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METHOD FOR MEASURING THE LOCAL
STIFFNESS INDEX OF THE WALL OF A
CONDUCTING ARTERY, AND
CORRESPONDING EQUIPMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a national stage application
under 35 U.S.C. 371 of International Patent Application
Serial No. PCT/EP2009/067593, filed Dec. 18, 2009, entitled
“METHOD FOR MEASURING THE LOCAL STIFFNESS
INDEX OF THE WALL OF A CONDUCTING ARTERY
AND CORRESPONDING EQUIPMENT,” which claims
priority from French Patent application Ser. No. 08/07264,
filed Dec. 19, 2008, the disclosures of each are herein incor-
porated by reference in their entirety.

FIELD OF THE INVENTION

[0002] The field of the invention is that of the techniques for
determining the stiffness of the conducting arteries of human
beings or animals. More specifically, the invention relates to
a method and equipment for determining the local stiffness
index of the wall of a conducting artery carrying the blood of
a patient.

BACKGROUND OF THE INVENTION

[0003] Cardiovascular diseases currently remain the pri-
mary cause of death in developed countries. This is related, in
particular, to the fact that a constant increase in the cardio-
vascular risk factors is being observed in the populations
thereof.

[0004] A large number of studies have shown a strong
association between the risk of a cardiovascular accident and
alterations in the vascular parietal structures and/or functions.
Stiffening of the vascular tree is physiologically linked with
age and accelerates with the development of artheromatous
disease promoted by risk factors in the ranks of which are
included diabetes, hypertension, tobacco consumption,
hypercholesterolemia, heredity, sedentariness . . . .

[0005] Arteriosclerosis remains asymptomatic for a long
time over the first decades of life, being later revealed by a
symptom or an acute and sometimes fatal event.

[0006] In order to reduce the harmful effects of degenera-
tive diseases of the vascular system, and in particular arterio-
sclerosis, it is therefore necessary to improve the screening
thereof] so as to prevent the appearance of same, or at least
anticipate or stop the development thereof by early patient
management.

[0007] Sclerosis of the artery wall is most often accompa-
nied by an increase in the stiffness of the artery wall.

[0008] To date, various techniques can be implemented for
the purpose of determining the stiffness of a conducting
artery.

[0009] A regional stiffness index of the aortic artery wall
can be obtained by measuring the conduction speed of the
pulse wave (in metres per second) by tonometry at two points
(carotid and femoral). This non-traumatic technique is cur-
rently considered to be the reference. However, the routine
use of same still remains tedious and delicate, and the results
obtained depend in large part on the expertise of the operator
and the morphology of the patient. In addition, this technique
only enables the aorta to be analysed, the main elastic artery
of the body, and enables only a regional index and not a local
index of the stiffness of the artery to be obtained.
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[0010] A regional stiffness index is an index representative
of'the stiffness of an entire artery. In contrast, a local stiffness
index is an index representative of the stiffness of a portion (or
a segment) of an artery.

[0011] Ultrasound techniques (e.g., such as ultrasonogra-
phy) likewise enable vascular compliance (elasticity) to be
assessed. Proper implementation of these techniques
depends, however, on the expertise of the operator, and
remains entirely manual. Furthermore, although they offer
useful morphological information (viewing of the artery and
the walls thereof), they cannot be proposed as part of the
routine screening and diagnosis of cardiovascular diseases,
due to the cost thereof and the length of each examination.
[0012] Another technique consists in studying the mor-
phology of the arterial pressure signal reflecting waves
recorded on the finger, so as to determine the stiffness of the
arteries. This technique only enables a regional stiffness
index of the arterial tree to be obtained and not a local stiffness
index of an artery.

[0013] Japanese patent application JP2003169779
describes another technique which consists in measuring the
velocity of propagation of an impedance wave carried in an
artery, so as to estimate the conduction speed of the pulse
wave, and to deduce therefrom a local stiffness index of the
aortic wall. This technique has the disadvantage, in particular,
of requiring consecutive recording of the impedance signal at
two separate anatomical sites, so as to determine the local
stiffness index of an artery wall.

SUMMARY OF THE INVENTION

[0014] For the most part, therefore, these techniques of the
prior art have the following disadvantages:

[0015] they are relatively difficult to implement and

require a certain level of expertise;

[0016] they are costly to implement.
[0017] Inaddition, it is known that stiffening of the wall of
an artery can result from various characteristics.
[0018] Stiffening of the wall of an artery can, in particular,
result from a so-called resistive characteristic which is the
result of an increase in intramural pressure related to with an
increase in peripheral resistance. Peripheral resistance is
defined as the ratio between the differential pressure (i.e., the
systolic pressure from which the diastolic pressure is sub-
tracted) and the arterial flow rate. Peripheral resistance
opposes the blood flow in the artery in the systolic phase,
which results in an increase in the differential pressure inside
the artery. The increase in pressure tends to cause the artery to
dilate. In the case where an artery is dilated to the maximum,
i.e., the radius thereof can no longer be increased, the artery
appears to be stiff. The resistive component is representative
of'this effect.

[0019] Stiffening of the wall of an artery can also result
from a decrease in the so-called capacitive characteristic
thereof, which results from the capacity of an artery to store
mechanical energy, due to the deformation of the artery dur-
ing the systolic phase, and to restore same during the diastolic
phase.

[0020] However, the techniques of the prior art lead only to
the obtainment of an index representative of the regional or
local stiffness of an artery, without providing any information
about the characteristics involved in said stiffening or about
the significance thereof.



US 2012/0184824 Al

[0021] The aim of the invention, in particular, is to over-
come said disadvantages of the prior art.

[0022] More specifically, one aim of the invention is to
provide a technique for determining the local stiffness of a
conducting artery carrying the blood of a patient.

[0023] The invention aims, in particular, to provide such a
technique which enables the influence of at least some char-
acteristics involved in the stiffening of an artery to be known.
[0024] The invention likewise aims to provide such a tech-
nique which is reliable and accurate.

