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(57) ABSTRACT

The present invention refers to a method of approximating a
patient’s pulse wave based on non-invasive blood pressure
measurement, comprising the following steps: (a) non-inva-
sively measuring a sequence n-1 . . . N of pulse signals
pulse, ...sreq(t) of a patient, thereby applying a clamp pres-
sure clamp, (1), (b) weighting the measured pulse signals
pulse, ,...cmest) Using a weighting function to obtain
weighted pulse signals pulse,, ,.,.5...(1), and (c) adding up the
weighted pulse signals pulse,, ,,..;,7..(t) to obtain an approxi-
mation of the patient’s pulse wave pulse,,,,,...(1). The inven-
tion also refers to a logic unit and a system for approximating
a patient’s pulse wave based on non-invasive blood pressure
measurement.
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METHOD OF APPROXIMATING A PATIENT’S
PULSE WAVE BASED ON NON-INVASIVE
BLOOD PRESSURE MEASUREMENT, A
LOGIC UNIT THEREFORE AND A SYSTEM
THEREFORE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is the U.S. national phase of PCT/EP2014/
000031, filed Jan. 9, 2014, which claims the benefit of Euro-
pean Patent Application No. 13000376.7, filed Jan. 25, 2013
and U.S. Patent Application No. 61/756,895, filed Jan. 25,
2013.

FIELD OF THE INVENTION

[0002] The present disclosure relates to a method of
approximating a patient’s pulse wave based on non-invasive
blood pressure measurement. The disclosure also relates to a
logic unit and a corresponding system for approximating a
patient’s pulse wave based on non-invasive blood pressure
measurement.

BACKGROUND

[0003] A skilled practitioner, such as an experienced phy-
sician, can obtain useful information as to the health status of
a patient from an analysis of the curve progression of the
arterial blood pressure, i.e. pulse wave, of the patient. The
pulse wave of the patient may be reliably measured in an
invasive way, by introducing a catheter into one of the
patient’s blood vessels. However, invasive blood pressure
measurement approaches are relatively complex, sometimes
being accompanied by adverse side-effects for the patient,
such as thrombo-embolic complications, bleedings and infec-
tions.

[0004] A well-known, less dangerous and more convenient
way to determine the arterial blood pressure values of a
patient is to use the so-called “oscillometric non-invasive
blood pressure measurement method”. By that method, a
pressure cuff is applied to one of the patient’s extremities,
preferably to his upper arm at the level of his heart, as sche-
matically illustrated in FIG. 1. Then, the pressure in the pres-
sure cuff is increased or decreased, usually at a constant rate,
thereby exerting pressure on an artery in the patient’s extrem-
ity. For example, the pressure in the pressure cuff may be
increased from a value equal to or smaller than the diastolic
arterial blood pressure DAP to a value equal to or greater than
the systolic arterial blood pressure SAP of the patient. That is,
the pressure in the pressure cuff is continuously increased
over a time period which corresponds to a plurality of heart
beats.

[0005] FIG. 2 schematically illustrates an electrocardio-
gram signal (ECG-signal) over the time. The manometer
connected to the pressure cuff (shown in FIG. 1) not only
indicates the continuously increasing pressure applied to the
pressure cuff, but in addition (due to the principle
action=reaction) also the pulses, as schematically illustrated
in FIG. 3. In the following, the term “pulse” refers to pressure
oscillations caused by one heart beat of the patient.

[0006] FIG. 4 is an exemplary diagram showing exclu-
sively the pulses (i.e. pressure oscillations caused by the
patient’s heart beats) indicated by the manometer over the
time (the pressure variation caused by the continuously
increasing cuff pressure is omitted in this diagram). As shown
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in this diagram, a sequence of pulse signals (caused by a
corresponding number of heart beats of the patient) has been
measured. The pressure oscillations shown in FIG. 4 are
plotted in such a way that the curve cyclically oscillates
around a zero pressure line (i.e. zero pressure value). The area
enclosed by the curve below the zero pressure line substan-
tially corresponds to the area enclosed by the curve above the
zero pressure line. Small circles in FIG. 4 indicate the lower
and upper extreme values associated to the individual heart
beats. That is, a single heart beat of the patient causes a pulse
lasting from a first lower extreme value of the curve to a
subsequent, second lower extreme value of the curve. This
way of representation of a sequence of pulse signals measured
by the so-called “oscillometric non-invasive blood pressure
measurement method”, and how to determine the lower and
upper extreme values associated to the individual heart beats,
is well known to those skilled in the art.

[0007] The distance between two subsequent lower (or
upper) extreme values of the curve shown in FIG. 4 is sub-
stantially constant (corresponding to the patient’s heart rate).
However, the amplitude and the general shape of the mea-
sured pulse signals associated to the individual heart beats
significantly differ from each other (even though, the actual
pulse waves of the patient remain substantially unchanged
over the detection time). For example, the amplitude of the
measured pulse signals associated to the individual heart
beats is not constant, but the curve shown in FIG. 4 is rather
bell-shaped. Furthermore, the pulse signals measured at
higher cuff pressures are more ragged than those measured at
lower cuff pressures. This phenomenon is characteristic for
pulse signals measured by the so called “oscillometric non-
invasive blood pressure measurement method”.

[0008] The above described oscillometric non-invasive
blood pressure measurement method is relatively popular,
because it enables a skilled practitioner to easily determine
the systolic arterial blood pressure SAP and the diastolic
arterial blood pressure DAP of a patient (by using an empiri-
cal approach). Tt is known that the oscillation amplitude is
between 45-57%, usually 50%, of the maximum oscillation
amplitude at a clamp pressure equal to the systolic arterial
blood pressure SAP, whereas the oscillation amplitude is
between 75-86%, usually 80%, of the maximum oscillation
amplitude at a clamp pressure equal to the diastolic arterial
blood pressure DAP. Thus, the absolute pressure values indi-
cated by the manometer at corresponding moments corre-
spond to the diastolic arterial blood pressure DAP and the
systolic arterial blood pressure SAP. Notably, instead of a
classic manometer, an electrical sensor may be equally
applied. The above-described principle is conferrable to other
physical values, such as acceleration, sound and optical
reflection.

