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« Device and process for calculating new indices of arterial stiffness, and/or

for stroke volume monitoring »

Technical field

The present invention relates to a process for calculating a new indice
of arterial stiffness and/or a stroke volume, and to a device implementing
this process.

Typically, a process or device according to the invention can be
used for monitoring the stroke volume. In this case, the process or device
according to the invention can be used in a medical or surgical Intensive Care
Unit (ICU) and in an anesthesia unit, wherein such monitoring can be very

useful.

Key Words: arterial stiffness, pulse pressure, hypertension, left ventricle,

afterload, heart rate, cardiovascular risk factors, stroke volume

State of the Art

A growing number of clinical and epidemiological studies use aortic pulse
contour analysis to document the role of increased pulsatile load and
arterial stiffness throughout aging in subjects exposed to cardiovascular risk
factors and in patients with various cardiovascular diseases [1-6]. Aortic
pulse wave may be obtained from invasive catheterization or estimated
from noninvasive techniques (eg, applanation tonometry).

Total arterial stiffness plays a contributory role throughout aging and in
numerous cardiovascular diseases, including hypertension. Aortic stiffening
IS responsible for an increased characteristic impedance (ie, the impedance
to the left ventricular pulsatile flow), thus increasing the forward pressure-
wave amplitude that contributes to pulse pressure elevation. Aortic
stiffening also increases pulse wave velocity, and this results in anticipated
and enhanced wave reflections, further augmenting central pulse pressure.

Unfortunately, there is no simple estimate of characteristic impedance.
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Furthermore, recent guidelines have reviewed the limitations of diastolic pulse contour

analysis to estimate arterial stiftness.

The goal of the invention is to present a process and device for providing new
and simple indices quantifying pulsatile load and/or arterial stiffness in humans, and/or

for providing new and simple calculation of a stroke volume.

Summary of the Invention

According to various aspects, the present disclosure relates to a process for
calculating an indice of arterial stiffness of a human or another animal, comprising:
recording an artery pressure as a function of time from the human or another animal;
providing a processor configured to perform the following steps: extracting pulse wave
analysis data from the recorded pressure of the artery of the human or another animal,
calculating the indice of arterial stiffness of the human or another animal as a function of
the extracted pulse wave analysis data comprising: at least one extracted time interval
including an extracted systolic time, and an extracted diastolic pressure and an extracted
pressure at an inflection point during systole, wherein the inflection point is not an
inflexion point at the beginning of systole or at the end of systole, the indice of arterial
stiffness of the human or another animal being thus calculated as a function of the
extracted systolic time, the extracted diastolic pressure and the extracted pressure at said

inflection point during systole; and monitoring, in time, the calculated indice of arterial

stiffness of the human or another animal in one of a medical unit, a surgical intensive

care unit or an anesthesia unit.

According to various aspects, the present disclosure relates to a process for
calculating a stroke volume of a human or another animal, comprising: recording an
artery pressure as a function of time from the human or another animal; providing a
processor configured to perform the steps of: extracting pulse wave analysis data from
the recorded pressure of the artery of the human or another animal; calculating the stroke

volume of the human or another animal as a function of the extracted pulse wave analysis
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data including: at least one extracted time interval including an extracted systolic time,
and an extracted diastolic pressure and an extracted pressure at an inflection point during
systole, wherein the inflection point is not an inflexion point at the beginning of systole
or at the end of systole, the stroke volume of the human or another animal being thus
calculated as a function of the extracted systolic time, the extracted diastolic pressure and
the extracted pressure at said inflection point during systole; and monitoring, in time, the
calculated stroke volume of the human or another animal in one of a medical unit, a

surgical intensive care unit or an anesthesia unit.

According to various aspects, the present disclosure relates to a device for
calculating an indice of arterial stiffness of a human or another animal, comprising:
means for recording an artery pressure as a function of time from the human or another
animal; a processor including: means for extracting pulse wave analysis data from the
recorded pressure of the artery of the human or another animal, the recorded pressure
being recorded as a function of time; and means for calculating the indice of arterial
stiffness of the human or another animal as a function of the extracted pulse wave
analysis data comprising: at least one extracted time interval including an extracted
systolic time, and an extracted diastolic pressure and an extracted pressure at an inflection
point during systole, wherein the inflection point is not an inflexion point at the
beginning of systole or at the end of systole, the indice of arterial stiffness of the human

or another animal being thus calculated as a function of the extracted systolic time, the
extracted diastolic pressure and the extracted pressure at said inflection point during
systole; and means for monitoring, in time, the calculated indice of arterial stiffness of the

human or another animal in one of a medical unit, a surgical intensive care unit or an

anesthesia unit.

According to various aspects, the present disclosure relates to a device for
calculating a stroke volume of a human or another animal, comprising: means for
recording an artery pressure as a function of time from the human or another animal; a
processor including: means for extracting pulse wave analysis data from the recorded
pressure of the artery of the human or another animal, the recorded pressure being

recorded as a function of time; and means for calculating the stroke volume of the human
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or another animal as a function of the extracted data, wherein the extracted pulse wave
analysis data comprises: at least one extracted time interval including an extracted
systolic time, and an extracted diastolic pressure and an extracted pressure at an inflection
point during systole, wherein the inflection point 1s not an inflexion point at the
beginning of systole or at the end of systole, the stroke volume of the human or another
animal being thus calculated as a function of the extracted systolic time, the extracted
diastolic pressure and the extracted pressure at said inflection point during systole; and
means for monitoring, in time, the calculated stroke volume of the human or another

animal in one of a medical unit, a surgical intensive care unit or an anesthesia unit.

An aspect of the present disclosure concerns a process for calculating an indice
of arterial stiffness, comprising the step of extracting pulse wave analysis data from a
recorded pressure of an artery, the process being characterized in that the recorded
pressure is recorded as a function of time, the indice being calculated as a function of the
extracted data, the extracted pulse wave analysis data comprising at least one time

interval. Thus, the indice of arterial stiffness is calculated as a function of the at least one

time interval.

The extracted pulse wave analysis data can comprise at least one pressure. Thus,

in this case, the indice of arterial stiffness is calculated as a function of the at least one

pressure.

The at least one time interval can comprise a systolic time, the indice being

calculated as a function of the systolic time.

The at least one time interval can comprise a time to the pressure at an inflection

point during systole, the indice being preferably calculated as a function of the ratio:

ST/ At

. where At is the time to the pressure at the inflection point during systole and ST is the

systolic time.
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ST/T

, where T 1s the period and ST is the systolic time.

The indice can be calculated as a function of a recorded stroke volume. The

extracted pulse wave analysis data can comprise:
- a diastolic pressure,

- a pressure at an inflection point during systole,
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the indice being preferably calculated as a function of the following ratio:
[Pi — DAP]/ SV
, where DAP is the diastolic pressure, Pi I1s the pressure at the inflection
point during systole, and SV is the recorded stroke volume.
5 The at least one time interval can comprise a systolic time and the indice is
preferably calculated as a function of the following ratio:
[(Pi — DAP) * ST] / SV, where DAP is the diastolic pressure, Pi is the
pressure at the inflection point during systole, SV is the recorded stroke
volume, and ST is the systolic time. The at least one time interval can
10 comprise a time to the pressure at the inflection point during systole, and
the indice is preferably calculated as a function of the following ratio:
[(Pi — DAP) * ST] / (SV * At)
, where DAP is the diastolic pressure, Pi is the pressure at the inflection
point during systole, SV is the recorded stroke volume, ST is the systolic
15 time, and At is the time to the pressure at the inflection point during
systole.
The indice of arterial stiffness can be a characteristic impedance. In
this case, the extracted pulse wave analysis data can comprise:
- a diastolic pressure,
20 - a pressure at an inflection point during systole,
the at least one time interval can comprise a systolic time, the characteristic
impedance being preferably calculated according to the following equation:
Zc = [(Pi — DAP) * ST] / (25V)
, Where Zc is the characteristic impedance, DAP is the diastolic pressure, Pi
25 is the pressure at the inflection point during systole, SV is a recorded stroke
volume, and ST is the systolic time.
The indice of arterial stiffness can be a total arterial compliance. In
this case, the extracted pulse wave analysis data can comprise:
- a diastolic pressure,
30 - a pressure at an inflection point during systole,
the at least one time interval can comprise a systolic time and a time to the
pressure at the inflection point during systole, the total arterial compliance
being preferably calculated according to the following equation:
C = (SV * At) / [(Pi - DAP) * ST]
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, where C is the total arterial compliance, DAP is the diastolic pressure, Pi is
the pressure at the inflection point during systole, SV is a recorded stroke
volume, ST is the systolic time, and At is the time to the pressure at the
inflection point during systole.

The indice of arterial stiffness can be a total arterial stiffness. In this
case, the extracted pulse wave analysis data can comprise:

- a diastolic pressure,

- a pressure at an inflection point during systole,

the at least one time interval can comprise a systolic time and a time to the
pressure at the inflection point during systole, the total arterial stiffness
being preferably calculated according to the following equation:

1/C = [(Pi - DAP) * ST]/ (SV * At)

, where 1/C is the total arterial stiffness, DAP is the diastolic pressure, Pi is
the pressure at the inflection point during systole, SV is a recorded stroke
volume, ST is the systolic time, and At is the time to the pressure at the
inflection point during systole.

The indice of arterial stiffness can be a waveguide function. In this
case, the extracted pulse wave analysis data can comprise:

- a diastolic pressure,

- a pressure at an inflection point during systole,

- @ mean aortic pressure,

- 2@ mean downstream pressure,

the at least one time interval can comprise a systolic time and a period of
the artery, the waveqguide function being preferably calculated according to
the following equation:

Zc/ Rs =[(Pi = DAP)/ (MAP - Po)] * [(ST) / (2T)] ,
where Zc / Rs is the waveqguide function, DAP is the diastolic pressure, Pi is
the pressure at the inflection point during systole, ST is the systolic time, T
s the period, MAP is the mean aortic pressure and Po is the mean
downstream pressure.

