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(57)  Anelectronic system (100) for estimating a sub-
ject’s arterial blood pressure, comprising: a heartbeatde-
tection module (10) configured for receiving an electro-
cardiogram signal (S1) and detecting a QRS complex of
said electrocardiogram signal; a PPG sensor module (20)
configured for triggering a light emitter and thereby gen-
erating a plurality of samples of a PPG signal (S3); a
blood pressure calculation module (30) configured for
receiving information about the detected QRS complex-
es (S2) and the PPG signal samples (S3) and calculate
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at least one blood pressure value (SBP, DBP) based on
a pulse arrival time period (PAT) between the electrocar-
diogram and the PPG signal; wherein the PPG sensor
module (20) is further configured for receiving information
about the detected QRS complexes (S2), for triggering,
each time a QRS complex is detected, the generation of
a plurality of samples of a PPG signal (S31 to S34) and
for determining a PPG signal acquisition period (PT1 to
PT4).
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Description
Technical Field

[0001] The present description relates generally to
electronic systems for arterial blood pressure estimation
and more specifically to an electronic system, device and
method for non-invasive cuffless blood pressure estima-
tion.

Background

[0002] Continuous and non-invasive estimation of ar-
terial blood pressure (BP) without using a cuff has gained
emerging interest for health care applications. Instead of
commonly used cuff-based measurements, changes in
the Pulse Wave Velocity (PWV), i.e., the speed of a pres-
sure pulse propagating along the arterial wall, can be an
alternative approach for a continuous, non-invasive and
indirect BP measurement. As a surrogate of PWV, an
indirect estimation of BP can be also obtained with the
use of Pulse Transit Time (PTT) or Pulse Arrival Time
(PAT), as for example described in "Wearable Cuff-less
PTT-based System for Overnight Blood Pressure Moni-
toring", by Yali Zheng et al., Engineering in Medicine and
Biology Society (EMBS), 35th Annual International Con-
ference of the IEEE EMBS, pp.6103-6106, Osaka 3-7
July 2013, in "A low-power, dual-wavelength photop-
lethysmogram (PPG) SoC with static and time-varying
interferer removal" by E. S. Winokur et al., IEEE Trans-
actions on Biomedical Circuits and Systems, vol. 9, no.
4, pp. 581 - 589, 2015, in "Cuff-less and noninvasive
measurements of arterial blood pressure by pulse transit
time" by C. Poon et al., 2005 IEEE Engineering in Med-
icine and Biology 27th Annual Conference, 2005, and in
"An ultralow power pulse oximeter sensor based oncom-
pressed sensing" by P. K. Baheti et al., 2009 Sixth Inter-
national Workshop on Wearable and Implantable Body
Sensor Networks, Jun 2009.

[0003] There is a motivation to improve current state
of the art electronic systems and methods for non-inva-
sive cuffless blood pressure estimation.

Summary

[0004] A new and improved system and method for
non-invasive, cuffless blood pressure estimation is here-
in proposed, which allows to calculate the systolic and/or
diastolic arterial blood pressure of a living being subject.
According to an exemplary embodiment, the electronic
system is advantageously able to calculate blood pres-
sure values with a low power consumption. According to
an exemplary embodiment, the electronic system advan-
tageously reduces power consumption by reducing the
number of photoplethysmogram (PPG) signal samples
needed for calculating a pulse arrival time period (PAT)
between an electrocardiogram (ECG) signal and a PPG
signal. According to an exemplary embodiment, the elec-
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tronic system advantageously reduces power consump-
tion by reducing the number of times a light emitter in a
PPG sensormodule is triggered in order to generate PPG
signal samples. According to an exemplary embodiment,
the electronic system advantageously reduces power
consumption by determining an optimal PPG signal sam-
ple acquisition period. According to an exemplary em-
bodiment, the electronic system can be advantageously
completely implemented in a wearable device with small
form factor. According to an exemplary embodiment, the
electronic system neither requires a base station nor in-
volves a complex reconstruction process.

[0005] According to an exemplary embodiment, there
is provided an electronic system for estimating a subject’s
arterial blood pressure, comprising: a heartbeat detec-
tion module configured for receiving an ECG signal and
detecting a QRS complex of the ECG signal; a PPG sen-
sor module configured for triggering a light emitter and
thereby generating a plurality of samples of a PPG signal;
a blood pressure calculation module configured for re-
ceiving information about the detected QRS complexes
and the PPG signal samples and calculate at least one
blood pressure value (e.g. systolic and/or diastolic blood
pressure values) based on a PAT between the ECG and
the PPG signal; wherein the PPG sensor module is fur-
ther configured for receiving information about the de-
tected QRS complexes, for triggering, each time a QRS
complex is detected, the generation of a plurality of sam-
ples of a PPG signal and for determining a PPG signal
acquisition period.

