic imaging of the arterial
wall. The resulting images provide the arterial diameter at
pre-systole and end-diastole and produce a measure of total
clasticity when combined with corresponding blood pres-
sure measurements.

[0005] Accurate measurement of real-time changes 1n
arterial wall dimension 1s diflicult and requires a skilled
medical sonographer who can obtain clear images along the
arterial cross-section at systole and diastole as well as an
ability to accurately extract dimensions from those images.
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SUMMARY OF THE INVENTION

[0006] The present inventors have determined that struc-
tural and load-dependent stifiness can be obtained without
determining arterial dimensions, eliminating the need for
skilled real-time 1imaging. In one embodiment, structural and
load-dependent stiflness 1s extracted from pulse wave mea-
surements of pressure transmitted through the arteries
obtained using arterial tonometry.

[0007] In one embodiment, the invention provides an
apparatus for determination of load-dependent arterial stifl-
ening employing a pressure monitor providing a measure of
arterial blood pressure and an arterial pulse wave velocity
monitor providing a measure of total arterial stiflness. An
clectronic processor communicating with the pressure moni-
tor and arterial pulse wave velocity monitor: (a) collects
total arterial stiflness values and arterial blood pressures; (b)
fits the collected arterial stiflness values and arterial blood
pressures to a nonlinear model of artenial elasticity; and (c)
provides outputs based on the fit nonlinear model indicating
a load-dependent stiflness representing a change in elasticity
with arterial distention and a structural stiflness representing,
an elasticity at a predetermined arterial blood pressure.
[0008] It1s thus a feature of at least one embodiment of the
invention to separate total arterial stiflness into load-depen-
dent and structural components while avoiding the diflicult
task of measuring arterial distention such as requires either
a skilled sonographer or expensive imaging equipment such
as an MRI or C1.

[0009] The electronic processor may further output a total
clasticity providing an elasticity at a patient-specific pres-
sure.

[0010] It 1s thus a feature of at least one object of the
invention to provide additional information of total arterial
stiflness, for example, relevant with respect to assessing
dementia.

[0011] The model may provide an arterial distension as an
exponential function of arterial blood pressure.

[0012] It1s thus a feature of at least one embodiment of the
invention to provide a tractable model amenable for use
without measured arterial dimensions such as would require
dificult or expensive 1maging.

[0013] The structural stifiness may be a model-derived
clasticity at a predetermined standard pressure determined
from the model.

[0014] It 1s thus a feature of at least one embodiment of the
invention to provide a measure that can be compared among
patients, for example, having different average blood pres-
Sures.

[0015] The arterial pulse wave velocity monitor may be an
arterial tonometer measuring a velocity of a pressure wave
through the artery. The structural stiflness 1s then a value
dependent on pulse wave velocity (PWV) at a predetermined
arterial blood pressure (P,,,).

[0016] It is thus a feature of at least one embodiment of the
invention to provide the necessary total arterial stiflness
measurements using established arterial tonometry.

[0017] These particular objects and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the mnvention.

BRIEF DESCRIPTION OF THE

[0018] FIG. 1 1s a representation of an arterial tonometry
system suitable for use with the present invention for

DRAWINGS
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collecting pulse wave velocity information and blood pres-
sure data for processing by an electronic computer to
provide an output on a display.

[0019] FIG. 2 1s a graph depicting modeled arterial elas-
ticity and showing how pulse wave velocity alone can be
associated with substantially different arterial conditions and
showing a determination of structural stiffness by choosing
a common pressure reference; and

[0020] FIG. 3 1s an example output display that may be
produced by the present invention providing total stiffness as
well as structural and load-dependent stifiness information.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0021] Referring now to FIG. 1, an arterial elasticity
assessment system 10 per the present invention may make
use of a tonometry apparatus 12 that can measure arterial
blood pressure and arterial pressure wave velocity.

