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Description

Field

[0001] The present invention concerns a sensor device using a photoplethysmographic (PPG) sensor and a method
for measuring and determining a pulse arrival time (PAT) value of a user.

Background

[0002] Pulse wave velocity (PWV) represents the velocity at which pressure pulses propagate through the arterial
tree. PWV is considered as the gold standard measurement to assess arterial stiffness, and has been identified as an
independent predictor of cardiovascular morbidity and mortality. In line with this data, in 2007 the European Society of
Hypertension has introduced PWV as a recommended test to assess cardiovascular risk on its guidelines for the diagnosis
and management of hypertension.
[0003] Nowadays techniques that allow assessing PWV non-invasively fall into two main categories. On the one hand,
COMPLIOR (Colson, France), SphygmoCor (AtCor Medical, Australia), Vicorder (Skidmore Medical, UK) and PulsePen
(Diatecne, Italy) rely on the placement of two pressure transducers onto two superficial arteries. These devices detect
the arrival time of a pressure pulse that propagates through the arterial tree, and calculate the delay in pulse arrival
times between the proximal and distal sensors. By approximately measuring the distance through which the pulse has
propagated, one estimates then a pulse propagation velocity value. Large clinical studies support the reliability and
clinical validity of this technique.
[0004] On the other hand, Arteriograph (TensioMed, Hungary) estimates aortic PWV by applying pulse wave analysis
techniques to a pressure pulse recorded by an inflated brachial cuff. The major interest of this approach is that PWV
measurements can be performed automatically, reducing the need of trained medical staff. The measurement is based
on the fact that during systole, the blood volume having been ejected into the aorta generates a pressure pulse (early
systolic peak). This pulse runs down and reflects from the bifurcation of the aorta, creating a second pulse (late systolic
peak). The return time (RT S35) is the difference between the first and the second systolic pulse waves, and is claimed
to be a surrogate of aortic PWV. Unfortunately, clinical and numerical studies currently question the reliability and working
principles of the RT S35 technique.
[0005] A broader review on the technical and physiological background of the described techniques is provided in J.
Solà, S. F. Rimoldi, and Y. Allemann, "Ambulatory monitoring of the cardiovascular system: the role of Pulse Wave
Velocity", in New Developments in Biomedical Engineering, Intech, 2010 (Ref. 1). Because COMPLIOR-like devices
are the state of the art of non-invasive measurement of arterial stiffness, a new implemented technique that would reduce
the need of trained medical staff is highly desired. This would have the advantage of being operator dependent, and
thus would facilitate the introduction of PWV measurements in large scale ambulatory and follow-up studies.
[0006] US2009/292217 discloses a method and system for measuring and reporting heart valve activity which combines
information obtained from independent signals with information obtained from ICG signals, such that signals derived
from heart valve activity may be used as confirmation that the ICG system is accurately identifying heart valve activity.
[0007] US2007/276261 discloses a monitoring device that measures a patient’s vital signs (e.g. blood pressure). The
device features a first sensor configured to attach to a first portion of the patient’s body that includes: i) a first electrode
configured to generate a first electrical signal from the first portion of the patient’s body; ii) a first light-emitting component;
and iii) a first photodetector configured to receive radiation from the first portion of the patient’s body after the radiation
is emitted by the first light-emitting component and in response generate a first optical waveform.
[0008] US6331162 discloses a pulse wave velocity measuring device which comprises a first and second PPG trans-
ducers or probes electrically operable connected to a computer. The transducers are positioned on a patient’s back to
record pulse waveform information at two locations along the descending thoracic aorta. Additionally the patient’s ECG
is recorded. Once the pulse waveforms and ECG waveform are recorded, noise or artifact ridden data is excluded, and
the pulse waveforms are signal averaged using the ECG data points as fiducial references. Then the signal averaged
pulse waveform is analyzed to determine the foot of each waveform and the foot-to-foot transit time between the two
transistors. Pulse wave velocity is determined by dividing the distance between the transducers by the foot-to-foot transit
time.
[0009] The publication "Parametric estimation of pulse arrival time: a robust approach to pulse wave velocity; Parametric
estimation of pulse arrival time" of Josep Sola et al, discloses that for ambulatory scenarios, where signal-to-noise ratios
are below 10 dB, the performance in terms of repeatability of PAT measurements through characteristic points identifi-
cation degrades drastically. The publication discloses a family of PAT estimators based on the parametric modelling of
the anacrotic phase of a pressure pulse. In particular, there is described, a parametric PAT estimator (TANH) that depicts
high correlation with the complior(R) characteristic point D1 (CC = 0.99), increases noise robustness and reduces by a
five-fold factor the number of heartbeats required to obtain reliable PAT measurements.
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Summary