[0009] Disadvantageously, it is impossible with this known
blood pressure measurement method to reliably determine
the shape of the pulse wave of the patient’s arterial blood
pressure. As mentioned above, the exact shape of the patient’s
pulse wave, however, can provide important information (as
to the health status of this patient) to a skilled practitioner,
such as an experienced physician.

[0010] EP 0 078 090 A1l describes a non-invasive blood
pressure measurement method that is—at least theoreti-
cally—capable of determining the arterial pulse wave of a
patient. According to this method, a fluid-filled pressure cuff
is attached to a patient’s finger. A light source and a light
detector are integrated in the pressure cuff, the light source
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and the light detector forming part of a photo-electric plethys-
mograph. The cuff pressure is controlled—via a fast-acting
electric pressure valve—in closed-loop operation based on
the plethymographic signal, so that the arterial volume in the
finger is maintained at a predefined value. Measuring the
pressure in the pressure cuff, thus, allows for determining the
arterial blood pressure of the patient. This method is also
known in literature as “volume-clamp-method”.

[0011] However, permanently correcting or re-adjusting
the pressure in the pressure cuff in real time is technically
difficult and prone to errors. Furthermore, till now, this
method only works with a pressure cuff applied to a patient’s
finger. The finger is yet located relatively remote from the
patient’s heart, so that the diameter of arterial vessels in the
finger is relatively small compared to the diameter of arterial
vessels close to the heart. Due to interference effects caused
by pressure reflections occurring when the diameter of arte-
rial vessels (abruptly) changes, e.g. when arterial vessels
branch, the blood pressure measurable at the finger only
imprecisely corresponds to the arterial pulse wave at the
patient’s heart. To consider these interference effects, it was
tried to reconstruct the pulse curve in the patient’s aorta from
the signals measured at the patient’s finger, using transfer
functions that are usually based on empirical and statistical
parameters. However, since the parameters are not (or not
sufficiently) adapted to the individual patient and situation,
such an approach is not promising, potentially providing
imprecise results.

[0012] Itis therefore the object of the present disclosure to
provide a method and a corresponding device for better
approximating a patient’s central arterial pulse wave based on
non-invasive blood pressure measurement.

SUMMARY

[0013] It is believed that this object may be achieved in
some instances by the subject-matters of the independent
claims. Preferred embodiments are the subject-matter of the
dependent claims.

[0014] According to a first aspect of the present disclosure,

there is provided a method of approximating a patient’s pulse

wave based on non-invasive blood pressure measurement,
including the following steps:

[0015] (a) non-invasively measuring a sequence n=1... N
of pulse signals pulse, . ..,eq(t) of a patient, thereby
applying a clamp pressure clamp, (t);

[0016] (b) weighting the measured pulse signals pulse,
measured L) USINE a weighting function to obtain weighted
pulse signals pulse, ,,..5..0);

[0017] (c) adding up the weighted pulse signals pulse,
weighrea(t) 10 Obtain an approximation of the patient’s pulse
wave pulse

[0018] A good approximation of the patient’s pulse wave

pulse,,,...(1) can be obtained simply by weighting a corre-

sponding number of measured pulse signals pulse, ,...sured

(t) and then adding up the weighted pulse signals pulse,

weighted ). The method according to the present disclosure

allows—without difficulty—for measuring the pulse signals
close to the patient’s heart, e.g. at the patient’s upper arm, so
as to substantially avoid interference effects otherwise occur-
ring when measuring the pulse signals at locations remote
from the patient’s heart, e.g. at a finger of the patient, as with
the above-described volume-clamp-method. Furthermore,
the method according to the present disclosure allows for
determining an approximation of the patient’s pulse wave

app rox(t) .
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without the need of permanently correcting or re-adjusting
the pressure in the pressure cuff, like with the volume-clamp-
method.

[0019] Inmethod step (a) of the method, a sequence n=1 ..
.N of pulse signals pulse, _,,.........(t) of a patient is measured
in an non-invasive fashion, using a (not-constant) clamp pres-
sure clamp, (t). N corresponds to the total number of indi-
vidual heart beats of the patient within the detection period. In
the exemplary diagram shown in FIG. 4, about 32 “pulse
waves” corresponding to 32 individual heart beats have been
measured within the detection period. Therefore, in this
example, N=32 and, thus, n=1 . .. 32.

[0020] Preferably, the well-known and relatively comfort-
able “oscillometric non-invasive blood pressure measure-
ment method” (as described above) is applied to measure the
patient’s pulse signals. In this method, the clamp pressure
clamp, (1) is applied to an extremity of the patient, preferably
to an upper arm of the patient, as shown e.g. in FIG. 1. The
clamp pressure (clamp,(t)) is preferably varied between a
value equal to or smaller than the diastolic arterial blood
pressure DAP and a value equal to or greater than the systolic
arterial blood pressure SAP of the patient. As known in the
art, for this purpose SAP and DAP is estimated or derived
from previous measurements.

[0021] Thereby, the clamp pressure clamp,(t) may be
increased or decreased continuously, preferably at a substan-
tially constant rate. Notably, the increase or decrease rate
should be low enough so as to detect a sufficient number of
pulses caused by individual heart beats of the patient (prefer-
ably at least 10). The clamp pressure clamp,(t) may be con-
tinuously increased or decreased between the diastolic arte-
rial blood pressure DAP and the systolic arterial blood
pressure SAP within a detection period of e.g. about one
minute. During this detection period, pulse signals pulse,
measuredt) @ssociated to e.g. 60 individual heart beats of the
patient may be measured, which represents a very good base
for the further method steps. However, to avoid problems
caused by blockage of blood circulation in the patient’s
extremity to which the pressure cuff is applied, the increase or
decrease rate of the clamp pressure clamp, (t) should not be
too low, i.e. the detection time should preferably not exceed
one minute.