This process for calculating an indice of arterial stiffness according to
the invention can comprise a calibration of the indice, this calibration being
preferably set with the previous calculation of the indice, and the process

can further comprise the step of calculating a stroke volume as a function of
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the calibrated indice and as a function of the extracted data. The calculated
stroke volume can be calculated for monitoring and tracking changes. The
extracted pulse wave analysis data can comprise:

- a diastolic pressure,

- a pressure at an inflection point during systole,

the at least one time interval can comprise a systolic time, the calculated
stroke volume being preferably calculated as a function of:

(Pi — DAP) * ST

, where DAP is the diastolic pressure, Pi is the pressure at the inflection
point during systole, and ST is the systolic time. The indice of arterial
stiffness can be a characteristic impedance, the calculated stroke volume
being preferably calculated according to the following equation:

SV = [(Pi — DAP) * ST/ (2 ZCeal)]

, Where Zcg, I1s the calibrated characteristic impedance, DAP is the diastolic
pressure, Pi is the pressure at the inflection point during systole, SV is the
calculated stroke volume, and ST is the systolic time. The indice of arterial
stiffness can be a total arterial compliance or a total arterial stiffness, the at
least one time interval can further comprise a time to the pressure at the
inflection point during systole, the calculated stroke volume being
preferably calculated according to the following equation:

SV = Cq * [(PI = DAP) * ST /At]

, where C. is the calibrated total arterial compliance that is equal to the
inverse of the calibrated total arterial stiffness 1/C.;, DAP is the diastolic
pressure, Pi is the pressure at the inflection point during systole, SV is the
calculated stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.

An other aspect of the invention concerns a process for calculating a
stroke volume, comprising the step of extracting pulse wave analysis data
from a recorded pressure of an artery, the process being characterized in
that the recorded pressure is recorded as a function of time, the stroke
volume being calculated as a function of the extracted data, the extracted
pulse wave analysis data comprising at least one time interval. Thus, the

stroke volume is calculated as a function of the at least one time interval.
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The extracted pulse wave analysis data can comprise at least one
pressure. Thus, in this case, the stroke volume is calculated as a function of
the at least one pressure.

The calculated stroke volume can be calculated for monitoring and
tracking changes.

The extracted pulse wave analysis data can comprise:

- a diastolic pressure,

- a pressure at an inflection point during systole,

the at least one time interval can comprise a systolic time, the calculated
stroke volume being preferably calculated as a function of:

(Pi — DAP) * ST

, where DAP is the diastolic pressure, Pi is the pressure at the inflection
point during systole, and ST is the systolic time.

The calculated stroke volume is preferably calculated as a function of
a calibrated indice of arterial stiffness and as a function of the extracted
data. Thus, the process for calculating a stroke volume according to this
invention can comprise a calibration of the indice of arterial stiffness, the
calibration comprising preferably a step of arbitrarily fixing the value of the
calibrated indice of arterial stiffness, or a step of setting the calibration with
a previous calculation of the indice.

The indice of arterial stiffness can be a characteristic impedance, the
calculated stroke volume being preferably calculated according to the
following equation:

SV = [(PI = DAP) * ST / (2 ZCcal)]

, Where where Zc. is the calibrated characteristic impedance, DAP is the
diastolic pressure, Pi is the pressure at the inflection point during systole,
SV is the calculated stroke volume, and ST is the systolic time.

The indice of arterial stiffness can be a total arterial compliance or a
total arterial stiffness, the at least one time interval can further comprise a
time to the pressure at the inflection point during systole, the calculated
stroke volume being preferably calculated according to the following
equation:

SV = C.y * [(Pi — DAP) * ST /At]
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, Where C. is the calibrated total arterial compliance that is equal to the
inverse of the calibrated total arterial stiffness 1/C.y, DAP is the diastolic
pressure, Pi is the pressure at the inflection point during systole, SV is the
calculated stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.

An other aspect of the invention concerns a device for calculating an
indice of arterial stiffness, comprising:

- means for extracting pulse wave analysis data from a recorded
pressure of an artery, the recorded pressure being recorded as a
function of time,

- means for calculating the indice of arterial stiffness as a function of
the extracted data, the extracted pulse wave analysis data
comprising at least one time interval.

The extracted pulse wave analysis data can comprise at least one

pressure.

The at least one time interval can comprise a systolic time, the
means for calculating the indice of arterial stiffness being arranged for
calculating the indice as a function of the systolic time.

The at least one time interval can comprise a time to the pressure at
an inflection point during systole, the means for calculating the indice of
arterial stiffness being preferably arranged for calculating the indice as a
function of the ratio:

ST/ At
, Where At is the time to the pressure at the inflection point during systole
and ST is the systolic time.

The at least one time interval can comprise a period of the artery, the
means for calculating the indice of arterial stiffness being preferably
arranged for calculating the indice as a function of the ratio:

ST/ T
, where T is the period and ST is the systolic time.

The device for calculating an indice of arterial stiffness according to

the invention can further comprises means for recording a stroke volume,

the means for calculating the indice of arterial stiffness being preferably
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arranged for calculating the indice as a function of the recorded stroke
volume.

The extracted pulse wave analysis data can comprise:

- a diastolic pressure,
- a pressure at an inflection point during systole,

the means for calculating the indice of arterial stiffness being preferably
arranged for calculating the indice as a function of the following ratio:
[Pi — DAP] / SV
, where DAP is the diastolic pressure, Pi is the pressure at the inflection
point during systole, and SV is the recorded stroke volume. The at least one
time interval can comprise a systolic time and the means for calculating the
indice of arterial stiffness are preferably arranged for calculating the indice
as a function of the following ratio:
[(Pi — DAP) * ST] / SV, where DAP is the diastolic pressure, Pi is the
pressure at the inflection point during systole, SV is the recorded stroke
volume, and ST is the systolic time. The at least one time interval can
comprise a time to the pressure at the inflection point during systole, and
the means for calculating the indice of arterial stiffness are preferably
arranged for calculating the indice as a function of the following ratio:
[(Pi — DAP) * ST]/ (SV * At)
, where DAP is the diastolic pressure, Pi is the pressure at the inflection
point during systole, SV is the recorded stroke volume, ST is the systolic
time, and At is the time to the pressure at the inflection point during
systole.

The indice of arterial stiffness can be a characteristic impedance. In
this case, the extracted pulse wave analysis data can comprise:
- a diastolic pressure,
- a pressure at an inflection point during systole,
the at least one time interval can comprise a systolic time, and the means
for calculating the indice of arterial stiffness are preferably arranged for
calculating the characteristic impedance according to the following
equation:

Zc = [(Pi — DAP) * ST] / (25V)
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, where Zc is the characteristic impedance, DAP is the diastolic pressure, Pi
IS the pressure at the inflection point during systole, SV is a recorded stroke
volume, and ST is the systolic time.

The indice of arterial stiffness can be a total arterial compliance. In
this case, the extracted pulse wave analysis data can comprise:
- a diastolic pressure,
- a pressure at an inflection point during systole,
the at least one time interval can comprise a systolic time and a time to the
pressure at the inflection point during systole, and the means for calculating
the indice of arterial stiffness are preferably arranged for calculating the
total arterial compliance according to the following equation:

C =(SV * At) / [(Pi — DAP) * ST]

, where C is the total arterial compliance, DAP is the diastolic pressure, Pi is
the pressure at the inflection point during systole, SV is a recorded stroke
volume, ST is the systolic time, and At is the time to the pressure at the
inflection point during systole.

The indice of arterial stiffness can be a total arterial stiffness. In this
case, the extracted pulse wave analysis data can comprise:
- a diastolic pressure,
- a pressure at an inflection point during systole,

the at least one time interval can comprise a systolic time and a time to the

pressure at the inflection point during systole, and the means for calculating
the indice of arterial stiffness are preferably arranged for calculating the
total arterial stiffness according to the following equation:

1/C = [(Pi - DAP) * ST]/ (SV * At)
, where 1/C is the total arterial stiffness, DAP is the diastolic pressure, Pi is
the pressure at the inflection point during systole, SV is a recorded stroke
volume, ST is the systolic time, and At is the time to the pressure at the
inflection point during systole.

The indice of arterial stiffness can be a waveguide function. In this
case, the extracted pulse wave analysis data can comprise:
- a diastolic pressure,
- a pressure at an inflection point during systole,

- @ mean aortic pressure,
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- 2@ mean downstream pressure

the at least one time interval can comprise a systolic time and a period of
the artery, and the means for calculating the indice of arterial stiffness are
preferably arranged for calculating the waveguide function according to the
following equation:

Zc/ Rs = [(Pi - DAP) / (MAP - Po)] * [(ST) / (2T)] ,
where Zc / Rs is the waveqguide function, DAP is the diastolic pressure, Pi is
the pressure at the inflection point during systole, ST is the systolic time, T
s the period, MAP is the mean aortic pressure and Po is the mean
downstream pressure.

The device for calculating an indice of arterial stiffness according to
the invention can further comprise means for calibrating the indice of
arterial stiffness, the calibration means being arranged for setting the
calibration of the indice of arterial stiffness with a calculation of the indice
implemented by the means for calculating the indice of arterial stiffness, the
device further comprising means for calculating a stroke volume as a
function of the calibrated indice and as a function of the extracted data. The
means for calculating a stroke volume can be arranged for monitoring and
tracking changes. The extracted pulse wave analysis data can comprise:

- a diastolic pressure,

- a pressure at an inflection point during systole,

the at least one time interval can comprise a systolic time, the means for
calculating a stroke volume being preferably arranged for calculating the
stroke volume as a function of:

(Pi — DAP) * ST

, where DAP is the diastolic pressure, Pi i1s the pressure at the inflection
point during systole, and ST is the systolic time. The indice of arterial
stiffness can be a characteristic impedance, the means for calculating a
stroke volume being preferably arranged for calculating the stroke volume
according to the following equation:

SV = [(Pi - DAP) * ST/ (2 ZCeal)]

, Where Zc. 1s the calibrated characteristic impedance, DAP is the diastolic
pressure, Pi is the pressure at the inflection point during systole, SV is the

calculated stroke volume, and ST is the systolic time. The indice of arterial
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stiffness can be a total arterial compliance or a total arterial stiffness, the at
least one time interval can further comprise a time to the pressure at the
inflection point during systole, the means for calculating a stroke volume
being preferably arranged for calculating the stroke volume according to
the following equation:

SV = C.y * [(Pi — DAP) * ST /At]

, where C. 1S the calibrated total arterial compliance that is equal to the
inverse of the calibrated total arterial stiffness 1/C.;, DAP is the diastolic
pressure, Pi is the pressure at the inflection point during systole, SV is the
calculated stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.