[0025] Another aim of the invention is to produce such a
technique which is simple to implement.

[0026] Another aim of the invention is to carry out the
measurement on a single anatomical site.

[0027] The invention also as the aim of providing such a
technique which is relatively inexpensive to implement.

BRIEF DESCRIPTION OF THE FIGURES

[0028] Other characteristics and advantages of the inven-
tion will become more apparent upon reading the following
description of a preferred embodiment, which is given for
purely illustrative and non-limiting purposes, and from the
appending drawings, in which:

[0029] FIG. 1 is a schematic representation of equipment
for implementing a method according to the invention,
wherein the electrodes are positioned so as to determine the
stiffness of the walls of the aorta;

[0030] FIG. 2 shows a positioning of the electrodes for
determining the stiffness of the femoral artery;

[0031] FIG. 3a is a curve showing the electrocardiogram
(ECG) of a patient;

[0032] FIG. 3b1is a curve showing the inverse of the imped-
ance variation in a volume (V) of blood flowing in a portion of
an artery placed between the emitting and receiving elec-
trodes of equipment according to the invention;

[0033] FIG. 3¢ is a curve showing the derivative of the
curve shown in FIG. 35; and

[0034] FIG. 4 shows a flowchart of a method according to
the invention.

DETAILED DESCRIPTION

[0035] These aims, as well as others which will become
apparent hereinafter, are achieved by means of a method for
measuring the local stiffness index (Ira) of the wall of a
conducting artery carrying the blood of a patient.
[0036] According to the invention, such a method includes
at least:
[0037] a step of measuring, at a single measurement
point, the electric impedance variation (AZ) of a volume
(V) of the blood flowing in a segment of said artery;
[0038] a step of determining a first intermediate index
(RP %, RP) representative of a resistive characteristic
involved in the stiffening of said wall, and a second
intermediate index (PCPA %, ID) representative of a
capacitive characteristic involved in the stiffening of
said wall, the first (RP %, RP) and second (PCPA %, ID)
intermediate indices being obtained from the measure of
the electric impedance variation (AZ);
[0039] a step of determining said local stiffness index
(Ira) based on said first (RP %, RP) and second (PCPA
%, ID) intermediate indices.
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[0040] The invention is thus based on a completely novel
and inventive approach which consists in determining at least
two intermediate indices each representative of a resistive
characteristic and a capacitive characteristic involved in the
stiffening of an artery, and in then determining a global index
of the local stiffness of an artery wall based on the predeter-
mined intermediate indices.

[0041] The inventors discovered that the stiffening of an
artery wall can, in particular, result from a so-called resistive
characteristic and a so-called capacitive characteristic. Defin-
ing the local stiffness of an artery wall therefore assumes an
assessment of the resistive and capacitive characteristics
involved in the overall stiffening of the wall of an artery.
Knowing each of these resistive and capacitive characteristics
enables a local stiffness index of an artery wall to be deter-
mined, which is particularly accurate and representative of
reality.

[0042] The resistive characteristic expresses an increase in
the ratio between the intramural pressure and the arterial flow
rate. For example, this can be a matter of peripheral or local
resistance.

[0043] The capacitive characteristic results in the capacity
of'anartery to store mechanical energy due to the deformation
of the artery in the systolic phase and to restore it in the
diastolic phase. It is therefore related to the elasticity of the
artery. For example, this can be a matter of the distensibility
of'the artery.

[0044] Implementation of the invention thus enables:

[0045] a global index to be obtained, which enables the
local stiffness of an artery wall to be known accurately
and realistically, the recognition of which makes it pos-
sible to know if] at one point, the artery is rather stiff or
rather flexible, and

[0046] two intermediate indices to be obtained, the rec-
ognition of which makes it possible to know the respec-
tive significance of a resistive characteristic and a
capacitive characteristic of the artery involved in the
local stiffness thereof.

[0047] Implementation of the invention therefore enables
the person responsible for analysing the results obtained to
have a more accurate picture of the stiffness of a segment of an
artery, and in particular to know the significance of the vari-
ous characteristics which are at the source thereof. This
knowledge can subsequently enable a patient to be treated
more effectively, e.g., by administering thereto a treatment
which is targeted at each of the characteristics involved in the
stiffening of the arteries of same.

[0048] Furthermore, implementation of the invention only
requires measurement of a impedance variation in a volume
of blood flowing in a segment of an artery, and does not
require, as is the case according to the prior art, consecutively
carrying out two measurements of the impedance variation at
two separate anatomical sites. The present invention is there-
fore relatively simple to implement.

[0049] According to a first advantageous embodiment, said
first intermediate index (RP %) is an index representative of
the peripheral resistance downstream from said segment dur-
ing a systolic phase of a heartbeat, and said second interme-
diate index (PCPA %) is an index representative of the capac-
ity of said artery to store mechanical energy due to the
deformation of said artery during said systolic phase of said
heartbeat, and to restore same during the diastolic phase of
said heartbeat.
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[0050] Implementation of the invention therefore enables
indices to be obtained which are representative of the so-
called resistive and so-called capacitive characteristics
involved in the stiffening of the artery, and about the signifi-
cance thereof in said stiffening.

[0051] Said step of determining said local stiffness index
(Ira) preferably includes a calculation step according to the
formula:

Ira=(1-|PCPA %])-RP %-+(1-RP %)-|PCPA %l

[0052] This formula enables an index to be efficiently and
accurately determined from the two intermediate indices,
which is representative of the local stiffness of the wall of an
artery segment.

[0053] A method according to the invention advanta-
geously includes a step of calculating said intermediate index
(PCPA %) according to the formula:

J-1
PCPAg = 57— -100

ith 1 f2d(l]d adJ fls
witl = — — 1 and =
y 1dINAZ n

[0054] t, representing the appearance time of the base of the
derivative of the impedance variation

iz
di\AZ

(75)
di AZ

from the start of said systolic phase,

[0055] t,representing the appearance time of the maximum
of the derivative of the impedance variation

(75)
dtAZ

from the start of said systolic phase,

[0056] t, representing the appearance time of the intersec-
tion of the derivative of the impedance variation

d 1
(7%)

and a straight line parallel to the x-axis passing through the
point of the curve

(d 1
57)

at time t,.