[0022] Ifthe increase or decrease rate of the clamp pressure
clamp, () is moderate (e.g. the detection time is about one
minute), the clamp pressure clamp, (t) associated with the
time period of one individual heart beat might be consid-
ered—for the sake of simplicity—as being substantially con-
stant. For example, the clamp pressure clamp, (t) associated
with the time period of one individual heart beat might be
approximated so as to correspond to the actual clamp pressure
at the beginning (1=t,,,, ,,) of the corresponding heart beat
(clamp,=clamp(t,,,, ,,)). Inthe example showninFIG. 4, the
clamp pressure clamp, (t) associated with the first detected
heart beat (n=1) thus corresponds to the clamp pressure at the
time beginning of the first heart beat at t=t,,,, =5 s, i.e.
clamp, =clamp(t,,,, ;). Accordingly, the clamp pressure
clamp,(t) associated with the second detected heart beat
(n=2) corresponds to the clamp pressure at the beginning of
the second heart beat at t=t,.,, ,=6 s, i.e. clamp,=clamp
(tpen )

[0023] However, the clamp pressure clamp, (t) associated
with the time period of one individual heart beat might
equally be approximated so as to correspond e.g. to the actual



US 2015/0320364 A1l

clamp pressure at the end or somewhere in the middle (pref-
erably exactly in the middle) of the corresponding heart beat.
[0024] Notably, if the sequence of pulse signals pulse,
measret) has been previously measured and stored, the
method step (a) might be skipped and the method according to
the present disclosure may directly start with method step (b)
based on the previously stored signal values.

[0025] In method step (b) of the method, the measured
pulse signals pulse, ... At) are weighted to obtain
weighted pulse signals pulse, ;... A weighting func-
tion is applied in method step (b), as will be described in more
detail below.

[0026] Finally, in method step (c), the weighted pulse sig-
nals pulse, ,..5...(1) are added up to obtain the approxima-
tion of the patient’s pulse wave pulse ... (). In method step
(¢), the approximation of the patient’s pulse wave pulse
(t) might be simply calculated as follows:

approx

N
P u['yeappmx (I) = Z P u['senfweighred ([) '

n=1

[0027] As set forth above, the measured pulse signals
pulse, ,..cuedt)s 1.6 the cyclic pressure variations corre-
sponding to the individual heart beats, detected by the
manometer (as shown in FIG. 4), not only vary with respect to
their amplitude, but they are also significantly distorted as to
the shape of the pulse waves. Even though, this phenomenon
is not yet completely understood, it is supposed that it is
mainly caused by the non-resilience of the body tissue
between the artery and the pressure cuff.

[0028] The inventors have found out that at moments, when
the actual internal pressure (i.e. arterial blood pressure)
equals a predetermined difference, e.g. approximately zero,
to the externally applied pressure (i.e. cuff pressure), there
exists a substantially linear relationship between the mea-
sured pulse signals and the actual arterial blood pressure (for
example, at moments when the applied cuff pressure substan-
tially equals the actual internal arterial blood pressure, the
body tissue between the artery, e.g. in the upper arm, and the
pressure cuff is relaxed, i.e. not biased).

[0029] Therefore, it is advantageous—in order to obtain an
improved approximation of the patient’s pulse wave—to use
the clamp pressure clamp, (t) as an input parameter of the
weighting function, wherein the weighting function is pref-
erably a differential pressure function. That is, the measured
pulse signals pulse, ... . A1) may be weighted in such a
way that those portions of the curve of the measured pulse
signals pulse, ... . A1) are more “emphasised” that have
been measured during moments at which the actual internal
arterial blood pressure equals a predetermined percentage of
the externally applied cuff pressure.

[0030] However, a problem resides in that usually the
moments, at which the actual internal arterial blood pressure
equals a predetermined percentage of the externally applied
cuff pressure, are unknown, because the actual internal arte-
rial blood pressure (i.e. the patient’s pulse wave) is unknown.
In fact, an approximation of the patient’s pulse wave is the
pursued result of the method.

[0031] To overcome this problem, method steps (b) and (c)
of the method according to the present disclosure are prefer-
ably iteratively repeated at least one more time. The outcome
of the first iteration loop, i.e. the approximation of the
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patient’s pulse wave, can then be used as approximation of the
actual internal arterial blood pressure in the second iteration
loop. Thus, the moments, at which the actual internal arterial
blood pressure equals a predetermined percentage of the
externally applied cuff pressure, can be (at least approxi-
mately) determined. In the second iteration loop, the mea-
sured pulse signals pulse, ,.......(t) can then be weighted
accordingly (in step (b) of the second iteration loop) before
adding up the weighted pulse signals pulse, .. ;.) (in
step (c) of the second iteration loop) so as to obtain an
improved approximation of the patient’s pulse wave pulse -
pprox(t).

[0032] The outcome of the method can be even further
improved by iteratively repeating method steps (b) and (c)
more than two times, wherein the outcome of method step (c)
of the previously iteration loop is used as input value for the
present iteration loop. Preferably, the weighting function of
the present iteration loop is a differential pressure function
comprising, as an input parameter, the externally applied cuff
pressure and, as another input parameter, the approximation
of the actual internal arterial blood pressure, i.e. the approxi-
mated patient’s pulse wave pulse (t) determined in the
previous iteration loop.

[0033] Ofcourse, it is not possible to determine the weight-
ing function to be applied in the very first iteration loop that
way, since there is no result of a previous iteration loop
available as input. Consequently, the weighting function
applied in the first iteration loop preferably differs from the
weighting function applied in the second and/or higher itera-
tion loop. The first iteration loop, thus, provides a more
roughly approximated pulse wave pulse, . (1) of the patient
compared to following iteration loops. For example, the
weighting function of the first iteration loop might simply be
determined as follows:

approx

weightl,,=1 if DAP<clamp,,()<SAP,
weightl =0 otherwise,

wherein DAP corresponds to the diastolic arterial blood pres-
sure and SAP corresponds to the systolic arterial blood pres-
sure of the patient.