[0010] The present application discloses a sensor device and a method for measuring and determining a pulse arrival
time (PAT) value of a user which overcome at least some limitations of the prior art.
[0011] The present disclosure concerns a method for measuring and determining a pulse arrival time (PAT) value of
a user using a sensor device comprising a photoplethysmographic (PPG) multichannel sensor formed from a plurality
of PPG sensor channels and being adapted to measure a set of PPG signals, each PPG signal being measured by one
of the PPG sensor channels when the multichannel PPG sensor is in contact with the user; comprising:

measuring said set of PPG signals;

extracting a plurality of features from each of the measured PPG signals;

selecting a subset of measured PPG signals from the set of PPG signals based on the extracted features; and

processing the selected subset of measured PPG signals to determine the PAT value.

[0012] In an embodiment, said extracting a plurality of features can comprise fitting a parametric model to each PPG
signal of said set of PPG signals, the features corresponding to the parameters of the fitted model.
[0013] In another embodiment, said selecting a subset of PPG signals can comprise:

projecting the plurality of features extracted from each of the measured PPG signal into a set of points in a N-
dimensional feature space where N corresponds to the number of extracted features for each PPG signal;
clustering the set of points according to a distance criterion; and selecting points being located at the most repre-
sentative cluster, the selected points corresponding to the subset of PPG signals.

[0014] In yet another embodiment, said clustering the set of points can comprise:

calculating a representative point;

calculating a distance for the set of points to the representative point; and

clustering together those points being located at a distance smaller than a distance threshold.

[0015] In yet another embodiment, said calculating a representative point can comprise calculating the median point
of the set of points.
[0016] In yet another embodiment, said calculating a distance for the set of points can comprise calculating a Maha-
lanobis distance.
[0017] In yet another embodiment, said distance threshold can be calculated from a histogram of the distances for
the set of points to the representative point.
[0018] In yet another embodiment, said processing the selected subset of PPG signals can comprise estimating a
representative value of at least one of the features extracted from each of the selected subset of PPG signals.
[0019] In yet another embodiment, the sensor device further comprises an electrocardiography (ECG) sensor for
measuring an ECG signal, an impedance cardiography (ICG) sensor for measuring an ICG signal, and a phonocardi-
ography (PCG) sensor for measuring a PCG signal; and the method can further comprise:

measuring the ECG signal with the ECG sensor such as to detect a R-Wave corresponding to the onset of left-
ventricular depolarization,

triggering the PCG signal measured by the PCG sensor and the ICG signal measured by the ICG sensor by the
detected R-Wave;

performing an ensemble average of the triggered PCG signal and ICG signal;

calculating the maximum of the envelope of the ensemble-averaged PCG signal; and

detecting a maximum of the third derivative of the ensemble-averaged ICG signal being closest to the maximum of
the envelope such as to determine a value of a pre-ejection period (PEP).
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[0020] In yet another embodiment, the determined value of the pre-ejection period (PEP) is being used in combination
with the determined PAT value to estimate a pulse transit time (PTT) value.
[0021] In yet another embodiment, the method can further comprise estimating a pulse wave velocity (PWV) value by
dividing the estimated PTT value by a measured distance of the user’s body.
[0022] In yet another embodiment, the method can further comprise calculating a blood pressure value from the
estimated PTT value by measuring reference blood pressure values using a brachial cuff, and calibrating PTT values
according to measured reference blood pressure values.
[0023] In yet another embodiment, the method can further comprise calculating a blood pressure value from the
estimated PWV value by measuring reference blood pressure values using a brachial cuff, and calibrating PWV values
according to measured reference blood pressure values.
[0024] The present disclosure also pertains to a sensor device comprising a photoplethysmographic (PPG) multichan-
nel sensor formed from a plurality of PPG sensor channels and being adapted to measure a set of PPG signals, each
PPG signal being measured by one of the PPG sensor channels when the multichannel PPG sensor is in contact with
the user, wherein the PAT value can be determined using the method disclosed herein.
[0025] In an embodiment, the sensor device can further comprise an impedance cardiography (ICG) sensor for meas-
uring an ICG signal, an electrocardiography (ECG) sensor for measuring an ECG signal, and a phonocardiography
(PCG) sensor for measuring a PCG signal; the ICG sensor, ECG sensor, and PCG sensor being used in combination
for determining a value of a pre-ejection period (PEP) using the method disclosed herein.
[0026] The method is able to assess central pulse wave velocity (PWV) continuously in a fully unsupervised manner
has been presented. A 20-subject in-vivo study has shown that chest PWV highly correlates with the COMPLIOR carotid
to radial PWV measurement. In conclusion, chest PWV appears to be a consistent method to continuously estimate
PWV of central elastic and large muscular arteries in the ambulatory setting.
[0027] The present application provides evidence for a potential novel technique that assesses PWV along a vascular
tree including both central elastic and peripheral non-elastic arteries, and that is prone to be integrated in a chest belt
sensor. Comparison to COMPLIOR carotid to radial and COMPLIOR carotid to femoral PWV measurements is provided.
[0028] The disclosed sensor and method can be embedded into a chest belt and do not need skilled supervision. They
can represent a potential candidate for the implantation of PWV measurement campaigns in the ambulatory setting.

