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(57) ABSTRACT

Automatic method, as well as the related system and the
tools allowing the same to be executed, for measuring and
processing blood pressure starting from a detected pressure
signal, the method operating in the time domain for dis-
criminating whether the detected signal is an adequate
measurement or not and, where it is not, time domain
analysis automatically selects a low-pass filter to, possibly
iteratively, apply to the detected pressure signal for having
correct values and wave form of the blood pressure.

18 Claims, 4 Drawing Sheets
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1
AUTOMATIC METHOD FOR MEASURING
AND PROCESSING BLOOD PRESSURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This Application is a Continuation of application Ser. No.
13/818,985 filed Feb. 25, 2013, pending, which is a US §
371 National Stage based on PCT/IT2011/000308 filed Sep.
5, 2011 and published as WO 2012/032553 A1 on Mar. 15,
2012, which claims priority of Italian Application No.
RM2010A000468 filed Sep. 6, 2010, the disclosures of
which are incorporated in their entirety herein by reference.

SUMMARY OF THE INVENTION

The present invention relates to an automatic method for
measuring and processing blood pressure that allows in a
reliable, versatile, effective, simple, and inexpensive way, to
correctly measure blood pressure, dynamically adapting to
variability of the latter, eliminating the artefacts introduced
by the conventional systems.

The present invention further relates to the related detect-
ing apparatus, as well as to the tools allowing the method to
be executed.

It is known that measurement of the blood pressure, also
called arterial pressure, may occur either invasively or
non-invasively.

The invasive measurement is generally performed
through a filling pressure line, connected to an invasive
catheter, provided at the end with a transduction system
transforming detected pressure into a potential difference.
Differently from the non-invasive measuring systems, such
as for instance the Riva-Rocci cuff, the invasive measure-
ment emphasises not only the maximum and the minimum
of the measured pressure, but also the morphology of
detected signal.

Consequently, the invasive measurement, besides being
more reliable than the non-invasive measurement, is capable
to emphasise the characteristics of heart-arterial circle cou-
pling which directly affect the detected result. In fact, the
systolic and diastolic pressure values and the whole mor-
phology of the heart beat are strictly related to the contrac-
tility of the heart and to the circulatory system, identified in
the so-called dynamic impedance 7 (t), linked to the pres-
sure-volume (P-V) curve and given by the ratio between a
pressure value and a time range.

However, evaluation techniques based on the invasive
measurement of the blood pressure often suffer from prob-
lems of significant inaccuracy in measurements of maximum
and minimum pressure and, consequently, also in its mor-
phology. In fact, many authors have shown the existence of
an inadequate underdamping of the pressure signal that may
lead to considerable measurement errors, also of several tens
of mmHg.

In order to solve such problems, some solutions have been
proposed which are based on the application of low-pass
filters to the pressure signal (i.e. on a frequency processing
of the pressure signal that imposes from outside a fixed value
of the cutoff frequency) and/or on the use of mechanical
systems capable to damp the frequency components of the
detected pressure wave.

In particular, the mechanical systems currently used for
determining whether the detected signal has a correct under-
damping or not employ the mechanical method of the square
wave test described by R. M. Gardner in “Direct Blood
Pressure Measurement—Dynamic  Response Require-
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ments”, Anesthesiology, March 1981, Volume 54, Issue 3,
ppg 227-236, that requires a visual observation of the
detected pressure signal by a physician. This is the case, for
instance, of the R.O.S.E™ (Resonance Over Shoot Elimi-
nator, available from the US company Becton Dickinson
Critical Care System Ltd.) systems and in the Accudy-
namic® systems (available from the HOSPIRA—ICU
Medical). These systems mechanically act by imposing a
mechanical damping: in the Accudynamic® system such
mechanical damping is adjustable in a small damping range
through a small knob advancing a pin that penetrates in
different depths in the pressure line; instead, in the ROSE
system, the mechanical damping is fixed by a micro-bubble
and elastic membrane device, thus acting in a fixed way for
any pressure signal (well defined fixed damping).

However, all these systems operate in a pre-determined
(static) manner on a dynamic problem, because only the
frequency spectrum of the signal analysed from the pressure
line is considered. This implies that characteristic frequency
spectra equal in certain conditions of the patient are
adequate, while in other physiopathological conditions they
are clearly inadequate, generating high over-evaluation of
the arterial pressure.

In fact, correctness of underdamping is a dynamic prob-
lem associated (besides the specific cardiocirculatory system
of the patient under consideration) with the specific heart
beat under consideration, that may thus change from beat to
beat, whereby the pressure line responses in a different
manner depending on the situation in which it is used.

By way of example, FIG. 1 shows a typical blood pressure
signal, wherein the beats change both in their morphology
and in measurement of the systolic and diastolic pressure
(see FIG. 1a), and the different result that a conventional
system for measuring the arterial pressure obtains on a
specific beat, in particular in the neighbourhood of the
systolic pressure, by applying none or three different cutoff
frequencies (no filter, 15 Hz, 10 Hz, 6 Hz) (see FIG. 15).
FIG. 2 shows the differences of the systolic pressure values,
on two consecutive beats in a same blood pressure signal
(see FIGS. 2a and 2b), obtained by applying none or three
different cutoff frequencies (no filter, 15 Hz, 10 Hz, 6 Hz).
FIG. 3 shows as a conventional measuring system behaves,
in particular in the neighbourhood of the systolic pressure,
in detecting a beat by applying none or three different cutoff
frequencies (no filter, 15 Hz, 6 Hz) (see FIG. 3a) and by
applying none or three different cutoff frequencies (no filter,
10 Hz) (see FIG. 34); in particular, it is evident that the 6 Hz
cutoff’ frequency causes an overdamping (see FIG. 3a),
while the filter with 10 Hz cutoff frequency is the most
adequate (see FI1G. 3b). FIG. 4 shows two blood pressure
signals wherein the same filters act in a different manner: in
FIG. 4a the filter with 10 Hz cutoff frequency seems almost
ineffective, while in FIG. 45 the same filter with 10 Hz cutoff
frequency acts in a significant manner; in particular, for the
beats shown in FIG. 4 the filter with 6 Hz cutoff frequency
is the most adequate.

Moreover, the response of the pressure transducer
depends, along with on the characteristics of length, diam-
eter, type of material and liquid filling the pressure line, also
on its coupling to the catheter diameter, on the arterial tone,
on the pulse frequency and on the rigidity of the vessel of the
subject under examination.

In this regard, in the last years great efforts have been
made for optimising the characteristics of length, diameter,
filling liquid, type of material and catheter, in order to limit
the artefacts. In particular, optical fibre pressure lines have
been also made which may reduce the artefacts.



US 10,271,742 B2

3

However, all the conventional systems does not manage
to completely solve the aforementioned problems of wrong
measurement of the arterial pressure, and this is very fre-
quent especially in cases where the detection is most nec-
essary, such as for instance for patients who are elderly, very
young, septic, tachycardic and extremely instable both in the
arterial tone and in pace (e.g. due to atrial fibrillation).

It is therefore an object of the present invention to allow
in a reliable, versatile, effective, simple, and inexpensive
way, to correctly measure blood pressure, dynamically
adapting to variability of the latter, eliminating the artefacts
introduced by the conventional systems.

Tt is specific subject matter of this invention an automatic
method for measuring and processing blood pressure com-
prising the following steps:

A. having a sampled detected pressure signal P(t) for one or
more heart beats, each heart beat starting at an initial
instant coinciding with the one of the initial diastolic
pressure point and ending at a final instant coinciding with
the one of the subsequent diastolic pressure point and
comprising a dicrotic point, each beat having a systolic
phase going from the initial diastolic point to the dicrotic
point; and

B. automatically analysing and discriminating morphology
of the pressure signal P(t) sampled for each heart beat,
determining instant and pressure value of one or more
characteristic points of the pressure signal P(t) selected
from the group comprising
an 1initial diastolic pressure point,

a systolic pressure point,

a dicrotic point, and

one or more resonance points, each one of which occurs
in an instant wherein a second derivative d*P/dt* of the
pressure signal P(t) has a local maximum,

at least one characteristic point of the pressure signal P(t)
belonging to the systolic phase of the heart beat under
consideration and being different from the initial dia-
stolic pressure point;

the method being characterised in that it further comprises

the following steps:

C. for each heart beat, determining an energy efficiency RES
through the following sub-steps:

C.1 determining a direct dynamic impedance Z, 5(t) for
each one of said one or more characteristic points
belonging to the systolic phase of the heart beat under
consideration and different from the initial diastolic
pressure point, said direct dynamic impedance Z; (t)
being equal to the ratio between a value of the pressure
signal P(t) at the characteristic point and the distance of
the respective time instant from the initial instant of the
heart beat under consideration, and determining an
impedance 7, of a direct wave of pressure by summing
with alternate signs the values of the direct dynamic
impedances Z, ,(t) ordered according to a direct time
order starting from the initial instant of the heart beat
under consideration up to the dicrotic point instant,
beginning to apply a positive sign to the direct dynamic
impedance Z, p(t) that is the first one in the direct time
order; -

C.2 determining a reflected dynamic impedance Z, (1)
for each one of said one or more characteristic points,
said reflected dynamic impedance 7, ,(t) being equal
to the ratio between a value of the pressure signal P(t)
at the characteristic point and the distance of the
respective time instant from the final instant of the heart
beat under consideration, and determining an imped-
ance Zy of reflected waves of pressure by summing
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with alternate signs the values of the reflected dynamic
impedances Z ; ((t) ordered according to a reverse time
order starting from the final instant down to the initial
instant of the heart beat under consideration, beginning
to apply a positive sign to the reflected dynamic imped-
ance Z, p(t) that is the first one in the reverse time
order;

C.3 determining said energy efficiency RES as ratio
between the impedance 7, of the direct wave and the
impedance Zj of the reflected waves:

RES=7,/7,

D. for said energy efliciency RES determined in step C,
checking whether a first derivative dP/dt of the pressure
signal P(t) is lower than a first value T, of maximum
threshold in the whole heart beat under consideration and
whether the second derivative d*P/dt® of the pressure
signal P(t) is lower than a second value T, of maximum
threshold in the whole heart beat under consideration, and
in the case where the check has negative outcome making
step E, otherwise, in the case where the check has positive
outcome, making step F;

E. selecting a cutoff frequency of a low-pass filter on the
basis of said energy efficiency RES determined in step C,
of the first derivative dP/dt and of the second derivative
d®P/de* of the pressure signal P(t), and applying said
low-pass filter to the pressure signal P(t). thus obtaining
a new sampled pressure signal, and returning to execute
the preceding steps starting from step B;

F. outputting the pressure signal P(t) on which step B has
been made for the last time.

Always according to the invention, said one or more
resonance points may be determined in step B through the
following sub-steps:

B.2 determining a total number N, . of local maximum
points of the first derivative dP/dt of the pressure signal
P(t) in the heart beat under consideration;

B.3 determining local maximum points of the second deriva-
tive d*P/dt? of the pressure signal P(t) in the heart beat
under consideration; and

B.4 selecting a number N ... of local maximum points of
the second derivative d°P/dt* having largest values, deter-
mining Ngp ... time instants tz.p ,..(1) wherein said
Nup max Selected local maximum points of the second
derivative dP/dt%, occur, and assuming the points of the
pressure signal P(t) in such N, . instants t ., ,...(i) as
resonance points. - -

Still according to the invention, in step B, the following
characteristic points of the pressure signal P(t) may be
determined:

the initial diastolic pressure point,

the systolic pressure point,

the dicrotic point, and

one or more resonance points.

Furthermore according to the invention, the first value T
of maximum threshold and the second value T, of maxi-
mum threshold may be functions of said energy efliciency
RES determined in step C.

Always according to the invention, in step D, it may be
checked whether said energy efliciency RES determined in
step C belongs to one of three or more, preferably four,
adjacent ranges of variability, the first value T, of maximum
threshold and the second value T, of maximum threshold
being preferably functions of the range to which said energy
efficiency RES determined in step C belongs.

Still according to the invention, in step E, said cutoff
frequency may be selected by
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discriminating the belonging of said energy efficiency
RES determined in step C to one of three or more,
preferably four, adjacent ranges of variability,
for each one of said three or more adjacent ranges of
variability of said energy efficiency RES determined
in step C, discriminating the belonging of the first
derivative dP/dt of the pressure signal P(t) in the
whole heart beat under consideration to one of three
or more, preferably six, adjacent ranges of variabil-
ity, and
for each one of said three or more adjacent ranges of
variability of the first derivative dP/dt of the
pressure signal P(t) in the whole heart beat under
consideration, discriminating the belonging of the
second derivative d*P/di® of the pressure signal
P(t) to one of three or more, preferably four, non
overlapping ranges of variability, to which a
respective value of said cutoff frequency corre-
sponds.

Furthermore according to the invention, said cutoff fre-
quency may have a value decreasing upon increasing the
first derivative dP/dt of the pressure signal P(t), under
identical values of said energy efficiency RES and of the
second derivative d°P/dt” of the pressure signal P(t).

Always according to the invention, said cutoff frequency
may have a value decreasing upon increasing the second
derivative d*P/dt? of the pressure signal P(t), under identical
values of said energy efficiency RES and of the first deriva-
tive dP/dt of the pressure signal P(t).

Still according to the invention, said cutoff frequency may
range from 0.5 Hz to 100 Hz, preferably from 2 Hz to 80 Hz,
more preferably from 3 Hz to 60 Hz.

Furthermore according to the invention, in step F the
pressure signal P(t) may be displayed on a display.

It is always specific subject matter of this invention an
automatic apparatus for measuring and processing blood
pressure characterised in that it comprises processing means
capable to perform the steps of the previously described
automatic method for measuring and processing blood pres-
sure.

It is still specific subject matter of this invention a
computer program, comprising code means adapted to per-
form, when operating on processing means of an apparatus,
the steps of the previously described automatic method for
measuring and processing blood pressure.

It is still specific subject matter of this invention a
computer-readable memory medium, having a program
stored therein, characterised in that the program is the
computer program just described.

The method according to the invention uses and processes
the signal of blood pressure of a patient for determining the
set of the characteristics of the patient’s physiopathological
system and of the characteristics of the external detecting
system so as to evaluate the right interaction between such
two systems, thus determining the right underdamping.

More in particular, the method according to the invention
is substantially based on a dynamic low-pass filter applied
on a detected pressure signal (e.g. from radial, femoral,
aorta, or pulmonary artery), wherein the filter, directly
working in the time domain, also takes account of the
coupling between pressure line and characteristic dynamic
impedance, obtained instant by instant from the analysis of
the pressure signal (or curve) so as to determine the most
adequate operating frequency for the used pressure line. In
other words, the method according to the invention is based
on a characteristic set of conditions on the values of several
parameters of the pressure signal, linked to the result of the
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coupling of the characteristic dynamic impedance of the
cardiocirculatory system to the pressure detecting system,
instead of a characteristic frequency spectrum. In this
regard, the detected pressure signal to which the method
according to the invention is applied may be also a recorded
signal that is subsequently analysed by subjecting the same
to the method according to the invention, the scope of
protection of which does not hence comprise any invasive
surgical step on the patient’s body.

The method according to the invention allows to deter-
mine the adequate impedance related to the heart-circle
energy for correcting and determining the true pressure and
hence, from the relationship P-V (Pressure-Volume), for
determining the correct blood flow linked to the re-corrected
pressure waveform and/or for determining the cardiac con-
tractility due to the resulting correct pressure wave. Such
corrections for obtaining the adequate pressure are valid for
both filling and optical fibre detecting systems, as well as for
non-invasive piezo-oscillometric detectors (all always work-
ing on the coupling between the impedance of the detecting
system and the impedance of the cardiocirculatory system).
Also, such corrections for pressure signals detected in both
central and peripheral arterial system, such as for instance in
pulmonary artery, in aorta, in femoral artery, and in radial
artery.

The advantages offered by the method according to the
invention are numerous.

First of all, by measuring the coupling between measuring
line and patient’s cardiocirculatory system, it allows to solve
the problems of coupling of the arterial pressure lines to the
dynamic characteristics of the patient of whom the arterial
pressure, often variable from beat to beat, is measured.

Moreover, by applying a correct dynamic damping, the
method according to the invention allows the elimination of
any artefact from the detected pressure signal, obtaining a
correct measurement of the arterial pressure and dynamic
impedance, making possible to go back from the peripheral
pressure to the estimation of the maximum derivative of the
pressure within the left ventricle ([dP/dt],,,. ) that has gen-
erated the pulse detected at the periphery. In fact, also in the
basis of the maximum derivative of the peripheral pressure
the method according to the invention determines a correc-
tion factor (i.e. a low-pass filter) that is applied to such
peripheral pressure for estimating pressure at the ventricle,
taking account of the coupling between measurement line
and patient’s cardiocirculatory system (whereby, for
instance, in case of rigid peripheral vessel, it is necessary to
apply a high correction). This entails that, through the
filtering dynamically applied by the method according to the
invention, the contribution related to arterial vessel rigidity
is removed, leaving the basic component related to the
characteristics of the ventricle that has generated the pres-
sure pulse.