[0034] Insuchacase, inmethod step (¢) of the first iteration
loop, the following formula might be applied for calculating

the approximated pulse wave pulse,,,,,..(t):

1 )
pulseappm(r) = NZ pulsenimgmd(t)><wezghtln.

n=1

[0035] As mentioned above, the weighting function
applied in the second and/or higher iteration loop is prefer-
ably a differential pressure function having the clamp pres-
sure clamp,,() as an input parameter and having the approxi-
mated pulse wave pulse,,,,..(t) obtained in the previous
iteration loop as another input parameter.

[0036] For example, the weighting function applied in the
second and/or higher iteration loop can be a triangular func-
tion, preferably having its maximum when the clamp pressure
clamp, (t) equals a predetermined difference, preferably zero,
to the approximated pulse wave pulse,, .. (t) obtained in a
previous iteration loop.
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[0037] Ifatriangular function is applied as weighting func-
tion weight, (t) in the second and/or higher iteration loop, the
weighting function weight (t) might be calculated as follows:

clamp, - pulseappm prev [63)

weight, () =1- if clamp,_| <
clamp, - clamp,,_,
PULSE e prenll) < clampy;
PHISC D) = clamp,
weight, (1) =1— el if clamp, <
clamp,,; — clamp,,
p ulseappmxﬁprev < Clamp n+1 and

weight, (1) =0 otherwise.

[0038] As mentioned above, the index n refers to the num-
ber of the heart beat of the corresponding measured pulse
signal pulse,, ... (0. As mentioned above, even though,
the clamp pressure clamp may not be constant over the detec-
tion period of one pulse wave, for the sake of simplicity, the
clamp pressure clamp,, might be considered as being substan-
tially constant during this detection period, e.g. correspond-
ing to the clamp pressure clamp,=clamp, (t=t,,,, ,) at the
beginning of the corresponding detection petiod. pulse ..
(D) cottesponds to the result, i.e. the approximated pulse
wave of the patient, of the previous iteration loop.

[0039] As an alternative to a triangular weighting function,
the weighting function applied in the second and/or higher
iteration loop may be a bell-shaped function, preferably hav-
ing its maximum when the clamp pressure clamp,,(t) equals a
predetermined difference, preferably zero, to the approxi-
mated pulse wave pulse,,,,,..(1) obtained in a previous itera-
tion loop.

[0040] When using a bell-shaped function as weighting
function weight, ... ,(t) in the second and/or higher itera-
tion loop, the weighting function weight, (t) might be calcu-
lated as follows:

1

+ (dmpn - p“lseapproxfprev(
Pw

weight, (i) = 7

wherein parameter p,, corresponds to an empirically deter-
mined parameter being decisive for the width at half maxi-
mum of the bell-shaped weighting function. The parameter
P, 1s preferably chosen in accordance with the particular
circumstances of the blood pressure measurement that have
an influence on the distortion of the measured pulse curves. If
distortion of the measured pulse curves increases (e.g. due to
the use of another blood pressure measurement device), the
increase or decrease rate of the cuff pressure should be
decreased so as to measure more pulses of the patient within
the detection time. In such a case, a smaller value for the
parameter p,, may be chosen. Generally, the parameter p,,
may preferably be chosen according to the following equa-
tion:

_ SAP-DAP
o=
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wherein N is the total number of pulses measured during the
detection period, i.e. measured substantially during the time
needed by the cuff pressure to change from the diastolic
arterial blood pressure DAP to the systolic arterial blood
pressure SAP of the patient, or the other way around.

[0041] Preferably, method step (c¢) of the second and/or
higher iteration loop further comprises: scaling the approxi-
mated pulse wave pulse,,,,..() to the difference between the
diastolic blood pressure value DAP and the systolic blood
pressure value SAP of the patient. An example of such a
scaling is provided below.

[0042] Scaling the approximated pulse wave pulse,,,,,..(1)
ensures that the amplitude of the (scaled) approximated pulse
wave correctly corresponds to the amplitude of the actual
pulse wave of the patient. That is, the approximated pulse
wave pulse,, ., (1) is scaled in such a way that its lower
extreme value substantially corresponds to the diastolic blood
pressure value DAP of the patient, whereas its upper extreme
value substantially corresponds to the systolic blood pressure
value SAP of the patient. As mentioned before, it is well-
known to those skilled in the art, how to determine diastolic
and systolic arterial blood pressure values DAP and SAP
based on the so-called “oscillometric non-invasive blood
pressure measurement method”.

[0043] If the approximated pulse wave pulse,, .. (1) is
scaled in method step (¢) of the second and/or higher iteration
loop, the scaled approximated pulse wave pulse,,, .. scarea
(1) (instead of the approximated pulse wave pulse,,,...(t)) is
applied in method step (b) of the subsequent iteration loop.
[0044] Similarly, method step (a) may further comprise:
scaling the measured pulse signals pulse, ...t to the
difference between the diastolic blood pressure value DAP
and the systolic blood pressure value SAP of the patient.
[0045] Scaling of the measured pulse signals pulse, ...
sured(t) in method step (a) might be performed by applying the
following formula:

PUlSe, . eqsured seated)=0ffSet +scale, xpulse

sured(l),

n_mea”

wherein the parameter offset,, is preferably calculated as fol-
lows:

offset,=DAP-min(pulse, and

n_measured())s

wherein the parameter scale, is preferably calculated as fol-
lows:

SAP—DAP

INPUISE, gsared (D)~ U U )

scaley, =

max(pulse, ,.casreqt)) corresponds the maximum value of
the measured pulse wave corresponding to the heart beat with
the number n. Similarly, min(pulse,, ,,,qs.004(t)) corresponds
the minimum value of the measured pulse wave correspond-
ing to the heart beat with the number n.

[0046] Of course, as will be apparent to those skilled in the
art, other formulas may be applied to calculate the parameters
offset, and scale,. For example the formulas might equally be
based on the mean arterial pressure MAP of the patient, which
can also be determined based on the so-called “oscillometric
non-invasive blood pressure measurement method”.

[0047] If the measured pulse signals pulse, ,,....edt) are
scaled in method step (a), the scaled measured pulse signals
pulse At (instead of the measured pulse sig-

n_measured_scale.