[0057] This formula enables an index to be efficiently and
accurately determined, from the measurement of impedance
variation, which is representative of the capacitive character-
istic of the artery.
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[0058] According to another advantageous characteristic, a
method according to the invention includes a step of calcu-
lating said first intermediate index (RP %) according to the
formula:

K-1
RPg = — 100
K

[0059] K being a constant dependent on means imple-
mented to carry out said step of measuring the electric imped-
ance variation (AZ).

[0060] This formula enables an index to be efficiently and
accurately determined from the measurement of impedance
variation, which is representative of the resistive characteris-
tic of the artery.

[0061] According to a second advantageous embodiment,
said first intermediate index is an index (RP) which is repre-
sentative of the local resistance of said segment during a
systolic phase of a heartbeat, and said second intermediate
index is an index (ID) which is representative of the disten-
sibility of said artery during a systolic phase of a heartbeat.

[0062] Implementation of the invention therefore enables
indices to be obtained which are representative of the so-
called resistive and so-called capacitive characteristics
involved in the stiffening of the artery, and about the signifi-
cant thereof in said stiffening.

[0063] In this case, a method according to the invention
preferably includes a step of measuring the arterial pressure
in the systolic phase (PAS), the arterial pressure in the dias-
tolic phase (PAD), and calculating the average arterial pres-
sure (PAM). Said step of determining said local stiffening
index (Ira) advantageously includes a step of calculating
according to the formula:

_ PAS-PAD RP-ID

Ira C—
PAM RP+1ID

[0064] This formula enables an index to be efficiently and
accurately determined from the two intermediate indices,
which is representative of the local stiffness of the wall of an
artery segment.

[0065] A method according to the invention preferably
includes a step of calculating said first intermediate index
(RP) according to the formula:

PAM

(I+J)

i = [P L) aranas= [°
wi _fl %(A—Z)‘tan _L

[0066] t, representing the appearance time of the base of the
derivative of the impedance variation

d(1 d
E(E]’ b

(75)
di AZ
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from the start of said systolic phase,

[0067] t,representing the appearance time of the maximum
of the derivative of the impedance variation

(75
dtAZ

from the start of said systolic phase,

[0068] t, representing the appearance time of the intersec-
tion of the derivative of the impedance variation

(73]
dit AZ

and a straight line parallel to the x-axis passing through the
point of the curve

(752)
dit AZ

attime t,.

[0069] This formula enables an index to be efficiently and
accurately determined, from the measurement of impedance
variation, which is representative of the resistive characteris-
tic of the artery.

[0070] A method according to the invention preferably
includes a step of calculating said second intermediate index
(ID) according to the formula:

100[2(J =D —(J + D]

ID = PAM
J+12

[0071] This formula enables an index to be efficiently and
accurately determined, from the measurement of the imped-
ance variation, which is representative of the capacitive char-
acteristic of the artery.

[0072] According to a particular embodiment, a method
according to the invention includes a step of acquiring an
electrocardiogram (ECG) signal from said patient, and a step
of synchronising said electrocardiogram ECG signal and said
impedance variation (AZ).

[0073] Inthis way, the indices (Ira), (RP %, RP) and (PCPA
%, ID) can be calculated for each heartbeat.

[0074] A method according to the invention preferably
includes a plurality of:

[0075] steps of determining said first (RP %, RP) and
said second (PCPA %, ID) intermediate indices;

[0076] steps of determining said local stiffness index
(Ira) based on said first (RP %, RP) and said second
(PCPA %, ID) intermediate indices,

[0077] said determination steps being carried out during
consecutive heartbeats (R), said method also including a step
of calculating the average of each of said indices (Ira), (RP
%), (RP), (PCPA %), (ID) during said heartbeats (R).

[0078] This particular embodiment enables the accuracy of
the results obtained to be improved.
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[0079] A method according to the invention advanta-
geously includes a plurality of steps of measuring, at a single
measurement point, the electric impedance variation (AZ) of
a volume (V) of blood flowing in a segment of said artery,
each of said measurements being carried out on different
heartbeats (R), said method also including a step of determin-
ing the average impedance variation on said heartbeats and a
step of determining said first (RP %, RP) and said second
(PCPA %, ID) based on said average.
[0080] This embodiment likewise enables the accuracy of
the results obtained to be improved.
[0081] According to a preferred characteristic, a method
according to the invention includes a step of displaying said
local stiffness index (Ira) of the wall of a conducting artery,
and a step of displaying said first (RP %, RP) and said second
(PCPA %, ID) intermediate indices.
[0082] The measurement results can thus be used directly
by amedical practitioner so as to assist same in diagnosing the
clinical state of a patient, e.g., with a view to administering a
suitable treatment thereto.
[0083] The invention likewise relates to equipment for
implementing the method for determining the local stiffness
index (Ira) of the wall of a blood-carrying conducting artery
of a patient.
[0084] According to the invention, such equipment
includes:
[0085] means for measuring, at a single measurement
point, the electric impedance variation (AZ) of a volume
(V) of the blood flowing in a segment of said artery;
[0086] means for determining a first intermediate index
(RP %, RP) representative of a resistive characteristic
involved in the stiffening of said wall, and a second
intermediate index (PCPA %, ID) representative of a
capacitive characteristic involved in the stiffening of
said wall;
[0087] means for determining said local stiffness index
(Ira) based on said first (RP %, RP) and second (PCPA
%, ID) intermediate indices.
[0088] According to a first advantageous embodiment, said
means for determining said first intermediate index (RP %)
include means for determining an index representative of the
peripheral resistance downstream from said segment during a
systolic phase of a heartbeat, and said means for determining
said second intermediate index (PCPA %) include means for
determining an index representative of the capacity of said
artery to store mechanical energy due to the deformation of
said artery during said systolic phase of said heartbeat and to
restore same during the diastolic phase of said heartbeat.
[0089] In this case, equipment according to the invention
preferably includes means for calculating said local stifftness
index (Ira) according to the following formula:

Ira=(1-1PCPA %|):RP %+(1-RP %):|PCPA %]

[0090] According to another advantageous characteristic,
said means for calculating said second intermediate index
(PCPA %) include means for calculating according to the
formula:

PCPAG = 2= 100
* =7+

i = [P L) aranas= [°

d( 1 d
E(E]’ b
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[0091] t, representing the appearance time of the base of the
derivative of the impedance variation

(75)
dtAZ

from the start of said systolic phase,

[0092] t,representing the appearance time of the maximum
of the derivative of the impedance variation

(757)
di AZ

from the start of said systolic phase,

[0093] t, representing the appearance time of the intersec-
tion of the derivative of the impedance variation

d 1
(#=2)

and a straight line parallel to the x-axis passing through the
point of the curve

d 1
(%)

attime't,.

[0094] Said means for calculating said first intermediate
index (RP %) preferably include means for calculating
according to the formula:

K-1
RPg¢ = —— -100
K

[0095] K being a constant dependent on means imple-
mented to carry out said step of measuring the electric imped-
ance variation (AZ).

[0096] According to a second advantageous embodiment,
said means for determining said first intermediate index (RP)
include means for determining an index which is representa-
tive of the local resistance of said segment during a systolic
phase of a heartbeat, and said means for determining said
second intermediate index includes means for determining an
index (ID) which is representative of the distensibility of said
artery during a systolic phase of a heartbeat.

[0097] In this case, equipment according to the invention
preferably includes means for calculating said local stiffness
index (Ira) according to the formula:

_ PAS-PAD RP-ID

Ira —
PAM RP+1ID
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[0098] Said means for calculating said first intermediate
index (RP) preferably include means for calculating accord-
ing to the formula:

PAM

I+J)
. 21 d (1 B1d( 1
w1th1_]r: ‘%(A_Z)‘d[ andJ_fr2 %(E]‘m,

[0099] t, representing the appearance time of the base of the
derivative of the impedance variation

(75)
di AZ

from the start of said systolic phase,
[0100] t,representing the appearance time of the maximum
of the derivative of the impedance variation

(75)
dit AZ

from the start of said systolic phase,
[0101] t, representing the appearance time of the intersec-
tion of the derivative of the impedance variation

d 1
(@)

and a straight line parallel to the x-axis passing through the
point of the curve

(75)
dit AZ

attime t,.

[0102] Said means for calculating said second intermediate
index (ID) preferably include means for calculating accord-
ing to the formula:

10020 = )= (J + D)]

ID = PAM
(J+D?

[0103] Equipment according to the invention advanta-
geously includes means for acquiring an electrocardiogram
(ECQG) signal from said patient, means for detecting each of
the heartbeats (R) appearing on said electrocardiogram
(ECG), means for activating said means for determining said
indices subsequent to the detection of at least one heartbeat
R).

[0104] According to the invention, each index can be deter-
mined for one heartbeat. Alternatively, each of the indices can
be determined for consecutive heartbeats, the value of the
final index obtained corresponding to the average of the val-
ues of the consecutively determined indices. This enables the
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accuracy of the results obtained to be improved. According to
yet another alternative, the impedance variation can be mea-
sured consecutively on consecutive heartbeats. A curve cor-
responding to the average of the impedance variation on the
various heartbeats can then be obtained. The various indices
can then be determined from this average curve. This embodi-
ment likewise enables the accuracy of the results to be
improved.

1. General Principle of the Invention

[0105] The general principle of the invention is based on
the fact of determining two intermediate indices which are
representative of a resistive characteristic and a capacitive
characteristic, respectively, involved in the stiffening of an
artery, and in then determining the local stiffness index of an
artery wall based on the two predetermined intermediate indi-
ces.

[0106] The inventors discovered that the stiffening of an
artery wall can in particular result from a so-called resistive
characteristic, which is related to local or peripheral resis-
tance of the artery, and a so-called capacitive characteristic,
which is related to the elasticity of the artery. The knowledge
of each of these resistive and capacitive characteristics of an
artery enables a local stiffness index for said artery to be
determined, which is particularly accurate and representative
of reality.

[0107] Implementation of the invention therefore enables a
global index to be obtained, on the one hand, which enables
the level of local stiffness of an artery wall to be known, the
recognition of which makes it possible to know if, along a
segment, the artery is rather stiff or rather flexible, and two
intermediate indices to be obtained, the recognition of which
makes it possible to know the respective significance of a
resistive characteristic and a capacitive characteristic of the
artery involved in the local stiffness thereof.

[0108] Taking account of the results thus obtained makes it
possible to have a more accurate picture of the stiffness of an
artery and, in particular, to know the significance of the vari-
ous characteristics which are at the source thereof, and to treat
a patient more effectively, e.g., by administering thereto a
treatment which is targeted at each of the characteristics
involved in the stiffening of the arteries of same.

[0109] Furthermore, said two intermediate indices are
obtained from the measurement, at a single point, of the
electric impedance variation of a volume of blood flowing in
a segment of the artery the stiffness of which one wishes to
determine. Implementation of the invention is thus facilitated.

2. Example of a First Embodiment of Equipment for
Implementing a Method According to the Invention

[0110] An embodiment of equipment for implementing a
method according to the invention is introduced in connection
with FIG. 1.