In other words, besides the measurement of the arterial
pressure, the method according to the invention allows to
determine a correction factor that estimates the maximum
derivative dP/dt,,,,. of the ventricle pressure, estimating an
energy efficiency of the whole cardiocirculatory system,
providing an estimate of the entropy of the biological
system; in fact, through the concept of efliciency it is
possible to take account of the “irrecoverable” mechanical
energy present during a cardiac cycle. Such efficiency
describes how much is consumed from the “reserves” of the
biological system of the body under consideration, since
reserve consumption means consuming “the components” of
the physiological system (e.g.: organs, glands (bio-chemical
reactions), cardiac electrical system, etc.).
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be now described, by way of
illustration and not by way of limitation, according to its
preferred embodiments, by particularly referring to the Fig-
ures of the enclosed drawings, in which:

FIG. 1 shows a blood pressure signal (FIG. 1a) and the
different result that a conventional system for measuring
arterial pressure obtains on a specific beat by applying none
or three different cutoff frequencies (see FIG. 15);

FIG. 2 shows two consecutive beats in the same blood
pressure signal obtained by applying with a conventional
system none or three different cutoff frequencies;

FIG. 3 shows a beat obtained by applying with a conven-
tional system none or two different first cutoff frequencies
(FIG. 3a) and by applying with a conventional system none
or a second cutoff frequency (FIG. 3b);

FIG. 4 shows two blood pressure signals obtained by
applying with a conventional system none or two identical
filters;

FIG. 5 shows a block diagram of a preferred embodiment
of the automatic method according to the invention;

FIG. 6 shows a pressure signal of an individual heart beat
to which the method of FIG. 5 is applied,

FIG. 7 schematically shows a preferred embodiment of an
automatic apparatus according to the invention.

DETAILED DESCRIPTION

The inventor has developed a method for measuring the
blood pressure, starting from a detected pressure signal, that
operates in the time domain for discriminating whether the
detected signal is an adequate measurement or not and,
where it is not, the analysis in the time domain automatically
selects a low-pass filter to apply for having correct blood
pressure values and wave form. In this regard, the inventor
has verified that the method according to the invention
provides a pressure signal having an adequate underdamping
through tests made with the square wave test before and after
application of the filter by the method according to the
invention.

Preferably, the detected pressure signal is made available
through invasive detecting technique, e.g. a filling pressure
line or optical fibres technique in femoral, radial, brachial,
aorta, or pulmonary artery, or through non invasive detecting
technique, e.g. both piezoelectric and oscillometric plethys-
mography. However, the detected pressure signal to which
the method according to the invention is applied may be also
a recorded signal subsequently analysed by subjecting it to
the method according to the invention, the scope of protec-
tion of which hence does not comprise any invasive surgical
step on the patient’s body.

More in particular, the method according to the invention
is based on the pulsatile frequency (i.e. it uses the whole
time range of the heart beat and the relative distances of the
individual pressure points within the same beat), some
characteristic points of the heart beat determined through the
first derivative of the detected arterial pressure (dP/dt) and
the second derivative of the detected pressure (d*P/dt?), and
some values of dynamic impedance Z (t) in specific instants
of the direct wave of pressure (propagating from heart to
periphery) and of the reflected waves of pressure (propagat-
ing from periphery to heart).

Starting from the thus obtained values of dynamic imped-
ance, the method checks whether the pressure signal con-
stitutes an adequate measurement, and where it does not the
method selects the cutoff frequency, preferably ranging from
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0.5 Hz to 100 Hz, more preferably from 2 Hz to 80 Hz, still
more preferably from 3 Hz to 60 Hz, of the low-pass filter
to apply to the detected pressure signal, so that it is the most
adequate one to the detection instant conditions, so that the
method dynamically adapts to the detection variations which
may also occur from beat to beat and from instant to instant.

In other words, the method according to the invention
exploits the peculiar characteristics of the pulsatile beat
under consideration, and through them it determines a
low-pass filter with variable cutoff frequency in order to
apply an adequate underdamping.

With reference to FIG. 5, it may be observed that the
preferred embodiment of the method according to the inven-
tion comprises the following steps:

A. having a pressure signal detected through pressure trans-
ducer (preferably through invasive arterial pressure line or
through non invasive technique, e.g. through plethysmo-
graphic oscillometric method), that is sampled, preferably
with sampling frequency equal to 1000 Hz;

B. automatically analysing and discriminating the morphol-
ogy of the sampled pressure wave (i.e. the signal) for each
heart beat (going from an initial diastolic pressure point to
the subsequent diastolic pressure point, considering as
point of diastolic pressure of the beat the initial point of
the beat, i.e. the initial diastolic pressure point);

C. for each heart beat, determining some evaluation values
consisting in (or comprising) an impedance of the direct
wave of pressure and an impedance of the reflected waves
of pressure and a consequent energy efficiency of the
whole cardiocirculatory system,

D. checking whether it is necessary to apply a low-pass filter
and, in the case where the check has positive outcome,
making step E, otherwise making step F assuming that the
measured pressure signal is identical to the sampled
pressure signal;

E. selecting the cutoff frequency of the low-pass filter, on the
basis of the analysis of step B and of the determination of
step C, and applying the low-pass filter to the sampled
pressure signal, obtaining a new sampled pressure signal,
and returning to step B;

F. outputting the measured pressure signal, preferably dis-
playing the same on a display.

Step B of automatic analysis of the morphology of the
pressure wave (i.e. the signal) detected during a heart beat
analyses and discriminates the form of an heart beat by
detecting both pressure characteristics and time character-
istics (which, as it will be shown below, are considered as
ranges starting from the instant of beginning of the beat—
1.e. the instant of the initial diastolic pressure—or, backward,
from the instant of end of the beat) related to specific points
starting from the instant of beginning of the beat, in par-
ticular the characteristic points of diastolic pressure (that is
initial in the beat), of systolic pressure, of dicrotic point, and
of resonance in the individual heart beat.

In greater detail, step B comprises the following sub-
steps:

B.1 determining the pressure and instant of the diastolic
pressure point (corresponding to the “initial” absolute
minimum of the pressure signal in the individual heart
beat), of the systolic pressure point (corresponding to the
absolute maximum of the pressure signal in the individual
heart beat), and of the dicrotic point (corresponding to the
point in which the heart aortic valve closes and that
mathematically corresponds to a point of local maximum
of the second derivative or of local minimum of the
pressure curve occurring immediately after the systolic
pressure point),
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B.2 determining the total number N, ... of local maximum
points (including the absolute maximum) of the first
derivative dP/dt of the (sampled) pressure signal in the
range of the individual heart beat;
B.3 determining the local maximum points (including the
absolute maximum) of the second derivative d°P/dt* of
the (sampled) pressure signal in the range of the indi-
vidual heart beat; and
B.4 selecting the N, local maximum points of the
second derivative d°P/dt> having largest values (i.e.
selecting a number of local maximum points of the second
derivative d*P/dt* equal to the total number Nz ,,,, of
local maximum points of the first derivative dP/dt as
previously determined) and determining the related
Nyp max time instants t , ... (1) (with i ranging from 1 to
N .. in which they occur, assuming the pressure
signal points in such N ,_instants t;,» ,_ (i) as reso-
nance points. - -
In particular, the link between number of local maxima of
the second derivative d*P/dt* and total number N , . of
local maximum points of the first derivative dP/dt in the
range of the individual heart beat allows to eliminate the
local maximum points of the second derivative d*P/dt* due
to noise. In this regard, the diastolic peak point (i.e. the point
of highest local maximum after the dicrotic point and after
the possible hump after the dicrotic point) is always selected
in step B.4 among the resonance points.
By way of example and not by way of limitation, the heart
beat and the related characteristic pressure points may be
discriminated and determined through an automatic method
for discriminating the heart beat similar to that described in
Application WO 2004/084088.
By way of example and not by way of limitation, FIG. 6
shows the pressure signal of an individual heart beat
wherein:
p0 is the value of diastolic pressure (that is initial in the
beat), at the instant t0 of beginning of the beat (i.e.
instant of the initial diastolic pressure point of the beat);

p2 is the systolic pressure value, at the instant t2 of the
systolic pressure point;

p4 is the pressure value at the dicrotic point, occurring at

the instant t4;

pl, p3, p3, p6, and pf are the values of pressure at the

resonance points occurring at the instants t1, t3, t5, t6
and tf (determined on the basis of the total number
Nyp max 0f local maximum points of the first derivative
dP/dt, equal to 5, and of the selection of corresponding
5 points—having largest values—of local maxima of
the second derivative d*P/dt?).

