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METHOD FOR THE CONTINUOUS
EVALUATION OF THE
VENTRICULO-AORTIC COUPLING OF
AT-RISK PATIENTS BY ANALYSIS OF
PRESSURE-FLOW LOOPS

The present invention relates to the field of cardiovascular
resuscitation. More specifically, it provides a novel method
of monitoring the ventricular-aortic coupling of at-risk
patients, which can be carried out with the monitoring
devices commonly used in operating theatres, in resuscita-
tion and in emergency departments.

The choice of the optimal strategy for cardiovascular
resuscitation (volemic expansion or administration of vaso-
constrictors, choice of the vasoconstrictor, choice of the
volume of the dose of drug, etc.) of at-risk patients or
unstable patients is a major challenge but remains compli-
cated. This is because there is at the current time no real
consensus regarding the choice of the various parameters to
monitor, regarding the means for measuring or regarding the
“target” values to be obtained. It is certainly recommended
to continuously monitor the mean arterial pressure (MAP) in
patients of this type and obtain a minimum value around 65
mmHg, but the debate remains open with regard to the actual
MAP threshold to be obtained (65 or 85 mmHg: [1]).
Furthermore, an increasing amount of literature suggests
that guiding the therapy to optimize cardiac output (COP) in
the peri-operative period of at-risk patients or else of
unstable patients can improve the prognosis of these patients
[2]. Of all the devices available, the transesophageal Dop-
pler (TED), which measures blood flow in the thoracic aorta,
appears to be the cardiac output monitor associated with the
most convincing reproducibility, while remaining not very
invasive. For patients at cardiovascular risk, monitoring of
cardiac output, via TED, combined with an invasive mea-
surement of MAP via an arterial catheter, is therefore a
currently recommended approach.

Ventricular-aortic coupling is a physiological concept
which makes it possible to integrate the interactions that
exist between the heart and the vessels during a cardiac
cycle. This concept came to light with the works of Otto
Franck describing ventricular pressure/volume loops (FIG.
1). Reiterating and continuing the works of Franck, Suga
and his team defined myocardial elastance (Ees) and arterial
elastance (Ea) [3]. Ees reflects the contractile function of the
myocardium and Ea defines the arterial viscoelastic proper-
ties, integrating the notion of ventricular afterload, com-
posed of vascular resistances, of arterial compliance and of
aortic input impedance. Ventricular-aortic coupling (Cv-a) is
then quantified by the Ea/Ees ratio, with adequate coupling
defined by Ea/Hes=0.8, and pathological coupling when
FEa/Ees>1. Furthermore, the ventricular pressure/volume
(PVA) curve is proportional to the ventricular work carried
out by the heart during a cardiac cycle and to the oxygen
consumption of the myocardium [3]. Thus, analysis of the
cardiac pressure/volume loop allows a complete estimation
of the hemodynamic parameters. However, this concept has
never been set up in clinical practice because of the difficulty
in obtaining the central arterial pressure curve associated
with the simultaneous measurement of ventricular volumes.

Recently, a method using tools already commonly used
clinically for monitoring the state of patients during cardio-
vascular resuscitation has been described [4]. This method
integrates the arterial pressure information (obtained by
means of a radial arterial catheter) and the aortic flow
information (obtained by transesophageal Doppler), by ana-
lyzing, in real time: (i) the loops (PQ loops) representing the

20

25

40

45

60

65

2

flow as a function of the pressure (one cardiac cycle corre-
sponding to one loop) and (ii) the arterial vascular imped-
ance. The authors of this publication propose a “functional”
definition of cardiac mechanical efliciency, corresponding to
the flow divided by the area of the loop. While this method
is immediately applicable in the clinic, it remains however
insufficiently informative. This is because the analysis of the
total surface area of the pressure-flow loop is not sufficient
to measure the ventricular-aortic coupling. In particular, it
provides information only very imperfectly on the arterial
stiffness and the inotropism of the patient. The authors of
this publication therefore coupled the analysis of the flow/
pressure loop to the calculation of vascular impedance.
However, this parameter, described a long time ago and the
calculation and analysis of which are completely indepen-
dent of the flow/pressure loop, has never been used by
practitioners owing to the complexity of analysis thereof.

In an approach initially similar to that of Thiele et al., the
inventors have chosen to use clinically available technolo-
gies (in particular, the transesophageal Doppler technology
and the measurement of arterial pressure) to construct an
aortic pressure/flow loop (and not ventricular pressure/
volume loop). By virtue of an analysis of this loop that is
different from that proposed by Thiele et al., the present
invention proposes a method of monitoring the ventricular-
aortic coupling of a patient, which makes it possible to
visually, rapidly and continuously provide the clinician with
precious information regarding, in particular, the arterial
stiffness of the patient and the response of said patient to a
vasoactive treatment. The present invention thus combines
the advantages of the various methods previously described,
since it analyzes the richness of information of methods
based on the analysis of Pressure/Volume curves described
by Burkhoff et al. [3] and it can be carried out using cardiac
output monitors (esophageal Doppler or the like) and also
multiparametric scopes that are available in operating the-
atres, in resuscitation and in the emergency sectors. In
addition, it can be used clinically very visually and intui-
tively, since the practitioner can directly access, through the
appearance of the curve, the quality of the ventricular-aortic
coupling of the patient (this is illustrated in particular in FIG.
10).

A first aspect of the present invention is thus a method for
evaluating the ventricular-aortic coupling of a patient in real
time on the basis of the aortic pressure/flow loop of said
patient, comprising the following steps:

(i) determining, on the pressure/flow loop, the coordinates
of the following points:

A: point of the loop where the flow is zero and the
pressure is at the minimum (point just before the beginning
of systole: diastolic pressure),

B: point of the loop where the flow is highest,

C: point of the loop where the pressure is highest (systolic
pressure),

D: point of the loop where the flow is zero and the
pressure is at the maximum (dicrotic pressure, at closing of
the aortic valves: beginning of diastole);

(i1) calculating the percentage of the area (Stot) of the loop
of the part (S2) located between the straight lines (AB) and
(AC) and/or the angle y between these two straight lines
and/or the acute angle d between the straight lines (AC) and
(BD); (i) interpreting the results in the following way:

if 82/Stot<R2b and/or y=Gb and/or d<Db, the patient

shows good ventricular-arterial coupling;

if S2/Stot=R2m and/or y=Gm and/or 6=Dm, the patient

shows poor ventricular-arterial coupling;
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in an intermediate situation, the quality of the ventricular-

arterial coupling of the patient is intermediate,

R2b, R2Zm, Gb, Gm, Db and Dm being predetermined
thresholds.

In the aforementioned, the “flow” denotes, generally, the
movement of the blood column in the aorta. It can be
measured, as is currently the case using Doppler devices, as
a flow rate (in ml/s). However, since the aortic flow is
calculated by multiplying the velocity of the blood in the
aorta by the cross section of the aorta, which is a fixed
number given according to graphs, the method is also
applicable by measuring the flow as the speed of the blood
column. In the present text, the flow thus denotes, without
implied distinction, a flow rate or a speed/velocity, and all
the reasoning described in the experimental section below
can be transposed to the analysis of the Pressure/Speed or
Pressure/Velocity loop (taking the speed/velocity as x-axis,
in m/s or cm/s). The thresholds and values of the angular
parameters will then be different. Likewise, the experimental
results described in particular in example 7 below, using
power diagrams with velocities along the x-axis and the
pressure along the y-axis, and representing iso-power curves
in W/em?, can be transposed onto pressure/flow diagrams,
with iso-power curves in W.

Those skilled in the art will be able to determine, as a
function of the parametering (scales) of the loop obtained
with a given device, the threshold ratios R2b and R2m and
the threshold angles Gb, Gm, Db and Dm. In the experi-
mental examples below, where the loops are represented by
choosing a ratio between the scales along the y-axis and
along the x-axis such that 20 mmHg and 100 ml/s are
represented by the same distance, Gb=5° and Gm=15°. The
threshold values for the angle delta can also be fixed, by way
of example, in the following way: Db=10° and Dm=30°.
Threshold values of the same order may be obtained with a
measurement of the flow in speed by choosing a ratio
between the scales along the y-axis and along the x-axis such
that 1 mmHg and 1 em/s are represented by the same
distance. In examples 1 to 4, where the arterial pressure is
measured at the periphery and used without transfer func-
tion, threshold values for the S2/Stot ratio of the order of
R2b=15% and R2m=between 40% and 50% were defined.
Those skilled in the art are perfectly able to redefine these
threshold values using a transfer function of which the
principle is described in example 8. Of course, R2b<R2m,
Gb<Gm and Db<Dm.

According to one particular implementation of the method
of the invention, the surface area S1, located between the
straight line (AB) and the lower part of the loop, is also
calculated (for example, as percentage of the total surface
area of the loop). This surface area gives the following
information (which adds, for the interpretation, to that of S2
and/or y and/or 9):

S1/Stot=R 1m indicates that the patient has good ventricu-

lar-arterial coupling;

S1/Stot<R1b indicates that the patient has poor ventricu-

lar-arterial coupling;

in an intermediate situation, the quality of the ventricular-

arterial coupling of the patient is intermediate,

R1b and R1m being predetermined thresholds.

According to another particular implementation of the
method of the invention, the angle o formed by the straight
line (AB) and the axis of the flows and/or the angle p formed
by the straight line (AC) and the axis of the flows are also
measured. These angles provide the following indications
(which add to those obtained at least via S2 and/or y and/or
o)
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a=Ab and/or P=Bb indicate that the patient has good

ventricular-arterial coupling;

a=Am and/or B<Bm indicate that the patient has poor

ventricular-arterial coupling;

in an intermediate situation, the quality of the ventricular-

arterial coupling of the patient is intermediate.