[0111] As shown in FIG. 1, such equipment includes two
pairs of electrodes 2, 3 and 2', 3'. Each of these pairs of
electrodes includes an emitting electrode 2 or 2' and a receiv-
ing electrode 3 or 3'. These pairs of electrodes are intended to
be positioned on a patient such that they define a space inside
ofwhich an artery is located, the stiffness of which one wishes
to determine, said electrodes defining an axis which is parallel
to the major axis of said artery.
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[0112] Such equipment likewise includes two other elec-
trodes 5 intended to enable acquisition of the electrocardio-
gram signal of the patient.

[0113] Electrodes 2, 3, 2', 3' are connected to an inducto-
meter 1 like those conventionally found on the market.
[0114] Such an inductometer includes synchronisation
means 4 enabling an impedance signal measured in a volume
(V) of blood flowing inside the portion (or segment) of the
artery situated between the pairs of electrodes to be synchro-
nised with the electrocardiogram signal.

[0115] This equipment further includes calculating means
6, e.g., a computer, which are connected to the inductometer
1 with a view to processing the signals output by same, and to
calculate an index (Ira) representative of the local stiffness of
the wall of the artery being studied, as will be described
below.
[0116]

obtained.

It further includes means of displaying 7 the results

3. Example of a First Embodiment of a Method
According to the Invention

[0117] A method for measuring the local stiffness index Ira
of the wall of a conducting artery carrying the blood of a
patient will now be described, in particular with reference to
FIG. 4.

[0118] Such a method consists in positioning two pairs of
emitting electrodes and receiving electrodes 2, 3 and 2', 3' on
a patient such that same form an axis which is parallel to the
axis of the artery the stiffness of which one wishes to deter-
mine and such that same define a space inside of which said
artery is situated.

[0119] FIG. 1 indicates the location of the electrodes 2, 3,
2', 3' on the thorax, in order to study the aorta. Electrodes 2'
and 3' are positioned at the base of the neck, on the same side,
one above the other, without overlapping, and electrodes 2
and 3 are positioned below the sternum, one above the other,
without overlapping.

[0120] FIG. 2 shows an exemplary location of these elec-
trodes on the thigh in order to study the femoral artery. The
positioning of these electrodes may of course be modified so
as to cover other anatomical areas likely to contain a conduct-
ing artery the stiffness of which one wishes to study.

[0121] In addition, the present invention can be imple-
mented in both humans and animals, provided that the signal
acquired is representative of the blood flow in the conducting
artery studied.

[0122] Electrocardiogram electrodes 5 are likewise put in
place, e.g., on the thorax of the patient.

[0123] The electrodes 2, 3, 2', 3' and 5 are all connected to
an inductometer 1 which enables:

[0124] anelectric current of low intensity (of the order of
3 mA) and adjustable high frequency (of the order of 75
kHz) to be injected through the volume (V) of blood
flowing in an artery segment positioned between the
emitting electrodes 2, 2' and the receiving electrodes 3,
3"

[0125] measurement 41 of the impedance variation (AZ)
in said volume of blood and acquisition of a signal
representing the inverse of the impedance variation (AZ)
(FIG. 3b);

[0126] acquisition of an electrocardiogram (ECG) signal
of the patient (FIG. 3a).



US 2012/0184824 Al

[0127] It is noted that the use of the inductometer 1 is not
accompanied by any unpleasant constraint for the patient (no
compression, no limitation of movements) and does not have
any use-related risk since the technique is non-invasive.

[0128] The signals output by the inductometer 1 are trans-
mitted to calculating means, such as the computer 6, with a
view to:

[0129] determining 42 a first intermediate index (RP %)
and a second intermediate index (PCPA %) representa-
tive of a resistive characteristic and a capacitive charac-
teristic, respectively, which are involved in the stiffening
of the segment of the artery studied,

[0130] determining 43 an index (Ira) representative of
the local stiffness of the wall of the artery, based on said
first (RP %) and second (PCPA %) intermediate indices.

[0131] In this embodiment, based on the signals output by
the inductometer 1, the computer 6 enables:

[0132] the first intermediate index (RP %) to be deter-
mined 421, which is representative of the peripheral
resistance downstream from the arterial segment during
a systolic phase of a heartbeat;

[0133] the second intermediate index (PCPA %) to be
determined 422, which is representative of the capacity
of the artery to store mechanical energy due to the defor-
mation of the artery during the systolic phase of the
heartbeat, and to restore same during the diastolic phase
of the heartbeat.

[0134] Specifically, the computer 6 processes three signals
with a view to determining the indices (Ira), (RP %) and
(PCPA %):

[0135] theelectrocardiogram (ECG) signal of the patient
(FIG. 3a);
[0136] the signal representing the inverse of the imped-

ance variation in the volume (V) of blood flowing in the
portion of artery situated between the pairs of electrodes
(FIG. 3b);

[0137] the signal representing the derivative of the
inverse of the impedance variation (FIG. 3¢).

[0138] The calculating means 6 determine the intermediate
index (PCPA %) according to the formula:

PCPS: —J ! 100
“ =T

[0139] and with:

[0140] t, representing the appearance time of the base of the
derivative of the impedance variation

(7z)
dit AZ
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from the start of said systolic phase,
[0141] t,representing the appearance time of the maximum
of the derivative of the impedance variation

d 1
(@)

from the start of said systolic phase,
[0142] t, representing the appearance time of the intersec-
tion of the derivative of the impedance variation

(75)
di AZ

and a straight line parallel to the x-axis passing through the
point of the curve

(75
dt AZ

at time t,.
[0143] The calculating means 6 determine the intermediate
index (RP %) according to the formula:

K-1
RPe, :T-lOO

[0144] K being a constant dependent on means imple-
mented to measure the electric impedance variation AZ.
[0145] The constant K is obtained by carrying out a plural-
ity of stiffness measurements of the wall of an artery in
various patients:
[0146] by implementing a technique of the prior art taken
as a reference, and
[0147] by implementing the technique according to the
invention.
[0148] The value of constant K is then adjusted such that
the technique according to the invention results in the obtain-
ment of stiffness values which are equivalent to the values
obtained according to the prior art. For example, said constant
K may be equal to 5,000.
[0149] The calculating means 6 finally determine the index
(Ira) based on the previously calculated intermediate indices
(PCPA %) and (RP %), according to the formula:

Ira=(1-1PCPA %

[0150] The values of indices (Ira), (PCPA %) and (RP %)
can then be displayed 44 on the display means 7, with a view
to being analysable.