Brief Description of the Drawings

[0029] The preferred embodiments will be better understood with the aid of the description of an embodiment given
by way of example and illustrated by the figures, in which:

Fig. 1 illustrates an ICG sensor and PCG sensor placed on a belt worn by a user, and two examples of PCG-guided
ICG analysis;

Fig. 2 shows a PPG multichannel sensor according to an embodiment and two examples of shape and arrival times
of pressure pulses seen by the PPG multichannel sensor;

Fig. 3 illustrates a preferred embodiment where the PPG multichannel sensor is placed on the chest of the user,
and a diagram representing the combination of the sensor signals according to an embodiment;

Fig. 4 shows correlation plots of 1/PTT values provided by the chest sensor and the COMPLIOR carotid;

Fig. 5 illustrates correlation analysis and Bland-Altman plots for a preliminary training study with eight subjects; and

Fig. 6 illustrates correlation analysis and Bland-Altman plots for a validation study with twenty subjects.

Detailed Description of possible embodiments

[0030] Arterial pressure pulses are generated at the onset of left-ventricular ejection: after an initial period of isovolu-
metric contraction, the ventricular pressure exceeds arterial pressure and forces the aortic valve to open. The sudden
rise of aortic pressure distends the elastic walls of the ascending aorta, thus creating a pressure pulse that propagates
through the walls of the entire arterial tree. Of particular interest in the context of this paper is the pressure pulse traveling
from the aortic valve (proximal site) to the capillary bed over the sternum surface (distal site).
[0031] After leaving the left ventricle, the pressure pulse propagates through the aorta and moves forward to the
brachiocephalic trunk. Up to this point, the propagation is performed through elastic arteries only, at relatively low
velocities. From the brachiocephalic trunk the pressure pulse accelerates while propagating through the internal thoracic
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artery, a large muscular artery, similar to the radial artery, before reaching the heterogeneous capillary bed surrounding
the sternum manubrium. Note that because the propagation through the capillary bed is performed at high velocities
(Moens-Korteweg equation applied to capillary geometry), the influence of capillary autoregulation to the total transit
time can be neglected. Hence, assuming typical propagation velocities and lengths for the described arterial segments,
one estimates a pressure pulse to travel 85% of the time through elastic arteries and 15% of the time through muscular
arteries and capillaries. Therefore, a pulse wave velocity (PWV) value determination performed at the chest is expected
to contain a mixture of elastic and muscular arterial information only, similar to the COMPLIOR carotid to radial PWV
parameter.
[0032] In an embodiment, proposed sensor device, here a sensor device 4 (see Figs. 1(a) and 3), comprises an
electrocardiography (ECG) sensor 12 for measuring an ECG signal, a phonocardiography (PCG) sensor 6 for measuring
a PCG signal, and an impedance cardiography (ICG) sensor 5 for measuring an ICG signal, that can be used for example
for the detection of the aortic valve opening. The sensor device 4 also comprises a photoplethysmography (PPG)
multichannel sensor 9 (see Fig. 3(a)). The PPG multichannel sensor 9 and the ECG sensor 12 can be used in combination
for the detection of distal pulse arrival times. In the Figs. 1 (a) and 3(a), the ECG, ICG, PCG and PPG are shown disposed
on a belt 7 worn by a user 8.
[0033] Although the examples of Figs. 1(a) and 3(a) represent the sensor device 4 mounted on the belt 7 and being
substantially in contact with the chest region of the user, this configuration should however not be seen as a limitation
of the sensor device location. Indeed, the sensor device 4 could also be located to any other practical location of the
user’s body, for example, on the forehead, ear, nose, etc.
[0034] Impedance cardiography (ICG) is a well-established technique to non-invasively assess cardiac events and
other hemodynamic variables such as pre-ejection period (PEP), and cardiac output. An example of an ICG-based