[0006] According to an exemplary embodiment, the
PPG sensor module is configured for triggering the light
emitter according to an uniform stimulation pattern, there-
by generating a number of uniform samples of the PPG
signal during said determined PPG acquisition period.
[0007] According to an exemplary embodiment, the
determined PPG signal acquisition period starts when a
QRS complex is detected.

[0008] According to an exemplary embodiment, the
determined PPG signal acquisition period starts when an
R peak is detected.

[0009] According to an exemplary embodiment, the
determined PPG signal acquisition period is determined
as a time period that is smaller than an average RR in-
terval.

[0010] According to an exemplary embodiment, the
determined PPG signal acquisition period is determined
as a time period that is half of an average RR interval.
[0011] According to an exemplary embodiment, the
determined PPG signal acquisition period is dynamically
calculated based on a plurality of heart beat intervals.
[0012] According to an exemplary embodiment, the
determined PPG signal acquisition period is determined
based on a sum of sample slopes.

[0013] According to an exemplary embodiment, the
determined PPG signal acquisition period is determined
to finish when the sum of the sample slopes reaches a
predetermined threshold.
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[0014] According to an exemplary embodiment, the
determined PPG signal acquisition period is further de-
termined based on the duration of a plurality of previously
determined PPG signal acquisition periods.

[0015] According to an exemplary embodiment, the
determined PPG signal acquisition period is determined
based on a linear or non-linear combination of the dura-
tion of a predetermined number of previously determined
PPG signal acquisition periods.

[0016] The invention also relates to an electronic de-
vice comprising a system for estimating a subject’s arte-
rial blood pressure according to embodiments herein de-
scribed.

[0017] The invention also relates to a method for esti-
mating a subject’s arterial blood pressure comprising:
receiving a subject’'s ECG signal and detecting a QRS
complex of said ECG signal; generating a plurality of
samples of a PPG signal; receiving information about the
detected QRS complexes and the PPG signal samples
and calculating at least one blood pressure value based
on a PAT between the ECG signal and the PPG signal;
wherein the step of generating a plurality of samples of
a PPG signal comprises triggering, each time a QRS
complex is detected, the generation of a plurality of sam-
ples of a PPG signal during a determined PPG signal
acquisition period.

[0018] The invention also relates to a computer pro-
gram product comprising computer program code means
adapted to calculate a subject’s blood pressure accord-
ing to the methods herein described when said program
is run on a computer, and to a computer readable storage
medium comprising such computer program.

[0019] According to an exemplary embodiment, there
is provided an ECG assisted BP estimation, enabling
ECG assisted PPG acquisition for cuffless blood pres-
sure monitoring.

[0020] While prior art implementations report achiev-
ing sufficient accuracy in determining BP for wearable
applications, their power consumption is dominated by
the PPG system, owing to the uniform stimulation and
sampling. Another prior art demonstrated the use of
Compressed Sampling based PPG for cuffless BP esti-
mation. However, the proposed solution employs a full
signal reconstruction process to perform BP determina-
tion from the reconstructed PPG signal, with the assump-
tion of the availability of a powerful base station. The
overhead in the reconstruction process can potentially
cancel all power savings obtained from CS acquisition
of PPG.

[0021] According to an exemplary embodiment, there
is provided an event driven approach, that relies on the
assistance from ECG to acquire PPG. Realizing that the
peak in PPG signal is the after effect of the pumping
action of blood through vessels by heart, one can utilize
the occurrence of the QRS complex to trigger the capture
of the PPG signal. The acquisition can be stopped, when
sufficient number of samples are acquired around the
peak ofthe PPG signal. The presence of QRS complexes
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in the ECG can easily be detected using an activity de-
tection process as outlined in "A 17nA, 47.2dB dynamic
range, adaptive sampling controller for online data rate
reduction in low power ECG systems" by V. R. Pamula
et al., 2016 IEEE Biomedical Circuits and Systems Con-
ference (BioCAS), Oct 2016, pp. 272 - 275. A number of
PPG acquisition stopping criteria are then determined for
the PPG sampling, ranging from thresholding, sum-of-
slopes, learning approaches and/or a combination there-
of.

[0022] According to an exemplary embodiment, since,
the relative timing information of interest is completely
preserved in the ECG assisted acquisition mode, both
SBP and DBP are estimated with the same degree of
accuracy as in the case of a continuous uniform sampling
generation mode.