In the same way as for Gb, Gm, Db and Dm above, the
threshold values R1b, R1m, Ab, Am, Bb and Bm can be
easily determined by those skilled in the art as a function of
the material and the scales that they use, on the basis of
measurements on patients or on control individuals whose
ventricular-arterial coupling quality is known. The determi-
nation of the threshold values is a simple “calibration” work
for those skilled in the art. The angle o provides information
on the inotropism, whereas f, which is the sum of ¢ and vy,
also provides information on the arterial stiffness (like ).

The methods according to the invention can also com-
prise, in step (ii), the calculation of the area Stot of the loop
and, in step (iii), the interpretation of Stot as reflecting the
efficiency of the cardiovascular system (this efficiency being
all the greater, the smaller the surface area). Here again,
those skilled in the art will be able to define, with the
material at their disposal and the units they use (in particular
for measuring the flow, in ml/s or in m/s), one or more
threshold values for interpreting the Stot measurement.

According to one simplified implementation of the
method of the invention, it is possible to measure the angular
parameters described above from only points A, B, C and D.
According to this variant, only these points, and also the
straight lines linking two of these points, are visualized.

Of course, other parameters of the pressure/flow loops can
be analyzed during the implementation of the methods
according to the invention. In particular, on the basis of the
first part of the loop (initial slope of the loop—close to the
slope Ees described by Franck et al.,—area S1 and the Max
flow), it is possible to measure parameters linked to the
inotropism and the contractility. Likewise, the area of the
Pressure/Flow loop can be used to evaluate the systolic
ejection work provided by the heart at each beat, like the
studies by Suga and Sagawa. The surface area of the curve
up to the x-axis (FIG. 14) can also be calculated, in order to
evaluate the ventricular potential energy which, related to
the surface area of the loop, would allow an estimation of the
efficiency of the cardiovascular system.

It is important to note that, contrary to the method
described by Thiele et al. (above), the present method does
not require the arterial vascular impedance amplitude spec-
trum to be calculated. This is because the information
provided by the various parameters measured, in particular
the percentage of the surface area of the loop located
between the straight lines (AB) and (AC) and also the angles
is sufficient to accurately evaluate the ventricular-arterial
coupling of the patient.

According to one particular implementation of the method
of the invention, the maximum power generated by the
cardiovascular system of the patient is calculated. The power
is equal to the product of the pressure multiplied by the flow
rate/flow, and can also be calculated by multiplying the
pressure by the velocity (it is then a power per unit of surface
area). On the Pressure/Velocity (Pre/Vel) loop diagram, it is
thus possible to plot Iso-Power curves linking the points
where the product PrexVel is identical. According to one
preferred implementation of the invention, the Pre/Vel loop
is visualized on a diagram on which are represented iso-
power curves (in W/cm?). The maximum power generated
by the patient can then be immediately visualized. A region-
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ing of the plane of the diagram makes it possible to imme-
diately visually assess the cardiovascular profile of the
patient.

Thus, the methods described above can also comprise a
step of analyzing the power generated by the cardiovascular
system of the patient, which can be carried out in the
following way:

(1) on the basis of the aortic pressure/flow loop of the
patient, determining the maximum power per cm?
(Pui,,,,) generated by the patient’s heart during a
heartbeat, and the pressure (Pre) and velocity (Vel)
values at the point corresponding to the maximum
value of the power;

(1) classifving the patient in a category according to the
values of Pui,,, ., Pre and Vel determined in step (i),
with the following categories being distinguished:

1: Pre>Pre, and Pre>axVel and Pui,,, <Pui,;
2: Pui,,, >Pui,;
3: Vel>Vel, and PresPre,

Pui,,, =Pui;

4: Vel>Vel, and PresPre, and Pui,,, <Pui ;
5: Vel=Vel, and Pre<Pre, and Pui,,, <Pui,;
6: bxVelsPresaxVel and Pui sPui,,, <Pui,

Pre, <Pre<Pre, and Vel,<Vel<Vel,,

7: other situations;
the parameters Pre,, Pre,, Vel,, Vel,, Pui,, Pui,, a and

b being predetermined and defined in the following

way:

Pre, and Pre, are reference values corresponding to
upper and lower limits, respectively, of a physi-
ological pressure;

Vel, corresponds to a value of the maximum systolic
velocity below which the maximum systolic
velocity is considered to be lower than normal;

Vel, corresponds to a value of the maximum systolic
velocity above which the maximum systolic
velocity is considered to be above normal;

Pui;, and Pui, correspond to limiting values of the
maxinum power per cm? generated during a beat,
below and above which, respectively, complica-
tions can occur;

a and b are factors which make it possible to assess
the ventricular-arterial coupling of a patient, the
coupling being considered to be satisfactory if, at
the moment when the power generated by the
heart is at a maximum, bxVel=Pre<axVel.

The methods described above advantageously make it
possible to identify a patient at cardiovascular risk. Indeed,
poor ventricular-arterial coupling is indicative of a patient at
cardiovascular risk.

According to another advantageous aspect of the inven-
tion, the methods described above are used to determine the
efficacy of a vasoactive treatment for a patient in cardiovas-
cular resuscitation. For this, the ventricular-arterial coupling
of the patient is evaluated by a method according to the
invention, before and after the administration of the treat-
ment, and the results obtained are compared. A vasoactive
treatment is considered to be satisfactory if it allows a
sufficient arterial pressure to be restored, without however
leading to too great an increase in arterial stiffness, reflected
by an increase in S2, y and 0.

According to another aspect of the present invention, the
methods of evaluating the ventricular-arterial coupling that
are described above are used to compare the effects of
various vasoactive treatments, either for a given patient, in
order to choose the treatment that is most suitable according
to said patient’s individual characteristics, or more gener-
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ally, on one or more cohorts representative of patients for
whom this type of treatment is necessary, with a view for
example to providing recommendations. According to this
aspect of the invention, a method for comparing the effects
of various vasoactive treatments comprises the evaluation
(by a method as described above) of the ventricular-arterial
coupling of patients receiving the treatments to be com-
pared, before and after each administration of one of the
treatments. The results are then analyzed according to com-
mon practices for this type of comparison.

The present invention also relates to a device for evalu-
ating the ventricular-arterial coupling of a patient in real
time by implementing a method as described above, char-
acterized in that it comprises computer means parameterized
for:

(i) receiving and processing, in real time, signals origi-
nating, on the one hand, from means for measuring arterial
blood flow and, on the other hand, from means for measur-
ing arterial pressure;

(i1) displaying, in real time, the plot of at least one arterial
pressure/flow loop;

(iii) determining, on the final pressure/flow loop com-
pleted, the coordinates of the following points:

A: point of the loop where the flow is zero and the
pressure is at the minimum,

B: point of the loop where the flow is highest,

C: point of the loop where the pressure is highest,

D: point of the loop where the flow is zero and the
pressure is at the maximum; and

(iv) calculating the parameters described above, and in
particular the percentage of the area of the loop (Stot)
occupied by the part S2 located between the straight lines
(AB) and (AC) and/or the angle y between these two straight
lines and/or the acute angle 8 between the straight lines (AC)
and (BD).

It should be noted that, in the experimental section
presented below, the inventors have used esophageal Dop-
pler for measuring aortic flow, but that other Doppler
monitoring devices can be used for this, such as suprasternal
Doppler or cardiac echography, whether it is trans-thoracic,
trans-esophageal or the like. These alternative systems can
thus quite obviously be used with the devices according to
the invention (or integrated into these devices).

Likewise, the inventors have used invasive catheters for
measuring arterial pressure (radial or femoral catheters).
These means could however be replaced by means which
measure arterial pressure in a barely invasive or even
noninvasive manner (of the type tonometer, Nexfin etc.),
which can thus also be used with the devices according to
the invention (or integrated into these devices).

Moreover, since the shape of the pressure curve is differ-
ent when measured via the radial and femoral artery com-
pared with the central aortic pressure, the use of the central
pressure curve would be more accurate for evaluating aortic
stiffness and myocardial work. This curve can easily be
obtained by applying a mathematical transfer function on the
basis of the radial or femoral pressure curve. According to
one particular implementation of the device according to the
invention, the computer means are also parameterized for
calculating the central aortic pressure on the basis of the
arterial pressure measured.

According to another implementation of the device of the
invention, the computer means are also parameterized for
displaying the change in S2 and/or in § as a function of time.
This can be useful for ensuring better monitoring of the
patient over the duration and for keeping a history of their
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ventricular-aortic coupling and of their reactions to the
various vasoactive treatments that they have received.

According to another implementation of the device of the
invention, the computer means are also parameterized for
the display of iso-power curves.

The device of the invention may also comprise computer
means parameterized for displaying the plot of an arterial
pressure/flow loop as a function of time, the time being
represented by a third axis.