device is the recently FDA-cleared device BioZ DX (Sonosite, USA). ICG relies on the analysis of voltage signals resulting
from currents injected through the thorax. A typical ICG sensor setup requires placing four electrodes around the thorax:
two current injection electrodes and two voltage measurement electrodes. When detectable, the onset of the rapidly
increasing slope of the first derivative of the ICG signal is considered to be a good estimate of the opening of the aortic
valve, and is referred to as B-point. However, the wide range of physiological variability of ICG patterns through different
subjects and hemodynamic status turns the apparently straightforward identification of B-point to be a critical task. In T.
T. Debski, Y. Zhang, J. R. Jennings, and T. W. Kamarck, "Stability of cardiac impedance measures: Aortic opening (B-
point) detection and scoring," Biol. Physchology, vol. 23, pp. 63-74, 1993, an improved method based on the analysis
of the third derivative of the ICG was proposed. This method allows locating B-points even when no inflections are
present in the ICG signals. Unfortunately, the third derivative of ICG contains several misleading local maxima, and this
approach is hard to be implemented in a fully unsupervised manner.
[0035] Phonocardiography (PCG) is a computerized approach to the traditional auscultation of heart sounds. When
placing an electronic stethoscope on the chest, one obtains a series of electrical signals containing representative
patterns of the first and second heart sounds. In particular the first heart sound of the PCG (S1) is associated to the
closure of the tricuspid and mitral valves, preceding the opening of the aortic valve. Although the accurate determination
of S1 requires complex signal processing techniques, the maximum of the PCG envelope has been shown to be already
a rough estimate of S1.
[0036] For the sensor device 4, a joint analysis of PCG and ICG is proposed in D. Bartnik and B. Reynolds, "Impedance
Cardiography System and Method," US Patent Application, US 2009/0292217 A1, 2009, for the detection of the aortic
valve opening (see Fig. 1(b)). The present approach exploits the robustness of PCG-based techniques and the precision
of ICG third-derivative-based techniques. Initially, the R-Wave at the ECG triggers the onset of left-ventricular depolari-
zation. Then, a maximum of the PCG envelope is detected (S1), roughly indicating the onset of left-ventricular ejection.
Similarly, in the neighborhood of S1, a maximum of the third derivative of the ICG is expected to be encountered,
accurately designating the opening of the aortic valve (B-point). Thus, the proposed approach introduces S1 as an a-
priori estimate of the opening of aortic valve, guiding the identification of the B-point at the ICG. Two examples PCG-
guided ICG analysis are illustrated in Fig. 1. More particularly, Fig. 1 represents the ICG sensor 5 and PCG sensor 6
placed on the belt 7 worn by the user 8. The user can be a human or an animal. In graph shown in Fig. 1 (c), a single
maximum of the ICG third derivative (lower graph of Fig. 1(c), dashed line) is present: no a-priori information is needed.
In lower graph shown in Fig. (d), two local maxima of the ICG third derivative exist, and the a-priori window defined by
the PCG guides the B-point detection, constraining the ICG analysis to a unique solution. The method relies on the
detection of the B-point at the third derivative of the impedance cardiograph (ICG).
[0037] In an embodiment, a value of the pre-ejection period (PEP) is determined using the sensor device 4, by a
method comprising:

measuring the ECG signal with the ECG sensor 12 such as to detect a R-Wave corresponding to the onset of left-
ventricular depolarization,
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triggering the PCG signal measured by the PCG sensor 6 and the ICG signal measured by the ICG sensor 5 by the
detected R-Wave;

performing an ensemble average of the triggered PCG signal and ICG signal;

calculating the maximum of the envelope (S1) of the ensemble-averaged PCG signal; and

detecting the maximum of the third derivative of the ensemble-averaged ICG signal being closest to the maximum
of the envelope (S1).