[0023] According to an exemplary embodiment, the
proposed approach retains the relevant relative timing
information between the ECG and the PPG signals, yet
facilitating accurate BP estimation at a reduced average
stimulation and sampling rate.

[0024] According to an exemplary embodiment, the
proposed technique can provide more accurate results
and can reduce more power consumption depending on
the relative placement of the ECG and the PPG sensors.

Brief description of the drawings

[0025] The above and other aspects of the system and
method according to the present description will be
shown and explained with reference to the non-restrictive
example embodiments described hereinafter.

Figure 1A shows a first general block diagram of an
exemplary system for blood pressure estimation.
Figure 1B illustrates a pulse arrival time period
(PAT) between an ECG and a PPG signal according
to an exemplary embodiment.

Figure 2 shows an example of generated PPG signal
samples and determined PPG acquisition periods
based on ECG QRS signal detection and triggering,
according to an exemplary embodiment.

Figure 3 shows another example of PPG samples
acquired in ECG assisted PPG acquisition mode.
Figure 4 shows a flow diagram for determining the
PPG signal acquisition period and acquisition flow,
according to an exemplary embodiment.

Figure 5 shows another flow diagram for determin-
ing the PPG signal acquisition period according to
an exemplary embodiment.

Figure 6 shows a flow diagram for determining the
PPG signal acquisition period with a sum of slopes
stopping criteria, according to an exemplary embod-
iment.

Figure 7 shows a flow diagram for determining the
PPG signal acquisition period with a learning based
stopping criteria, according to an exemplary embod-
iment.
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Detailed description

[0026] In the following, in the description of exemplary
embodiments, various features may be grouped together
in a single embodiment, figure, or description thereof for
the purpose of streamlining the disclosure and aiding in
the understanding of one or more of the various inventive
aspects. This is however not to be interpreted as the in-
vention requiring more features than the ones expressly
recited in the main claim. Furthermore, combinations of
features of different embodiments are meant to be within
the scope of the invention, as would be clearly under-
stood by those skilled in the art. Additionally, in other
instances, well-known methods, structures and tech-
niques have not been shown in detail in order not to ob-
scure the conciseness of the description.

[0027] Figure 1A shows a first general block diagram
of an exemplary system 100 for blood pressure estima-
tion comprising: a heartbeat detection module 10 config-
ured for receiving an electrocardiogram signal $1 and
detecting a QRS complex of said electrocardiogram sig-
nal; a PPG sensor module 20 configured for triggering a
light emitter and thereby generating a plurality of samples
ofaPPG signal 83 and a blood pressure calculation mod-
ule 30 configured for receiving information about the de-
tected QRS complexes S2 and the PPG signal samples
S3 and calculate at least one blood pressure value SBP,
DBP based on a pulse arrival time period between the
ECG and the PPG signal (as illustrated in Figure 1B).
[0028] Thedetermination of BP is based on the relative
timing between peaks in the ECG and PPG signals. Fig-
ure 1B shows the relevant timing information required
for the BP estimation. Of interest is the pulse arrival time
(PAT), which is the temporal difference between the peak
in the ECG to the subsequent peak in the PPG signal.
Once PAT is determined, BP can be estimated using the
following equations:

SBP =a1_PAT+b1_HR+c1

DBP

a2 PAT+b2 HR+c2

[0029] where SBP and DBP are the systolic and di-
astolic blood pressure respectively, while ai, bi and ci,
fori=1;2arethe calibration coefficients obtained through
linear regression.

[0030] According to an exemplary embodiment, the
PPG sensor module 20 is further configured for receiving
information about the detected QRS complexes S2, for
triggering, each time a QRS complex is detected, the
generation of a plurality of samples of a PPG signal and
for determining a PPG signal acquisition period.

[0031] Figures 2 and 3 show examples of generated
PPG signal samples S31 to S34 and determined PPG
acquisition periods PT1 to P74 based on ECG QRS sig-
nal detection and triggering. According to an exemplary
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embodiment, the PPG sensor module 20 is configured
for triggering the light emitter, e.g. a LED, according to
an uniform stimulation pattern, thereby generating a
number of uniform samples (the dots in the sets of PPG
samples S31 to S34 in Figure 2 and the circumferences
in the sets PPG of samples S$31 to S34 in Figure 3) of
the PPG signal during each determined PPG acquisition
period PT1 to PT4. According to an exemplary embodi-
ment, the PPG signal acquisition periods start when a
QRS complex, e.g. an R peak in the ECG signal, is de-
tected. According to an exemplary embodiment, the PPG
signal acquisition periods may be fixed or variable, de-
pending on the PPG acquisition stopping criteria applied
in the PPG sensor module 20.