Another aspect of the invention is a method for obtaining
information on the cardiovascular condition of a patient,
comprising the following steps:

(i) on the basis of the aortic pressure/flow loop of the
patient, determining the maximum power per cm’
(Pui,,,.) generated by the cardiovascular system of the
patient during a heartbeat, and the pressure (Pre) and
velocity (Vel) values at the point corresponding to the
maximum value of the power;

(i) classifving the patient in a category according to the
values of Pui,, , Pre and Vel determined in step (i),
with the following categories being distinguished:

1: Pre>Pre, and Pre>axVel and Pui,, <Pui,;
2: Pui,,, >Pui,;
3: Vel>Vel, and Pre<Pre,

Pui,,, =Pui;

4: Vel>Vel, and Pre<Pre, and Pui,,, <Pui,;
5: Vel<Vel, and Pre<Pre, and Pui,,, <Pui,;
6: bxVelsPresaxVel and Pui =Pui,, <Pui,

Pre, <Pre<Pre, and Vel,<Vel<Vel,,

7: other situations;
the parameters Pre,, Pre,, Vel,, Vel,, Pui}, Pui,, a and

b being predetermined and defined in the following

way:

Pre, and Pre, are reference values corresponding to
upper and lower limits, respectively, of a physi-
ological pressure;

Vel, corresponds to a value of the maximum systolic
velocity below which the maximum systolic
velocity is considered to be lower than normal;

Vel, corresponds to a value of the maximum systolic
velocity above which the maximum systolic
velocity is considered to be above normal,

Pui; and Pui, correspond to limiting values of the
maximum power per cm” generated during a beat,
below and above which, respectively, complica-
tions can occur;

a and b are factors which make it possible to assess
the ventricular-arterial coupling of a patient, the
coupling being considered to be satisfactory if, at
the moment when the power generated by the
heart is at a maximum, bxVel<Pre=axVel;

(i) deducing the following information regarding the
cardiovascular state of the patient:
if the patient has been classified in category 1, said

patient presents a risk of arterial hypertension

impairing cardiac ejection;

if the patient has been classified in category 2, said
patient is in a supraphysiological state inducing a
risk of capillary rupture;

if the patient has been classified in category 3, said
patient presents a risk of hypoperfusion;

if the patient has been classified in category 4, said
patient presents a risk of circulatory insufficiency;

if the patient has been classified in category 5, said
patient presents severe circulatory insufficiency;
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if the patient has been classified in category 6, said
patient is in a physiological state with satisfactory
power and satisfactory ventricular-arterial coupling;

the other situations correspond to intermediate states
between those of categories 1 to 6.

By way of nonlimiting example, the parameters Pre,,
Pre,, Vel,, Vel,, Pui,, Pui,, a and b have been defined, in
example 7 below, in such a way that Pre,xVel,=Pui, and
Pre,xVel,=Pui,. In this example, the numerical values of
these parameters are:

Pre,=60 mmHg=0.798x10" Pa;

Pre,=160 mmHg=2.128x10* Pa;

Vel, =60 cn/s;

Vel,=160 c/s;

a=2;

b=0.5;

Pui,=0.48 W/cm?; and

Pui,=3.4 W/em?.

The present invention also relates to a theranostic method
for assisting in the therapeutic decision regarding a patient
at cardiovascular risk, comprising the following steps:

(1) obtaining information on the cardiovascular state of a

patient by the method above; and

(i1) deducing the type of treatment recommended for the

patient according to the category in which said patient
has been classified.

In one preferred implementation of this method, the
treatment recommended, in step (ii), is preferentially chosen
from:

for a patient classified in category 1: vasodilator antihy-

pertensives, diuretics, beta-blockers and combinations
thereof;

for a patient classified in category 2: hypnotics, mor-

phinomimetics and antihypertensives;

for a patient classified in category 3: vasoconstrictors;

for a patient classified in category 4: positive inotropes,

volemic expansion and a combination thereof;
for a patient classified in category S: volemic expansion
coupled with a vasoconstrictor and positive inotropes;

for a patient classified in category 7: solutes used for
vascular filling, inotropes and a combination thereof in
the case of low velocity and of beta-blockers in the case
of high velocity.

The present invention also relates to a method of treating
a patient at cardiovascular risk, comprising the following
steps:

(1) determining the type of drug recommended for the
patient by a theranostic method as described above; and

(ii) administering a treatment to the patient, said treatment
being chosen from the recommended treatments.

In one preferred implementation of the methods above
involving power diagrams, the pressure/velocity loop is
visualized on a power diagram on which are also represented
at least the Pui, and Pui, iso-power curves and the Pre=a Vel
and Pre=b Vel uncoupling straight lines.

The following examples and figures illustrate the inven-
tion without however limiting the scope thereof.

FIGURE LEGENDS

FIG. 1: diagram of a pressure-volume loop at the level of
the left ventricle (LV: left ventricle. ESP: end-systolic pres-
sure. EDP: end-diastolic pressure. ESV: end-systolic vol-
ume. EDV: end-diastolic volume, Es: ventricular elastance,
Ea: arterial elastance). Point A: opening of the mitral valve,
point B: closing of the mitral valve, point C: opening of the
aortic valve, point D: closing of the aortic valve.
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FIG. 2: curves of pressure and flow, as a function of time.

FIG. 3: Pressure/Flow loop—definition of the notable
points.

FIG. 4: correspondence of the points of the P/F loop in the
temporal range.

FIG. 5: surface areas of the Pressure/Flow loop.

FIG. 6: angles of the Pressure/Flow loop.

FIG. 7: example of a pressure-flow curve for a patient
with good coupling.

FIG. 8: example of a pressure-flow curve for a patient
with poor coupling.

FIG. 9: examples of pressure-flow curves for dogs of 3
very different breeds.

FIG. 10: A: good ventricular-aortic coupling: greyhound
profiles; B: intermediate ventricular-aortic coupling: Ger-
man shepherd profile; C: poor ventricular-aortic coupling:
bulldog profile.

FIG. 11: evolution of the peripheral (top) and central
(bottom) pressure waves, in a healthy subject (on the left)
and a subject suffering from arteriosclerosis (on the right). In
the healthy subject, the result of the incident and reflective
pressures does not increase the systolic pressure: in this case,
the Aix measured is 91%. In the at-risk patient on the right,
the increase in arterial stiffness is responsible for the earli-
ness of the reflection waves which amplifies the central
systolic pressure, the resulting Aix is 126%.

FIG. 12: correlation between central Aix and the loop
parameters.

FIG. 13: comparison of the evolution of the P/F loop as
a function of the vasoconstrictor used.

FIG. 14: significance of the area of the loop (Stot) and
visualization of the potential energy making it possible to
calculate the efficiency of the system.

FIG. 15: visual effect of the change of unit in terms of
velocity on the shape and the parameters derived from the
loop. A: Pre/Vel loop in a young subject. B: P/F loop in a
young subject. C: Pre/Vel loop in an elderly subject. D: P/F
loop in an elderly subject.

FIG. 16: example of Pre/Vel loop obtained with another
device for measuring aortic velocity. A.B. measurements
obtained with a suprasternal Doppler. C.D. measurements
obtained with transthoracic echography equipment having a
pulsed Doppler on which the Doppler firing is positioned on
the aortic outflow tract.

FIG. 17: example of a Pre/Vel loop obtained entirely
noninvasively, the pressure being recorded by means of a
Clearsight digital pressure sensor, the velocity being
recorded by means of transthoracic echography.

FIG. 18: representation of the Pre/Vel loop in a quadri-
lateral.

FIG. 19: representation of the Pre/Vel loop in three
dimensions, taking into account the time on a third axis.

FIG. 20: power diagram and description of the iso-
powers.

FIG. 21: power diagram and description of the coupling
and uncoupling axes.

FIG. 22: physiological interpretation of the Pre/Vel loop
in relation to the power diagram.

FIG. 23: example of use of the Pre/Vel loop and of the
power diagram in excessive vasodilation condition.

FIG. 24: example of use of the Pre/Vel loop and of the
power diagram in hypovolemic condition.

FIG. 25: example of use of the Pre/Vel loop and of the
power diagram in heart failure condition.

FIG. 26: other example of use of the Pre/Vel loop and of
the power diagram in heart failure condition.
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FIG. 27: example of use of the Pre/Vel loop and of the
power diagram in excessive hypertension condition.

FIG. 28: illustration of the differences between the central
pressure and peripheral pressure, and effects on the shape of
the Vel/Pre loop.

FIG. 29: example of the result of the application of a
transfer function to a peripheral pressure signal and com-
parison with the central pressure measured.

EXAMPLES

Example 1: Construction of the Aortic
Pressure/Flow Loop

1.1 Parameters Measured

The Pressure signal is collected in mmHg (FIG. 2), by
means of a radial or femoral arterial catheter.

The esophageal Doppler signal giving the aortic flow in
ml/s (FIG. 2) is collected via the Deltex® combi Q
monitor.

The Pressure/Flow loop is constructed heart beat by heart
beat with the simultaneous values of aortic flow on the
x-axis and of pressure on the y-axis.

1.2 Description of the Various Parameters Resulting from

the Aortic Pressure/Flow Loop:

the various specific points of the loop (FIG. 3-4):

A: diastolic pressure: the flow is zero before the beginning
of systole.

B: maximum flow.

C: maximum pressure (systolic pressure).

D: dicrotic pressure: pressure at closing of the aortic
valves: flow at 0, beginning of diastole.

The various specific straight lines of the loop:

straight line passing through points A and B: straight line
between the beginning of the cycle and the point where
the flow rate is at the maximum.

straight line passing through points A and C: straight line
between the beginning of the cycle and the point where
the pressure is at the maximum.

The various specific surface areas of the loop (FIG. 5):

Stot: total surface area of the Pressure/Flow loop.

S1: surface area between the lower part of the curve and
the straight line (AB).

S2: surface area of the loop included between the two
straight lines (AB) and (AC).

S3: surface area of the loop included between the straight
line (AC) and the upper edge of the loop.

The various angles of the loop (FIG. 6):

Alpha: angle between the horizontal passing through
point A and the straight line (AB).

Beta: angle between the horizontal passing through point
A and the straight line (AC).

Gamma: angle between the two straight lines (AB) and
(AC).

Example 2: Physiological Principle of the Analysis
of the Various Parameters Resulting from the
Aortic Pressure/Flow Loop

Good ventricular-arterial coupling leads to an increase in
arterial pressure during ventricular ejection, with a decrease
in pressure when the ejection flow decreases: the flow and
the pressure go roughly in the same direction during systole.
Poor ventricular-arterial coupling occurs when, during sys-
tole, the arterial pressure increases, whereas the ejection
flow decreases. This occurs with the appearance of early
reflection waves, promoted by an increase in aortic stiffness.
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This results in an increase in systolic pressure at end-systole
with a concomitant decrease in ejection flow.

Aortic stiffness increases with age and cardiovascular risk
factors, and also through excessive drug-related vasocon-
striction.