[0022] In one example, the tonometry apparatus 12 pro-
vides a brachial cuff 14 providing an inflatable collar for
controllably constricting blood flow through the arteries of
the arm of a patient and a microphone for detecting oscil-
lometric blood pressure. Values of mean and systolic and
diastolic arterial blood pressures are determined by a con-
nected controller 16 receiving cull pressure and microphone
signals.

[0023] The controller 16 may have one or more processors
18 communicating with electronic memory 20 holding a
stored program 24 applying an empirical formula to the
pressure cuff values and microphone signal. As 1s under-
stood 1n the art, oscillometric blood pressure monitors
measure blood flow sound as the cufl pressure 1s varied
between supra systolic and sub-diastolic pressure values and
use an empirical formula to deduce systolic and diastolic
pressures. See, for example, Chandrasekhar A, Yavari-
manesh M, Hahn J O, Sung S H, Chen C H, Cheng H M,
Mukkamala R. Formulas to Explain Popular Oscillometric
Blood Pressure Estimation Algorithms, Front Physiol, 2019
Nov. 21; 10:1415, doi: 10.3389/iphys.2019.01415, PMID:
31824333; PMCID: PMC6881246, hereby incorporated by
reference.

[0024] The controller 16 may also communicate with a
femoral cuff 26 and a carofid tonometer 28 each providing
sensitive microphones or similar transducers for detecting of
a wave shape of a pressure wave 1n the arteries at the
location of the femoral artery and carotid artery. One or more
ECG electrodes 30 also communicate with the controller 16
to provide ECG signals from the heart. Together, the femoral
cuff 26, carotid tonometer 28, and ECG electrodes 30 allow
measurement of a pressure wave velocity from the carotid
artery to the femoral artery.

[0025] In operation, a measurement 1s first made of the
distance between the femoral cuff 26 and the carotid tonom-
eter 28 by subtracting a distance measured on the patient
between the carotid tonometer 28 and the suprasternal notch
(SSN) distance and the distance between the SSN and the
femoral cufl 26 following the gwidelines outlined in the
American Heart Association’s arterial stiffness scientific
statement per: Townsend R R, Wilkinson I B, Schifirin E L,
Avolio A P, Chirinos J A, Cockcroft J R, Heffernan K S,
Lakatta E G, McEniery C M, Mitchell G F, Najjar S S,
Nichols W W, Urbina E M, Weber T; American Heart
Association Council on Hypertension. Recommendations
for Improving and Standardizing Vascular Research on
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Arterial Stiffness: A Scientific Statement From the American
Heart Association, Hypertension, 2015 Sep; 66 (3): 698-722

PMID: 26160955; PMCID: PMC4587661, hereby incorpo-
rated by reference.

[0026] Measured arrival times of pulse waveforms gener-
ated by the heart (detected by the ECG electrodes 30) at each
of the femoral cuff 26 and carotid tonometer 28, together
with this distance, provide a measure of carotid/femoral
pressure wave velocity (PWYV) as may be calculated by the
controller 16 using the stored program 24. It will be appre-
ciated that similar PWV measurements can be obtained at
two points without cuifs and that this example 1s nonlimit-
ng.

[0027] Tonometry apparatus 12 suitable for making the
above measurements are available from ATCOR of Naper-
ville, Illinois, USA, under the trade name SphygmoCor®
XCEL PWA/PWYV when employing a carotid tonometer 28
from Milar, Inc of Houston, Texas, USA, under the trade
name SPT-301, the latter providing non-invasive pulse mea-
surements employing a semiconductor sensor having a range
from 0 to +300 mmHg.