[0151] In an alternative, said display means 7 may be inte-
grated into a virtual platform and the values may be transmit-
ted remotely by the calculating means, or directly by the
inductometer, so that the results can be analysed at a location
remote from the one in which the measurements are carried
out.

[0152] The parameters (Ira), (PCPA %) and (RP %) are
calculated for a heartbeat. The inductometer 1 therefore
includes synchronisation means 4 enabling synchronisation
of the electrocardiogram (ECG) signal and the impedance
signal measured in the volume (V) of blood flowing inside the
portion of the artery situated between the pairs of electrodes.

)RP %+(1-RP %)-\PCPA %!
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[0153] The inductometer 1 or the calculating means 6 like-
wise include means which, by analysing the electrocardio-
gram signal, enable the occurrence of a heartbeat (R) to be
detected and activation of the calculating means 6 to therefore
be triggered, with a view to obtaining the value of the indices
(Ira), (PCPA %) and (RP %).

[0154] In an alternative of this embodiment, the indices
(Ira), (PCPA %) and (RP %) can correspond to the average of
the curves produced for consecutive heartbeats (R). This can
enable the accuracy of the results to be improved.

[0155] Itwas observed that theindex (Ira) calculated for the
aorta was strongly correlated with the velocity of propagation
ofthe pulse wave measured by so-called reference tonometric
techniques.

[0156] Implementation ofthe present invention enables not
only the local stiffness index (Ira) of the wall of an artery
segment to be provided but also two other intermediate indi-
ces (RP %) and (PCPA %) capable of assisting in diagnosis,
for the purpose of specifying the characteristics responsible
for stiffening of the arterial wall, and in a manner which is
non-invasive, simple, fast and direct, without any operator
handling procedure, and applicable to all of the conducting
arteries.

[0157] The local stiffness index of the aortic wall is pro-
vided by the index (Ira), and the relative significance of the
resistive component and the capacitive component respon-
sible for the arterial stiffness can be quantified and assessed
by a person skilled in the art, by interpreting the intermediate
indices (RP %) and (PCPA %).

[0158] It was thus observed experimentally that the values
of the intermediate indices (RP %) and (PCPA %) may be
indexed into various classes illustrating the state of the arter-
ies, and mentioned herein for purely illustrative purposes:

[0159] (RP %) lower than 50% and (PCPA %) higher
than 5% indicate low peripheral resistance and high
aortic elasticity;

[0160] (RP %) lower than 50% and (PCPA %) lower than
-5% indicate low peripheral resistance and low aortic
elasticity;

[0161] (RP %) higher than 50% and (PCPA %) lower
than -5% indicate high peripheral resistance and low
aortic elasticity;

[0162] (RP %) higher than 50% and (PCPA %) higher
than 5% indicate high peripheral resistance and high
aortic elasticity.

[0163] Taking account of the results thus obtained makes it
possible to have a more accurate picture of the overall stiff-
ness of a segment of an artery and to know the significance of
the various characteristics which are at the source thereof. A
patient can then be treated more effectively by administering
thereto a treatment which is targeted at each of the character-
istics involved in the stiffening of the arteries of same.
[0164] Implementation of the technique according to the
invention enables the stiffness of any conducting artery to be
determined at any given moment. It can likewise make it
possible to follow the development thereof by consecutive
measurements. It can likewise make it possible to evaluate the
effect, e.g., of administering a drug treatment, performing
internal or external physical treatment or any other operation
on the stiffness of a patient’s artery.

[0165] The invention can likewise be implemented as a
“screening” type test for developing new molecules likely to
become drugs.

[0166] It can be implemented in both humans and animals.
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4. Example of a Second Embodiment of Equipment
for Implementing a Method According to the
Invention

[0167] Equipment according to a second embodiment is
differentiated from that of the first embodiment in that it
further includes means of measuring the arterial pressure in
the systolic phase PAS, means of measuring the arterial pres-
sure in the diastolic phase PAD and means of calculating the
average arterial pressure PAM.

[0168] The means of determining the indices, which
include the computer 6, are programmed to execute different
calculation formulas, as will be explained in greater detail
hereinbelow.

5. Example of a Second Embodiment of a Method
According to the Invention

[0169] This second embodiment differs from the first
embodiment in that it includes a step of measuring the arterial
pressure in the systolic phase PAS, a step of measuring the
arterial pressure in the diastolic phase PAD and a step of
calculating the average arterial pressure PAM.

[0170] Itlikewise differs in that, based on the signals output
by the inductometer 1, the computer 6 enables:

[0171] a first intermediate index (RP) to be determined
421, which is representative of the local resistance of the
arterial segment during a systolic phase of a heartbeat;

[0172] a second intermediate index (ID) to be deter-
mined 422, which is representative of the distensibility
of the artery.

[0173] Specifically, the computer 6 process three signals
with a view to determining the indices (Ira), (RP) and (ID):

[0174] the electrocardiogram (ECG) signal of the patient
(FIG. 3a);
[0175] the signal representing the inverse of the imped-

ance variation in the volume (V) of blood flowing in the

portion of artery situated between the pairs of electrodes

(FIG. 3b);

[0176] the signal representing the derivative of the

inverse of the impedance variation (FIG. 3¢).
[0177] The impedance variation or the derivative of the
inverse of the impedance variation of the blood flowing in the
segment of an artery can be compared to the measurement of
the kinetic energy flowing inside the conducting artery stud-
ied.
[0178] During the start of the systolic phase, the blood
flowing in the segment has a first kinetic energy EC 1 and the
artery stores mechanical energy EM1. During the end of the
systolic phase, the blood flowing in the segment has a second
kinetic energy EC2 and the artery stores mechanical energy
EM2. During the diastolic phase, the artery restores a total
mechanical energy equal to the sum of the mechanical ener-
gies EM1 and EM2.