An other aspect of the invention concerns a device for calculating a
stroke volume, comprising means for extracting pulse wave analysis data
from a recorded pressure of an artery, the recorded pressure being
recorded as a function of time, and means for calculating the stroke volume
as a function of the extracted data, the extracted pulse wave analysis data
comprising at least one time interval.

The extracted pulse wave analysis data can comprise at least one
pressure.

The means for calculating a stroke volume can be arranged for
monitoring and tracking changes.

The extracted pulse wave analysis data can comprise:

- a diastolic pressure,

- a pressure at an inflection point during systole,

the at least one time interval can comprise a systolic time, the means for
calculating a stroke volume being preferably arranged for calculating the
stroke volume as a function of:

(Pi — DAP) * ST

, where DAP is the diastolic pressure, Pi Is the pressure at the inflection
point during systole, and ST is the systolic time.

The means for calculating a stroke volume can be arranged for
calculating the stroke volume as a function of a calibrated indice of arterial

stiffness and as a function of the extracted data. Thus, the device for
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calculating a stroke volume according to this invention can comprise means
for calibrating the indice of arterial stiffness; the calibration means being
preferably arranged for arbitrarily fixing the value of the calibrated indice of
arterial stiffness, or being arranged for setting the calibration of the indice
of arterial stiffness with a previous calculation of the indice implemented by
means for calculating the indice of arterial stiffness.

The indice of arterial stiffness can be a characteristic impedance, the
means for calculating a stroke volume being preferably arranged for
calculating the stroke volume according to the following equation:

SV = [(PI = DAP) * 5T / (2 ZCcal)]

, Where where Zc. is the calibrated characteristic impedance, DAP is the
diastolic pressure, Pi is the pressure at the inflection point during systole,
SV is the calculated stroke volume, and ST is the systolic time.

The indice of arterial stiffness can be a total arterial compliance or a
total arterial stiffness, the at least one time interval can further comprise a
time to the pressure at the inflection point during systole, the means for
calculating a stroke volume being preferably arranged for calculating the
stroke volume according to the following equation:

SV = Cq * [(PI = DAP) * ST /At]

, where C. is the calibrated total arterial compliance that is equal to the
inverse of the calibrated total arterial stiffness 1/C.;, DAP is the diastolic
pressure, Pi is the pressure at the inflection point during systole, SV is the
calculated stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.

Detailed description of the figures and of realization modes of the
invention

Other advantages and characteristics of the invention will appear
upon examination of the detailed description of embodiments which are no
way limitative, and of the appended drawings in which:

- Figure 1 is a schematic representation of aortic pressure (top) and

aortic flow (bottom) as a function of time, where:

e SAP is the systolic aortic pressure;

e DAP is the diastolic aortic pressure;
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e MAP is the mean aortic pressure;

e PP is the aortic pulse pressure;

e Piis the pressure at the inflection point during early systole;
e dPmax is the peak forward pressure (dPmax = Pi — DAP);

e AX Is the augmentation pressure (Ax = SAP - Pi);

e Atis the time-to- Pi;

e ST is the systolic time;

e T is the heart period;

- figures 2 and 3 are schematic representations of a first embodiment
of a process according to the invention,

- figure 4 is a schematic representation of a device according to the
invention implementing the first embodiment of a process according to the
Invention,

- figure 5 is a schematic representation of a second embodiment of a
process according to the invention, and

- figure 6 is a schematic representation of a device according to the
invention implementing the second embodiment of a process according to
the invention.

Referring to Figures 1 to 6, a device according to the invention
implementing a process according to the invention will now be
described.

Total arterial stiffness plays a contributory role throughout aging and
iIn  numerous cardiovascular diseases, Including hypertension. Aortic
stiffening is responsible for an increased characteristic impedance (ie, the
impedance to the left ventricular pulsatile flow), thus increasing the forward
pressure-wave amplitude that contributes to pulse pressure elevation.
Aortic stiffening also increases pulse wave velocity, and this results In
anticipated and enhanced wave reflections, further augmenting central
pulse pressure. Unfortunately, there is no simple time-domain estimate of
characteristic impedance. Furthermore, recent guidelines have reviewed the
limitations of diastolic pulse contour analysis to estimate arterial stiffness In
the time domain.

The present invention proposes that systolic pulse contour analysis

may provide new, simple time-domain indices quantifying pulsatile load in
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resting humans. Our proposal was mainly based on two simple, validated
assumptions:

(1) a linear aortic pressure-flow relationship in early systole and

(2) a triangular aortic flow wave during systole.

This allows us to describe new time domain estimates of
characteristic impedance, pulsatile load (waveqguide ratio), total arterial
compliance, and total arterial stiffness. It is demonstrated that total arterial
stiffness may be estimated by the following formula:

[(Pi — DAP) * ST]/ (SV * At)

, where Pi is the aortic pressure at the inflection point 7 (peak forward
pressure wave) during early systole, DAP is diastolic aortic pressure, ST is
systolic ejection time, SV is stroke volume, and At is the time-to-Pi. A
mathematical relationship among time intervals and indices of pulsatile load
s demonstrated, and the clinical implications are discussed in terms of
cardiovascular risk and stroke volume prediction.

In the equations of this document, / is the division operator and * is

the multiplication operator.

In the first part of this description, we will briefly summarize how current
hemodynamic theory explains the various components of aortic pressure
pulse and arterial load in resting humans.

In the second part of the description, we will propose that systolic pulse
contour analysis may provide new, simple time-domain indices quantifying
characteristic impedance (Zc), total arterial compliance (C), total arterial
stiffness (1/C), and the so-called “wavequide” function in humans. Our
proposal will be mainly based on two simple, validated assumptions: (1) a
linear aortic pressure-flow relationship in early systole and (2) a triangular
aortic flow wave during systole. The limitations of our approach will be
discussed. Finally, the clinical implications of the proposed new indices will

be discussed.
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ARTERIAL HEMODYNAMICS

Aortic Pressure

Mean aortic pressure (MAP) is the steady component of aortic pressure,
while systolic (SAP) and diastolic (DAP) aortic pressures help quantify the
pulsatile component of aortic pressure, namely pulse pressure (PP = SAP-
DAP) (Figure 1). From the foot of the systolic pressure wave to the peak
systolic pressure wave, two components can be distinguished: the peck
forward pressure wave (dPmax) and the augmentation pressure (Ax) (ie,
the amplitude of the reflected pressure wave). An inflection point allows
separating these 2 components, and thepressure at the inflection point (Pi)
indicates the beginning upstroke of the reflected wave [7,8]. The time to
the peak/ shoulder of the first pressure wave component during systole (At)
quantifies the timing of the pressure wave reflection. In healthy young
individuals, Ax is low and weakly contributes to PP. The reflected pressure
wave Is rather diffuse and maintains a relatively high aortic pressure in
early diastole, thus boosting coronary artery filling. In elderly individuals,
the reflected pressure wave is increased and narrowed, thus significantly
contributing to PP (high Ax value) rather than increasing early diastolic
pressure. Increased arterial stiffness of the aorta and proximal large

arteries is related to the aging process.

The widening of PP is the consequence of alterations of large artery
structure and function related to cardiovascular risk factors. Cardiovascular
risk factors are known to favor and accelerate the atherosclerotic process,
and the widening of PP is involved in the cardiovascular consequences of
aging and in the development of cardiovascular diseases, especially

hypertension [1-6].

Hydraulic Load

The hydraulic load opposing to ejection consists of a steady
component composed of systemic vascular resistance (Rs) and a pulsatile
component consisting of distributed compliant and inertial properties [9-

12]. The steady and pulsatile components of arterial load are dependent on
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distal and proximal portions of the systemic vascular tree, respectively, and
may be controlled and modified separately.
Physicians are familiar with the concept of Rs, which is a measure of

r7

the extent to which the systemic circulation “resists” to mean cardiac
output. The driving pressure is the MAP minus the mean downstream
pressure. The driving pressure is related to the viscous (frictional)
resistance of the blood when flow is induced. The Rs is calculated by
dividing the driving pressure by cardiac output. The architecture and
function of themicrovascular network are the primary determinants of Rs.

In hydraulic circuit when the flow is pulsatile, the relationship
between pulsatile flow and pulsatile pressure includes not only the
opposition to flow afforded by friction but also due to both the vascular
elasticity and the inertia of blood mass. Because blood is incompressible
and given that the proximal aorta and its major branches are viscoelastic
vessels, the blood volume ejected by the left ventricle and entering the
circuit Is accommodated thanks to aortic dilatation during systole. The
compliance of the proximal aorta and large arteries mainly depends on the
relative contribution of elastin and collagen [1-5]. Total arterial compliance
(C) is a measure of the capacity of the arterial system to accommodate this
sudden increase in volume. The major part of the stroke volume is stored in
the compliant proximal aorta, which is equivalent to charging a capacitor in
electronics, and then released during diastole [13].

In cases where the measurement of stroke volume is available,
various estimates of C may be obtained by diastolicpulse contour analysis
using analogies with electrical models of the systemic circulation. Various
methods have been proposed to estimate C in diastole, including the time
decay method, the area method, and other methods using a modified
windkessel analog [13-17]. Recent guidelines have reviewed the
theoretical, technical, and practical limitations of such methods [6]. From a
theoretical point of view, the pure RC windkessel model is zero-dimensional,
and implies infinite pulse wave velocity. Because the windkessel model does
not take into account the finite pulse wave velocity and the phenomena of
blood propagation and wave reflections, the model does not apply at high

frequency and during the systolic period. However, it must be noted that
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the windkessel model applies in diastole whatever the model chosen for the
overall systemic circulation, namely pure windkessel model, distributed
linear model, or nonlinear model [9-12].