[0028] The controller 16 executing the stored program 24
may use the measurement of PWV and blood pressure to
determine measures of structural stiffness and load-depen-
dent stiffness without 1imaging of the arteries or measure-
ment of artery dimensions. This ability to extract structural
stiffness and load-dependent stifiness without direct arterial
dimension measurement makes use of the Bramwell-Hill,
equation which describes an incompressible fluid (e.g.
blood) 1n an elastic tube (e.g. an artery), relating the mea-
sured pulse wave velocity (PWV) to arterial dimensions A
and arterial elasticity (dP/dA) as follows:

i 1AdP (1)
-\ p d4

[0029] where
[0030] p represents the density of the blood (1030
kg/m3);
[0031] A 1s the instantaneous artery lumen cross-sec-
tional area;
[0032] P 1s the instantaneous blood pressure; and
[0033] PWYV 1s the pulse wave velocity through the
blood vessel measured as discussed above.
[0034] The controller 16 employs a model of an artery
elasticity as a simple nonlinear exponential function as
follows:

P= Pdey(’;id_l) (2)

[0035] where

[0036] P i1s the instantaneous arterial pressure;

[0037] P, 1s the pressure at diastole;

[0038] v 1s a non-linear stiffness parameter to be deter-
mined;

[0039] A is the instantaneous blood vessel cross-sec-
tional area; and
[0040] A, 1s the blood vessel cross-sectional area at
diastole.
[0041] The model of equation (2) and the Bramwell-Hill

equation (1) may be used to develop a relationship between
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PWYV and stiffness without arterial dimensions as follows:
First, differentiating equation (1) yields:

dP vP, y(i—1) (3)

and substituting the exponential term of equation (1) into (2)
yields:

P
d

Py (4)
d

[0042] Solving (1) for A yields:

,ln(i] (5)
Fd +1‘

’ln( P ) q (6)
dP P,
4 f1|=p

d 4 0% Aq

[0043] Simplifying equation (6) produces the expression:

2l )

[0044] The left side of equation (7) can be substituted into
equation (1) and simplified to yields:

PWV?* | [P) (8)

— ny —
?’ﬁP P,

providing the non-linear stiffness parameter Y without
knowledge of arterial dimensions.

[0045] A structural stiffness may be determined by using
the model of equation (2) with the computed non-linear
stiffness parameter Y value at a predetermined standard
blood pressure P, . for example, 100 mmHg per the fol-
lowing formula.

1 Pros (9)
sy = ol )

[0046] The load-dependent stifiness 1s then calculated as
the difference between total stifiness value PWYV and the
structural stiffness value PWVP, . The structural and load-
dependent stiffness values allow ready comparisons among
individuals. The total stiffness value 1s based on the patient’s
current PWV value and will have some dependency on
blood pressure, but the total stiffness value measurement
does not require a determination of blood pressure.

Aug. 7, 2025

[0047] Referring now to FIG. 2, the additional information
provided by structural stiffness PW VP, _.and load-dependent
stiffness can be seen by modeled elasticity curves 40a and
40/ which distinguish otherwise identical total PWYV values
42a and 42b.

[0048] Values 42¢ and 42d taken at a reference pressure
P, provide structural stiffness values that can be used to
compare structural stiffness among different patients.

[0049] Total stiffness values 42¢ and 42f may also be
obtained being a value of the PWYV at a pressure associated
with a specific patient, for example, the patient’s mean blood
pressure.

[0050] The plot of FIG. 2 may be displayed on a monitor
50 attached to the controller 16 (shown in FIG. 1). More
typically, and referring to FIG. 3, quantitative and graphlcal
representations of total stiffness, load-dependent stifiness,
and structural stiffness may be provided.

[0051] The invention contemplates that the program 24
will also have access to other information about the patient
and empirical studies related to load-dependent stiffness and
structural stiffness so that the graphical representation of
total stiffness, load-dependent stiffness, and structural stifl-
ness can place these values within ranges based on the
particular patient information and also on a comparison of
these values to each other to establish clinical significance.
Standard systolic and diastolic pressures may also be pro-

vided.