[0038] The maximum of the third derivative of the ensemble-averaged ICG signal being closest to the maximum of
the envelope (S1) corresponds to the opening of the aortic valve (B-point) and thus, can be used to determine the pre-
ejection period (PEP).
[0039] The arrival of a pressure pulse at the sternum manubrium is characterized by a fast and heterogeneous spread
of the pulsatile energy through its capillary bed. Reflective photoplethysmography (PPG) is a non-invasive technique
that allows detecting the arrival of these pressure pulses. In the examples of Figs. 1(a) and 3(a), when illuminating the
chest region with infrared light, the sternum reflects part of the injected photons. A photodiode in contact with the skin
receives then a portion of the reflected energy, containing information on the pulsatility of the illuminated tissues. Un-
fortunately, PPG signals are severely affected by the heterogeneous distribution of the underlying capillary bed, and the
probability that a single PPG sensor illuminates a low-irrigated portion of tissue is non-negligible. Moreover, the low
perfusion encountered at the chest, and at other possible user’s locations such as forehead, ear and nose, implies PPG
signals with signal-to-noise ratios (SNR) lower than -3 dB. In this study a multi-dimensional parametric estimation of
pulse arrival times (PAT) is proposed to cope with these difficulties.
[0040] Perfusion heterogeneity is managed by introducing spatial diversity (multi-dimensional PAT estimation), and
low perfusion by applying noise-robust PAT estimation techniques. In J. Solà, R. Vetter, Ph. Renevey, O. Chételat, C.
Sartori, and S. F. Rimoldi, "Parametric estimation of pulse arrival time: a robust approach to pulse wave velocity," Physiol.
Meas., vol. 30, pp. 603-615, 2009 (Ref. 2), a parametric approach to estimate PAT in low SNR conditions is described.
Instead of identifying a characteristic point in a PPG pressure pulse this approach fits a parametric model onto the entire
pulse. A PAT-equivalent value is finally extracted from the parameters of the model.
[0041] A proposed method for measuring and determining the PAT value combines thus the parametric information
extracted from a set of M simultaneously-recorded PPG channels of the PPG multichannel sensor 9, and provides a
single robust estimation of PAT. For example, the method comprises three steps, as illustrated by Fig. 2. More particularly,
Fig. 2 (a) shows the PPG multichannel sensor 9 intended to be placed on the skin (for example of the chest) of a user
and formed from a plurality of PPG sensor channels, according to an embodiment. Each PPG sensor channel is formed
from an emitter 10 comprising a first radiation source emitting at the infrared wavelengths, and a receiver 11, such as
a photodetector, for receiving the optical radiation emitted by the emitter 10 and transmitted through the skin tissue. The
receiver 11 is connected to an analog-to-digital converter ADC module (not represented) delivering corresponding PPG
signals. In the example of Fig. 2 (a), the multichannel sensor 9 contains eight equally radially distributed channels. Other
arrangements of the emitters 10 and receivers 11 are also possible as long as it provides sufficient spatial diversity in
order to remove artifacts due to tissue inhomogeneities. Spatial diversity allows one to remove measurement noise as
well as reduce artifacts related to movements which may not be recorded by an accelerometer. However, this requires
a more sophisticated control and signal processing.
[0042] First, a parametric model is estimated for each of the M PPG channels. The shape and arrival time of the
pressure pulse seen by each channel is described by N parameters (see the two graphs below the PPG multichannel
sensor 9 in Fig. 2 (b)), which correspond to a point in an N-dimensional feature space. Secondly, the distribution of the
M points in this feature space is considered: outsiders are removed by an unsupervised clustering procedure described
in V. J. Hodge and J. Austin, "A Survey of Outlier Detection Methodologies," Artificial Intelligence Review, Springer,
2004, in order to estimate the most likely model of pressure pulse. The clustering procedure aims at excluding non-
representative (probably low-perfused) channels from the analysis. The procedure relies on the assumption that whereas
those PPG channels located over a locally rich capillary bed generate similar parametric descriptions, those PPG channels
located over low-perfused regions generate spread points in the feature space. Thus, non-representative channels are
defined as points that lay beyond the borders of a hypersphere in a Mahalanobis-transformed feature space (see Fig.
2 (c)). Thirdly, the parametric descriptions of the remaining representative channels are processed through a histogram
analysis to provide a single PAT value (see Fig. 2 (d)).
[0043] In an embodiment, the method for measuring and determining the PAT value comprises the steps of:

measuring a set of PPG signals using the PPG multichannel sensor, where the set of PPG signals contains a number
of PPG signals corresponding to the number of PPG sensor channels;
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extracting a plurality of features from each of the measured PPG signals;
selecting a subset from the set of PPG signals based on the extracted features; and
processing the selected subset of PPG signals to determine the PAT value.