In FIG. 6, point p5 is the hump following the dicrotic
point, while the point p6 is the diastolic peak (i.e. the local
maximum following the dicrotic point and the possible
hump immediately subsequent to the latter).

Step C determines an evaluation value of an energy
efficiency of the whole cardiocirculatory system, providing
an estimate of the entropy of the biological system. In
particular, such energy efficiency is determined as a quantity
that in the following is defined as Result of the Energy ratio
of the System, or RES, of the cardiocirculatory system
obtained on the basis of the impedance of the direct wave of
pressure and of the reflected waves of pressure obtained
from the morphology of the pressure signal in a heart beat.
Such impedances are determined by considering pressures
and related time instants of the characteristic points of the
heart beat, which comprise not only the points of diastolic
pressure (that is initial in the beat), of systolic pressure, and
of dicrotic point (which are placed in the time range com-
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prising the diastole-systole and systole-dicrotic point sub-
ranges—i.e. in the systolic phase of the individual heart
beat), but also the resonance points determined during a
heart beat in step B (namely in sub-step B.4) described
above, among which resonance points the point of diastolic
peak (i.e. peak after the dicrotic point in the diastolic phase
of the individual heart beat) is always present.

In greater detail step C comprises the following sub-steps:

C.1 determining the impedance Z, of the direct wave of
pressure on the basis of a sum of dynamic impedances of
a first series of points of the heart beat (series_1) com-
prising those points among the aforementioned charac-
teristic ones which belong to the systolic phase of the
individual heart beat (i.e. in the range from the initial
diastolic pressure point up to the dicrotic point), except
the initial diastolic point;

C.2 the impedance Zj of the reflected waves of pressure is
determined on the basis of a sum of dynamic impedances
of a second series of points of the heart beat (series_2)
comprising all the aforementioned characteristic points
(which belongs to the whole heart beat);

C.3 determining the RES value as ratio between the imped-
ance Z, of the direct wave and the impedance Zj, of the
reflected waves.

In particular, in relation to the impedance 7, of the direct
wave of pressure, for each point of the first series a respec-
tive direct dynamic impedance Z, 5(t) is determined, given
by the ratio between the pressure value at that point and the
distance of the respective time instant from the initial instant
of the beat, 1.e. from the instant of the initial diastolic point
(this is the reason why in the first series the initial diastolic
point is not considered, since its dynamic impedance would
have value 0 at denominator). The value of the impedance
7, of the direct wave of pressure is obtained by summing
with alternate signs the thus determined dynamic imped-
ances of the points of the first series, ordered according to
their time order starting from the instant of the initial
diastolic pressure up to the dicrotic point instant, starting to
consider with a positive sign the dynamic impedance of the
first point of the first series.

Similarly, in relation to the impedance Zj, of the reflected
waves of pressure, for each point of the second series a
respective reflected dynamic impedance Z, () is also
determined, given by the ratio between the pressure value at
that point and the distance of the respective time instant from
the final instant of the beat. The value of the impedance 7
of the reflected waves of pressure is obtained by summing
with alternate signs the thus determined dynamic imped-
ances of the points of the second series, ordered according
to their reverse time order starting from the final instant of
the beat down to the instant of the initial diastolic pressure,
starting to consider with a positive sign the dynamic imped-
ance of the first point of the second series.

In other words, the impedances 7, of the direct wave and
7, of the reflected waves of pressure are each given by a
respective series of terms (i.e. the respective direct and
reflected dynamic impedances 7, ,(t) and Z, x(t)) which
are oscillating (since they are considered with alternate
signs) the value of which progressively becomes smaller and
smaller (since the value at denominator of the dynamic
impedances progressively increases).

As said, the RES value is determined as ratio between the
impedance 7, of the direct wave of pressure (determined on
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the basis of the first series of points) and the impedance 7
of the reflected waves of pressure (determined on the basis
of the second series of points):

RES=Z/Zy

Such value of RES represents an energy efficiency for
obtaining a given homeostasis of the whole cycle of the
cardiocirculatory-respiratory system.

In the example (and not limiting) graph of FIG. 6, the
points belonging to the first series (series_1) are indicated
with continuous vertical lines (from the time axis up to the
pressure value at the related point) and the points belonging
to the second series (series_2) are indicated with dotted
vertical lines, whereby the points belonging to both the first
and the second series are indicated with a pair of vertical
lines (one continuous and the other dotted). As shown, the
first series comprises (in the time order starting from the
instant of the initial diastolic pressure up to the dicrotic point
instant) the points indicated with pl, p2, p3, and p4, while
the second series comprises (in the reverse time order
starting from the final instant of the beat down to the instant
of the initial diastolic pressure) the points indicated with pf,
P, 3, p4, p3, p2, pl, pO.

The value of the impedance 7, of the direct wave of
pressure, for the beat shown in FIG. 6, is equal to

p4

B3 4

1
Zn="

p2 p3
+
1 2

while the value of the impedance 7, of the reflected waves

of pressure is equal, by assuming that the period of the
individual heart beat shown in Figure is T, to

of po6 p5

T R s e

pa 3 p2 pl p0
+ - + -
(T-¥) (T-13) (T-12) (T-1l) (T-10)

Checking step D uses, as said, a characteristic set of
conditions on the quantities obtained in steps B and C for
determining whether the individual heart beat is affected by
underdamping, i.e. whether the systolic pressure is over-
estimated and the diastolic pressure is under-estimated or
whether, on the contrary, the morphology of the heart beat is
correct. If such evaluation detects that the heart beat is
within the limits imposed by such characteristic set of
conditions, then the method does not apply any frequency
filter and gives (in step F) a measured pressure signal equal
to the sampled pressure signal that is unchanged in its
frequencies and amplitudes. Instead, if the characteristics of
the heart beat under examination are within ranges defined
by such characteristic set of conditions, step E corrects the
sampled pressure signal by changing its spectrum by apply-
ing a low-pass filter of which it determines the cutoff
frequency, and step B for analysing the sampled pressure
signal thus obtained from filtering and step C for determin-
ing evaluation values are executed again, checking in a new
step D whether the values of the obtained quantities are
within the limits imposed by such characteristic set of
conditions or not. In other words, the sampled pressure
signal of the heart beat that is filtered once is analysed again:
if the values of the obtained quantities are in accordance
with the ranges defined by such characteristic set of condi-
tions, then the method gives (in step F) a measured pressure
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signal equal to the sampled pressure signal obtained from
the last filtering (without applying any further filtering);
instead, if the values of the obtained quantities are not within
the limits imposes by such characteristic set of conditions,
then filtering is repeated, with a suitably selected cutoff
frequency, and the method is iteratively executed again from
step B until a signal is obtained the obtained quantities of
which are in accordance with the ranges defined by such
characteristic set of conditions.

In greater detail, step D checks whether, for the RES value
determined in step C, the values of the first derivative dP/dt
of the pressure signal and the values of the second derivative
d°P/dt> of the pressure signal in the whole beat under
consideration are lower than respective values T ;and T, of
maximum threshold (functions of the RES value), and in
such case it is not necessary to apply any filter to the pressure
signal and the method passes to directly execute step F,
otherwise the method passes to directly execute step E, by
applying a low-pass filter to the pressure signal of which it
determines the cutoff frequency, and returns to execute the
steps starting from step B.