US 2015/0320364 A1l

nals pulse, ,,.....st) are applied in method step (b) to
determine the weighted pulse signals pulse, oigneat)-

[0048] Insuchacase, inmethod step (c) of the first iteration
loop, the following formula might be applied for calculating

the approximated pulse wave pulse,,,,..(1):

1

N
P ulseapprox ([) = N Z p ulsenﬁmeaxuredﬁxcaled ([/‘ X weig h[n ([) ?

> weight, (1) 7!
=1

wherein the weighting function weight, (t) applied in the first
iteration loop is preferably a function of a difference between
scaled measured pulse signals pulse, ,...c.eq scatea(t) and
the clamp pressure clamp, (1).

[0049] According to another aspect, the disclosure refers to
alogic unit for approximating a patient’s pulse wave based on
a non-invasive blood pressure measurement, configured to
carry out the following steps:

[0050] weighting previously measured pulse signals
pulse, . ..credl) Using a weighting function to obtain
weighted pulse signals pulse,, .10

[0051] adding up the weighted pulse signals pulse,,
weighted(t) 10 ODbtain an approximation of the patient’s
pulse wave pulse ().

wherein these steps are preferably iteratively repeated at least
one more time.

[0052] The logic unit according to the present disclosure is
configured to carry out the above described method, wherein
the sequence of pulse signals pulse, ,.........(t) has been pre-
viously measured and stored, so that method step (a) can be
skipped and the logic unit according to the present disclosure
directly starts with method step (b), based on the previously
stored signal values.

[0053] According to yet another aspect, the present disclo-
sure also refers to a system for approximating a patient’s
pulse wave based on a non-invasive blood pressure measure-
ment, comprising the logic unit described above and a blood
pressure measurement device, the blood pressure measure-
ment device being configured for non-invasively measuring a
sequence n=1 ... N of pulse signals of a patient to obtain
measured pulse signals pulse, ,.......(1), Wherein the sys-
tem is configured for providing the measured pulse signals
pulse, ,..c.eq(t) as input values to the logic unit. Thus, the
system is also configured to obtain the measured pulse signals
pulse,, ,..c.eqt) according to step (a) of the above described
method.

[0054] Preferably, the blood pressure measurement device
comptrises a pressure cuff, and even more preferably, the
pressure cuff is configured for being disposed around a
patient’s arm so as to measure the patient’s arterial blood
pressureina non-invasive way. Thus, the system is configured
to obtain the measured pulse signals pulse,, .. c.eq(t) USING
the above-described “oscillometric non-invasive blood pres-
sure measurement method”. Since the pressure cuff is con-
figured for being attached around a patient’s arm, preferably
an upper arm of the patient, substantially no interference
effects caused by pressure reflections adversely affect the
measurement—contrary to the above described “volume-
clamp-method”.

[0055] Even though, the “oscillometric non-invasive blood
pressure measurement method” exhibits the advantage that
substantially no interference effects caused by pressure
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reflections adversely affect the measurement (in contrast to
known methods for measuring peripheral blood pressure
waveform data, such as the above described “volume-clamp-
method” utilized on a finger or the so called “applanation-
tonometry-method” utilized at the patient’s wrist), the “oscil-
lometric non-invasive blood pressure measurement method”
does not allow for continuous measurements without block-
ing blood flow in an unallowable manner. However, continu-
ous measurement can be performed with the “volume-clamp-
method” or with the “applanation-tonometry-method”.

[0056] As described above, it has already been tried in the
past to overcome the disadvantages of the known methods for
measuring peripheral blood pressure waveform data, such as
the “volume-clamp-method” and the “applanation-tonom-
etry-method”, by using transfer functions in order to recon-
struct the central blood pressure waveforms from peripherally
measured signals, e.g. signals measured at a patient’s finger.
However, since the applied transfer functions are usually
based on statistical and empirical parameters that are not (or
at least not sufficiently) adapted to the individual patient and
situation, such an approach bears the likelihood to provide
imprecise results.

[0057] Using pulse signals measured e.g. with the above
described “oscillometric non-invasive blood pressure mea-
surement method” to calibrate the transfer function to an
individual patient did not represent a promising approach,
either, since, in the past, it was not possible to approximate
(with sufficient quality) the patient’s pulse wave based on the
measured pulse signals. However, with the method according
to the present disclosure, an approximation of good quality of
the patient’s pulse wave based on non-invasive blood pressure
measurement becomes possible. Therefore, the system
described above may be combined with a device for measur-
ing peripheral blood pressure waveform data, and a transfer
function may be applied, wherein the transfer function is
calibrated to an individual patient based on the patient’s pulse
wave that has been previously approximated according to the
method of the present disclosure. That way, the central arte-
rial blood pressure waveforms can be continuously deter-
mined with high quality.

[0058] Thus, the previously described system for approxi-
mating a patient’s pulse wave based on a non-invasive blood
pressure measurement preferably further comprises a second
blood pressure measurement device that is adapted for non-
invasively measuring peripheral blood pressure waveform
data of the patient in a continuous way, wherein the system is
adapted to apply a transfer function to reconstruct central
blood pressure waveforms from the measured peripheral
blood pressure waveform data based on the approximated
pulse wave pulse,, (1)

[0059] The patient’s pulse wave may be approximated
according to the method only once, preferably just before the
continuous measurement of the peripheral blood pressure
waveform data.

[0060] More preferably, the approximated pulse wave
pulse (1) of the patient is yet determined at substantially
regular intervals, wherein the transfer function is regularly
recalibrated based on the regularly determined approximated
pulse wave pulse,,,,, (1) of the patient. For example, the
pulse wave may be approximated according to the method of
the present disclosure every two minutes. This way, it is
possible to continuously obtain central blood pressure wave-
forms of very good quality.
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[0061] For example, applying the transfer function may
comptise the following steps: In a first step, both time-varying
signals, i.e. the intermittent determined approximated pulse
waves pulse,,,.. (1) and the continuously measured petiph-
eral blood pressure waveforms, are transformed into the fre-
quency domain. Then, in a second step, the transfer function
is determined. In a third step, the transfer function is applied
to the peripherally measured blood pressure waveforms so as
to calibrate the peripheral blood pressure waveforms. Finally,
in a fourth step, the calibrated peripheral blood pressure
waveforms are re-transformed into the time domain.