[0044] In an embodiment, the plurality of features is extracted by fitting a parametric model to each PPG signal of said
set of PPG signals, the features corresponding to the parameters of the fitted model. The parametric model can be
TANH model, as discussed below.
[0045] Because phase velocity information of pressure pulses is mainly contained in high frequencies harmonics, PPG
channels can be initially high-pass filtered without any loss of relevant information. In addition to increase the signal-to-
noise ratio, high-pass filtering limits as well non-relevant channel-dependent patterns that might latter influence the
parametric model fitting.
[0046] The joint analysis of the ECG, PCG, ICG and PPG signals recorded at the sensor device 4 provides information
on the opening of the aortic valve (PEP), and the arrival time of the pressure pulse (PAT), for example, at the chest.
Then, a Pulse Transit Time value (PTT) from the aortic valve to, for example, the chest is obtained as the difference
(Equation 1): 

[0047] However, because the clinical interest of pressure pulse propagation is on the assessment of propagation
velocities (m/s) and not on propagation times (ms), PTT values estimated form the signals measured with the sensor
device 4 placed on the user’s chest (Chest PTT values) in ms, can be converted into chest PWV values, in m/s. In
principle such a transformation would require the accurate measurement of propagation distances within the chest,
which is not straightforward in a non-invasive manner.
[0048] Based on the propagation distances measured during standard COMPLIOR uses (see: M. W. Rajzer, W.
Wojciechowska, M. Klocek, I. Palka, M. Brzozowska-Kiska, and K. Kawecka-Jaszcz, "Comparison of aortic pulse wave
velocity measured by three techniques: Complior, SphygmoCor and Arteriograph," J. Hypertension, vol. 26, pp.
2001-2007, 2008), the following conversion model is proposed. The propagation distance from the aortic valve to the
upper sternum region is approximated by the COMPLIOR carotid to radial distance corrected by the ratio of carotid to
femoral over carotid to radial COMPLIOR distances. The proposed correction factor is actually an estimate of the ratio
of elastic-over-muscular arterial segments present in the COMPLIOR carotid to radial PWV value. Fig. 3(a) illustrates
a preferred embodiment where the PPG multichannel sensor 9 is placed on the chest of the user in contact with the skin
via the belt 7. The belt also comprises the ICG and PCG sensors 5, 6. Also shown in Fig. 3(b) is a schematic representation
of the successive determination of the PEP and PAT values from which the chest PTT and chest PWV values are
estimated. The sensor device 4 can also comprise a signal processing device (not shown) destined to receive the sensor
signals and to carry out the method for estimating the PTT and PWV values as described above. In the right of Fig. 3(b),
a diagram shows the signals from the PCG and ICG sensors being combined to detect the opening of the aortic valve,
producing the pre-ejection period (PEP) value. The PPG multichannel sensor provides an estimation on the arrival time
of the pressure pulse at the capillary bed at the sternum (PAT). The pulse transit time (PTT) from the aortic valve to the
chest is computed by subtracting PEP from PAT. Pulse wave velocity (PWV) is finally estimated by converting PTT
values (in ms) to PWV values (in m/s).
[0049] Our investigation was based on a training-testing study approach. Initially, a training study involving eight
healthy subjects was performed. This study aimed at optimizing the parameters of the sensor device 4, comprising the
ICG and PCG sensors 5, 6 the PPG multichannel sensor 9, and possibly the ECG sensor 12, in order to maximize the
correlation between estimated chest PWV values and simultaneously-recorded COMPLIOR carotid to radial PWV values.
In a second step, a testing study involving twenty one healthy subjects was performed. This study aimed at testing the
performances of the sensor device 4 when predicting COMPLIOR PWV values on a different cohort.
[0050] For both studies, the experimental protocol was approved by the institutional review boards on human inves-
tigation of the University of Lausanne, Switzerland. All participants provided written informed consent.
[0051] The experimental protocol consisted on the simultaneous recording of both COMPLIOR and chest PWV values
at rest. After enrollment, subjects laid in supine position while two operators started the instrumentation phase. Meas-
urements with the sensor device 4 were performed by means of the PPG multichannel sensor 9 and two spot wet ECG