In particular, the possible values of RES are subdivided
into three or more, preferably four, adjacent ranges of
variability, and the values T, and T ;, depend on the range to
which the RES value determined in step C belongs. Prefer-
ably:

if the value of RES is not lower (or even larger) than a

minimum threshold T ,.;, not lower than 0.3, pref-

erably not lower than 0.4, more preferably not lower

than 0.5,

the value T, of maximum threshold of the first deriva-
tive dP/dt of the pressure signal is not larger than 1.2
mmH/ms, preferably not larger than 1.1 mmH/ms,
more preferably not larger than 1.0 mmH/ms, and

the value T, of maximum threshold of the second
derivative d*P/dt* of the pressure signal is not larger
than 0.2 mmH/ms?, preferably not larger than 0.17
mmH/ms®, more preferably not larger than 0.15
mmH/ms?,

if the value of RES is variable within a first (mathemati-

cally open or closed) range the lower endpoint of which

is larger than 0 and the upper endpoint of which is not

larger than the minimum threshold Tyz ..., the first

range preferably varying from 0.3 a 0.5,

the value T, of maximum threshold of the first deriva-
tive dP/dt of the pressure signal is not larger than 1.6
mmH/ms, preferably not larger than 1.4 mmH/ms,
more preferably not larger than 1.2 mmH/ms, and

the value T, of maximum threshold of the second
derivative d*P/dt? of the pressure signal is not larger
than 0.25 mmH/ms?, preferably not larger than 0.22
mmH/ms®, more preferably not larger than 0.20
mmH/ms?,

if the value of RES is variable within a second range

(mathematically open or closed) contiguous to and
preceding the first range (in the sense that the lower
endpoint of the first range coincides with the upper
endpoint of the second range), the lower endpoint of
which is not lower than 0, preferably equal to O,
the value T, of maximum threshold of the first deriva-
tive dP/dt of the pressure signal is not larger than 1.6
mmH/ms, preferably not larger than 1.4 mmH/ms,
more preferably not larger than 1.2 mmH/ms, and
the value T, of maximum threshold of the second
derivative d°P/dt” of the pressure signal is not larger
than 0.35 mmH/ms?, preferably not larger than 0.30
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mmH/ms®, more preferably not larger than 0.27
mmH/ms?, still more preferably not larger than 0.25
mmH/ms>,
if the value of RES is lower (or even not larger) than a
maximum threshold T, ,... coinciding with the
lower endpoint of the second range,
the value T, of maximum threshold of the first deriva-
tive dP/dt of the pressure signal is not larger than 2.0
mmH/ms, preferably not larger than 1.8 mmH/ms,
more preferably not larger than 1.6 mmH/ms, and

the value T, of maximum threshold of the second
derivative d*P/dt* of the pressure signal is not larger
than 0.45 mmH/ms?, preferably not larger than 0.40
mmH/ms?, more preferably not larger than 0.37
mmH/ms?, still more preferably not larger than 0.35
mmH/ms>.

In the preferred embodiment of the method according to
the invention, checking step D ascertains that it is not
necessary to apply any filter to the pressure signal when any
one of the following four sets of conditions is met:

RES=0.5, the first derivative dP/dt is lower than 1.0
mmH/ms in the whole heart beat, and the second
derivative d*P/dt* is lower than 0.15 mmH/ms? in the
whole heart beat;

0.3=RES<0.5, the first derivative dP/dt is lower than 1.2
mmH/ms in the whole heart beat, and the second
derivative d*P/d* is lower than 0.2 mmH/ms? in the
whole heart beat;

0.0sRES<0.3, the first derivative dP/dt is lower than 1.2
mmH/ms in the whole heart beat, and the second
derivative d*P/dt” is lower than 0.25 mmH/ms> in the
whole heart beat;

RES<0.0, the first derivative dP/dt is lower than 1.6
mmH/ms in the whole heart beat, and the second
derivative d*P/dt* is lower than 0.35 mmH/ms? in the
whole heart beat.

As said, step E selects the cutoff frequency of the low-
pass filter, on the basis of the analysis of step B and of the
determination of step C, and applies the low-pass filter to the
sampled pressure signal. In particular, step E selects the
cutoff frequency of the low-pass filter on the basis of the
value of RES and of the values of the first derivative and of
the values of the second derivative of the pressure signal in
the whole heart beat, as follows: the values of RES are
discriminated in three or more, preferably four, adjacent
ranges of variability (preferably corresponding to those used
in the check in step D), for each one of them the values of
the first derivative dP/dt of the pressure signal are discrimi-
nated in three or more, preferably six, adjacent ranges of
variability, and for at least one of the ranges of the values of
the first derivative dP/dt the values of the second derivative
d®P/dt* of the pressure signal are discriminated in three or
more, preferably four, non overlapping ranges of variability
(adjacent to each other and, where applicable, adjacent to the
range of values of the second derivative d*P/dt* for which
the method does not applies any low-pass filter), thus
selecting a corresponding cutoff frequency of the low-pass
filter to apply.

In the preferred embodiment of the method according to
the invention, step E discriminates the values of RES in four
adjacent ranges of variability (corresponding to those used
in the check in step D), for each one of them discriminates
the values of the first derivative dP/dt of the pressure signal
in six adjacent ranges of variability, and for the first one of
the ranges of the values of the first derivative dP/dt dis-
criminates the values of the second derivative d*P/dt> of the
pressure signal in four adjacent ranges (subsequent to the
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range corresponding to the set of conditions for which no
low-pass filter is applied). In greater detail, the preferred
embodiment determines the cutoff frequency of the filter as
follows:
1. if the value of RES meets the condition RES=z0.5
1.1 if the values of the first derivative in the whole heart
beat meet the condition

dP/dr<1.0 mmH/ms,

1.1.1 if the values of the second derivative in the whole
heart beat meet the condition

0.15 mmH/ms=d®P/d*<0.25 mmH/ms

a low-pass filter with cutoff frequency equal to 15 Hz
is applied;
1.1.2 if the values of the second derivative in the whole
heart beat meet the condition

0.25 mmH/ms=d?P/dr*<0.30 mmH/ms

a low-pass filter with cutoff frequency equal to 12 Hz
is applied;
1.1.3 if the values of the second derivative in the whole
heart beat meet the condition

0.30 mmH/ms=d”P/d?<0.35 mmH/ms

a low-pass filter with cutoff frequency equal to 8 Hz
is applied;
1.1.4 if the values of the second derivative in the whole
heart beat meet the condition

?P/dr’=0.35 mmH/ms

a low-pass filter with cutoff frequency equal to 7 Hz
is applied;
1.2 if the values of the first derivative in the whole heart
beat meet the condition

1.0 mmH/ms=dP/dt<1.3 mmH/ms,

a low-pass filter with cutoff frequency equal to 12 Hz
is applied;
1.3 if the values of the first derivative in the whole heart
beat meet the condition

1.3 mmH/ms=dP/dt<1.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 8 Hz is
applied,;
1.4 if the values of the first derivative in the whole heart
beat meet the condition

1.5 mmH/ms=dP/dr<2.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 7 Hz is
applied,
1.5 if the values of the first derivative in the whole heart
beat meet the condition

2.5 mmH/ms=dP/dt<3.0 mmH/ms,

a low-pass filter with cutoff frequency equal to 6 Hz is
applied,
1.6 if the values of the first derivative in the whole heart
beat meet the condition

dP/dt=3.0 mmH/ms,
a low-pass filter with cutoff frequency equal to 3 Hz is
applied,
2. if the value of RES meets the condition 0.3sRES<0.5

2.1 if the values of the first derivative in the whole heart
beat meet the condition

dP/dr<1.2 mmH/ms,
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2.1.1 if the values of the second derivative in the whole
heart beat meet the condition

0.2 mmH/mssd®P/d?<0.25 mmH/ms

a low-pass filter with cutoff frequency equal to 15Hz 5

is applied;
2.1.2 if the values of the second derivative in the whole
heart beat meet the condition

0.25 mmH/ms=d®P/d?<0.35 mmH/ms

a low-pass filter with cutoff frequency equal to 12 Hz
is applied;
2.1.3 if the values of the second derivative in the whole
heart beat meet the condition

0.35 mmH/ms=d?P/d*<0.45 mmH/ms

a low-pass filter with cutoff frequency equal to 8 Hz
is applied;
2.1.4 if the values of the second derivative in the whole
heart beat meet the condition

d?P/d’=0.45 mmH/ms

a low-pass filter with cutoff frequency equal to 7 Hz
is applied;
2.2 if the values of the first derivative in the whole heart
beat meet the condition

1.2 mmH/ms=dP/dt<1.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 13 Hz
is applied;
2.3 if the values of the first derivative in the whole heart
beat meet the condition

1.5 mmH/ms=dP/dr<1.8 mmH/ms,

a low-pass filter with cutoff frequency equal to 10 Hz
is applied,
2.4 if the values of the first derivative in the whole heart
beat meet the condition

1.8 mmH/ms=dP/dr<2.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 8 Hz is
applied;
2.5 if the values of the first derivative in the whole heart
beat meet the condition

2.5 mmH/ms=dP/dt<3.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 6 Hz is
applied,
2.6 if the values of the first derivative in the whole heart
beat meet the condition

dP/dt=3.5 mmH/ms,
a low-pass filter with cutoff frequency equal to 3 Hz is
applied;
3. if the value of RES meets the condition 0.0<RES<0.3

3.1 if the values of the first derivative in the whole heart
beat meet the condition

dP/dr<1.2 mmH/ms,

3.1.1 if the values of the second derivative in the whole
heart beat meet the condition

0.25 mmH/ms=dP/d<0.30 mmH/ms

a low-pass filter with cutoff frequency equal to 15 Hz
is applied;
3.1.2 if the values of the second derivative in the whole
heart beat meet the condition