[0062] Exemplary embodiments of the present disclosure
are described in more detail below based on the figures, in
which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0063] FIG. 1: schematically shows a known pressure cuff
configuration used to carry out the so-called “oscillometric
non-invasive blood pressure measurement method”;

[0064] FIG. 2: schematically illustrates an electrocardio-
gram signal (ECG-signal) over the time, which signal has
been measured with the pressure cuff configuration shown in
FIG. 1;

[0065] FIG. 3: schematically illustrates the signal of the
manometer of the pressure cuff configuration shown in FIG.
1 over the time;

[0066] FIG. 4: represents an exemplary diagram showing
exclusively the pulses, 1.e. pressure oscillations caused by the
patient’s heart beats, indicated by the manometer over the
time, thereby omitting the pressure variation caused by the
continuously increasing cuff pressure;

[0067] FIG. 5: illustrates an exemplary diagram showing
approximated pulse waves of the patient, determined accord-
ing to the method of the present disclosure;

[0068] FIG. 6: illustrates the functioning of a first iteration
loop of the method of the present disclosure;

[0069] FIG.7:illustrates the functioning of a second and/or
higher iteration loop of the method of the present disclosure;
and

[0070] FIG. 8: illustrates a block diagram for continuously
obtaining central blood pressure waveforms of high good
quality.

DETAILED DESCRIPTION

[0071] As described above, FIGS. 1-4 all refer to a well-
known method of non-invasively measuring blood pressure
signals and to a conventional way of processing and repre-
senting the measured signals. In particular, FIG. 1 shows a
known pressure cuff configuration comprising a manometer
and used to carry out the so-called “oscillometric non-inva-
sive blood pressure measurement method”. Furthermore,
FIG. 4 is an exemplary diagram showing exclusively the
pulses, i.e. pressure oscillations caused by the patient’s heart
beats, indicated by the manometer over the time, whereas the
pressure variation caused by the continuously increasing cuff
pressure is omitted in this diagram. As shown in FIG. 4, a
sequence of pulse signals (caused by a corresponding number
of heart beats of the patient) has been measured. The pressure
oscillations shown in FIG. 4 are plotted in such a way that the
curve cyclically oscillates around a zero pressure line (or zero
pressure value). How to determine such a diagram is well
known to those skilled in the art.

Nov. 12,2015

[0072] 1In the following, the present disclosure will be
described in more detail in view of FIGS. 5-8.

[0073] FIG. 5shows a diagram with time (in seconds) on its
axis of abscissas and with pressure (in mmHg) on its axis of
ordinates. Furthermore, a plurality (13 in this example, i.e.
N=13 and n=1 ... 13) of measured and scaled pulse signals
PUlSe, casured scatedt) OF @ patient are represented in the
diagram. In this example, the axis of abscissas corresponds to
t=t,0q, , (as previously mentioned t,,,, n corresponds to the
moment of beginning of aheart beat) so that the illustrated 13
curves pulse, .. caedl) all start at 0 seconds with the
same value, namely with the diastolic blood pressure value
DAP of the patient.

[0074] The measured pulse signals pulse, .. ....(t) of a
patient are scaled so as to make the amplitudes of the (scaled)
measured pulse signals all correspond to the amplitude of the
actual pulse wave of the patient. That is, the measured pulse
signals pulse, ,...c..At) are scaled in such a way that the
lower extreme value of each measured pulse signal substan-
tially corresponds to the diastolic blood pressure value DAP
of the patient, whereas its upper extreme value substantially
corresponds to the systolic blood pressure value SAP of the
patient. As mentioned before, it is well-known to those skilled
in the art, how to determine diastolic and systolic arterial
blood pressure values DAP and SAP, e.g. by applying the
“oscillometric non-invasive blood pressure measurement
method”.

[0075] Even though the measured and scaled pulse signals
pulse, . osurea scarea(t) all have the same amplitude, FIG. §
clearly shows that they significantly differ from each other
with respect to their wave form.

[0076] Furthermore, a curve named “first pulse,,,,,,..(1)” is
illustrated in FIG. 5 by a dotted line. This curve has been
determined in the first iteration loop of the method according
to the disclosure by simply averaging the curves of the mea-
sured and scaled pulse signals pulse,, ,...coed scateat)- NOta-
bly, only those measured pulse signals pulse,, ,,..s.eo(t) have
been taken into account that have been measured with the
clamp pressure clamp,(t) being between the diastolic and the
systolic pressure DAP and SAP of the patient.

[0077] In other words, the following formula has been
applied for calculating the approximated pulse wave first
pulse (t) of the first iteration loop:

approx

4 I3 A
first_pulse, ... (1) = NZ PUISE, \ygiohs scatea D) X Weightl,, with:
n=1

weightl, =1 if DAP < clamp,(t) < SAP,

weightl, = 0 otherwise.

[0078] However, instead of obtaining the approximated
pulse wave first pulse,, ,..(1) of the first iteration loop by
simply averaging the curves of the measured and scaled pulse
signals pulse, ,..cureq scared(t), the measured and scaled
pulse signals pulse, ,..qsureq scatedt) May be weighted in a
more sophisticated way before adding them up. For example,
abell-shaped weighting function may be applied is schemati-
cally illustrated in FIG. 6.

[0079] FIG. 6 shows a schematic example of only two (for
the sake of clarity) measured and scaled pulse signals pulse,,
measured._scaied s Namely for the fifth (n=5) and the tenth
(n=10) heart beat. A bell-shaped function is applied as



US 2015/0320364 A1l

weighting function weight, (t), so as to particularly accentu-
ate those portions of the scaled measured and scaled pulse
signals pulse, ,,..cved scatedlt) that substantially correspond
to the clamp pressure associated to the corresponding heart
beat (clamp,~clamp(t,.,, ,.)).

[0080] Calculation of the bell-shaped weighting function
weight (t) for the first iteration loop works substantially ana-
logue to the calculation of the bell-shaped weighting function
weight (t) for the second or higher iteration loop, which has
been described in detail above.