In fact, pulse wave velocity has finite values, and this implies finite
values of travel times (forward and backward) such that a more realistic
propagative model must be used in systole [9-12]. According to the
transmission line theory, the distributed linear model emphasizes the
importance of pulse wave velocity, wave reflections, and characteristic
impedance (ie, the input impedance in the absence of wave reflection). The
distributed linear model takes into account the fact that pressure waves
travel along the aorta with finite velocity and may suffer attenuation and
experience reflection, resulting in backward propagating waves that in turn
influence the aortic pressure and flow curve. Although the windkessel model
assumes that all the reflections occur immediately, the distributed linear
model takes into account the time delay of the reflections with respect to

the initial wavefront.

Characteristic Impedance (Zc) and the Waveguide Function

Characteristic impedance governs the pressure-flow relationship in
the proximal aorta until the arrival of the first pressure wave reflection.
Characteristic impedance may be expressed as the square root of the L/C
ratio, where L is blood inertance [10]. Decreased C (ie, stiffening of the
aorta) is thus a major cause of increased Zc.

In @ normal aorta, Zc is a small fraction (5% to 10%) of Rs, and this
“Impedance mismatch” has two main consequences. First, the heart and
vessels are thus properly matched or coupled, and the aorta functions as a
low impedance interface or waveguide that serves to isolate pulsatile output
of the heart at one end from the high resistance vessels at the other [18].
Second, the impedance mismatch together with multiple bifurcation and
finite length of the network is responsible for wave reflections.

Indeed, pressure and flow measured in the aorta result from waves
traveling simultaneously from heart to periphery (forward wave) and in the
retrograde direction (backward wave) with finite velocity [9-12]. It is widely

admitted that pressure increases when forward pressure wave from the
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heart collides with the backward (reflected) pressure wave. Conversely,
when forward flow wave collides with the backwardtraveling flow wave, flow
decreases. Because forward and backward waves have either the same
(positive) sign (pressure) or have opposite signs (flow), the result of more
wave reflections is decreased resemblance of measured aortic flow and
measured aortic pressure. Conversely, in cases where wave reflections are
negligible (eg, as observed in the pulmonary artery of healthy subjects),
central pressure and flow waves look alike [8]. Wave reflections explain why
the modulus magnitude and phase shift of the impedance spectra varies
with frequency [7-12]. The timing and extent of wave reflections mainly
depend on reflection coefficient (determined by Zc and Rs), functional
length of the arterial network, pulse wave velocity, and heart rate [1,6,10-
12].

The Zc is most often calculated in the frequency domain, which
requires simultaneous high-fidelity pressure and flow recordings,
sophisticated mathematical calculations, and a number of theoretical
assumptions (including hemodynamic stability) that are not always fulfilled
in clinics [10,11]. However, thanks to a number of reasonable
approximations, it has been assumed that Zc may be considered as real and
frequencyindependent. Simpler, time-domain calculation methods of Zc
have been validated in previous invasive studies [19,20] and have proved
useful in pathophysiological, noninvasive studies [21,22]. It is accepted that
the ratio of the peak forward pulsatile pressure to the peak flow is a reliable
estimate of Zc, but precise flow velocity recordings are still required and

this limits a more widespread use of the method.

Functional Measures of Arterial Stiffness: Zc¢c and Pulse Wave
Velocity (PWV)

Aortic stiffening is responsible for an increased impedance to the left
ventricular pulsatile flow (Zc), increasing the forward pressure-wave
amplitude (dPmax) that contributes to PP elevation. Aortic stiffening also
increases PWV, and higher PWV results in anticipated and enhanced wave
reflections, further augmenting central systolic pressure and PP by

increasing the contribution of Ax [1-7].
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A number of papers and guidelines have previously addressed the
theoretical, methodological, and practical issues related to the estimation of
arterial stiffness [1-6]. Theory indicates that both Zc and PWV are
dependent on the caliber and compliant properties of the aorta and first
large arterial branches. Zc and PWV are thus viewed as functional measures
of large artery stiffness. Calculating Zc requires simultaneous pressure-flow
recordings and clinically relevant indices, allowing the simple quantification
of Zc are still lacking. Although PWV is fast and easy to obtain, several
limitations have been underlined, including difficulties and inaccuracies in
the measurement of the distance covered by the pulse waves [6].
Furthermore, Zc is five times as sensitive to changes in vessel radius as
PWV. It has been suggested that Zc is more sensitive to the endothelium-
mediated changes in vessel diameter; therefore, is more amenable than
PWYV to short-term regulation [3,18]. As a result, simple method allowing Zc

estimation is especially needed in practice.

NEW ESTIMATES OF PULSATILE ARTERIAL LOAD BY USING
SYSTOLIC PULSE CONTOUR ANALYSIS

Referring to Figures 1 to 4, a first embodiment of a process
according to the invention for calculating an indice of arterial stiffness
and/or a stroke volume by using systolic pulse contour analysis comprises:
- a step 10 of recording an artery pressure, the recorded pressure
being recorded as a function of time and being illustrated in figure 1, the
recorded pressure being recorded as a function of time by means 100 for
recording an artery pressure and time intervals; and
- a subsequent step 20 of extracting pulse wave analysis data from the
recorded pressure of the artery, the pulse wave analysis data being
extracted by means 200 for extracting pulse wave analysis data.

The recorded pressure is roughly periodic. Figure 1 illustrates one
pressure cycle of the artery, that is the pressure of the artery over one
period T. Each cycle or period of the recorded pressure comprises a first
part called systole during time interval ST, and a subsequent part called

diastole. The means 100 for recording an artery pressure (preferably the
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central aortic pressure) and time intervals may be non-invasive or invasive

as follows:

1) Non-invasive :

- radial artery tonometry

- carotid artery tonometry

- external pressure transducer applied at the suprasternal level or cat the
carotid artery level

- oscillometric devices (assuming empirical corrections for pulse wave
amplification)

- photoplethysmography, including digital and ear photoplethysmography
(assuming corrections for pulse wave amplification)

- pulse oxymetry, including digital and ear pulse oxymetry (assuming
corrections corrections for pulse wave amplification).

- Doppler-derived aortic pressures and left-sided time intervals

- Doppler-derived pulmonary artery pressures and right-sided time
intervals.

2) Invasive :

- Fluid-filled aortic catheter

- Fluid-filled catheters in the femoral artery, brachial artery, radial artery
(assuming corrections for pulse wave amplification).

- Fluid-filled pulmonary artery catheter

- Micromanometer in the aorta

- Micromanomter in the pulmonary artery
The means 200 of extracting pulse wave analysis data (like Pi, DAP, T,

ST, At, ... shown in figure 1) from the recorded artery pressure may be

arranged to implement:

- Computerized data analysis

- Automated shape recognition

- Manual analysis

- Semi-automated methods with various combinations of each three
previous methods.
The time intervals T, ST, At can also be extracted by using a

electrocardiogram EKG method or a phonocardiogram method. The means

200 of extracting pulse wave analysis data can comprise a computer, a
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microprocessor, a digital circuit or an analogical circuit. The means of
extracting can comprise an input arranged to receive the artery pressure
recorded by the means 100 for recording an artery pressure as a function of

time previously described.

The extracted pulse wave analysis data comprise at least one pressure
among DAP, Pi, MAP, and Po.

Furthermore, the extracted pulse wave analysis data comprise at least

one time interval among ST, T, and At.

Characteristic Impedance

As previously discussed, the peak amplitude (dPmax) of the forward

aortic pressure wave may be approximated as follows (Figure 1):
dPmax = Pi - DAP (equation 1)

The concept of characteristic impedance implies that the pressure-
flow relationship is linear in the proximal aorta when aortic pressure is
measured before the arrival of the first reflected wave [9-12,19,20].
Previous studies [19-22] have taken advantage of such an assumption to
calculate Zc in the time-domain as the ratio of the peak amplitude of the
forward aortic pressure wave (dPmax) divided by the peak pulsatile flow
(Qmax):

ZCc = dPmax / Qmax (equation 2)

On the other hand, the left ventricular pulsatile outflow results in a
systolic flow wave in the proximal aorta that may be described by using a
triangular shape [10,11,23]. The accuracy of such an approximation has
been recently discussed and has proved useful to provide a reasonable
estimate of pulsatile flow [24]. Because there is flow in the proximal aorta
only during the systolic period, we obtain:

Q= (Qmax * ST) / (2T) (equation 3)
where Q is the mean cardiac output, T is the heart period, and ST is systolic
time (ejection duration or left ventricular ejection time). Finally, Q may be
expressed as follows:

Q=S5SV/T (equation 4)
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where SV is stroke volume. SV is the ventricular stroke volume: SV is the

mean stroke volume ejected by either the left or the right ventricle per
beat.

By combining equations 1-4 we obtain:

5 Zc = [(Pi — DAP) * ST]/ (2SV) (equation 5)
. _ (Pi=DAP) ST
4

It is therefore suggested that pulse contour analysis may provide a

10  valuable estimate of Zc. As compared to previous time-domain methods for
Zc calculation, solving equation 5 does not require continuous flow velocity
recordings and is thus applicable to patients whose mean cardiac output is
monitored by using either invasive (eg, thermodilution) or noninvasive (eq,

Doppler echocardiography) validated techniques.
15

The Waveguide Ratio

In most clinical situations, Q is not available, making it impossible to
calculate Zc. Nevertheless, in such conditions, the waveguide function of the

aorta [18] may still be calculated. Indeed, the systemic vascular resistance
20 Is calculated as:

Rs = (MAP - Po)/ Q (equation 6)
where MAP Is mean aortic pressure and Po is the mean downstream

pressure. Thus, the pulsatile arterial load relative to steady load (waveguide
ratio) is obtained as follows:

25 Zc/ Rs = [(Pi — DAP) * ST] / [(MAP -Po) * 2T] (equation 7)
Put differently we obtain
Zc/ Rs = [(Pi — DAP) / (MAP — Po)] * [(ST) / (2T)] (equation 8)

Zc (Pi—DAP) ST
Rs (MAP—-Po) 2T

30

Thus the wavequide ratio may be simply calculated as the product of
a pressure ratio and a time ratio.
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It must be noted that the waveguide ratio is critically related to the
ejection time over heart period ratio (ST/T), namely the “duty cycle” (or
“duty ratio’). By analogy with engines, the duty cycle may be viewed as the
fraction of time the “system” (ie, the left ventricle) is actually employed in
performing its systolic function (ie, ejection). To the best of our knowledge,
the duty cycle has not been extensively studied so far in humans. It has
been recently demonstrated that prolonged ejection duration after beta-
adrenergic blocking agents [25] and in patients with diastolic dysfunction
[26] may compromise the left ventricle-vascular coupling by allowing more
time for the reflected pressure wave to peak during systole at the aortic
level and to increase the afterload of the still-ejecting left ventricle.