[0032] Figure 4 shows a flow diagram for determining
the PPG signal acquisition period and acquisition flow,
according to an exemplary embodiment. When a QRS
complex is detected the PPG acquisition is initiated, e.g.
by stimulating the LED in the PPG sensor module 20, so
that uniform PPG samples are generated and provided
to the blood pressure calculation module 30. According
to an exemplary embodiment, the PPG acquisition period
is finished based on a stopping criteria which can be fixed
or dynamically determined. According to an exemplary
embodiment, a method for estimating a subject’s arterial
blood pressure comprises: receiving a subject’'s ECG sig-
nal and detecting a QRS complex of said ECG signal;
generating a plurality of samples of a PPG signal; receiv-
ing information about the detected QRS complexes S2
and the PPG signal samples and calculating at least one
blood pressure value based on a PAT between the ECG
signal and the PPG signal; wherein the step of generating
a plurality of samples of a PPG signal comprises trigger-
ing, each time a QRS complex is detected, the generation
of a plurality of samples S31 to S34 of a PPG signal
during a determined PPG signal acquisition period PT1
to PT4.

[0033] Figure 5 shows another flow diagram for deter-
mining the PPG signal acquisition period according to an
exemplary embodiment. According to an exemplary em-
bodiment, the determined PPG signal acquisition period
is determined as a time period that is smaller than an
average RR interval. According to an exemplary embod-
iment, the determined PPG signal acquisition period is
determined as a time period that is half of an average
RRinterval. According to an exemplary embodiment, the
determined PPG signal acquisition period may be a fixed
or a variable time period. According to an exemplary em-
bodiment, the determined PPG signal acquisition period
may be dynamically calculated based on a plurality of
heart beat RR intervals or HR information.

[0034] Figure 6 shows a flow diagram for determining
the PPG signal acquisition period with a sum of slopes
stopping criteria, according to an exemplary embodi-
ment. According to an exemplary embodiment, the PPG
signal acquisition will continue as long as the sum of the
instantaneous slopes of the PPG samples is greater than
a certain threshold. It shall be noted that this is just an
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example, and further stopping criteria can be generated
based on the sum of the slopes of the generated PPG
samples. Advantageously, this PPG signal acquisition
period determination takes in consideration the form of
the PPG signal and assures more accurate results.
[0035] Figure 7 shows a flow diagram for determining
the PPG signal acquisition period with a learning based
stopping criteria, according to an exemplary embodi-
ment. According to an exemplary embodiment, the de-
termined PPG signal acquisition period may be further
determined based on the duration of a plurality of previ-
ously determined PPG signal acquisition periods. Ac-
cording to an exemplary embodiment, the determined
PPG signal acquisition period is determined based on a
linear or non-linear combination of the duration of a pre-
determined number of previously determined PPG signal
acquisition periods.

[0036] It shall be noted that the system 100 for blood
pressure estimation according to embodiments of the in-
vention may be implemented according to hardware
and/or software state of the art techniques, comprising
for example a microprocessor, microcontroller or digital
signal processor that can understand and execute soft-
ware program instructions. Some programmable hard-
ware logic and memory means may be specifically de-
signed also for executing the method or parts of it ac-
cording to exemplary embodiments of the invention.

Claims

1. Anelectronic system (100) for estimating a subject’s
arterial blood pressure, comprising:

aheartbeat detection module (10) configured for
receiving an electrocardiogram signal (S1) and
detecting a QRS complex of said electrocardio-
gram signal;

a photoplethysmographic sensor module (20)
configured for triggering a light emitter and
thereby generating a plurality of samples of a
photoplethysmographic signal (S3);

a blood pressure calculation module (30) con-
figured for receiving information about the de-
tected QRS complexes (S2) and the photop-
lethysmographic signal samples (S3) and cal-
culate at least one blood pressure value (SBP,
DBP) based on a pulse arrival time period (PAT)
between the electrocardiogram and the photo-
plethysmographic signal;

characterized in that

the photoplethysmographic sensor module (20)
is further configured for receiving information
about the detected QRS complexes (S2), for
triggering, each time a QRS complex is detect-
ed, the generation of a plurality of samples of a
photoplethysmographic signal (S31 to S34) and
for determining a photoplethysmographic signal
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acquisition period (PT1 to PT4).

2. A system (100) for estimating a subject’s arterial
blood pressure according to claim 1 wherein the pho-
toplethysmographic sensor module (20) is config-
ured for triggering the light emitter according to an
uniform stimulation pattern, thereby generating a
number of uniform samples (S31 to S34) of the pho-
toplethysmographic signal during said determined
photoplethysmographic acquisition period (PT1 to
PT4).