electrodes, (1 kSample/s) and a BIOPAC (BIOPAC Systems, US) platform (4 spot wet electrodes connected to an
EBI100C electrical bio-impedance amplifier, 50 kHz, 1 kSample/s; and 2 spot wet electrodes connected to an ECG100C
electrocardiogram amplifier, 1 kSample/s). The placement of the sensor device 4 on the chest and/or sternum set a
constant temperature of the sensor measurement surface, reducing temperature-induced skin vasocontraction phenom-
ena. The set of PPG signals was measured continuously by the PPG multichannel sensor 9 along with the ICG signals
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measured by the ICG sensor 5, ECG signals measured by the ECG sensor 12 and PCG signals measured by the PCG
sensor 6. Measurements were performed in a fully unsupervised manner during the whole experiment. COMPLIOR
PWV measurements were performed according to standard COMPLIOR uses, i.e., after measuring external carotid to
femoral and carotid to radial distances, three pressure transducers were placed over the carotid, femoral and radial
arteries. A skilled operator visualized the quality of the data in real time and decided when a measurement could be
performed. Consecutive COMPLIOR measurements were performed until a set of at least three similar COMPLIOR
PWV values were available. Brachial oscillometric blood pressure was measured as well. Finally, subjects were cleared
and data sets were stored for off-line data analysis.
[0052] A preliminary study involving eight subjects (Age: 26 to 41 years, BMI: 19 to 23 kg/m2, COMPLIOR CR PWV
8 to10.8 m/s) was performed in order to optimize the algorithms of the sensor device 4. In particular, the training study
allowed parametrizing the detector of aortic valve opening (see Fig. 1(b)), the chest PAT detector (see Fig. 2(b)), and
the conversion of chest PTT values to COMPLIOR equivalent PWV values (Fig. 4). Offline recursive optimization was
performed until achievement of optimal correlation between chest PWV values and COMPLIOR carotid to radial PWV
values. The choice of carotid to radial PWV as reference values is justified by the anatomical study provided above. The
following parameterization was obtained.
[0053] ICG signals were initially band-pass filtered by a 4th order Butterworth filter with cut-off frequencies of 0.8 and
15 Hz. Third derivatives were computed by applying successive seven-point stencils. PCG envelopes were computed
by initially band-pass filtering the raw PCG data by a 4th order Butterworth filter with cut-off frequencies of 50 and 140
Hz, and by post filtering the absolute value of the band-pass filtered series with a 4th order Butterworth low-pass filter
with cut-off frequency of 10 Hz. Finally, two-minute signals of ICG and PCG were ensemble averaged using the R-Wave
of the simultaneously-recorded ECG signal as synchronization trigger. The most likely maximum of the ensemble aver-
aged third derivatives was manually identified by finding the local maximum closer to the maximum of the ensemble
averaged PCG envelope (PCG-guided B-point identification).
[0054] Before being oversampled to 1 kSample/s, each infrared PPG channel was band-pass filtered by an 8th order
Butterworth filter with cut-off frequencies between 3 and 9 Hz. After performing a two-minute R-Wave-triggered ensemble
averaging, a parametric model of the pressure pulse was fitted according to a parametric model, for example a TANH
model, as described in Ref. 2. The parameters of the model were then considered in a 3-dimensional feature space,
where unsupervised outlier rejection was performed. For each channel, Mahalanobis distance of the associated point
to the median of all available points was computed. Those channels with greater distances than the standard deviation
of all the distances were rejected. From the remaining representative channels, the mean of individuals PAT values was
assumed to be the most likely PAT at the chest.
[0055] In an embodiment, in the method for measuring and determining the PAT value, selecting the subset of PPG
signals comprises projecting the features extracted from each of the measured PPG signal into a set of points in a N-
dimensional feature space where N corresponds to the number of extracted features for each PPG signal; clustering
the set of points according to a distance criterion; and selecting points being located at the most representative cluster,
the selected points corresponding to the subset of PPG signals. The clustering the set of points can be performed by
calculating a representative point; calculating a distance for the set of points to the representative point; and clustering