One result of the waveguide ratio is that it provides a physiological
estimate of the relative pulsatile load put on the heart, as reflected in the
Zc/Rs ratio. Another is that it does not require any measurement of cardiac
output and thus may be derived from aortic pressure recordings only.
Further studies are needed to test this ratio and its correlates in both health

and disease.

Total Arterial Compliance (C) and Stiffness (1/C)

In an attempt to obtain a clinically usable estimate of total arterial
stiffness (1/C), a distributed linear model of the systemic circulation may be
used together with a number of reasonable and simplified assumptions
including: (1) that Rs, L, and C are constant and independent of the
frequency, (2) that the aorta may be described as one uniform tube of
effective length |, thereby neglecting the effects of tapering and bifurcation,
(3) that the phase and group wave propagation velocities are identical,
constant (PWV), and independent of the frequency (ie, there is no
dispersion). The PWV may be expressed as a function of L and C and the
time from systolic pressure upstroke to the pressure inflection point 7
indicating pressure reflection (At) may be expressed as a function of the
effective forward and backward travelling distance [10]. Thus we obtain:

PWV = 1|/ sqrt(LC) (equation 9)

At = 21 / PWV = 2 sqrt(LC) (equation 10)

On the other hand, Zc may be expressed as a function of L and C:
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Zc = sqrt(L/C) (equation 11)

By combining equations 10 and 11 we obtain
C = At/2ZcC (equation 12)

By combining equations 5 and 12 we obtain
C=(SV*At)/ [(Pi- DAP) * ST} (equation 13)
= SV At

(Pi— DAP) 8T

1/C = [(Pi = DAP) * ST]/ (SV * At) (equation 14)
1 _(Pi—DAP) ST
C SV At

the total arterial compliance C being equal to the inverse of the total arterial
stiffness 1/C. Thus, from a theoretical point of view, equations 13 and 14
provide new, simple estimates of total arterial compliance and stiffness in
the time domain using systolic pulse contour analysis. Some authors have
suggested that a fixed 30% to 33% At/ST value may be on average correct
in most resting subjects [24,27]. Other authors have highlighted the
importance of considering subtle differences in the At/ST value in clinical
studies performed in both health (eg, throughout aging) and disease
17,8,11,23]. Further experimental studies are needed to test the validity of

these formulae.

The first embodiment of a process according to the invention
further comprises the step 40 of calculating an indice of arterial
stiffness as a function of the extracted data. The indice of arterial
stiffness is calculated by calculation means 400. The indice of
arterial stiffness is comprised in the group consisting of the characteristic
impedance Zc, the total arterial compliance C, the total arterial stiffness
1/C, and the waveguide function Zc/Rs.

The extracted data depends on which indice of arterial stiffness is
calculated.

The extracted data comprise:

- the time At to the pressure at an inflection point 7 during early

systole, this time At being referenced 1 in Figure 1, if the calculated indice
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of arterial stiffness is the total arterial compliance C or the total arterial
stiffness 1/C;

- the systolic time ST, referenced 2 in Figure 1, if the calculated
indice of arterial stiffness is the characteristic impedance Zc or the total
arterial compliance C or the total arterial stiffness 1/C or the waveguide
function Zc/Rs;

- the artery pulse period T, referenced 3 in Figure 1, if the calculated
indice of arterial stiffness is the waveguide function Zc/Rs; in the case of
the heart, the artery pulse period T is the heart period;

- the diastolic pressure DAP, referenced 4 in Figure 1, if the
calculated indice of arterial stiffness is the characteristic impedance
Zc or the total arterial compliance C or the total arterial stiffness 1/C or
the waveqguide function Zc¢/Rs;

- the pressure Pi at the inflection point 7 during early systole, this
pressure Pi being referenced 5 in Figure 1, if the calculated indice of
arterial stiffness is the characteristic impedance Zc or the total arterial
compliance C or the total arterial stiffness 1/C or the waveguide function
ZC/Rs;

- the mean aortic pressure MAP, referenced 6 in Figure 1, if the
calculated indice of arterial stiffness is the waveguide function Zc/Rs;

- the mean downstream pressure Po, if the calculated indice of
arterial stiffness is the waveguide function Zc/Rs; Po is not showed in
figure 1, and is the theorical artery pressure if the stroke volume SV was
equal to zero (typically 5 to 30 mm Hg); in other words, Po is equal to the
asymptote of the exponential decay 8 of aortic pressure in diastole; Po is
typically estimated and calculated by fitting the exponential decay of aortic
pressure in diastole (e.qg., using best-fit method or derivative method); in
another realization mode, the value of Po is not extracted from the recorded
pressure, but is fixed arbitrarily.

If the calculated indice of arterial stiffness is the characteristic
impedance Zc or the total arterial compliance C or the total arterial stiffness
1/C, the first embodiment of a process according to the invention
further comprises, before the calculating step 40, the step 30 of

recording the stroke volume SV of the artery whose pressure has been
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previously recorded in step 10. The stroke volume SV is recorded by means
300 for recording cardiac output and stroke volume.

The means 400 for calculating Zc, C, 1/C, and waveguide ratio may be
as follows:

- standard calculations according to equations 5, 8, 13, 14.

The means 400 of calculating can comprise a computer, a
microprocessor, a digital circuit or an analogical circuit. Means of calculating
400 can comprise an input arranged to receive the analysis data extracted
by the extracting means 200 and to receive a cardiac output recorded by

the means 300 for recording a cardiac output.

The means 300 for recording cardiac output and stroke volume may

be as follows:
1) Non-invasive, like :
- Doppler echocardiography
-  Bioimpedance
- Bloreactance
- Diastolic pulse wave analysis or other current pulse contour methods
-  MRI
- Scintigraphy
2) Invasive, like :
- Thermodilution
3) means implementing empirical equations ; Indeed, stroke volume and
thus cardiac output may be estimated on the basis of previous empirical
regression lines obtained according to age, gender, body height, body
weight, and level of fitness. It is likely that such a method will be the
preferred way to estimate SV in large population, and in patients with
hypertension, heart diseases, diabetes and lipid abnormalities.

During step 40, the indice of arterial stiffness is calculated:
-according to equation 5, if the calculated indice of arterial
stiffness is the characteristic impedance Zc:

Zc = [(Pi = DAP) * ST] / (25V)
ZC being thus calculated as a function of DAP the diastolic pressure,

Pi the pressure at the inflection point during systole, SV the recorded
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stroke volume of the artery, and ST the systolic time; more precisely,
the characteristic impedance Zc is calculated as a function of the ratio

(Pi — DAP) )
SV

[Pi — DAP] / SV (that can also be written

- according to equation 8, if the calculated indice of arterial
stiffness is the waveqguide function Zc/Rs:

Zc / Rs = [(Pi - DAP) / (MAP - Po)] * [(ST) / (2T)]
Zc / Rs being thus calculated as a function of DAP the diastolic
pressure, Pi the pressure at the inflection point during systole, ST the
systolic time, T the period, MAP the mean aortic pressure and Po the
mean downstream pressure; more precisely, the waveguide function

Zc/Rs is calculated as a function of the ratio ST/T (that can also be

written S—T) and as a function of the ratio (Pi — DAP) / (MAP - Po)

/A

(Pi — DAP)

(MAP — Po) )

(that can also be written

- according to equation 13, if the calculated indice of arterial
stiffness is the total arterial compliance C:

C = (SV * At) / [(Pi — DAP) * ST]
C being thus calculated as a function of DAP the diastolic pressure, Pi
the pressure at the inflection point during systole, SV the recorded
stroke volume of the artery, ST the systolic time, and At the time to
the pressure at the inflection point during systole; more precisely, the

total arterial compliance C is calculated as a function of the ratio

ST/At (that can also be written S—T) and as a function of the ratio

At

(Pi — DAP) )

[Pi — DAP] / SV (that can also be written 7

- according to equation 14, if the calculated indice of arterial
stiffness is the total arterial stiffness 1/C:
1/C = [(Pi = DAP) * ST]/ (SV * At)
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1/C being thus calculated as a function of DAP the diastolic pressure,

Pi the pressure at the inflection point during systole, SV the recorded

stroke volume of the artery, ST the systolic time, and At the time to

the pressure at the inflection point during systole; more precisely, the

total arterial stiffness 1/C is calculated as a function of the ratio ST/At
ST

(that can also be written T) and as a function of the ratio
t
[PI — DAP] / SV (that can also be written S ;;)AP) ).

The characteristic impedance Zc, the total arterial compliance C and
the total arterial stiffness 1/C are calculated as a function of the following
(Pi — DAP) ST

SV

The total arterial compliance C and the total arterial stiffness 1/C are
calculated as a function of the following ratio: [(Pi — DAP) * ST] / (SV * At)
(Pi — DAP) ST

SV At

ratio: [(Pi — DAP) * ST] / SV (that can also be written )

)

(that can also be written

During step 40, more than one indice of arterial stiffness can be
calculated among the characteristic impedance Zc, the total arterial
compliance C, the total arterial stiffness 1/C, and the waveguide function
ZC/Rs.