[0052] It will be appreciated that other instruments than an
arterial tonometer may be used to measure arterial pulse
wave velocity including, for example, imaging systems such
as ultrasound imaging systems or MRI 1imaging systems.
Such pulse wave velocities may be distinguished from
simple sound speed 1n blood because pulse wave velocities
are alfected by energy transfer between the elastic deforma-
tion of the blood vessel and kinetic energy as opposed to
energy transfers between thermodynamic pressure and
kinetic energy that controls sounds speed 1n the blood.

[0053] Certain terminology 1s used herein for purposes of
reference only, and thus 1s not intended to be limiting. For
example, terms such as upper” “lower”, “above”, and
“below” refer to directions 1n the drawings to which refer-
ence 18 made. Terms such as “front”, “back”, “rear”’, “bot-
tom” and “side”, describe the orientation of portions of the
component within a consistent but arbitrary frame of refer-
ence which 1s made clear by reference to the text and the
assoclated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, derivatives thereof, and words of
similar import. Similarly, the terms “first”, *“second” and
other such numerical terms referring to structures do not
imply a sequence or order unless clearly indicated by the

context.

[0054] When introducing elements or features of the pres-
ent disclosure and the exemplary embodiments, the articles
“a”, “an”, “the” and “said” are intended to mean that there
are one or more ol such elements or features. The terms
“comprising”’, “mncluding” and “having” are intended to be
inclusive and mean that there may be additional elements or
features other than those specifically noted. It 1s further to be
understood that the method steps, processes, and operations
described herein are not to be construed as necessarily
requiring their performance in the particular order discussed

or i1llustrated, unless specifically identified as an order of
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performance. It 1s also to be understood that additional or
alternative steps may be employed.

[0055] References to “a controller” and “a processor” can
be understood to include one or more microprocessors that
can communicate in a stand-alone and/or a distributed
environment(s), and can thus be configured to communicate
via wired or wireless communications with other processors,
where such one or more processor can be configured to
operate on one or more processor-controlled devices that can
be similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network.

[0056] It 1s specifically intended that the present invention
not be limited to the embodiments and illustrations con-
tained herein and the claims should be understood to include
modified forms of those embodiments including portions of
the embodiments and combinations of elements of different
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties.

[0057] To aid the Patent Office and any readers of any
patent 1ssued on this application 1n interpreting the claims
appended hereto, applicants wish to note that they do not

intend any ol the appended claims or claim elements to
invoke 35 U.S.C. 112 (f) unless the words “means for” or
“step for” are explicitly used in the particular claim.

What we claim 1s:
1. An apparatus for determination of load-dependent
arterial stiffening comprising:
a pressure monitor adapted to provide a measure of
arterial blood pressure 1n a human patient;

an arterial pulse wave velocity monitor adapted to provide
a measure of total arterial stiffness; and

an electronic processor communicating with the pressure
monitor and arterial pulse wave velocity monitor and
executing a stored program to:

(a) collect total arterial stiffiness values and arterial blood
pressures;

(b) fit the collected arterial stiffness values and arterial
blood pressures to a nonlinear model of arterial elas-
ficity; and

(c) provide outputs, based on the fit nonlinear model,
indicating a load-dependent stifiness representing a
change 1n elasticity with arterial distention and a struc-
tural stiffness representing an elasticity at a predeter-
mined arterial blood pressure.

2. The apparatus of claam 1 wherein the load-dependent

. e

stiffness 1s determined from a difference between a total

R

stiffness and the structural stiffness.

3. The apparatus of claim 2 wherein the total stiffness 1s
a function of arterial wave velocity at a patient’s current
blood pressure.

4. The apparatus of claim 1 wherein the arterial pulse
wave velocity monitor 1s an arterial tonometer measuring an
acoustic signal at least one arterial position to determine a
velocity of a pressure wave through an artery.

5. The apparatus of claim 4 wherein the arterial tonometer
provides measurement of pulse wave velocity at two posi-
tions of a carotid artery to a femoral artery.
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6. The apparatus of claim 1 wherein the model provides
an arterial blood pressure as an exponential function of
arterial distention.