This phenomenon will be represented on the Pressure/
Flow loop by a large surface area S2 of the P/F loop and due
to the early rise in pressure, large beta and gamma angles.

For a patient with good ventricular-arterial coupling (pa-
tient 1, FIG. 7, table 1), the following are thus observed:

an elongated shape of the P/F loop;

a predominant S1 surface area compared with S2 and S3,
and a surface area S2 representing a small percentage
of the total surface area; and

a virtually zero gamma angle.

For a patient with poor ventricular-arterial coupling (pa-
tient 2, FIG. 8, table 1), the following on the other hand are
observed:

a more pressed together and squarer shape of the P/F

curve,

a large total surface area with a surface area S2 repre-
senting at least half the total surface area and a surface
area S3 representing a large percentage of the total
surface area;

a large gamma (and thus also beta) angle.

TABLE 1

value of the pressure/flow loop parameters for patients representative
of sood (patient 1) or poor (patient 2) ventricular-arterial coupling

Indices Patient 1 Patient 2

Total surface area 5344 ml/s * mmHg 6495 ml/s * mmHg

St 3710 ml/s * mmHg - 69% 1444 ml/s * mmHg - 22%
S2 484 ml/s * mmHg - 9% 3324 ml/s * mmHg - 51%
S3 1150 ml/s * mmHg - 22% 1727 ml/s * mmHg - 27%
Alpha 5.2° 9.2°
Beta 5.4° 24.5°
Gamma 0.2¢ 15.2°

This method was implemented on dogs of three different
breeds:

greyhound: slender dog, with long thin legs, with a body
that is flexible and light, very muscular, tendinous, built
for racing;

English bulldog: standard example of enlarged hound,
sturdy and very little exercise stamina;

German shepherd: sporting and multipurpose dog, not as
fast as the greyhound however, intermediate between
the above two breeds.

The results obtained (FIG. 9 and table 2) show 3 different
profiles: the greyhound has a profile typical of excellent
ventricular-aortic coupling, as opposed to that of the bull-
dog, while the German shepherd has an intermediate profile.

TABLE 2

parameters measured for 3 dogs of different breeds

Greyhound German shepherd Bulldog
Stot 5200 6900 6500
S1 40% 35% 22%
S2 25% 32% 51%
S3 35% 33% 27%
Alpha 2.1 3.2 7.1
Beta 33 7.1 21
Gamma 1.2 3.9 129
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These results led the inventors to propose a particularly
intuitive means for recognizing at first glance the quality of
the ventricular-aortic coupling of a patient (FIG. 10): a
patient having very good ventricular-aortic coupling will
have a loop in the shape of the profile of a greyhound head,
a loop resembling more of the profile of a German shepherd
head will correspond instead to medium ventricular-aortic
coupling, while a patient having poor ventricular-aortic
coupling will be immediately identified by a pressure/flow
loop having a shape resembling the profile of a sturdy
bulldog head (FIG. 10).

The visual representation of the Pressure/Flow loop with
the coupled analysis of the various surface areas and of the
various angles make it possible to easily evaluate the ven-
tricular-arterial coupling of patients:

in the basic state, as a function of their cardiovascular

factors; and

by following the evolution as a function of the response

to a vasoactive therapy.

Example 3: Monitoring of Patients and of Their
Response to a Vasoactive Therapy, Comparison of
Various Vasoactive Drugs

3.1 Methods
Patients
The study was carried out in the operating theatre on
major neurosurgery patients, after agreement from the Eth-
ics Committee (CE SRLF 11-356) and obtaining of informed
consent. In addition to the standard monitoring, a device for
simultaneous invasive measurement of arterial pressure and
measurement of cardiac output by trans-esophageal Doppler
(CombiQ®, Deltex Medical) was set out after induction of
general anesthesia. Moreover, in order to have a reflection of
arterial elastance and of arterial stiffness, an arterial tonom-
eter (SphygmoCor®, AtCor Medical) was used to obtain the
curve of central arterial pressure and the arterial stiffness
indices. This device is currently the reference for quantify-
ing arterial stiffness (represented by the augmentation index:
Aix, FIG. 11) and monitors its evolution as a function of
vasoactive therapies.
Patients having episodes of decrease in arterial pressure
(decrease of 20% compared with the target pressure) and
requiring the administration of a vasoconstrictor were
included. Before each injection of vasopressin (T0) and then
at the time of the peak effect of the vasopressin (T1) the
Pressure/Flow loops were plotted and the parameters
derived from the loop were calculated. At the same time,
using the SphygmoCor®, the augmentation index (Aix) and
the arterial elastance (Ea) were recorded.
Depending on the anesthetists’ choice, the patients
received either 9 mg of Ephedrine, or 50 pg of Neophe-
nylephrine, or 5 pg of Noradrenaline administered via a
peripheral venous route.
Statistical Analysis:
search for the correlation between the Aix measured by
SphygmoCor®, with the parameters of the P/F loop at
TO and at T1.

comparison of the evolution of the parameters of the P/F
loop as a function of the use of Ephedrine, of Neosy-
nephrine or of Noradrenaline.

comparison of the parameters of the P/F loop at TO

between the patients having cardiovascular risk factors
and the patients not having risk factors.
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study of the variations of the parameters of the P/F loop
before and after vasoconstriction as a function of the
patient’s susceptibility to illness and of the type of
vasoconstrictor used.
3.2 Correlation Between the Parameters of the P/F Curve
and Arterial Stiffness, Measured by an Arterial Tonometer
One hundred and four boluses of vasoconstrictors (25 of
Ephedrine, 40 of Neophenylephrine and 39 of Noradrena-

14

(Stot, S1, S2, S3) and angles (alpha, beta and gamma) before

and after vasoconstriction (table 4). However, Neosyneph-

rine induces a greater increase than the other two vasocon-

strictors with respect to Stot, beta, gamma and S2 (in

absolute value and in percentage relative to Stot (S2/Stot))

(table 5).

TABLE 4

variation in the P/F loop parameters following vasoactive treatment

Base Peak p value
EPHEDRINE

S tot 4889 (4004 to 5807) 6974 (5862 to 8831) 0.0001
S1 1997 (1644.7 to 2310.4) 2722 (1999.3 to 3762.6) 0.0018
S2 1709 (833.3 to 2331.8) 2694.4 (762.9 to 3299) 0.0302
S3 1658.8 (1081 to 1875.7) 2242.5 (1590.9 to 2557.6) 0.0014
S2/Stot 34.2 (17.7 to 40.6) 32.6 (12.1 to 40.7) 0.5554
Alpha 74 (51t09.2) 9.5 (6.3t011.3) 0.0012
Beta 10.9 (6.8 to 12.7) 13.3 (84 t019.3) 0.0002

Gamma 1.8 (0.9 to 3.8) 2.4 (0910 5.6) 0.055

NORADRENALINE
S tot 5291 (4094.5 to 6151) 6582 (5170.5 to 7445) 0.0037
S1 1775 (1480.5 to 2208.4) 1963.2 (1628.5 to 2776.1) 0.0787
S2 1215.9 (750 to 2504.4) 1957.4 (1139.8 to 2614.2) 0.0979
S3 1860.8 (1350.8 to 2290.6) 2311.5 (1561.8 to 2800.3) 0.0146
S2/Stot 26.4 (17 to 39.7) 27.9 (19.9 to 37.3) 0.7722
Alpha 8.5 (52t0 11.2) 10.6 (7.2t0 13.8) <0.0001
Beta 11.5 (7.2 t0 15.8) 14.2 (9.8 t0 22.9) <0.0001
Gamma 22 (12t0 4) 32 (1.7t09.3) 0.0011
NEOSYNEPHRINE

S tot 5344 (4029.5 to 7087.5) 7412 (6247.5 to 9019) <0.0001
S1 2028 (1437.8 to 2478.4) 2516 (1574.5 to 3184.5) 0.0725
S2 1255.2 (286.4 to 2980.9) 2624.7 (1502.6 to 3318.1) 0.0043
S3 1851.1 (1306.9 to 2381.5) 2452.2 (2008.1 to 3267.5) 0.0033

S2/Stot 26.9 (79 to 38.4) 31.2 (23.5 to 41.7) 0.165
Alpha 8.5 (5.1t0 10.4) 10.6 (7.3 t0 13.6) <0.0001
Beta 11.2 (73 t0 15.2) 16.2 (11.1 to 23.6) <0.0001
Gamma 2.1 (09 to 3.6) 54 (2.3t0 11.5) 0.0011

40
line), administered to 15 patients (median age of 47, 67 men,
8 women) were studied. 7 patients had no cardiovascular
risk factors (Healthy), and 8 patients had at least one
cardiovascular risk factor (Comorbid).

The results show that the Aix has a very strong correlation 4

with beta, gamma and S2, a medium correlation with Stot
and S3 and very little correlation with alpha and S1 (FIG. 12
and table 3).

TABLE 3

Pearson’s coefficient of correlation (95% CI) with Aix

Pearson’s coefficient of

correlation (95% CI) with Aix 55

Stot 0.37 [0.23-0.49]
S1 -0.12 [-0.27-0.04]
) 0.47 [0.34-0.58]
3 0.27 [0.12-0.41]
Alpha 0.23 [0.08-0.37]
Beta 0.63 [0.53-0.71] 60
Gamma 0.67 [0.57-0.74]
3.3. Comparison of the Effects Induced by Various Vaso-
active Drugs 65

Ephedrine, Noradrenaline and Neosynephrine induce pre-
dominantly a significant increase in the various surface areas

TABLE 5

comparison of the effects of Neosynephrine and of Noradrenaline
NEOSYNEPHRINE vs NORADRENALINE

Variations (Diff [95% CI]) p value
S tot 1072.27 [414.96 to 1729.59] 0.002
S1 266.01 [-139.2 to 671.22] 0.2022
82 615.97 [296.49 to 935.46] 0.0003
S3 221.27 [-146.76 to 589.31] 0.2424
S1/Stot % -4.61 [-9.76 to 0.55] 0.084
S2/Stot % 6.6 [1.31 to 11.9] 0.0169
S3/Stot % -2.13 [-6.37 to 2.12] 0.3294
Alpha -0.02 [-0.72 to 0.69] 0.9619
Beta 2.55 [1.27 to 3.82] 0.0002
Gamma 2.59 [1.5 to 3.69] <0.0001

In FIG. 13, it is noted that Neosynephrine increases the
beta and gamma angles significantly more than Noradrena-
line and Ephedrine, for similar pressure increases induced by
the vasoconstrictors.