Limitations

The new formulae are preferably applicable for invasive methods, and
this impacts on their clinical application. The precise calculation of time and
pressure variables, especially aortic Pi, is a prerequisite to our formulae.
The systolic aortic pressure and PP reconstructed from radial artery
applanation tonometry have been satisfactorily validated against pressure
simultaneously recorded by micromanometers [11,28], but the high-
frequency components of the pulse-wave, including Pi and thus time to- Pi
(At), appear less reliable [29]. Thus, the validation or the use of our
formulae may be ideally used with invasive, highfidelity pressure recordings

rather than with radial applanation tonometric devices.
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The shape of the aortic flow wave may deviate from the triangular
hypothesis in clinical situations such a low flow states and heart failure. The
formulae proposed here strictly apply to steady state conditions in resting
humans, but could also apply to non resting patients, especially during daily

activity.

Potential implications

The new formulae proposed here may furnish valuable and rapid
estimates of pulsatile load in various populations, both at baseline and after
therapeutic interventions. The formulae clearly illustrate the fact that time
indices (systolic time ST, heart period T, and time-to-the first reflection
wave At) and the indices quantifying arterial stiffness and pulsatile load are
intrinsically related.

Numerous studies performed during the past three decades have
documented that the resting heart rate is an independent cardiovascular
risk factor in patients with cardiovascular diseases, heart failure, diabetes
mellitus, and hypertension [30]. The resting heart rate (HR, in beats/min) is
related to the resting heart period T (in seconds) according to the following
formula:

HR=60/T (equation 15)

The positive association frequently observed between increased heart
rate and increased systolic and pulse pressure has been mainly attributed to
an increased sympathetic drive. It is intuitive that both an increased
pulsatile pressure and a high heart rate may be especially deleterious and
contribute to both the increased pulsatile stretch put on the large arteries
and the increased load put on the left ventricle. However, to the best of our
knowledge, yet there has been no useful analytical formula relating pulsatile
load and time intervals. One implication of our study is that only the
waveguide ratio (equation 8) is mathematically related to heart rate.
Conversely, equations 5, 13, and 14 indicate that Zc, C, and 1/C are
mathematically dependent upon ST, not heart rate. The heart rate-
independence of the mathematical formalisms of Zc, C, and 1/C we

documented here is consistent with basic hemodynamical grounds [10].
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Finally, the new indices we propose here may be also valuable in the
specific area of the intensive care unit, where rapid changes in cardiac
output must be monitored [31]. In the critically ill patient and following an
initial calibration set with calculation of the reference, calibrated value of C
(C.a), systolic pulse contour analysis may help predict stoke volume
changes assuming an essentially unchanged C. after dynamic events [14].
Rearranging equation 13 led to the following equation:

SV = Ce * [(PI — DAP) * ST /At] (equation 16)

Provided that a reliable estimation of aortic pressure, and especially
Pi, is available, the formula may help track SV changes after fluid infusion,
vasoactive drugs, and hemofiltration. The formula may not apply in cases
where pressure-dependent changes in C are observed (eg, after severe
hemorrhage).

The operating procedure also includes the monitoring of rapid
changes in cardiac output by rearranging formula (5). Following an initial
calibration set with calculation of the reference, calibrated value of Zc
(ZC.a1), systolic pulse contour analysis may help predict stoke volume
changes assuming an essentially unchanged Zc.y after dynamic events.
Rearranging equation #5 led to the following equation :

SV = [(Pi — DAP) x ST /2 ZCca ] (equation 17)

The formula (17) may help tracking SV changes following fluid
infusion, vasoactive drugs and hemofiltration. The formula (17) may be
fruitfully compared to results from formula (16), and SV values obtained by
the two formulas may also be averaged out to obtain a reliable estimate of
SV.

Thus, after the steps 10, 20, 30, and 40 previously described, the
first embodiment of a process according to the invention further
comprises the subsequent step 50 of calibrating an indice of arterial
stiffness. This indice is calibrated by calibration means 500. The calibrated
indice of arterial stiffness is:

- a calibrated characteristic impedance Zc., , or

- a calibrated total arterial compliance C.; , Or
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- a calibrated total arterial stiffness 1/C.; , the calibrated total arterial
compliance C. being equal to the inverse of the calibrated total
arterial stiffness 1/C;
The calibration of the indice 50 is set with the calculation of the indice
calculated in step 40, that is:
- Ceal 1S set to the value of C previously calculated during step 40:
Cea = C

- and/or 1/C., is set to the value of 1/C previously calculated during step

40:

1/Ccal = 1/C

- and/or Zc., 1S set to the value of Zc previously calculated during step
40:

LCca = ZC

Furthermore more, the first embodiment of a process according to
the invention according to the invention further comprises at least one
new group of steps 10, 20 comprising:

- a new step 10 of recording the artery pressure, the newly recorded
pressure being recorded as a function of time as illustrated in figure 1,
the newly recorded pressure being recorded as a function of time by the
means 100 for recording an artery pressure and time intervals;this new
recording step 10 is similar to the recording step 10 previously
described; and

- a new subsequent step 20 of extracting pulse wave analysis data from
the newly recorded pressure during this new recording step 10, the
newly extracted data being extracted by the means 200 for extracting
pulse wave analysis data; this new extracting step 20 is similar to the
extracting step 20 previously described.

After each iteration of a new group of steps 10, 20, the first
embodiment of a process according to the invention further comprises
the step 60 of calculating the stroke volume SV of the artery as a function
of the calibrated indice and as a function of the data extracted in the new
step 20 of this group of steps 10, 20. The stroke volume SV is calculated by

means 600 for calculating SV.
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The new groups of steps 10, 20 are preferably periodically and/or
almost continuously iterated, for monitoring and tracking changes of the
stroke volume SV. Thus, this embodiment of device and process according
to the invention is preferably used in medical and surgical Intensive Care Unit
(ICU) and in anesthesia unit, wherein such monitoring can be very useful.

The means 600 of calculating SV may be as follows:

- standard calculations according to equations 16 and 17.
- for SV calculation, averaging equations 16 and 17 results may be also
used.

The means 600 of calculating can comprise a computer, a
microprocessor, a digital circuit or an analogical circuit. The means 600 of
calculating can comprise an input arranged to receive the analysis data
extracted by the extracting means 200 and to receive a cardiac output

recorded by the means 300 for recording a cardiac output.

The means 100, 200, 300, 400, 600 previously described can be
connected together and arranged for automatically monitoring in time Zc, C,

1/C, waveguide ratio and/or SV.

The same means 400, 600 are used for calculating Zc, C, 1/C,
waveguide ratio and SV. In the embodiment illustrated in figure 4, the
extracting means 200, calculating means 400, 600 and calibrating means

500 are one computer.

During each new iteration of a new group of steps 10, 20, the newly
extracted pulse wave analysis data comprise:
- a new value of the diastolic pressure DAP,
- a new value of the pressure Pi at the inflection point during systole,
- a new value of the systolic time ST,
the stroke volume SV being calculated as a function of DAP, Pi, ST, and
more precisely as a function of:
(Pi = DAP) * ST (that can also be written: (Pi—DAP) ST )

The stroke volume SV can further be calculated as a function of At.
If, during the calibration step 50, the calibrated indice of arterial
stiffness is the calibrated characteristic impedance Zc., , the stroke volume

SV is calculated according to the following equation:
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SV = [(Pi - DAP) * ST/ (2 ZCea)]
(Pi— DAP) ST
2 anl

SV =

, where where Zc. Is the calibrated characteristic impedance, DAP is
the new value of the diastolic pressure, Pi is the new value of the pressure
at the inflection point during systole, SV is the calculated stroke volume,

and ST is the new value of the systolic time.

If, during the calibration step 50, the calibrated indice of arterial
stiffness is the calibrated total arterial compliance C.; or the calibrated total
arterial stiffness 1/C., then the newly extracted data further comprise a
new value of the time At to the pressure at the inflection point during
systole, the stroke volume being calculated according to the following

equation:

SV = C.y * [(Pi = DAP) * ST /At] = 1/(1/C) * [(Pi — DAP) * ST /At]

Pi-papy 2L =L (pi—pap)2L
At 1/C At

SV =C

, Where DAP is the new value of the diastolic pressure, Pi is the new value
of the pressure at the inflection point during systole, SV is the calculated
stroke volume, ST is the new value of the systolic time, and At is the new
value of the time to the pressure at the inflection point during systole.

If, during the calibration step 50, more than one indice of arterial
stiffness are calibrated, the calibrated Iindices of arterial stiffness
comprising:

- the calibrated characteristic impedance Zc., and

- the calibrated total arterial compliance C. or the calibrated total arterial
stiffness 1/C.a ,

then the stroke volume is calculated by averaging equations 16 and 17, i.e.

the stroke volume is calculated by averaging:
a calculation of the stroke volume as a function of the calibrated
characteristic impedance Zc. , and

- a calculation of the stroke volume as a function of the calibrated total
arterial compliance C.; or the calibrated total arterial stiffness 1/C..,

for example by doing the following calculations:
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SV1 = Ce * [(Pi — DAP) * ST /At]

SV2 = [(Pi — DAP) * ST / (2 ZCcal)]

SV = f(SV1, SV2)

Where f is a function of SV1 and SVZ2, f being for example equal to:
SV = f(SV1, SV2) = [SV1+SV2]/ 2

In references to figures 1, 5 and 6, a second embodiment of the
process according to the invention will now be described only for its
differences compared to the first embodiment previously described. In
particular, references 1 to 7, 10, 20, 50, 60, 100, 200, 500 and 600 will not
be described once again.

This second embodiment of the process according to the invention is
implemented by the device according to the invention illustrated in figure 6.

This second embodiment of the process according to the invention
comprises:

- the previously described at least one (preferably many) group(s) of
recording 10 and extracting 20 steps implemented respectively by the
previously described means 100 and 200,

- a step 50 of calibrating an indice of arterial stiffness, implemented by
the previously described means 500,

- the previously described step 60 of calculating the stroke volume SV,
implemented by the previously described means 600 for each group of
steps 10, 20.

The differences compared to the first embodiment of the process
according to the invention are.:

- the second embodiment of the process according to the invention does
not comprise the previously described steps 30 and 40, and

- In the second embodiment of the process according to the invention,
during the calibrating step 50, the calibrated indice of arterial stiffness
ZCa , Cca Or 1/C.a is fixed arbitrarily according to age, gender, body
height, body weight, and/or level of fithness of the person whose artery is
studied.