[0081] Generally, the approximated pulse wave pulse,, .,
(1) lasts on the axis of the abscissas t-t,,,, , from 0 seconds
till a mean pulse duration time t,,_, of the measured and
scaled pulse signals pulse, .. ceq scaredD)- 10 the example
shown in FIG. 5, the mean pulse durationtimet, ., isatabout
1.05 seconds. For determining the approximated pulse wave
pulse, .. (1), if the duration of a corresponding pulse of the
measured and scaled pulse signals pulse,, ,..osureq_scazealt) 15
shorter than the mean pulse duration time t,, ., the latest
saniples of the measured and scaled pulse signals pulse,
measured_scaledt) O the corresponding pulse are duplicated.
On the other hand, if duration of a corresponding pulse of the
measured and scaled pulse signals pulse,, .. cureq scazea(t) 15
longer than the mean pulse duration time t,,_,,,, the samples
after the mean pulse duration timet,,,, are simply omitted.

[0082] Moreover, FIG. 5 also exhibits a curve named “sec-
ond pulse,,,,.(t)” illustrated by a dashed line. This curve
represents an approximation of the patient’s pulse wave
obtained in a second iteration loop of the method according to
the disclosure, by applying a bell-shaped weighting function,
as will be explained in more detail in view of FIG. 7.

[0083] FIG.7schematically shows only one (forthe sake of
clarity) of the measured and scaled pulse signals pulse,
measured_scaled t)» Namely for the fifth (n=>5) heart beat. Addi-
tionally, FIG. 5 shows—indicated by a dashed line—the
approximated pulse wave firstpulse .. (t) determinedin the
firstiteration loop. As an approximation, it is assumed that the
approximated pulse wave firstpulse,,, ., (t) determinedin the
first iteration loop corresponds to the actual pulse wave of the
patient.

[0084] 1In the present example, the approximated pulse
wave first pulse,,,,.(t) equals the clamp pressure
clamps=clamp(t,,,, 5) two times, namely at moments t; and
t,, as shown in FIG. 7. At these moments, the fifth measured
and scaled pulse signals pulses ... cmed scaea(t) 18 assumed
to exhibit a linear relationship with respect to the actual
internal arterial blood pressure. Therefore, the fifth measured
and scaled pulse signal pulses ... 0 ccarod) i Weighted
so as to particularly accentuate portions of that curve corre-
sponding to moments t, and t,. As further shown in FIG. 7, a
bell-shaped function is applied as weighting function weight;
(1) for weighting the fifth measured and scaled pulse signal
curve pulses . .AD. As can be seen from FIG. 7,
the value of the fifth measured and scaled pulse signal curve
pulses ... . .4t amomentt, is substantially equal to
the value of the weighting function weight,(t) at moment t, .
However, the value of the fifth measured and scaled pulse
signal curve pulses ,..cireq scaedt) at moment t, signifi-
cantly differs from the value of the weighting function
weight,(t) at moment t,.

[0085] The same is repeated for all measured and scaled
pulse signals pulse,, ,,..soed scatedlt), Wherein always those
portions of the signal curves are particularly accentuated
which correspond to moments at which the approximated
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pulse wave first pulse,,,,..(t) determined in the first iteration
loop substantially equals the corresponding clanip pressure
clamp,. Then, the weighted pulse signals pulse, .., 5...(1)
are added up to obtain a better approximation of the patient’s
pulse wave second pulse,,,,,...(t) as result of the second itera-
tion loop.

[0086] Notably, it is not necessary to accentuate the por-
tions of the signal curves which correspond to moments at
which the approximated pulse wave first pulse,, .. (t) deter-
mined in the first iteration loop substantially equals the cor-
responding clamp pressure clamp,, (i.e. the difference is zero).
Instead, it is also possible to apply another difference, as long
as the same difference is applied for weighting all of the
measured and scaled pulse signals pulse,, ,...c.oeq scaalt)-
[0087] Finally, FIG. 5 also exhibits a curve named “third
pulse,,,,....()" illustrated by a chain dotted line. This curve is
obtained as a result of the third iteration loop of the method of
the present disclosure in a substantially analogous way as the
curve named “second pulse,, . (1)". However, instead of
applying the curve named “first pulse,,,,.,..(t)” as an approxi-
mation of the actual pulse wave of the patient, in the third
iteration loop, the curve named “second pulse,,,,,.(D)” is
applied. As can be seen from FIG. 5, the result of the third
iteration loop is already quite similar to the result of the
second iteration loop. However, if desired, further iteration
loops may be carried out.

[0088] Itshould be noted that in FIG. 5, only for the sake of
clarity, the curve “first pulse,,,...(1)”. the curve “second
pulse,,,.-(1)", and the curve “third pulse,,,,,.(t)” are each
shown two times in FIG. 5, one time lasting on the axis of the
abscissas t-t,,,, ,from0secondstillt,,, ., and (additionally)
a second time lasting from t,,,,,,, till 2xt,,_.....

[0089] FIG. 8 illustrates a block diagram for a method of
continuously obtaining central blood pressure waveforms of
high quality. This method can be carried out by a system
according to the present disclosure, the system comprising a
logic unit capable of performing the method according to the
present disclosure and a first blood pressure measurement
device being configured for non-invasively measuring a
sequence n=1 . . . N of pulse signals of a patient to obtain
measured pulse signals pulse, ,........(t) as input values for
the logic unit. Preferably, the first blood pressure measure-
ment device comprises a pressure cuff adapted for being
disposed around a patient’s upper arm to measure the
patient’s arterial blood pressure in a non-invasive way, as
shown e.g. in FIG. 1. The system further comprises a second
blood pressure measurement device that is adapted for non-
invasively measuring peripheral blood pressure waveform
data of the patient in a continuous way. The second blood
pressure measurement device is preferably capable to per-
form the volume-clamp-method, described above.

[0090] With such a system, the method shown in FIG. 8 can
be carried out. According to this method, the approximated
pulse wave pulse,,,,.,(0) of the patient is repeatedly deter-
mined according to the method of the present disclosure,
preferably at substantially regular intervals, using the first
blood pressure measurement device, thereby obtaining inter-
mittent central arterial blood pressure curves p(t). At the
same time, peripheral blood pressure signals p,(t) are con-
tinuously measured by the second blood pressure measure-
ment device.