[0179] The first intermediate index (RP) is written:
_ PAM
kP = (EC1 +EC2)
[0180] The firstkinetic energy EC1is equalto I. The second

kinetic energy EC2 is equal to J. Therefore, it is deduced
therefrom that:

PAM

a+J)
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[0181] The calculating means 6 determine the first interme-
diate index (RP), according to the formula:

_ PAM

Td+0n

with

- [l
B —_ — 1 ant =
" di\AZ "

[0182] t, representing the appearance time of the base of the
derivative of the impedance variation

(d 1
w7)

from the start of said systolic phase,
[0183] t,representing the appearance time of the maximum
of the derivative of the impedance variation

)
di\AZ )|~

d 1
(#=)

from the start of said systolic phase,
[0184] t, representing the appearance time of the intersec-
tion of the derivative of the impedance variation

d I]
(32

and a straight line parallel to the x-axis passing through the
point of the curve

(d 1
EA_Z)

attime t;.
[0185] The second intermediate index (ID) is written:

B PAM — PAM 100[2(J =)= (J + 1]
T (EM1+EM2) ~ J+1)7?

1D

[0186] The calculating means 6 determine the second inter-
mediate index (ID) according to the formula:

100[2(J =D = (J + D)

ID = PAM
(J+1)?

[0187] The calculating means 6 finally determine the index
(Ira) based on the first (RP) and second (ID) previously cal-
culated intermediate indices, according to the formula:

PAS—-PAD RP-ID

Ira=—pi ®P+iD
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[0188] The local stiffness index of the aortic wall is pro-
vided by the index (Ira), and the relative significance of the
resistive component and the capacitive component respon-
sible for the arterial stiffness may be quantified and assessed
by a person skilled in the art, by interpreting the intermediate
indices (RP) and (PCPA).
[0189] It was thus observed experimentally that the values
of'the intermediate indices (RP) and (ID) may be indexed into
various classes illustrating the state of the arteries, and men-
tioned herein for purely illustrative purposes:
[0190] (RP)lowerthan 5 and (ID)higher than 20 indicate
low local resistance and high aortic distensibility;
[0191] (RP)lower than 5 and (ID) lower than 5 indicate
low local resistance and low aortic distensibility;
[0192] (RP)higherthan20and (ID)lower than 5 indicate
high local resistance and low aortic distensibility;
[0193] (RP) higher than 20 and (ID) higher than 20 indi-
cate high local resistance and high aortic distensibility.

1. A method for measuring the local stiffness index (Ira) of
the wall of a conducting artery carrying the blood of a patient,
wherein said method includes at least:

a step of measuring, at a single measurement point, the
electric impedance variation (AZ) of a volume (V) of the
blood flowing in a segment of said artery;

a step of determining a first intermediate index (RP %, RP)
representative of a resistive characteristic involved in the
stiffening of said wall, and a second intermediate index
(PCPA %, ID) representative of a capacitive character-
istic involved in the stiffening of said wall, the first (RP
%, RP) and second (PCPA %, 1D) intermediate indices
being obtained from the measure of the electric imped-
ance variation (AZ); and

a step of determining said local stiffness index (Ira) based
on said first (RP %, RP) and second (PCPA %, ID)
intermediate indices.

2. The method according to claim 1, wherein said first (RP
%) is an index representative of the peripheral resistance
downstream from said segment during a systolic phase of a
heartbeat, and said second intermediate index (PCPA %) is an
index representative of the capacity of said artery to store
mechanical energy due to the deformation of said artery dur-
ing said systolic phase of said heartbeat, and to restore same
during the diastolic phase of said heartbeat.

3. The method according to claim 2, wherein said step of
determining said local stiffness index (Ira) includes a step of
calculating according to the formula:

Ira=(1-1PCP4 %

):RP %+(1-RP %)-|1PCPA %]

4. The method according to claim 3, wherein it includes a
step of calculating said second intermediate index (PCPA %)
according to the formula:

PCPAG = 2= 100
* =T+

wi= [Pl [0
Wil = —|— 7 an =
" di\AZ i

d(l d
5z e
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t, representing the appearance time of the base of the
derivative of the impedance variation

(d 1
dzAZ]

from the start of said systolic phase,

t, representing the appearance time of the maximum of the
derivative of the impedance variation

(75
diAZ

from the start of said systolic phase, and
t; representing the appearance time of the intersection of
the derivative of the impedance variation

(d 1
thA_Z)

and a straight line parallel to the x-axis passing through the
point of the curve

d 1
(#=)

attime t,.

5. The method according to claim 4, wherein it includes a
step of calculating said first intermediate index (RP %)
according to the formula:

K-1
RP%:T-IOO

K being a constant dependent on means implemented to
carry out said step of measuring the electric impedance
variation (AZ).

6. The method according to claim 1, wherein said first
intermediate index is an index (RP) which is representative of
the local resistance of said segment during a systolic phase of
a heartbeat, and said second intermediate index is an index
(ID) which is representative of the distensibility of said artery
during a systolic phase of a heartbeat.

7. The method according to claim 6, wherein it includes a
step of measuring the arterial pressure in the systolic phase
(PAS), the arterial pressure in the diastolic phase (PAD), and
calculating the average arterial pressure (PAM).

8. The method according to claim 7, wherein said step of
determining said local stiffening index (Ira) includes a step of
calculating according to the formula:

1o PAS=PAD RP-ID
"= "PaM RP+DD
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9. The method according to claim 8, wherein it includes a
step of calculating said first intermediate index (RP) accord-
ing to the formula.