3.4 Comparison of the Parameters of the P/F Loop
Between Patients Carrying Risk Factors and not Carrying
Risk Factors and Also of the Evolution of the Loop After
Vasoconstrictors

In the basic state, the patients with risk factors (Comor-
bid) have larger alpha, beta and gamma angles than the
patients who do not have risk factors (Healthy) (table 6).
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16

parameters as a function of the presence or absence of risk factors

Healthy Comorbid p value
S tot 5374 (4360.2 to 6704) 5047 (4006 to 6424.8) 0.6484
S1 2101.5 (1223.7 to 2750.2) 1737 (1494 to 2217.8) 09137
S2 1322.1 (831.6 to 2424.3) 1110.2 (407.7 to 2871.4)  0.5147
S3 1928.1 (1208.1 to 2417.8) 1802 (14185 to 2271.9)  0.8851
Alpha 5.2 (4.8 10 8.3) 10.4 (8.6 to 12.3) 0.0276
Beta 7.1 (6.3 to 10) 15.7 (11.8 to 18.4) 0.0007
Gamma 15 (09t0 2.1) 3.7 (1510 9.1) 0.0304
Conclusion: statistical results due to the constant factor of the cross

This study shows that the visual representation of the
Pressure/Flow loop with the coupled analysis of the various
surface areas and of the various angles makes it possible to
easily evaluate the ventricular-arterial coupling of patients in
the following way:

the measurement of the beta and/or gamma angle provides

continuous information on the aortic stiffness of the
patients.

for the same increase in arterial pressure, the evolution of

the shape of the P/F loop is different depending on the
type of vasoconstrictors used. Although the angles and
Stot increase with all the vasoconstrictors, the effect of
Neosynephrine involves a greater increase in S2 and in
the beta and gamma angles than the other vasoconstric-
tors. This reflects a detrimental effect of this drug on
ventricular-aortic coupling. Since Neosynephrine is a
powerful arterial vasoconstrictor, this effect on ven-
tricular afterload is expected, but the representation of
the P/F loop makes it possible to visualize it and to
quantify it directly. The evolution of the shape of the
P/F loop thus makes it possible to monitor and compare
the effects of the vasoactive drugs.

the beta and gamma angles of the P/F loop make it

possible to distinguish between patients carrying car-
diovascular risk factors and not carrying cardiovascular
risk factors. The shape of the loop thus makes it
possible to immediately identify patients at cardiovas-
cular risk.

the analysis solely of the total surface area Stot as

parameter reflecting ventricular-aortic coupling is not
sufficient for a complete analysis. This is because no
difference in Stot is apparent between the patients with
or without risk factors, and Stot increases regardless of
the vasoconstrictor used.

Example 4: Variants of Measurement of the
Parameters Used for Constructing the Loops

4.1 Construction of the Pressure/Velocity Loop Instead of
the Pressure/Flow Loop

The blood velocities in the thoracic aorta are of the order
of 50 to 200 cmy/s. This numerical value scale is in the same
order of magnitude as the pressure expressed in mmHg. This
is not true with the flow (Flo), which is represented by the
velocity (Vel) multiplied by the cross section of the aorta
(Flo=VelxSAo) and which thus has a scale of 100 to 600
ml/s. This particular feature means that the angles calculated
with the Pressure/Velocity loop (hereinafter denoted “Pre/
Vel loop”) are of an order of magnitude between 30 and 60°
using scales on the x-axis and the y-axis such that 1 cmy/s and
1 mmHg are represented by the same distance.

The construction of the Pre/Vel loop is thus more visually
accessible, understandable and reproducible with the same
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section of the aorta for the calculation of the flow (FIG. 15).

4.2 Construction of the Loop with a Suprasternal Doppler
or (Transthoracic or Esophageal) Echography

The loops described above were obtained with an esopha-
geal Doppler measuring the flow in the descending thoracic
aorta. This can also be done with other Doppler devices
measuring the blood velocity in the aorta, such as supraster-
nal Doppler and transthoracic echography.

FIG. 16 presents two examples carried out with a
suprasternal Doppler device (FIG. 16A, B) and a pulsed
Doppler obtained by transthoracic echography (FIG. 16C,
D), in order to show the feasibility of the procedure. This
does not allow continuous monitoring but makes it possible
to take a photograph at an instant in order to reflect the
cardiovascular state and the ventricular-arterial coupling of
patients.

4.3 Construction of the Loop with a Noninvasive Mea-
surement of the Pressure

It is also possible to construct Pre/Vel loops with nonin-
vasive monitors of arterial pressure which do not require the
insertion of an intra-arterial catheter but which construct the
arterial pressure curve using an applanation tonometer
placed on the radial, digital or brachial artery. By way of
examples of such sensors, mention may be made of the
CNAP digital and radial sensor, the Clearsight Edwards
digital sensor and the Shygmocor radial and brachial sensor.

The use of this type of sensor, coupled to a Doppler
monitor of cardiac echography or suprasternal Doppler type,
makes it possible to construct the Pre/Vel loop totally
noninvasively.

This can be particularly advantageous outside the surgical
theatre or outside resuscitation, in cardiology departments or
even cardiology private practices, for estimating the ven-
tricular-arterial coupling of patients and monitoring the
evolution according to the treatments used.

FIG. 17 presents an example of a Pre/Vel loop constructed
with a transthoracic cardiac echography device and a Digital
Clearsight pressure sensor.

Example 5: Simplified Graphic Representation of
the Loop, in the Form of a Quadrilateral

In the aforementioned, the P/F loop, identical, except for
a constant factor, to the Pre/Vel loop, was represented by
distinguishing four important points, by forming two
straight lines and by measuring three angles.

Another graphic representation is proposed here, using
the 4 points A, B, C and D which form a convex quadrilateral
having a center O.

By analogy with the other description, the more open the
angle (COB or AOD) between the diagonals of the quadri-
lateral (>15°), the poorer the patient’s coupling, and vice
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versa. The COB/AOD angle can be likened to an uncoupling
angle since the larger this angle, the worse the coupling.

This visual method with just the localization of the 4
points allows a rapid estimation of the coupling. Further-
more, it does not require complete construction of the loop,
but just the pinpointing of the 4 distinctive points A, B, C
and D.

FIG. 18A shows the difference in shape of the quadrilat-
eral between a patient having good coupling (healthy, loop
1) and a patient having poor ventricular-arterial coupling
(comorbid, loop 2).

FIG. 18B illustrates the monitoring of a patient initially in
the hypotensive state with accelerated velocities (loop 1)
that can be defined as a state of excessive vasodilation, and
who, after administration of vasoconstrictors, is in a hyper-
tensive state with reduced velocities (loop 2) that can be
defined as a state of excessive vasoconstriction (the drug
used was not therefore appropriate). The surface area of the
quadrilateral 2 (expressed in mmHGxcm/s or in W/em® by
application of the coefficient 1.33x10%) is much larger than
that of the quadrilateral 1, as is the AOD angle between the
diagonals, termed uncoupling angle: 57° compared with 3°.
Of course, the y angle (BAC angle) is also measured as
previously described.

TABLE 7

parameters of the situations illustrated in FIG. 18

Surface area  Uncoupling angle ~ Gamma angle

Healthy 1370 6° 2.5°

Comorbid 751 63° 23°

Quadrilateral 1 1068 57° 19°
(excessive

vasoconstriction)

Quadrilateral 2 477 3° 1.5°

(excessive
vasodilation)

Example 6: Visualization of the Loop in 3D

It is proposed here to visualize the Pre/Vel loop in 3D by
integrating the time factor in an additional axis (going
toward the operator in the representation presented in FIG.
19). This makes it possible to take into account the duration
of systole. Indeed, two systoles which differ by virtue of
their duration, all pressure and velocity characteristics being
otherwise equal, have an identical pressure-velocity rela-
tionship, represented by a loop that is identical in all
respects. The integration of the time in a 3D graph makes it
possible to differentiate these two situations, by taking into
account the duration of the systole.

One application of this representation could be to visu-
alize the effective power per unit of aortic surface area
generated during a systole. Indeed, the product of a pressure
multiplied by a flow represents a power. Since the velocity
corresponds to a flow per unit of surface area, the product of
a pressure multiplied by a velocity is a power per unit of
surface area. By integrating each point of power calculated
per unit of time (3’ axis), the work generated by a systole
per unit of aortic surface area is obtained.
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Example 7: Power Diagram and Estimation of
Ventricular-Aortic Coupling

7.1 Principles of the Power Diagram

In hemodynamics, since the power is defined by the
product of a pressure multiplied by a flow. and since this
same flow depends on the aortic surface area, then the
product of a velocity multiplied by a pressure can represent
the power (Pui) produced by the cardiovascular system per
unit of aortic surface area and can be expressed in Watts/
cm?®. On the diagram of the Pre/Vel loop, it is thus possible
to plot Iso-Power curves linking the points where the
product VelxPre is identical. The maximum power generated
by the patient can then easily be visualized (FIG. 20). It can
be seen that the two loops (@ and A) generate the same
maximum power (Pui,, ) while having very different pro-
files: the curve @ generates power with essentially pressure
in the cardiovascular circuit, contrary to the curve A which
essentially generates power with a high blood velocity.