7. The apparatus of claim 6 wherein the model 1s:

where:
P 1s the instantaneous arterial pressure;

P, 1s the pressure at diastole;
Y 1s a non-linear stiffness;

A 1s the 1nstantaneous blood vessel cross-sectional area;
and

A , 1s the blood vessel cross-sectional area at diastole; and

wherein the model 1s used to determine the structural
stiffness at the predetermined arterial blood pressure.

8. The apparatus of claim 7 wherein the arterial pulse
wave velocity monitor 1s an arterial tonometer measuring a

velocity of a pulse wave through an artery and the structural
stiffness 1s a value dependent on pulse wave velocity (PWV)
at a predetermined arterial blood pressure (P, /).

9. The apparatus of claim 8 wherein the pressure wave
velocity PWVP,_.at a predetermined arterial blood pressure
(P__» 1s determined from the model and the non-linear
stiffness ¥ according to:

1 Pros
PWVPref = EPrEf[}/ + lﬂ( P )]

where:
P 1s the density of the blood; and
P 1s the pressure at diastole.

10. A method for determination of structural and load-
dependent arterial stiffness employing a pressure monitor
adapted to provide a measure of arterial blood pressure 1n a
human patient and an arterial pulse wave velocity monitor
adapted to provide a measure of total arterial stiffness, the
pressure monitor and arterial pulse wave velocity monitor
communicating with an electronic processor operating to:
collect total arterial stiffness values and arterial blood pres-
sures; fit the collected arterial stiffness values and arterial
blood pressures to a nonlinear model of arterial elasticity;
and

(a) operate the processor to measure arterial blood pres-
sure and total arterial stiffness;

(b) operate the processor to fit the collected arterial
stiffness values and arterial blood pressures to the
nonlinear model of arterial elasticity; and

(c) operate the processor to output a load-dependent
stiffness representing a change 1n elasticity with arterial
distention and a structural stiffiness representing an
elasticity at a predetermined arterial blood pressure,
based on the fit nonlinear model.

11. The method of claim 10 wherein the load-dependent
stiffness 1s determined from a difference between a total

stiffness and the structural stiffness.

12. The method of claim 11 wherein the total stifiness
value 1s a function of arterial wave velocity at a patient’s
current blood pressure.
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13. The method of claim 10 wherein the arterial pulse
wave velocity monitor 1s an arterial tonometer measuring a
velocity of a pressure wave through an artery.

14. The method of claim 13 wherein the arterial tonometer
provides measurement of pressure wave velocity from a
carotid artery to a femoral artery.

15. The method of claim 10 wherein the nonlinear model
provides an arterial blood pressure as an exponential func-
tion of arterial distention.

16. The method of claim 15 wherein the nonlinear model
1S:

P = pd;(%_l)

where:

P 1s the instantaneous arterial pressure;

P, 1s the pressure at diastole;

Y 1s the non-linear stiffness;

A 1s the 1nstantaneous blood vessel cross-sectional area;
and

A , 1s the blood vessel cross-sectional area at diastole.
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17. The method of claim 15 wherein structural stifiness 1s
an elasticity at a predetermined standard pressure deter-
mined from the nonlinear model.

18. The method of claim 17 wherein the arterial pulse
wave velocity monitor 1s an arterial tonometer measuring a
velocity of a pulse wave through an artery and the structural
stiffness 1s a value dependent on pulse wave velocity (PWV)
at a predetermined arterial blood pressure (P, ) and the
load-dependent stiffness 1s the difference of.

19. The method of claim 18 wherein the pressure wave
velocity PWVP, . at a predetermined arterial blood pressure

(P,.p) 18 determined from the model and the non-linear
stiffness according to:

where:
P 1s the density of the blood; and
P 1s the pressure at diastole.

* kK * S S
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