Thus, the second embodiment of the process according to the invention

does not require any previous calculation of Zc , C or 1/C, but still allows
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monitoring and tracking changes of SV. This embodiment of device and
process according to the invention is preferably used in medical and surgical
Intensive Care Unit (ICU) and in anesthesia unit, wherein such monitoring

can be very useful.

CONCLUSION

Here we have proposed four new hemodynamical formulae (equations
5, 8, 13, and 14) derived from systolic pulse contour analysis and relating
the characteristic impedance (Zc), the wavequide ratio (Zc/Rs), total
arterial compliance (C), and total arterial stiffness (1/C) to simple aortic
pressure indices and time indices. The mathematical relationship between
pulsatile load indices and time intervals was stressed, with Zc being
mathematically related to ST, the waveguide ratio being related to the duty
cycle (ST/T), and 1/C being related to the ST/At ratio.

Unlike previous studies performed on the basis of diastolic pulse
contour analysis, our systolic pulse contour analysis relies on the
propagative model, not the windkessel model, and thus avoids the
theoretical limitations related to the latter model. Our proposal incorporates
the potential influences of wave propagation and reflections on the indices
of pulsatile load. The present viewpoint is mainly based on 2 validated
hypotheses: (1) a linear aortic pressure-flow relationship in early systole,
(ie, before the arrival of the first reflected wave) and (2) a triangular aortic
flow wave during systole. While the former hypothesis intrinsically belongs
to the characteristic impedance concept, the latter may be inaccurate in low
flow states or in arrhythmic patients. The main limitation of our study is
that the new formulae are mainly applicable for invasive methods, and this
affects on their clinical application. However, in the near future, it may be
expected that improved tonometric devices may well furnish more reliable
estimates of the high-frequency components of the pulse wave, allowing a

more reliable, noninvasive estimation of pulsatile load.

Of course, the invention is not limited to the examples which have
just been described and numerous amendments can be made to these

examples without exceeding the scope of the invention.
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In particular, the previously described embodiments mainly concern
an heart artery, but the invention may be applied to any other artery, in the
human or other animals. For example, the operating procedure may also
involve pulmonary artery pulse wave analysis, by using the procedures
described above. This may allow to estimate pulmonary artery characteristic
impedance Zc, waveguide ration Zc/Rs , compliance C and stiffness 1/C
according to similar formulae 5, 8, 13, and 14 and to track right ventricular
stroke volume changes according to equations 16 and 17.

Furthermore, the calculations of the process according to the
invention may be obtained under various clinical settings: health and
diseases, throughout aging, at rest and exercise, during day and night,
before and after dynamic maneuvers, before and after acute or chronic

therapy.
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CLAIMS:

1. A process for calculating an indice of arterial stiffness of a human or another

animal, comprising;:

a) recording an artery pressure as a function of time from the human or

another animal;
b) providing a processor configured to perform the following steps:

extracting pulse wave analysis data from the recorded pressure of the

artery of the human or another animal, and

calculating the indice of arterial stiffness of the human or another

animal as a function of the extracted pulse wave analysis data comprising:

- at least one extracted time interval including an extracted

systolic time, and

- an extracted diastolic pressure and an extracted pressure at an
inflection point during systole, wherein the inflection point 1s not an

inflexion point at the beginning of systole or at the end of systole,

the indice of arterial stiffness of the human or another animal being thus

calculated as a function of the extracted systolic time, the extracted diastolic pressure

and the extracted pressure at said inflection point during systole; and

¢) monitoring, in time, the calculated indice of arterial stiffness of the

human or another animal in one of a medical unit, a surgical intensive care unit or an

anesthesia unit.
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2. The process according to claim 1, wherein the at least one time interval
comprises a time to the pressure at an inflection point during systole, the indice being
calculated as a function of the ratio: ST / At, where At is the time to the pressure at

the inflection point during systole and ST 1s the systolic time.

3. The process according to claim 1, wherein the at least one time interval
comprises a period of the artery, the indice being calculated as a function of the ratio:

ST /T, where T is the period and ST is the systolic time.

4. The process according to claim 1, wherein the indice of arterial stiffness i1s a

characteristic impedance calculated according to the following equation:

Zc = [(Pi — DAP) * ST] / (2SV), where Zc is the characteristic impedance,
DAP is the diastolic pressure, Pi is the pressure at the inflection point during systole,

SV is a recorded stroke volume, and ST is the systolic time.

5. The process according to claim 2, wherein the indice of arterial stiffness 1s a

total arterial compliance calculated according to the following equation:

C=(SV * At)/ [(Pi — DAP) * ST], where C is the total arterial compliance,

DAP is the diastolic pressure, Pi is the pressure at the inflection point during systole,
SV is a recorded stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.

6. The process according to claim 2, wherein the indice of arterial stiffness 1s a

total arterial stiffness calculated according to the following equation:

1/C= [(Pi—DAP) * ST]/ (SV * At), where 1/C is the total arterial stiffness,
DAP is the diastolic pressure, Pi is the pressure at the inflection point during systole,
SV is a recorded stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.
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7. The process according to claim 3, wherein the indice of arterial stiffness is a

waveguide function, the extracted pulse wave analysis data comprising:

- a mean aortic pressure, and
- a mean downstream pressure,

the waveguide function being calculated according to the following

equation:

Zc / Rs = [(Pi — DAP) / (MAP — Po)] * [(ST) / (2T)], where Zc / Rs 1s the
waveguide function, DAP is the diastolic pressure, Pi is the pressure at the inflection

point during systole, ST is the systolic time, T is the period, MAP is the mean aortic

pressure and Po is the mean downstream pressure.

8. The process according to claim 1, comprising;:

setting a calibrated indice of arterial stiffness equal to the previously

calculated indice of arterial stiffness;

calculating a stroke volume as a function of the calibrated indice and as

a function of:

(Pi—DAP) * ST where DAP is the diastolic pressure, P11s the pressure

at the inflection point during systole, and ST is the systolic time.

9. The process according to claim 8, wherein the indice of arterial stiffness 1s a

characteristic impedance, the calculated stroke volume being calculated according to

the following equation:

SV =[(Pi—DAP) * ST / (2 Zc.a)], where Zc,, is the calibrated characteristic

impedance, DAP is the diastolic pressure, Pi is the pressure at the intlection point

during systole, SV is the calculated stroke volume, and ST 1s the systolic time.
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10.  The process according to claim 8, wherein the indice of arterial stiffness 1s a
total arterial compliance or a total arterial stiffness, the at least one time interval
further comprising a time to the pressure at the inflection point during systole, the

calculated stroke volume being calculated according to the following equation:

SV =C * [(P1—DAP) * ST /At], where C, 1s the calibrated total arterial
compliance that is equal to the inverse of the calibrated total arterial stifiness 1/Cy,

DAP is the diastolic pressure, Pi is the pressure at the inflection point during systole,

SV is the calculated stroke volume, ST is the systolic time, and At is the time to the

pressure at the inflection point during systole.

11. A process for calculating a stroke volume of a human or another animal,

comprising:

recording an artery pressure as a function of time from the human or

another animal;

providing a processor configured to perform the steps of:

extracting pulse wave analysis data from the recorded pressure of the

artery of the human or another animal; and

calculating the stroke volume of the human or another animal as a

function of the extracted pulse wave analysis data including:

- at least one extracted time interval including an extracted

systolic time, and

- an extracted diastolic pressure and an extracted pressure at an
inflection point during systole, wherein the intlection point 1s not an

inflexion point at the beginning of systole or at the end of systole,
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the stroke volume of the human or another animal being thus calculated
as a tunction of the extracted systolic time, the extracted diastolic pressure and the

extracted pressure at said inflection point during systole; and

monitoring, in time, the calculated stroke volume of the human or

another antmal in one of a medical unit, a surgical intensive care unit or an anesthesia

unit.

12.  The process according to claim 11 wherein the calculated stroke volume is

calculated as a tunction of:

(P1—~DAP) * ST, where DAP is the diastolic pressure, P1 is the pressure

at the inflection point during systole, and ST is the systolic time.

13.  The process according to claim 11, wherein the calculated stroke volume 1s

calculated according to the following equation: SV = [(P1— DAP) * ST/ (2 Zc.a)],
where where Zc,; is a calibrated characteristic impedance, DAP 1s the diastolic

pressure, Pi11s the pressure at the intlection point during systole, SV is the calculated

stroke volume, and ST is the systolic time.

14.  The process according to claim 11, wherein the at least one time interval
further comprises a time to the pressure at the inflection point during systole, the

calculated stroke volume being calculated according to the following equation:

SV=C.y* [(P1-DAP) * ST /At], where C_; 1s a calibrated total arterial
compliance that is equal to the inverse of a calibrated total arterial stiffness 1/C,,
DAP is the diastolic pressure, Pi 1s the pressure at the inflection point during systole,

SV is the calculated stroke volume, ST is the systolic time, and At 1s the time to the

pressure at the inflection point during systole.
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15. A device for calculating an indice of arterial stiffness of a human or another

animal, comprising:

means for recording an artery pressure as a function of time from the

human or another animal;
5 a processor including:

- means for extracting pulse wave analysis data from the recorded
pressure of the artery of the human or another animal, the recorded

pressure being recorded as a function of time; and

- means for calculating the indice of arterial stiffness of the human or

10  another animal as a function of the extracted pulse wave analysis data comprising:

o at least one extracted time interval including an extracted

systolic time, and

o an extracted diastolic pressure and an extracted pressure at
an inflection point during systole, wherein the inflection
15 point is not an inflexion point at the beginning of systole or

at the end of systole,

the indice of arterial stiffness of the human or another animal being thus
calculated as a function of the extracted systolic time, the extracted diastolic pressure

and the extracted pressure at said inflection point during systole; and

20 means for monitoring, in time, the calculated indice of arterial stitfness

of the human or another animal in one of a medical unit, a surgical intensive care unit

or an anesthesia unit.
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16. The device according to claim 15, wherein the at least one time interval
comprises a time to the pressure at an inflection point during systole, the means for
calculating the indice of arterial stiffness being arranged for calculating the indice as

a function of the ratio:

ST / At, where At 1s the time to the pressure at the inflection point

during systole and ST is the systolic time.