Good coupling is obtained when the maximum power is
provided in equal parts by the velocity and the pressure,
which is reflected by a curve that passes through the apex of
the hyperbole of maximum power. A high Pui__as close as
possible to the apex of the hyperbole could reflect good
efficiency of the cardiovascular system between the blood
velocity and the arterial pressure. A “coupling axis” which
passes through the apices of the iso-power curves is thus
defined (FIG. 21).

The diagram presented in FIGS. 21 and 22 makes it
possible to have an overall view of the power and of the
ejection efficiency produced by the cardiovascular system
and represented by the Pre/Vel loop. It makes it possible to
identify a patient with heart failure, who thus produces little
Pui . and who can appear to be falsely coupled on sole
analysis of the Pre/Vel loop due to an insufficiency of
contractility for producing power.

The uncoupling axes can serve as limits indicating zones
at risk of complication. Said axes are proportional to the
pressure and velocity parameters, and the threshold values
that they delimit take into account the maximum power
potential of the system at this given instant. By way of
example, two uncoupling axes were plotted in FIG. 22,
corresponding to Pressure=2xVelocity and Pressure=2x
Velocity.

The diagram presented in FIG. 22 shows a Pressure/
Velocity representation, with at-risk zones deduced from the
analysis of the power diagram. For each zone, a therapeutic
recommendation can be established, as described below:

Zone 1: situations at risk of malignant arterial HT. The
pressure is high, at the expense of an unsuitable, relatively
low flow. The power of the system is physiological, the
efficiency of the system is poor. A therapy using a vasodi-
lator could improve the velocity and thus the cardiac output,
while at the same time decreasing the pressure and causing
little modification of the power developed, thus improving
the efficiency. The drugs recommended under these condi-
tions are:

vasodilator antihypertensives: calcium inhibitors, con-

verting enzyme inhibitors, Sartans, nitro derivatives,
alpha blockers;

diuretics: loop diuretics, thiazide diuretics, mineralocor-

ticoid receptor inhibitors;

beta-blockers: cardioselective or non-cardioselective.

This hypertension may also be the consequence of anxiety
or pain. This can be encountered in anesthesia or during a
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state of stress. An analgesic treatment, anxiolitic treatment
and/or deepening of anesthesia can improve the efficiency of
the cardiovascular system.

B Zone 2: “supraphysiological”—‘hyperemic” zone. The
power generated results in an aortic velocity and an arterial
pressure greater than the usual objectives. The risk is that of
capillary rupture in the case of weakness of the downstream
vascular network. In this case, the priority is to lower the
pressure in order to protect the brain. The combination of
antihypertensive treatment and a cardioselective beta-
blocker could make it possible to cause arterial pressure to
decrease while at the same time preventing an excessive
increase in velocity. During general anesthetics, this situa-
tion can be encountered during insufficient analgesia or
hypnosis; deepening of the anesthesia is required either
using hypnotics (Propofol, halogenated compounds, etc.) or
using morphinomimetics.

Zone 3: zone at risk of hypoperfusion. In the case of
excessive vasodilation, the velocity is high, the pressure is
low, and the power is normal or high. The risk is that of
insufficiency of perfusion since the pressure 1s insufficient to
make it possible to distribute blood to the high-resistance
organs. The treatment of choice is a vasoconstrictor:

Alpha-1 agonist catecholamine

Somatostatin analogs

Vasopressin.

EH Zone 4: zone of circulatory insufficiency, the pressure
is low, the velocity is also decreased but to a lesser extent
than in zone 5. The power generated is low. A pathological
condition threatening in the short term exists. This condition
is linked either to a significant hypovolemia, or to decom-
pensated heart failure. In the first case, volemic expansion
would be sufficient to cause the two parameters and thus the
power to increase; in the other case, a positive inotrope
action would make it possible to restore the pressure and the
velocity by virtue of an increase in power.

Bl Zone 5: zone of severe circulatory insufficiency, the
velocity and the pressure are collapsed and the power
likewise. The patient is in circulatory failure. This state can
be caused either by a significant hypovolemia, or by dec-
ompensated heart failure. In the first case, volemic expan-
sion combined with vasoconstrictors could cause the two
parameters and thus the power to increase; in the other case,
a positive inotrope action would make it possible to restore
the pressure and the velocity by virtue of an increase in
power.

Positive Inotropes:

Alpha and Beta agonist catecholamines
Phosphodiesterase inhibitors
Calcium sensitizers

Volemic Expansion:

Colloids, Cristalloids, Gelatins
Transfusion

Vasoconstrictors:

Alpha-1 agonist catecholamine of noradrenaline type.

[0 Zone 6: “physiological” zone. The power per unit of
surface area is intermediate and sufficient to allow circula-
tory conditions appropriate to the body’s needs. The distri-
bution between aortic velocity and pressure is roughly
equivalent, and there is no or little loss of energy.

E]Zones 7: intermediate situations. The power of the
system is weak, or strong, depending on the velocity. The
pressure is within norms. The circulation conditions are
adequate but not optimal. A therapeutic action aimed at
modulating the velocity would make it possible to improve
the efficiency of the system.
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(1) low velocity: in this case, the recommended treatments
are:

Solutes used for vascular filling: Cristalloids, Colloids,
Gelatins

Inotropes: Beta-1 agonist catecholamines, phosphodi-
esterase inhibitors, calcium sensitizers;

(i) high velocity: this situation often presents during
general anesthesia, or during resuscitations and refers
to a complex hemodynamic situation, or else during
compensated high-output cardiac failure. In the latter
case, negative inotrope treatment appears to be the
molecule of choice as a beta-blocker.

7.2 Examples of Patients and of Treatment Monitoring

In these examples, three iso-power curves are represented,
diagrammatically representing limiting conditions of the
physiological norms generally accepted by learned societies.
Indeed, although there is no consensus regarding a threshold
value for arterial hypotension, it is generally accepted that a
systolic AP of less than 90 mmHg corresponds to hypoten-
sion. The hypertension threshold is for its part defined by
cardiology societies as a systolic AP>140 mmHG. Regard-
ing the velocities, no value can be used as a formal refer-
ence, but it is commonly accepted that a maximum systolic
velocity of less than 50 cm/s is lower than the normal, just
as a maximum systolic velocity greater than 150 cm/s is
supraphysiological.

The limiting isobars of power per unit of surface area are
thus constructed by taking these considerations into account,
and do not represent an absolute limiting value, but instead
an indicative limit above or below which complications can
occur.

Thus, a minimum iso-power curve equivalent to 0.5

W/em?, and a maximum iso-power curve equivalent to
3.4 W/cm?, appear in the next examples. A reference
iso-power curve fixed at 1.6 W/cm? appears to repre-
sent an ideal condition, since it corresponds to the
product of a normal systolic pressure (120 mmHg)
multiplied by a normal velocity (100 cny/s),

Moreover, the coupling axis represents the straight line of
the equation Pressure=1xVelocity, and represents the
apex of the hyperbola of the equation: Pressure=Pui,,, ./
(1xVelocity). Indeed, the inventors observed that the
order of magnitude of the aortic velocity in cm/s was
equivalent to the order of magnitude of arterial pressure
in mmHg.

Two uncoupling axes have been defined. By way of
nonlimiting example, the inventors have defined Pres-
sure-Velocity uncoupling when Pressure=2xVelocity,
or when Pressure="2xVelocity.

7.2.1: Vasodilation

This involves a 37 year-old patient in septic shock,
hypotensive after the initial resuscitation. AP=65/35 mmHg,
with high blood flow with a maximum velocity=160 cm/s.
The power generated by the system is normal, correspond-
ing to 1.54 W/em®. On the other hand, the arterial pressure
is insufficient to ensure perfusion of the various organs.
After titration of the vasoconstrictors (repeated administra-
tion of vasoconstrictors until the expected effect is obtained),
the pressure objective was obtained (mean arterial pres-
sure=65 mmHg), and associated with a small reduction in
the maximum velocity (152 cm/s). The power generated is
greater than the previous condition (1.65 W/cm?), and
makes it possible to meet the organ perfusion pressure
objective. After a further vascular filling test, the maximum
velocity increases up to the initial value of 160 cm/s, making
it possible to obtain a power per unit of surface area of 2
W/em?. Graphically, as illustrated in FIG. 23, the result of
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the hemodynamic resuscitation of the patient is directly
observable, with a power value close to values that could be
described as physiological, and meeting the physiological
pressure and flow objectives (between the limits of uncou-
pling).

7.2.2: Hypovolemia

This example, illustrated in FIG. 24, involves a 54-year-
old patient suffering from hemorrhagic shock; the initial
pressure and velocity are low, combined with low power.
The initial treatment consists of volemic expansion, making
it possible to significantly improve the pressure and the
velocity, causing the patient’s power system to change. An
additional transfusion makes it possible to further improve
said patient’s hemodynamics.

7.2.3: Contractility defect

The example illustrated in FIG. 25 involves a 60-year-old
patient hospitalized for decompensation of heart failure. The
initial strategy had consisted of volemic expansion and the
introduction of noradrenaline since the patient was hypoten-
sive. Thus, the arterial pressure is restored within the limits
of normality, but the velocity and thus the cardiac output
remain insufficient to allow efficient circulatory conditions.
The power is low. The addition of an inotrope makes it
possible to effectively restore the patient’s hemodynamics,
while significantly increasing the maximum velocity, for the
same arterial pressure range.

The example illustrated in FIG. 26 involves a post-
operative 66-year-old patient after hemorrhagic heart sur-
gery, presenting heart failure requiring the inotrope intro-
duction at the end of the procedure. On arrival in
resuscitation, the patient is unstable, with a low velocity and
power. After vascular filling, there is an improvement in the
patient’s circulatory conditions, with a significant increase
in pressure, in velocity and thus in power. It is probable that
a decrease in Noradrenaline, or continuation of the vascular
filling, could make it possible to further improve the
patient’s condition.