PAM

I+J)
with

1_[’2 d(l)d{ dJ—f’S d(l
BN RPTIVYS i thZ)

t, representing the appearance time of the base of the
derivative of the impedance variation

dr,

(d 1
w7)

from the start of said systolic phase,
t, representing the appearance time of the maximum of the
derivative of the impedance variation

(d 1
ai57)

from the start of said systolic phase, and
t, representing the appearance time of the intersection of
the derivative of the impedance variation

(#52)
dt AZ

and a straight line parallel to the x-axis passing through the
point of the curve

d 1
(7]

attime t,.

10. The method according to claim 1 wherein it includes as
step of calculating said second intermediate index (ID)
according to the formula:

1002(J = )= (J + D)]

ID = PAM
J+17

11. The method according to claim 1, wherein it includes a
step of acquiring an electrocardiogram (ECG) signal from
said patient, and a step of synchronising said electrocardio-
gram (ECG) signal and said impedance variation (AZ).
12. The method according to claim 1, wherein it includes a
plurality of:
steps of determining said first (RP %, RP) and said second
(PCPA %, ID) intermediate indices;

steps of determining said local stiffness index (Ira) based
on said first (RP %, RP) and said second (PCPA %, ID)
intermediate indices, and
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said determination steps being carried out during consecu-
tive heartbeats (R), said method also including a step of
calculating the average of each of said indices (Ira, RP
%, RP, PCPA %, ID) during said heartbeats (R).

13. The method according to claim 1, wherein it includes a
plurality of steps of measuring, at a single measurement
point, the electric impedance variation (AZ) of a volume (V)
of blood flowing in a segment of said artery, each of said
measurements being carried out on different heartbeats (R),
said method also including a step of determining the average
impedance variation on said heartbeats and a step of deter-
mining said first (RP %, RP) and said second (PCPA %, 1D)
intermediate indices based on said average.

14. The method according to claim 1, wherein it includes a
step of displaying said local stiffness index (Ira) of the wall of
a conducting artery, and a step of displaying said first (RP %,
RP) and said second (PCPA %, ID) intermediate indices.

15. Equipment for implementing the method for determin-
ing the local stiffness index (Ira) of the wall of a blood-
carrying conducting artery of a patient according to claim 1,
wherein it includes:

means for measuring, at a single measurement point, the

electric impedance variation (AZ) of a volume (V) of the
blood flowing in a segment of said artery;

means for determining a first intermediate index (RP %,
RP) representative of a resistive characteristic involved
in the stiffening of said wall, and a second intermediate
index (PCPA %, ID) representative of a capacitive char-
acteristic involved in the stiffening of said wall; and

means for determining said local stiffness index (Ira) based
on said first (RP %, RP) and second (PCPA %, ID)
intermediate indices.

16. The equipment according to claim 15, wherein said
means for determining said first intermediate index (RP %)
include means for determining an index representative of the
peripheral resistance downstream from said segment during a
systolic phase of a heartbeat, and said means for determining
said second intermediate index (PCPA %) include means for
determining an index representative of the capacity of said
artery to store mechanical energy due to the deformation of
said artery during said systolic phase of said heartbeat and to
restore same during the diastolic phase of said heartbeat.

17. The equipment according to claim 16, wherein it
includes means for calculating said local stiffness index (Ira)
according to the following formula:

Ira=(1-|IPCPA %I)-RP %+(1-RP %)-|PCP4 %]

18. The equipment according to claim 17, wherein said
means for calculating said second intermediate index (PCPA
%) include means for calculating according to the formula:

J=1
PCPAg = 5~ 100

with

2
z:f
B!

d

(1 dr dj—f3d
s

1
sz

11
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t, representing the appearance time of the base of the
derivative of the impedance variation

(d 1
7i%7)

from the start of said systolic phase,

t, representing the appearance time of the maximum of the
derivative of the impedance variation

(d 1
w57)

from the start of said systolic phase, and

t; representing the appearance time of the intersection of
the derivative of the impedance variation

d 1
(7 s2)

and a straight line parallel to the x-axis passing through the
point of the curve

d 1]
(7%

attime t,.

19. The equipment according to claim 18, wherein said
means for calculating said first intermediate index (RP %)
include means for calculating according to the formula:

K-1
RPg = —— -100
K

K being a constant dependent on means implemented to
carry out said step of measuring the electric impedance
variation (AZ).

20. The equipment according to claim 15, wherein said
means for determining said first intermediate index (RP)
include means for determining an index which is representa-
tive of the local resistance of said segment during a systolic
phase of a heartbeat, and said means for determining said
second intermediate index includes means for determining an
index (ID) which is representative of the distensibility of said
artery during a systolic phase of a heartbeat.

21. The equipment according to claim 20, wherein it
includes means for calculating said local stiffness index (Ira)
according to the formula:

_ PAS-PAD RP-ID

Ira C—
PAM RP+1ID
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22. The equipment according to claim 21, wherein said
means for calculating said first intermediate index (RP)
include means for calculating according to the formula:

PAM
RP= ——
(I+J)
with
/ ’2d(1 y aJ f'sd(l 4
-f,l dTrA_Z] raer= g, %A_Z] b

t, representing the appearance time of the base of the
derivative of the impedance variation

(d 1
EA_Z]

from the start of said systolic phase,

t, representing the appearance time of the maximum of the
derivative of the impedance variation

d 1
(7]
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from the start of said systolic phase, and
t; representing the appearance time of the intersection of
the derivative of the impedance variation

(d 1
7i%7)

and a straight line parallel to the x-axis passing through the
point of the curve

(#5)
dt AZ

at time t,.

23. The equipment according to claim 22, wherein said
means for calculating said second intermediate index (ID)
includes means of calculating according to the formula:

1002(J - D - (J+ D]

ID = PAM
(J+1I2

24. The equipment according to claim 15, wherein it
includes means for acquiring an electrocardiogram (ECG)
signal from said patient, means for detecting each of the
heartbeats R appearing on said electrocardiogram (ECG),
means for activating said means for determining said indices
subsequent to the detection of at least one heartbeat (R).

s# * #* ok %k
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