3. A system (100) for estimating a subject’s arterial
blood pressure according to any preceding claim
wherein the determined photoplethysmographic sig-
nal acquisition period (PT1 to PT4) starts when a
QRS complex is detected.

4. A system (100) for estimating a subject’s arterial
blood pressure according to claim 3 wherein the de-
termined photoplethysmographic signal acquisition
period (PT1 to PT4) starts when an R peak is detect-
ed

5. A system (100) for estimating a subject’s arterial
blood pressure according to any preceding claim
wherein the determined photoplethysmographic sig-
nal acquisition period (PT1 to PT4) is determined as
a time period that is smaller than an average RR
interval.

6. A system (100) for estimating a subject’s arterial
blood pressure according to claim 5 wherein the de-
termined photoplethysmographic signal acquisition
period (PT1 to PT4) is determined as a time period
that is half of an average RR interval.

7. A system (100) for estimating a subject’s arterial
blood pressure according to any preceding claim
wherein the determined photoplethysmographic sig-
nal acquisition period (PT1 to PT4) is dynamically
calculated based on a plurality of heart beatintervals.

8. A system (100) for estimating a subject’s arterial
blood pressure according to any of claims 1 to 4
wherein the determined photoplethysmographic sig-
nal acquisition period (PT1 to PT4) is determined
based on a sum of sample slopes.

9. A system (100) for estimating a subject’s arterial
blood pressure according to claim 8 wherein the de-
termined photoplethysmographic signal acquisition
period (PT1 to PT4) is determined to finish when the
sum of the sample slopes reaches a predetermined
threshold.

10. A system (100) for estimating a subject’s arterial
blood pressure according to any of the previous
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claims wherein the determined photoplethysmo-
graphic signal acquisition period (PT1 to PT4) is fur-
ther determined based on the duration of a plurality
of previously determined photoplethysmographic
signal acquisition periods.

A system (100) for estimating a subject’s arterial
blood pressure according to claim 10 wherein the
determined photoplethysmographic signal acquisi-
tion period (PT1 to PT4 is determined based on a
linear or non-linear combination of the duration of a
predetermined number of previously determined
photoplethysmographic signal acquisition periods.

Electronic device comprising a system (100) for es-
timating a subject’s arterial blood pressure according
to any preceding claim.

A method for estimating a subject’s arterial blood
pressure comprising:

receiving a subject’s electrocardiogram signal
(S1) and detecting a QRS complex of said elec-
trocardiogram signal;

generating a plurality of samples of a photop-
lethysmographic signal (S3);

receiving information about the detected QRS
complexes (S2) and the photoplethysmographic
signal samples (S3) and calculating at least one
blood pressure value (SBP, DBP) based on a
pulse arrival time period (PAT) between the
electrocardiogram signal and the photoplethys-
mographic signal;

characterized in that

the step of generating a plurality of samples of
a photoplethysmographic signal (S3) comprises
triggering, each time a QRS complex is detect-
ed, the generation of a plurality of samples of a
photoplethysmographic signal (S31 to S34) dur-
ing a determined photoplethysmographic signal
acquisition period (PT1 to PT4).

A computer program product comprising computer
program code means adapted for calculating a sub-
ject’s arterial blood pressure according to the method
of claim 13 when said program is run on a computer.

A computer readable storage medium comprising a
computer program according to claim 14.

10

15

20

25

30

35

40

45

50

55

10



EP 3 381 356 A1

Figure 1A

S2

S3

20

Figure 1B

ECG

PPG



Figure 2

ECG

Sensor
PPG
sensor

Figure 3

PT1
b 4

EP 3 381 356 A1

PTL PT2

I
T

S32

PT3 PT4

|
|

S33 S34

t=fpeg =t

time

() t=t, yo; * OXygenated blood pumped by heart into blood vessels

@ t =ty pp : oxygenated blood reaches PPG recording site

tere ~ tusco

= PATK)

3000

e

fﬁssl

60007

4000

ADC Code

2000

- Uniformly sampled PPG signal
=~ BECG signal

PPG samples acquired in ECG

~ assisted PPG acquisition mode




Figure 4

EP 3 381 356 A1

Inputs:
ECG signal

l

Deteet the onset of QRS complex
(Derivative based or equivalent
method)

l

Initiate PPG acquisition through
LED stimulation

L

Terminate PPG acquisition
based on stopping criteria




EP 3 381 356 A1

Figure 5
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Figure 6
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