7.2.4: Vasoconstriction

This example, illustrated in FIG. 27, involves a 78-year-
old patient, hospitalized in orthopedic surgery for a fracture
of the femoral head. The patient has a history of acute
pulmonary edema. Immediately post-operation, although the
patient required a transfusion during the procedure, she
shows a degradation of her respiratory condition combined
with a gradual increase in arterial pressure. In parallel, the
velocity had decreased (the patient still being under general
anesthesia since she was unstable from the respiratory point
of view), while at the same time remaining within the limits
below the normal (60 cm/s). The consequence is a normal
power. After administration of a vasodilator. we observed a
decrease in arterial pressure, and a significant increase in
velocity, and an increase in power, the point at the velocity
peak approaching the coupling axis, the circulatory condi-
tions improved, confirmed by an improvement in the respi-
ratory condition, enabling the patient to be completely
brought round a few minutes after the treatment.

Example 8: Transfer Function for Calculating the
Parameters of the Pre/Vel Loop

8.1 Importance of Using a Transfer Function for Calcu-
lating the Parameters of the Pre/Vel Loop

The Pre/Vel loop can be constructed with a Doppler
measurement in the descending thoracic aorta (esophageal
Doppler) or a Doppler measurement in the ascending tho-
racic aorta (suprasternal Doppler or transthoracic or transe-
sophageal cardiac echography). The pressure measurement
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can be carried out by the radial, brachial or femoral artery.
The three examples below show that the parameters of the
loop (angles and surface areas) can change when the pres-
sure is measured by means of Doppler centrally and not
peripherally. This is due to the phenomenon of amplification
of the pressure from the central to the periphery due to the
aortic stiffness and to the reflection waves.

The three examples of concomitant measurements of the
pressure in the radial artery and in the aorta, coupled to the
Doppler measurement in the aorta, illustrate that, depending
on the case, the parameters of the loop may be similar with
a peripheral artery compared with centrally, but may also
differ significantly.

Examples of Pre/Vel loop with pressure measured cen-
trally (@) and pressure measured peripherally (A).

Example 1 (FIG. 28A): young, 21-year-old patient: no
change in the central vs periphery vel/pre loop parameters.

Example 2 (FIG. 28B): 45-year-old patient: early ampli-
fication of the pressure peripherally, increase in the alpha
angle and decrease in the gamma angle.

Example 3 (FIG. 28C): 65-year-old patient with cardio-
vascular risk: ultra early amplification of the pressure
peripherally, causing the maximum pressure peak to coin-
cide with the maximum velocity peak, whereas, in this type
of patient, the central peak of systolic pressure is physi-
ologically very delayed compared with that of the flow. This
gives a falsely coupled effect on the loop A, whereas, in
reality, the loop is square-shaped with a large gamma angle.

These three examples demonstrate the importance of
constructing the Pre/Vel loops by measuring the blood
velocity and the arterial pressure at the same place. In daily
clinical practice, the velocity is measured centrally at the
level of the thoracic aorta, either ascending or descending,
and the pressure is measured peripherally, either femorally
or radially. It is thus necessary to use mathematical transfer
functions which make it possible to recreate the central
pressure curve from a curve of peripheral pressure measured
invasively or noninvasively.

Four transfer functions are thus necessary depending on
the site of measurement of the flow and of the pressure: two
functions for reconstructing the radial pressure either for the
ascending thoracic aorta or for the descending thoracic aorta
and two functions for reconstructing the femoral pressure
either for the ascending thoracic aorta or for the descending
thoracic aorta.

8.2 Production of the Transfer Functions
Methodology:

Arterial pressure signals were recorded at the level of the
radial and femoral arteries (referred to as “peripheral”) and
at the level of the ascending and descending aorta (referred
to as “central”). The objective of this work was to evaluate
transfer functions which make it possible to reconstruct the
central wave forms from a signal recorded in the peripheral
arteries in patients under general anesthesia under various
hemodynamic conditions.

The data were recorded in a synchronized manner,
sampled at 125 Hz. The signals were then divided up beat by
beat, taking, as beginning of the cycle, the local maximum
of the second derivative, corresponding to the maximum
acceleration of the pressure wave.

The peripheral and central waves were then used to
estimate the transfer functions by adapting an autoregressive
model (ARX=autoregressive exogenous) [5]. This model
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consists in evaluating the parameters a,, and b,,, using the
least squares method in order to solve the following equa-
tion:
HOray(-1)+ . . . +a,y({t-na)=bu(t)+ . .. +bu(t-
nb+1)+e(t)

“na” and “nb” are the number of parameters a and b. The
parameters b correspond to the numerator and the param-
eters a correspond to the denominator of the transfer func-
tion. They thus represent respectively the zeros and the poles
of the system. After several tests, we the inventors obtained
the best results by setting na=nb=>5.

The formula is then written as follows:

y(Oa y-1)+ay(t-2)+a:3(t-3)+ap(--4)+
asy(t=5)=bu(®)+bou(t-1)+Du(t-2)+bu(t-3 )+
bsu(t-4)

u(t) is the input signal as a function of time: the peripheral
pressure;

y(t) 1s the output signal as a function of time: the central
pressure sought.

The inventors estimated transfer functions from all pres-
sures measured and then estimated the concordance with a
normalized root mean square error (NRMSE) which ranges
from minus infinity (very poor concordance) to 100% (per-
fect concordance). The transfer functions which exhibit the
best NRMSE with respect to the median were retained.

The inventors analyzed the data recorded in K patients in
order to create the 4 transfer functions and confirmed the
results in 20 other patients (FIG. 29).

Furthermore, the model was also validated on 4 patients
for whom the peripheral pressure was measured using a
noninvasive pressure sensor of Clearsight, Edwards© type.

Transfer Functions:

Femoral artery—ascending aorta:

Parameters “b”: 0.3771, -0.5432,
-0.0921

Parameters “a™
0.2232

Femoral artery—descending aorta:

Parameters “b”: 0.1467, -0.0291,

-0.0140, 0.2922,

-2.0934, 1.1795, 0.4089, -0.6981,

-0.2380, 0.1118,

0.0297

Parameters “a”: -2.1340, 1.2873, 0.3845, -0.7939,
02772

Radial artery—ascending aorta:

Parameters “b”. 0.2433, -0.4522, 0.3060, -0.0431,
-0.0228

Parameters “a™ -1.7255, 0.7454, 0.4620, -0.6547,
0.2009

Radial artery—descending aorta:

Parameters “b”: 0.3778, -0.5649, 0.1729, 0.0950,
-0.0480

Parameters “a”™ -=2.0489, 1.4535, -0.0771, -0.6101,

03127
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The invention claimed is:

1. A method for evaluating the ventricular-arterial cou-
pling of a patient in real time on the basis of the aortic
pressure/flow loop of said patient, comprising the following
steps:

(1) providing:

means for measuring arterial blood flow which com-
prises at least one of an esophageal Doppler device,
a suprasternal Doppler device, a means for transtho-
racic cardiac echography, a means for transesopha-
geal cardiac echography, and any combination
thereof; and

means for measuring arterial pressure which comprises
at least one of a catheter for measuring radial or
femoral arterial pressure, a noninvasive tonometer,
and any combination thereof’

(i) measuring arterial blood flow with the means for
measuring arterial blood flow;

(iii) measuring arterial pressure with the means for mea-
suring arterial pressure;

(iv) determining, automatically by a computing device, on
an aortic pressure/flow loop defined by the measured
arterial blood flow and the measured arterial pressure,
the coordinates of the following points:

A: point of the loop where the flow is zero and the
pressure is at the minimum,

B: point of the loop where the flow is highest,

C: point of the loop where the pressure is highest, and

D: point of the loop where the flow is zero and the
pressure is at the maximum;
(v) calculating, by the computing device, the percentage
of the area (Stot) of the loop of part S2 located between
straight lines (AB) and (AC) and/or angle vy between
these two straight lines and/or acute angle & between
straight lines (AC) and (BD); and
(vi) interpreting, by the computing device, the results in
the following way:
if S2/Stot<R2b and/or y=Gb and/or 8<Db, the patient
shows good ventricular-arterial coupling;

if S2/Stot=R2m and/or y=Gm and/or d=Dm, the patient
shows poor ventricular-arterial coupling; and

in an intermediate situation, the quality of the ventricu-
lar-arterial coupling of the patient is intermediate,

R2b, R2m, Gb, Gm, Db, and Dm being predetermined
thresholds.

2. The method as claimed in claim 1, also comprising, in
step (ii), the calculation of the surface area S1 located
between the straight line (AB) and the lower part of the loop
and, in step (iii), the following interpretation:

if S1/Stot=R1m and S2/Stot<R2b % and/or y=Gb and/or
d=<Db, the patient shows good ventricular-arterial cou-

pling;



US 10,653,364 B2

25

if S1/StotzR1b and S2/Stot=R2m and/or y=Gm and/or

d=Dm, the patient shows poor ventricular-arterial cou-

pling; and

in an intermediate situation, the quality of the ventricular-

arterial coupling of the patient is intermediate,

R1b and R1m being predetermined thresholds.

3. The method as claimed in claim 1, also comprising, in
step (ii), the calculation of the angle o formed by the straight
line (AB) and the flow axis and/or the calculation of the
angle [} formed by the straight line (AC) and the flow axis,
and, in step (iii), the following interpretation:

if a=Ab and/or f=<Bb and S2/Stot<R2b and/or y=Gb

and/or d<Db, the patient shows good ventricular-arte-

rial coupling;

if azAm and/or pzBm and S2/StotzR2m and/or y=Gm

and/or d=Dm, the patient shows poor ventricular-arte-

rial coupling; and

in an intermediate situation, the quality of the ventricular-

arterial coupling of the patient is intermediate,

Ab, Am, Bb, and Bm being predetermined thresholds.