17. The device according to claim 15, wherein the at least one time interval
comprises a period of the artery, the means for calculating the indice of arterial

stiffness being arranged for calculating the indice as a function of the ratio:
ST /T, where T 1s the period and ST is the systolic time.

18.  The device according to claim 15, further comprising means for recording a

stroke volume, the means for calculating the indice of arterial stiffness being

arranged for calculating the indice as a function of the recorded stroke volume.

19.  The device according to claim 15, wherein the indice of arterial stiffness is a
characteristic impedance, the means for calculating the indice of arterial stifiness
being arranged for calculating the characteristic impedance according to the following

equation:

Zc = [(P1 — DAP) * ST}/ (2SV), where Zc is the characteristic impedance,
DAP is the diastolic pressure, Pi is the pressure at the inflection point during systole,

SV is a recorded stroke volume, and ST is the systolic time.

20.  The device according to claim 16, wherein the indice of arterial stiffness 1s a

total arterial compliance,

the means for calculating the indice of arterial stifftness being arranged

for calculating the total arterial compliance according to the following equation:



10

15

20

CA 02713675 2015-07-09

File no.: 11450-113
- 47 -

C = (SV * At) / [(P1 — DAP) * ST], where C 1s the total arterial
compliance, DAP 1s the diastolic pressure, P1 1s the pressure at the inflection point

during systole, SV 1s a recorded stroke volume, ST 1s the systolic time, and At is the

time to the pressure at the inflection point during systole.

21.  The device according to claim 16, wherein the indice of arterial stiffness 1s a
total arterial stiffness, the means for calculating the indice of arterial stiffness being

arranged for calculating the total arterial stiffness according to the following equation:

1/C = [(Pi— DAP) * ST}/ (SV * At), where 1/C 1s the total arterial
stiffness, DAP is the diastolic pressure, P1 is the pressure at the inflection point during
systole, SV is a recorded stroke volume, ST 1s the systolic time, and At i1s the time to

the pressure at the inflection point during systole.

22.  The device according to claim 17, wherein the indice of arterial stifiness is a

waveguide function, the extracted pulse wave analysis data comprising:
- a mean aortic pressure,

- a mean downstream pressure,

the means for calculating the indice of arterial stiftness being arranged

for calculating the waveguide function according to the tfollowing equation:

Zc / Rs =[(Pi— DAP)/ (MAP —Po)] * [(ST) / (2T)}, where Zc / Rs 1s
the waveguide function, DAP is the diastolic pressure, Pi1 is the pressure at the

inflection point during systole, ST 1is the systolic time, T 1s the period, MAP is the

mean aortic pressure and Po is the mean downstream pressure.

23.  The device according to claim 22, comprising a calibration means configured

for setting a calibrated indice of arterial stiffness equal to an indice of arterial stiffness

previously calculated by the means for calculating the indice ot arterial stiftness, the
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device further comprising means for calculating a stroke volume as a function of the

calibrated indice and as a function of:
(P1—-DAP) * ST

where DAP is the diastolic pressure, P1 1s the pressure at the inflection

point during systole, and ST is the systolic time.

24.  The device according to claim 23, wherein the means for calculating a stroke

volume is configured to monitor and track changes.

25.  The device according to claim 23, wherein the indice of arterial stiffness is a
characteristic impedance, the means for calculating a stroke volume being arranged

for calculating the stroke volume according to the following equation:

SV = [(P1 — DAP) * ST / (2 Zcea)], where Zc., 1s the calibrated

characteristic impedance, DAP is the diastolic pressure, Pi is the pressure at the

inflection point during systole, SV is the calculated stroke volume, and ST 1s the

systolic time.

26.  The device according to claim 23, wherein the indice of arterial stiffness is a

total arterial compliance or a total arterial stiffness, the at least one time interval
further comprising a time to the pressure at the inflection point during systole, the
means for calculating a stroke volume being arranged for calculating the stroke

volume according to the following equation:

SV =C.q * [(P1 — DAP) * ST /At], where C, 1s the calibrated total
arterial compliance that is equal to the inverse of the calibrated total arterial stiffness
1/C.4, DAP is the diastolic pressure, Pi is the pressure at the intlection point during
systole, SV is the calculated stroke volume, ST is the systolic time, and At 1s the time

to the pressure at the inflection point during systole.
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27. A device for calculating a stroke volume of a human or another animal,

comprising:

means for recording an artery pressure as a function of time from the

human or another animal;

a processor including:

- means for extracting pulse wave analysis data from the recorded
pressure of the artery of the human or another animal, the recorded

pressure being recorded as a function of time; and

- means for calculating the stroke volume of the human or another
animal as a function of the extracted data, wherein the extracted

pulse wave analysis data comprises:

o at least one extracted time interval including an extracted

systolic time, and

o an extracted diastolic pressure and an extracted pressure at
an inflection point during systole, wherein the intlection

point is not an inflexion point at the beginning of systole or

at the end of systole,

the stroke volume of the human or another animal being thus calculated as a
function of the extracted systolic time, the extracted diastolic pressure and the

extracted pressure at said inflection point during systole; and

means for monitoring, in time, the calculated stroke volume of the

human or another animal in one of a medical unit, a surgical intensive care unit or an

anesthesia unit.
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28.  The device according to claim 27, wherein the means for calculating a stroke

volume 1s arranged for calculating the stroke volume as a function of:

(P1—DAP) * ST, where DAP is the diastolic pressure, P1 1s the pressure

at the inflection point during systole, and ST i1s the systolic time.

29.  The device according to claim 27, wherein the means for calculating a stroke

volume are arranged for calculating the stroke volume according to the tollowing

equation:

SV = [(P1 — DAP) * ST / (2 Zc.a)], where where Zc, 1s a calibrated
characteristic impedance, DAP is the diastolic pressure, P1 1s the pressure at the

inflection point during systole, SV is the calculated stroke volume, and ST i1s the

systolic time.

30. The device according to claim 27, wherein the at least one time interval turther

comprises a time to the pressure at the inflection point during systole, the means for
calculating a stroke volume being arranged for calculating the stroke volume

according to the following equation:

SV =C.1* [(P1-DAP) * ST /At], where C, 1s a calibrated total arterial
compliance that is equal to the inverse of a calibrated total arterial stiffness 1/C,
DAP is the diastolic pressure, Pi is the pressure at the inflection point during systole,

SV is the calculated stroke volume, ST is the systolic time, and At 1s the time to the

pressure at the inflection point during systole.
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31.  The process according to claim 1, wherein the indice is calculated as a function

of:
(P1— DAP) * ST

where DAP 1s the diastolic pressure, P1 1s the pressure at the inflection

point during systole, and ST is the systolic time.

32.  The process according to claim 1, wherein the indice 1s calculated as a function

of a recorded stroke volume.

33.  The device according to claim 15, wherein the means for calculating the indice

of arterial stiffness is arranged for calculating the indice as a function of:
(P1—DAP) * ST

where DAP is the diastolic pressure, P1 1s the pressure at the inflection

point during systole, and ST is the systolic time.

34.  The process of claim 1, wherein the processor includes one of: a computer or a

microprocessor.

35.  The process of claim 11, wherein the processor includes one of: a computer or

a I‘IliCl‘OpI'OCGSSOI‘.

36. Thedevice of claim 15, wherein the processor includes one ot: a computer or a

MiCroprocessor.

37. Thedevice of claim 27, wherein the processor includes one of: a computer or a

MICroprocessor.
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Recording artery pressure

Aortic Proasssrs
rmunHg

Recording Stroke Volume SV

Extracting pulse wave analysis data:
- pressures: DAP, Pi, MAP, Po, ~—<Z0
- Time intervals: At, ST, T

/‘fO

: : \
Calculating Indice:
Zc = [(Pi — DAP) * ST]/ (2SV) (equation 5) and/or
Zc | Rs = [(Pi— DAP) / (MAP —Po)] * [(ST) / (2T)] (equation 8) and/or
C = (SV * At) / [(Pi — DAP) * ST] (equation 13) and/or
1/C = [(Pi— DAP) * ST]/(SV * At) (equation 14)

Cecal "' —~ g“o

Calculating and Monitoring Stroke Volume SV:

SV = Ccal* [(Pi - DAP) * ST /At] (equation16)or [~ 6 O

SV = [(Pi - DAP) * ST/ (2 Zc__)] (equation 17) or

SV1=C __* [(Pi- DAP)* ST /At]

SV2 = |(Pi—~ DAP) * ST/ (2 rAS |
SV = f(SV1, SV2)

Figure 3
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/ Recording arfery pressure \

Aordn Prassung
mintig —— | O
L ™ 4k Wit Sttt 3
Ax
106 — e 4 wend
- N / .
TP A T T S— ¥
66 - @_,, Recording Stroke Velume 3V
ST 20
N 7

[ Extracting pulse wave analysis data:
- preeeures: DAP, Pi, MAP, Po, ~—Z0
- Time intervals: At, ST, T

- .

/ 40

-
Calculating Indice:
Z¢ = [(Pl - DAP) * 8T] / (2SV) (equation 3) andior
Z2¢ | Rs = [{P]1 - DAP) f {(MIAP — Po)] * [{8T)/ (2T)] (equation 8) and/or
C = (3V * At} / [(P| - DAP) * ST] (equation 13} andior
1/C = [Pl - DAP) * ST]/ (SV* At) (equation 14}
\ L Y
Ceg € 5O
cha| =Z¢s

!

/’Calculaﬂng and Monltoring Etroke Volums SV: ‘\

SV =C_ *[{P1- DAP) * 5T/Af] (aquatlon 16) or [~ § O
SV = [(PI- DAP) * ST/ (2 2¢__ }] {squation 17) or
SV1mG _* [(PI- DAF)" ST /At]

SV = [(Fl~DAF} * ST/ (22¢_ )]
\_8V = fi8V1, 8v2} = Y,
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