0.30 mmH/ms=d>P/d?<0.40 mmH/ms
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a low-pass filter with cutoff frequency equal to 12 Hz
is applied;
3.1.3 if the values of the second derivative in the whole
heart beat meet the condition

0.40 mmH/ms=d?P/d*<0.50 mmH/ms

a low-pass filter with cutoff frequency equal to 8 Hz
is applied;
3.1.4 if the values of the second derivative in the whole
heart beat meet the condition

2P/d*=0.50mmH/ms

a low-pass filter with cutoff frequency equal to 5 Hz
is applied;
3.2 if the values of the first derivative in the whole heart
beat meet the condition

1.2 mmH/ms=dP/dt<1.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 13 Hz
is applied;
3.3 if the values of the first derivative in the whole heart
beat meet the condition

1.5 mmH/ms=dP/dt<1.8 mmH/ms,

a low-pass filter with cutoff frequency equal to 10 Hz
is applied,;
3.4 if the values of the first derivative in the whole heart
beat meet the condition

1.8 mmH/ms=dP/dt<2.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 8 Hz is
applied,
3.5 if the values of the first derivative in the whole heart
beat meet the condition

2.5 mmH/ms<dP/dt<3.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 6 Hz is
applied,
3.6 if the values of the first derivative in the whole heart
beat meet the condition

dP/dt=3.5 mmH/ms,

a low-pass filter with cutoff frequency equal to 3 Hz is
applied,
4. if the value of RES meets the condition RES<0.0
4.1 if the values of the first derivative in the whole heart
beat meet the condition

dP/dr<1.6 mmH/ms,

4.1.1 if the values of the second derivative in the whole
heart beat meet the condition

0.35 mmH/ms=d”P/d?<0.40 mmH/ms

a low-pass filter with cutoff frequency equal to 15 Hz
is applied;
4.1.2 if the values of the second derivative in the whole
heart beat meet the condition

0.40 mmH/ms=d”P/d?<0.45 mmH/ms

a low-pass filter with cutoff frequency equal to 12 Hz
is applied;
4.1.3 if the values of the second derivative in the whole
heart beat meet the condition

0.45 mmH/ms=d>P/d?<0.50 mmH/ms

a low-pass filter with cutoff frequency equal to 11 Hz
is applied;
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4.1 .4 if the values of the second derivative in the whole
heart beat meet the condition

P/d=0.50mmH/ms

a low-pass filter with cutoff frequency equal to 10 Hz
is applied;
4.2 if the values of the first derivative in the whole heart
beat meet the condition

1.6 mmH/ms=dP/dt<1.8 mmH/ms,

a low-pass filter with cutoff frequency equal to 13 Hz
is applied;
4.3 if the values of the first derivative in the whole heart
beat meet the condition

1.8 mmH/ms=dP/dr<2.0 mmH/ms,

a low-pass filter with cutoff frequency equal to 10 Hz
is applied;
4.4 if the values of the first derivative in the whole heart
beat meet the condition

2.0 mmH/ms=dP/dr<2.4 mmH/ms,

a low-pass filter with cutoff frequency equal to 8 Hz is
applied;
4.5 if the values of the first derivative in the whole heart
beat meet the condition

2.4 mmH/ms=dP/dt<3,2 mmH/ms,

a low-pass filter with cutoff frequency equal to 6 Hz is
applied,
4.6 if the values of the first derivative in the whole heart
beat meet the condition

dP/dt=3.2 mmH/ms,

a low-pass filter with cutoff frequency equal to 3 Hz is
applied.

The values indicated for the lower and/or upper limits of
the various adjacent ranges for the RES, of the various
ranges of the first derivative dP/dt and of the various ranges
of the second derivative d*P/dt?, as well as the values
indicated for the selected cutoff frequencies, are only indica-
tive and not restrictive, since they can be increased or
decreased by an extent preferably not larger than 25%, more
preferably not larger than 20%, still more preferably not
larger than 15%, even more preferably not larger than 10%.

The inventor has verified through an frequency domain
analysis of the frequency spectra of the sampled pressure
signal of the heart beat and of its first and second derivates
in the frequency domain the effectiveness of the application
of the low-pass filter through the method according to the
invention.

Finally, step F displays the sampled pressure signal,
possibly obtained from the last filtering, on a display, so as
to point out the measurement and morphology of the thus
obtained pressure signal.

FIG. 7 schematically shows a circuit implementation, that
is immediately comprehensible to the skilled in the art, of a
preferred embodiment of an automatic apparatus, that
executes the method for measuring and processing blood
pressure according to the invention. In particular, the circuit
stage of FIG. 7 uses one of three possible cutoff frequencies,
respectively indicated with F1, F2 and F3; however, it is
immediate for those skilled in the art to extend the circuit
stage of FIG. 7 to any number of cutoff frequencies. The
microprocessor of the stage of FIG. 7 analyses an input
pressure signal, present at terminal IN, and determines
which one of the three possible cutoff frequencies to apply
through an electronic switch controlled by the same micro-
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processor so as to output, at terminal OUT, the filtered
signal; moreover, it is immediate to provide the possibility
that the microprocessor can apply again, if necessary, the
analysing and selectively filtering steps also to the output
signal at the terminal OUT (e.g. through a further electronic
switch). It must be understood that the above could be also
implemented via software also, through a computer program
executing the automatic method for measuring and process-
ing blood pressure according to the invention, without any
need for any hardware.

The preferred embodiments have been above described
and some modifications of this invention have been sug-
gested, but it should be understood that those skilled in the
art can make variations and changes, without so departing
from the related scope of protection, as defined by the
following claims.

The invention claimed is:

1. An automatic method for measuring and processing
blood pressure of a cardiocirculatory system, comprising
dynamically analyzing and correcting the pressure measure-
ment by:

A. one of, invasively or non-invasively, detecting a
sampled pressure signal P(t) for one or more heart beats
using pressure detectors, each heart beat starting at an
initial instant of time coinciding with an initial diastolic
pressure point and ending at a final instant of time
coinciding with a subsequent diastolic pressure point
and comprising a dicrotic point, each beat having a
systolic phase going from the initial diastolic pressure
point to the dicrotic point; and associating by way of a
processor, a processing window to a portion of the
sampled pressure signal P(t) corresponding to a heart
beat;

B. automatically analyzing and discriminating morphol-
ogy of the sampled pressure signal P(t) for the heart
beat associated to said processing window by one of,
directly in the time domain or from a recorded signal,
determining a first derivative dP/dt and a second
derivative d°P/dt® of the detected sampled pressure
signal P(t), and determining an instant of time and
pressure value of one or more characteristic points of
the sampled pressure signal P(t) selected from the
group comprising
an initial diastolic pressure point,

a systolic pressure point,

a dicrotic point, and

one or more resonance points, each one of which occurs
in an instant of time

wherein a second derivative d*P/dt* of the sampled

pressure signal P(t) has a local maximum, among

which resonance points the point of diastolic peak,
defined as the peak after the dicrotic point in the
diastolic phase of each heart beat, is always present,
at least one of the one or more characteristic points of
the sampled pressure signal P(t) belonging to the sys-
tolic phase of the heart beat associated with the pro-
cessing window under consideration and being differ-
ent from the initial diastolic pressure point;

C. for the heart beat associated with the processing
window, determining an energy efficiency defined as a
Result of the Energy ratio of the System (RES) through
the following:

C.1 determining a direct dynamic impedance 7, (1)
for each one of said one or more characteristic points
belonging to the systolic phase of the heart beat
associated with the processing window under con-
sideration and different from the initial diastolic
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pressure point, said direct dynamic impedance 7,
(t) being equal to the ratio between a value of the
sampled pressure signal P(t) at the characteristic
point and interval of time between the respective
instant of time and the initial instant of time of the
heart beat associated with the processing window
under consideration, and determining an impedance
7, of a direct wave of pressure by summing with
alternate signs the values of the direct dynamic
impedances Z,; (t) ordered according to a first
sequence, wherein said first sequence goes from the
initial instant of time of the heart beat associated
with the processing window under consideration
until the instant of time of the dicrotic point, begin-
ning by applying a positive sign to the first direct
dynamic impedance Z, (1) in the first sequence;
C.2 determining a reflected dynamic impedance 7, (t)
for each one of said one or more characteristic points,
said reflected dynamic impedance Z; (1) being equal
to the ratio between a value of the sampled pressure
signal P(t) at the characteristic point and the interval of
time between the respective instant of time of that
characteristic point, and the final instant of time of the
heart beat associated with the processing window under
consideration, and determining an impedance 75 of
reflected waves of pressure by summing with alternate
signs the values of the reflected dynamic impedances
Z, (1) ordered according to a second sequence,
wherein said second sequence goes from the final
instant of time of the heart beat associated with the
processing window under consideration until the initial
instant of time of the heart beat under consideration,
beginning by applying a positive sign to the first
reflected dynamic impedance 7, p(t) in the second
sequence; and -
C.3 determining said energy efficiency RES as a ratio
between the impedance 7, of the direct wave and the
impedance Zj of the reflected waves:

RES=Z/Z¢

D. for said energy efficiency RES determined in step C,
checking whether a first derivative dP/dt of the sampled
pressure signal P(t) is lower than a first predetermined
value T, of maximum threshold in a whole heart beat
associated with the processing window under consid-
eration and whether the second derivative d°P/dt* of the
sampled pressure signal P(t) is lower than a second
predetermined value T, of maximum threshold in the
whole heart beat associated with the processing win-
dow under consideration, and in the event that the
checking yields at least one of, (1) an outcome that
dP/dt of the sampled pressure signal P(t) is not lower
than a first predetermined value T, and (2) an outcome
that the second derivative d*P/dt* of the sampled pres-
sure signal P(t) is not lower than a second predeter-
mined value T ,, performing step E, otherwise, in the
case where the checking yields that dP/dt of the
sampled pressure signal P(t) is lower than a first
predetermined value T, and the second derivative d*P/
dt* of the sampled pressure signal P(t) is lower than a
second predetermined value T ,, performing step F;

E. selecting a cutoff frequency of a low-pass filter on the
basis of said energy efficiency RES determined in step
C, and also on the basis of the first derivative dP/dt and
the second derivative d°P/dt* of the sampled pressure
signal P(t), and applying said low-pass filter to the
sampled pressure signal P(t), thus obtaining a new
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sampled pressure signal, and returning to execute the
preceding steps starting from step B;

F. outputting the sampled pressure signal P(t) on which
step B has been performed most recently, and if the
sampled pressure signal P(t) comprises one or more
heart beats which have not been analyzed yet, shifting
the processing window on to the next heart beat of the
sampled pressure signal P(t) and returning to execute
the preceding steps starting from step B, otherwise
making the method come to an end, and

wherein steps B to F are executed by the processor.

2. The method according to claim 1, wherein said one or
more resonance points are determined in step B through the
following sub-steps:

B.1 determining the pressure value and instant of time of
the initial diastolic pressure point, of the systolic pres-
sure point, and of the dicrotic point;

B.2 determining a total number Nz . of local maxi-
mum points of the first derivative dP/dt of the sampled
pressure signal P(t) in the heart beat under consider-
ation;

B.3 determining local maximum points of the second
derivative d*P/dt® of the sampled pressure signal P(t) in
the heart beat under consideration; and

B.4 selecting a number N, | of local maximum points
of the second derivative d2P/dt? having largest values,
determining N .., time instants t;,» ,...(i) wherein
said N, ... selected local maximum points of the
second derivative d*P/dt®, occur, and assuming the
points of the sampled pressure signal P(t) in such
N g time instants t,,, ,..(i) as resonance points.

3. The method according to claim 1, wherein, in step B,
said one or more characteristic points of the sampled pres-
sure signal P(t) consist of?

the initial diastolic pressure point,

the systolic pressure point,

the dicrotic point, and

one or more resonance points.

4. The method according to claim 1, wherein the first
predetermined value T, of maximum threshold and the
second predetermined value T, of maximum threshold are
functions of said energy efficiency RES determined in step
C.

5. The method according to claim 1, wherein step D
further comprises checking whether said energy efficiency
RES determined in step C belongs to one of three or more
adjacent ranges of variability, wherein the first predeter-
mined value T, of maximum threshold and the second
predetermined value T, of maximum threshold are func-
tions of the range to which said energy efliciency RES
determined in step C belongs.

6. The method according to claim 5, wherein, in step E,
said cutoff frequency is selected by

defining three or more adjacent ranges of variability of
said energy efficiency RES determined in step C and
determining in which of said three or more adjacent
ranges of variability, said energy efficiency RES deter-
mined in step C belongs,
for each one of said three or more adjacent ranges of

variability of said energy efficiency RES determined
in step C, defining three or more adjacent ranges of
variability of the first derivative dP/dt of the sampled
pressure signal P(t) in the whole heart beat under
consideration and determining in which of said three
or more adjacent ranges of variability, the first
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derivative dP/dt of the sampled pressure signal P(t)

in the whole heart beat under consideration belongs,

and

for each one of said three or more adjacent ranges of
variability of the first derivative dP/dt of the
sampled pressure signal P(t) in the whole heart
beat under consideration, defining three or more
non overlapping ranges of variability of the sec-
ond derivative d*P/dt* of the sampled pressure
signal P(t) and determining in which of said three
or more adjacent ranges of variability the second
derivative d*P/dt* of the sampled pressure signal
P(t) belongs, to which a respective value of said
cutoff frequency corresponds.

7. The method according to claim 6, wherein, in step E,
the three or more adjacent ranges of variability to which the
belonging of said energy efficiency RES determined in step
C is discriminated are four adjacent ranges of variability.

8. The method according to claim 6, wherein, in step E,
the three or more adjacent ranges of variability to which the
belonging of the first derivative dP/dt of the sampled pres-
sure signal P(t) in the whole heart beat under consideration
is discriminated are six adjacent ranges of variability.

9. The method according to claim 6, wherein, in step E,
the three or more non overlapping ranges of variability to
which the belonging of the second derivative d*P/dt* of the
pressure signal P(t) is discriminated are four non overlap-
ping ranges of variability.

10. The method according to claim 1, wherein said cutoff
frequency, in step E, is a constant value decreasing upon
increasing the first derivative dP/dt of the sampled pressure
signal P(t), under identical values of said energy efliciency
RES and of the second derivative d*P/dt* of the sampled
pressure signal P(t).

11. The method according to claim 1, wherein said cutoff
frequency, in step E, is a constant value decreasing upon
increasing the second derivative d°P/dt* of the sampled
pressure signal P(t), under identical values of said energy
efficiency RES and of the first derivative dP/dt of the
sampled pressure signal P(t).

12. The method according to claim 1, wherein said cutoff
frequency ranges from 0.5 Hz to 100 Hz.

13. The method according to claim 12, wherein said cutoff
frequency ranges from 2 Hz to 80 Hz.

14. The method according to claim 13, wherein said cutoff
frequency ranges from 3 Hz to 60 Hz.

15. The method according to claim 1, wherein in step F
the sampled pressure signal P(t) is displayed on a display.

16. The method according to claim 1, wherein step D
further comprises checking whether said energy efficiency
RES determined in step C belongs to one of four adjacent
ranges of variability, wherein the first predetermined value
Td of maximum threshold and the second predetermined
value T, of maximum threshold are functions of the range
to which said energy efficiency RES determined in step C
belongs.

17. An apparatus for automatically measuring and pro-
cessing blood pressure of a cardiocirculatory system, com-
prising pressure detectors and a non-transitory computer
readable medium having computer executable instructions
stored thereon, wherein the instructions include dynamically
analyzing and correcting a blood pressure measurement by
a method comprising:

A. one of, invasively or non-invasively, detecting a
sampled pressure signal P(t) for one or more heart beats
using said pressure detectors, each heart beat starting at
an initial instant of time coinciding with an initial
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diastolic pressure point and ending at a final instant of

time coinciding with a subsequent diastolic pressure

point and comprising a dicrotic point, each beat having

a systolic phase going from the initial diastolic point to

the dicrotic point, and associating by way of a proces-

sor, a processing window to a portion of the sampled
pressure signal P(t) corresponding to a heart beat;

B. automatically analyzing and discriminating morphol-
ogy of the pressure signal P(t) sampled for the heart
beat associated with the processing window by one of,
directly in the time domain, or from a recorded signal,
determining a first derivative dP/dt and a second
derivative d?P/dt? of the pressure signal P(t), and deter-
mining an instant of time and pressure value of one or
more characteristic points of the pressure signal P(t)
selected from the group comprising
the initial diastolic pressure point,

a systolic pressure point,

the dicrotic point, and

one or more resonance points, each one of which occurs
in an instant of time wherein a second derivative
d’P/dt” of the pressure signal P(t) has a local maxi-
mum, among which resonance points the point of
diastolic peak, defined as the peak after the dicrotic
point in the diastolic phase of each heart beat, is
always present,

at least one of the one or more characteristic points of

the pressure signal P(t) belonging to the systolic phase

of the heart beat associated with the processing window
under consideration and being different from the initial
diastolic pressure point;