[0091] E.g. the intermittent central blood pressure curve
p(t) and the peripheral blood pressure signal p,(t) are then
both transformed into the frequency domain, so as to obtaina
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central blood pressure signal curve in the frequency domain
P.(f) and a peripheral blood pressure signal curve in the
frequency domain P,(1).

[0092] Next, atransfer function G(f) is calculated, based on
the central blood pressure signal curve in the frequency
domain P (f) and a peripheral blood pressure signal curve in
the frequency domain P, (f).

[0093] A calibrated blood pressure signal curve P_()* can
then be simply obtained by multiplying the transfer function
G(f) with the a peripheral blood pressure signal curve in the
frequency domain P,(f).

[0094] Finally, a calibrated blood pressure curve signal
p(O)* is determined by transforming the calibrated blood
pressure signal curve P (f)* again into the time domain.

1. Method of approximating a patient’s pulse wave based
on non-invasive blood pressure measurement, comprising the
following steps:

(a) non-invasively measuring a sequence n=1...Nofpulse
signals pulse,, , .......{t) ofa patient, thereby applying a
clamp pressure clamp, (t);

(b) weighting the measured pulse signals pulse,, ...
using a weighting function to obtain weighted pulse
SIGNalS PUISE, . 7,0);

(c) adding up the weighted pulse signals pulse,,_,..,z5...(t)
to obtain an approximation of the patient’s pulse wave
pulse, (0.

2. Method according to claim 1, wherein the clamp pres-
sure clamp,(t) is an input parameter of the weighting func-
tion, and wherein the weighting function is preferably a dif-
ferential pressure function.

3. Method according to claim 1, wherein method steps (b)
and (c) are iteratively repeated at least one more time.

4. Method according to claim 3, wherein the weighting
function applied in the second and/or higher iteration loop
differs from the weighting function applied in the first itera-
tion loop.

5. Method according to claim 4, wherein the weighting
function applied in the second and/or higher iteration loop is
a differential pressure function having the clamp pressure
clamp, (1) as an input parameter and having the approximated
pulse wave pulse,,,....(t) obtained in the previous iteration
loop as another input parameter.

6. Method according to claim 3, wherein the weighting
function applied in the second and/or higher iteration loop is
a triangular function, preferably having its maximum when
the clamp pressure clamp, (1) equals a predetermined differ-
ence, preferably zero, to the approximated pulse wave pulse -
pprox(t) obtained in a previous iteration loop.

7. Method according to claim 3, wherein the weighting
function applied in the second and/or higher iteration loop is
a bell-shaped function, preferably having its maximum when
the clamp pressure clamp,(t) equals a predetermined differ-
ence, preferably zero, to the approximated pulse wave pulse -
pprox(t) obtained in a previous iteration loop.

8. Method according to claim 4, wherein the weighting
function of the first iteration loop is determined as follows:

weightl, =1 if DAP<clamp(t)<SAP,

weight1 =0 otherwise.

9. Method according to claim 3, wherein method step (¢) of
the second and/or higher iteration loop further comprises:
scaling the approximated pulse wave pulse, ... (1) to the
difference between the diastolic blood pressure value DAP
and the systolic blood pressure value SAP of the patient.
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10. Method according to claim 1, wherein, in method step
(), the clamp pressure clamp, (1) is increased or decreased
continuously, preferably at a substantially constant rate.

11. Method according to claim 1, wherein method step (a)
further comprises: scaling the measured pulse signals pulse,,
measred L) 10 the difference between the diastolic blood pres-
sure value DAP and the systolic blood pressure value SAP of
the patient.

12. Method according to claim 11, wherein, scaling of the
measured pulse signals pulse,, ... in method step (a)
is performed by applying the following formula:

PUSE, oasired scatedl=OfTSEL, +scale, xpulse

’
sured(t),

n_mea”

wherein the parameter offset,, is preferably calculated as
follows:

offset,=DAP-min(pulse, and

_measured())s

wherein the parameter scale, is preferably calculated as
follows:

SAP—DAP

INPUISE, gsared (D)~ U U )

scaley, =

13. Logic unit for approximating a patient’s pulse wave
based on a non-invasive blood pressure measurement, con-
figured to carry out the following steps:

weighting previously measured pulse signals pulse, .-

sured(t) using a weighting function to obtain weighted
pulse signals pulse, ,,.;oneq(t);

adding up the weighted pulse signals pulse, ., z7,..At) 10

obtain an approximation of the patient’s pulse wave
pUIseappVox(t)!
wherein these steps are preferably iteratively repeated at least
one more time.

14. System for approximating a patient’s pulse wave based
on a non-invasive blood pressure measurement, comprising
the logic unit according to claim 13 and a blood pressure
measurement device, the blood pressure measurement device
being configured for non-invasively measuring a sequence
n=1...Nof pulse signals of a patient to obtain the measured
pulse signals pulse,, ,....eat), Wherein the system is con-
figured for providing the measured pulse signals pulse
sured(t) as input values to the logic unit.

15. System according to claim 14, wherein the blood pres-
sure measurement device comprises a pressure cuff, the pres-
sure cuff being preferably configured for being disposed
around a patient’s arm so as to measure the patient’s arterial
blood pressure in a non-invasive way.

16. System according to claim 15, further comprising a
second blood pressure measurement device being adapted for
non-invasively measuring peripheral blood pressure wave-
form data of the patient in a continuous way, wherein the
system is adapted to apply a transfer function to reconstruct
central blood pressure waveforms from the measured periph-
eral blood pressure waveform data based on the approximated
pulse wave pulse,, .. (0).

17. System according to claim 16, wherein the approxi-
mated pulse wave pulse, ... (1) of the patientis determined at
substantially regular intervals, and wherein the transfer func-
tion is regularly recalibrated based on the regularly deter-
mined approximated pulse wave pulse (1) of the patient.

n_mea

approx
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