4. The method as claimed in claim 1, wherein only the
points A, B, C, and D, and also the straight lines linking two
of these points, are displayed.

5. The method as claimed in claim 1, also comprising, in
step (ii), the calculation of the Stot area of the loop and, in
step (ii1), the interpretation of Stot as reflecting the efficiency
of the cardiovascular system.

6. The method as claimed in claim 1, wherein measure-
ment of the aortic flow used for plotting the aortic pressure/
flow loop 1s the blood velocity in the aorta.

7. The method as claimed in claim 1, wherein measure-
ment of the aortic flow used for plotting the aortic pressure/
flow loop is the blood flow in the aorta.

8. The method as claimed in claim 1, wherein the arterial
vascular impedance amplitude spectrum is not calculated.

9. The method as claimed in claim 1, also comprising the
calculation of the maximum systolic power of the patient.

10. A method for identifying a patient at cardiovascular
risk, comprising the evaluation of the ventricular-arterial
coupling of the patient, by means of a method as claimed in
claim 1, poor ventricular-arterial coupling being indicative
of a patient at cardiovascular risk.

11. A method for determining the efficacy of a vasoactive
treatment for a patient in cardiovascular resuscitation, com-
prising the evaluation of the ventricular-arterial coupling of
the patient, by means of a method as claimed in claim 1,
before and after the administration of said treatment, and the
comparison of the results obtained before and after the
treatment.

12. A method for comparing the effects of various vaso-
active treatments, comprising the evaluation of the ventricu-
lar-arterial coupling of patients receiving the treatments to
be compared, by means of a method as claimed in claim 1,
before and after each administration of one of the treatments.

13. A device configured for evaluating the ventricular-
arterial coupling of a patient in real time implementing the
method as claimed in claim 1, wherein the device comprises:

the means for measuring arterial blood;

the means for measuring arterial pressure;

a computer configured for:

(1) receiving and treating, in real time, signals originat-
ing, on the one hand, from the means for measuring
arterial blood flow and, on the other hand, from the
means for measuring arterial pressure;

(ii) displaying, in real time, the plot of at least one
arterial pressure/flow loop;
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(iii) determining, on the final pressure/flow loop com-
pleted, the coordinates of the following points:

A: point of the loop where the flow is zero and the
pressure is at the minimum,

B: point of the loop where the flow is highest,

C: point of the loop where the pressure is highest,
and

D: point of the loop where the flow is zero and the
pressure is at the maximum;

(iv) calculating the percentage of the area of the loop
(Stot) occupied by the part S2 located between the
straight lines (AB) and (AC) and/or the angle v
between these two straight lines.

14. The device as claimed in claim 13, wherein the
computer also is configured for calculating the aortic central
pressure from the measured arterial pressure.

15. The device as claimed in claim 13, wherein the
computer also is configured for displaying the evolution of
S2 and/or of y and/or of O as a function of time.

16. The device as claimed in claim 13, wherein the
computer also is configured for displaying iso-power curves.

17. The device as claimed in claim 13, wherein the
computer also is configured for displaying the plot of an
arterial pressure/flow loop as a function of time, the time
being represented by a third axis.

18. The method as claimed in claim 1, also comprising a
step of analyzing power generated by the cardiovascular
system of the patient.

19. The method as claimed in claim 18, wherein the
analysis of the power generated by the patient’s heart is
carried out in the following way:

(1) on the basis of the aortic pressure/flow loop of the
patient, determining the maximum power per cm’
(Pui,,, ) generated by the patient’s heart during a
heartbeat, and the pressure (Pre) and velocity (Vel)
values at the point corresponding to the maximum
value of the power;

(i1) classifying the patient in a category according to the
values of Pui,, , Pre and Vel determined in step (i),
with the following categories being distinguished:

1: Pre>Pre, and Pre>axVel and Pui,,, <Pui,;

2: Pui,, >Pui,;

3: Vel>Vel, and Pres<Pre,
Pui,, =Pui,;

4: Vel>Vel, and Pre<Pre, and Pui,,, <Pui;

5: Vel=Vel, and PresPre, and Pui,, <Pui;

6: bxVelsPresaxVel and Pui,<Pui,, <Pui,
Pre, =Pre=Pre, and Vel ,<Vel=Vel,, and

7: situations in which the values of Pui,,,, Pre and Vel
do not satisfy categories 1-6;

the parameters Pre,, Pre,, Vel,, Vel,, Pui,, Pui,, a and
b being predetermined and defined in the following
way:

Pre, and Pre, are reference values corresponding to
upper and lower limits, respectively, of a physi-
ological pressure;

Vel, corresponds to a value of the maximum systolic
velocity below which the maximum systolic
velocity is considered to be lower than normal,

Vel, corresponds to a value of the maximum systolic
velocity above which the maximum systolic
velocity is considered to be above normal;

Pui;, and Pui, correspond to limiting values of the
maximum power per cm? generated during a beat,
below and above which, respectively, complica-
tions can occur; and

and Pre<bxVel and

and



US 10,653,364 B2

27

a and b are factors which make it possible to assess
the ventricular-arterial coupling of a patient, the
coupling being considered to be satisfactory if, at
the moment when the power generated by the
heart is at a maximum, bxVel=Pre<axVel.

20. A method for obtaining information on the cardiovas-

cular state of a patient, comprising the following steps:

(i) on the basis of an aortic pressure/flow loop of the
patient, determining the maximum power per cni’
(Pui,,,,) generated by the patient’s heart during a
heartbeat, and the pressure (Pre) and velocity (Vel)
values at the point corresponding to the maximum
value of the power; and

(i) classifying the patient in a category according to the
values of Pui,,, . Pre and Vel determined in step (i),
with the following categories being distinguished:

1: Pre>Pre, and Pre>axVel and Pui,,, <Pui,;
2: Pui,,, >Pui,;
3: Vel>Vel, and PresPre,

Pui,,, =Pui ;

4: Vel>Vel, and PresPre, and Pui,,, <Pui ;
5: Vel<Vel, and Pre<Pre, and Pui,,, <Pui,;
6: bxVelsPresaxVel and Pui <Pui,, <Pui,

Pre, <Pre<Pre, and Vel , <Vel<Vel,, and

7. situations in which the values of Pui,,, ., Pre and Vel

do not satisfy categories 1-6;

the parameters Pre,, Pre,, Vel,, Vel,, Pui,, Pui,, a and

b being predetermined and defined in the following

way:

Pre, and Pre, are reference values corresponding to
upper and lower limits, respectively, of a physi-
ological pressure;

Vel corresponds to a value of the maximum systolic
velocity below which the maximum systolic
velocity is considered to be lower than normal;

Vel, corresponds to a value of the maximum systolic
velocity above which the maximum systolic
velocity is considered to be above normal,

Pui; and Pui, correspond to limiting values of the
maximum power per cm” generated during a beat,
below and above which, respectively, complica-
tions can occur; and

a and b are factors which make it possible to assess
the ventricular-arterial coupling of a patient, the
coupling being considered to be satisfactory if, at
the moment when the power generated by the
heart is at a maximum, bxVel=Pre=axVel;

(iii) deducing the following information regarding the
cardiovascular state of the patient:
if the patient has been classified in category 1, said

patient presents a risk of arterial hypertension

impairing cardiac ejection;

if the patient has been classified in category 2, said
patient is in a supraphysiological state inducing a
risk of capillary rupture;

if the patient has been classified in category 3, said
patient presents a risk of hypoperfusion;

and Pre<bxVel and

and
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if the patient has been classified in category 4, said
patient presents a risk of circulatory insufficiency;

if the patient has been classified in category 5, said
patient presents severe circulatory insufficiency;

if the patient has been classified in category 6, said
patient is in a physiological state with satisfactory
power and satisfactory ventricular-arterial coupling;
and

the other situations correspond to intermediate states
between those of categories 1 to 6;

(iv) deducing a type of treatment recommended for the
patient according to the category in which said patient
has been classified, the treatment including a combi-
nation of drugs specific to the category; and

(v) administering the treatment recommended to the
patient.

21. The method as claimed in claim 20, wherein, in step

(iv), the treatment recommended is chosen from:

for a patient classified in category 1: vasodilator antihy-
pertensives, diuretics and beta-blockers;

for a patient classified in category 2: hypnotics, mor-
phinomimetics and a combination of an antihyperten-
sive treatment and of a cardioselective beta-blocker;

for a patient classified in category 3: vasoconstrictors;

for a patient classified in category 4: positive inotropes
and volemic expansion;

for a patient classified in category 5: volemic expansion
coupled with a vasoconstrictor and positive inotropes;
and

for a patient classified in category 7: solutes for cardio-
vascular filling and inotropes in the case of low velocity
and beta-blockers in the case of high velocity.

22. The method as claimed in claim 18, comprising a step
of displaying the pressure/velocity loop on a power diagram
on which are represented at least the Pui; and Pui, iso-power
curves and the Pre=a Vel and Pre=b Vel uncoupling straight
lines.

23. The method as claimed in claim 20, further compris-
ing:

(1) providing:

means for measuring arterial blood flow which com-
prises at least one of an esophageal Doppler device,
a suprasternal Doppler device, a means for transtho-
racic cardiac echography, a means for transesopha-
geal cardiac echography, and any combination
thereof; and

means for measuring arterial pressure which comprises
at least one of a catheter for measuring radial or
femoral arterial pressure, a noninvasive tonometer,
and any combination thereof;

(ii) measuring arterial blood flow with the means for
measuring arterial blood flow;

(iii) measuring arterial pressure with the means for
measuring arterial pressure; and

(iv) defining the aortic pressure/flow loop of the patient
by the measured arterial blood flow and the mea-
sured arterial pressure.
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