C. for the heart beat associated with the processing
window, determining an energy efficiency defined as a
Result of the Energy ratio of the System (RES) through
the following:

C.1 determining a direct dynamic impedance Z; ,(t)
for each one of said one or more characteristic points
belonging to the systolic phase of the heart beat
associated with the processing window under con-
sideration and different from the initial diastolic
pressure point, said direct dynamic impedance 7
(t) being equal to the ratio between a value of the
pressure signal P(t) at the characteristic point and
interval of time from the respective initial instant of
time of the heart beat associated with the processing
window under consideration, and determining an
impedance 7, of a direct wave of pressure by sum-
ming with alternate signs the values of the direct
dynamic impedances 7, ,(t) ordered according to a
first sequence, wherein said first sequence goes from
the initial instant of time of the heart beat associated
with the processing window under consideration
until the instant of time of the dicrotic point, begin-
ning to apply a positive sign to the direct dynamic
impedance 7, 5(t) that is the first one in the first
sequence;

C.2 determining a reflected dynamic impedance 7 ; x(t)
for each one of said one or more characteristic
points, said reflected dynamic impedance Z; (t)
being equal to the ratio between a value of the
pressure signal P(t) at the characteristic point and the
interval of time between the respective instant of
time of that characteristic point and the final instant
of time of the heart beat associated with the process-
ing window under consideration, and determining an
impedance Z, of reflected waves of pressure by
summing with alternate signs the values of the
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reflected dynamic impedances 7, x(t) ordered
according to a second sequence, wherein said second
sequence goes from a final instant of time until the
initial instant of time of the heart beat associated to
said processing window under consideration, begin-
ning to apply a positive sign to the reflected dynamic
impedance 7, .(t) that is the first one in the second
sequence;

C.3 determining said energy efficiency RES as ratio
between the impedance 7, of the direct wave and the
impedance 7, of the reflected waves:

RES=Z,/Zp

D. for said energy efficiency RES determined in step C,
checking whether a first derivative dP/dt of the pressure
signal P(t) is lower than a first predetermined value T
of maximum threshold in the whole heart beat associ-
ated with the processing window under consideration
and whether the second derivative d*P/dt* of the pres-
sure signal P(t) is lower than a second predetermined
value T, of maximum threshold in the whole heart
beat associated with the processing window under
consideration, and in the case where the checking
vields at least one of, (1) an outcome that dP/dt of the
sampled pressure signal P(t) is not lower than a first
predetermined value T, and (2) an outcome that the
second derivative d*P/dt* of the sampled pressure sig-
nal P(t) is not lower than a second redetermined value
T 5 performing step E, otherwise, in the case where the
checking yields an outcome that dP/dt of the sampled
pressure signal P(t) is lower than a first predetermined
value T, and the second derivative d*P/dt® of the
sampled pressure signal P(t) is lower than a second
predetermined value T ,, performing step F;

E. selecting a cutoff frequency of a low-pass filter on the
basis of said energy efficiency RES determined in step
C, and also on the basis of the first derivative dP/dt and
the second derivative d*P/dt* of the pressure signal P(t),
and applying said low-pass filter to the pressure signal
P(t), thus obtaining a new sampled pressure signal, and
returning to execute the preceding steps starting from
step B;

F. outputting the pressure signal P(t) on which step B has
been performed most recently, and if said sampled
pressure signal P(t) comprises one or more heart beats
which have not been analyzed yet, shifting the process-
ing window on the next heart beat of the sampled
pressure signal P(t) and returning to execute the pre-
ceding steps starting from step B, otherwise making the
method come to an end, and

wherein steps B to F are executed by the processor.

18. A non-transitory computer-readable memory medium,
having a program stored therein, wherein the program is
configured to perform, when operating on a microprocessor,
the following steps of an automatic method for dynamically
measuring and processing blood pressure:

A. detecting, based on pressure detectors, a sampled
pressure signal P(t) for one or more heart beats, each
heart beat starting at an initial instant of time coinciding
with an initial diastolic pressure point and ending at a
final instant of time coinciding with a subsequent
diastolic pressure point and comprising a dicrotic point,
each beat having a systolic phase going from the initial
diastolic pressure point to the dicrotic point; and asso-
ciating by way of a processor, a processing window to
a portion of the sampled pressure signal P(t) corre-
sponding to a heart beat;
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B. automatically analyzing and discriminating morphol-

ogy of the sampled pressure signal P(t) for the heart

beat associated with the processing window, determin-

ing a first derivative dP/dt and a second derivative

d?P/dt* of the sampled pressure signal P(t), and deter-

mining an instant of time and pressure value of one or

more characteristic points of the sampled pressure

signal P(t) selected from the group comprising

the initial diastolic pressure point,

a systolic pressure point,

the dicrotic point, and

one or more resonance points, each one of which occurs
in an instant of time wherein a second derivative
d?P/dt? of the pressure signal P(t) has a local maxi-
mum,

at least one characteristic point of the sampled pressure

signal P(t) belonging to the systolic phase of the heart

beat associated with the processing window under

consideration and being different from the initial dia-

stolic pressure point;

C. for the heart beat associated with the processing

window, determining an energy efficiency defined as a
Result of the Energy ratio of the System (RES) through
the following sub-steps:

C.1 determining a direct dynamic impedance 7, (1)
for each one of said one or more characteristic points
belonging to the systolic phase of the heart beat
associated with the processing window under con-
sideration and different from the initial diastolic
pressure point, said direct dynamic impedance Z,; ,
(t) being equal to the ratio between a value of the
sampled pressure signal P(t) at the characteristic
point and interval of time between the respective
instant of time and the initial instant of time of the
heart beat associated with the processing window
under consideration, and determining an impedance
Z,, of a direct wave of pressure by summing with
alternate signs the values of the direct dynamic
impedances Z, 5(t) ordered according to a first
sequence, wherein the first sequence goes from the
initial instant of time of the heart beat associated
with the processing window under consideration
until the instant of time of the dicrotic point, begin-
ning to apply a positive sign to the direct dynamic
impedance 7, ,(t) that is a first one in the first
sequence;

C.2 determining a reflected dynamic impedance 7 ; (1)
for each one of said one or more characteristic
points, said reflected dynamic impedance 7, x(1)
being equal to the ratio between a value of the
sampled pressure signal P(t) at the characteristic
point and the interval of time between the respective
instant of time of that characteristic point and the
final instant of time of the heart beat associated with
the processing window under consideration, and
determining an impedance 7, of reflected waves of
pressure by summing with alternate signs the values
of the reflected dynamic impedances 7, 4(t) ordered
according to a second sequence, -
wherein said second sequence goes from the final
instant of time until the initial instant of time of the
heart beat associated with the processing window
under consideration, beginning to apply a positive
sign to the reflected dynamic impedance 7, 4(t) that
is the first one in the second sequence;
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C.3 determining said energy efficiency RES as a ratio
between the impedance Z ,, of the direct wave and the
impedance 7, of the reflected waves:

RES=Z,,/Zp

D. for said energy efficiency RES determined in step C,
checking whether a first derivative dP/dt of the pressure
signal P(t) is lower than a first predetermined value T
of maximum threshold in the whole heart beat associ-
ated with the processing window under consideration
and whether the second derivative d*P/dt* of the pres-
sure signal P(t) is lower than a second predetermined
value T, of maximum threshold in the whole heart
beat associated with the processing window under
consideration, and in the case where the checking
vyields at least one of, (1) an outcome that dP/dt of the
sampled pressure signal P(t) is not lower than a first
predetermined value T, and (2) an outcome that the
second derivative d*P/dt* of the sampled pressure sig-
nal P(t) is not lower than a second predetermined value
T 5 performing step E, otherwise, in the case where the
checking yields an outcome that dP/dt of the sampled
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pressure signal P(t) is lower than a first predetermined
value T, and the second derivative d’P/dt* of the
sampled pressure signal P(t) is lower than a second
predetermined value T ,,, performing step F;

. selecting a cutoff frequency of a low-pass filter on the

basis of said energy efficiency RES determined in step
C, and also on the basis of the first derivative dP/dt and
the second derivative d*P/dt* of the sampled pressure
signal P(t), and applying said low-pass filter to the
pressure signal P(t), thus obtaining a new sampled
pressure signal, and returning to execute the preceding
steps starting from step B;

. outputting the sampled pressure signal P(t) on which

step B has been performed most recently, and if the
sampled pressure signal P(t) comprises one or more
heart beats which have not been analyzed yet, shifting
said processing window on the next heart beat of the
sampled pressure signal P(t) and returning to execute
the preceding steps starting from step B, otherwise
making the method come to an end,

wherein steps B to F are executed by the processor.
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