together those points being located at a distance smaller than a distance threshold. Calculating the representative point
comprises calculating the median point of the set of points, and calculating the distance for the set of points comprises
calculating a Mahalanobis distance as described above.
[0056] The distance threshold can be calculated from a histogram of the distances for the set of points to the repre-
sentative point. Processing the selected subset of PPG signals can be performed by estimating the mean value of the
selected subset of PPG signals. Alternatively, processing the selected subset of PPG signals comprises estimating a
representative value of at least one of the features extracted from each of the selected subset of PPG signals.
[0057] In another embodiment, the PWV value is used to calculate continuous, non-invasive and non-obtrusive blood
pressure (BP) values of a user (see Ref. 1). The BP values can be derived from PWV values using a method described
in Chen, W.; Kobayashi, T.; Ichikawa, S.; Takeuchi, Y. & Togawa, T. (2000). Continuous estimation of systolic blood
pressure using the pulse arrival time and intermittent calibration. Medical & Biological Engineering & Computing, 38,
(2000) 569-574. This method comprises measuring reference BP values using a brachial cuff, where brachial cuff can
be automatic and intermittently inflated. In the method, PWV values are calibrated according to measured reference BP
values, and calibrated PWV values are used to interpolate the intermittently measured BP values, for example, beat by
beat. Additional calibration strategies to calculate PWV-derived values of BP are also reviewed in Ref. 1. In particular,
patent application US 2009/0163821 describes a method to improve the accuracy of PWV-derived BP calculations by
introducing a cardiac output measurement. BP measurements are performed by an oscillometric brachial cuff. Cardiac
output measurements can be performed by bio-impedance techniques.
[0058] Alternatively, a blood pressure value can calculated be from the estimated PTT value by measuring reference
blood pressure values using a brachial cuff, and calibrating PTT values according to measured reference blood pressure
values. Hence, blood pressure value can be calculated in a continuous, non-invasive and non-obtrusive fashion.
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[0059] Fig. 4 illustrates the impact of converting chest PTT to chest PWV values in the optimization of correlation
analysis scores. Initially, transit times (PTT) estimated by the sensor device 4 and COMPLIOR were compared. Since
no propagation distance was involved in the analysis, moderate correlation scores were obtained: r=0.78, p=0.02.
Propagation distances for the COMPLIOR measurement were then introduced, converting COMPLIOR PTT values to
COMPLIOR PWV values. An improvement of the correlation score was observed (r=0.82, p=0.01). In a last step, prop-
agation distances for the sensor device were introduced, converting Chest PTT values to Chest PWV values. A final
correlation score of r=0.85, p<0.01 was achieved. A regression line between COMPLIOR PWV and Chest PWV values
was estimated as well. While keeping the same correlation scores, this procedure minimized the root mean square error
when comparing Chest PWV values to COMPLIOR PWV values for this training cohort.
[0060] More particularly, Fig. 4 shows a correlation plot of 1/PTT values provided by the sensor device and the
COMPLIOR carotid to radial setup (Fig. 4 (a)); a correlation of 1/PTT values provided by the sensor device and PWV
values provided by the COMPLIOR carotid to radial setup (COMPLIOR carotid to radial distance has been introduced)
(Fig. 4 (b)); and a correlation of PWV values provided by the sensor device and the COMPLIOR carotid to radial setup
(chest propagation distance has been introduced, as described above (Fig. 4 (c)).
[0061] Table 1 provides correlation coefficients, Root Mean Square Error (RMSE) and mean bias when comparing
PWV values determined from the sensor device 4 to PWV values measured by COMPLIOR carotid to radial and carotid
to femoral sensors. Fig. 5 illustrates correlation analysis and Bland-Altman plots for the same data set, when comparing
chest PWV measurements to COMPLIOR Carotid to Radial (CR) (Fig. 5 (a)) and Carotid to Femoral (CF) (Fig. 5 (b))
measurements for the preliminary training study (n=8 subjects). As expected, the maximum correlation score (r=0.86)
and minimum RMSE (RMSE = 0.65 m/s) were achieved when comparing Chest PWV values to COMPLIOR carotid to
radial PWV values, since this was the algorithm optimization criterion. Zero mean biases were due to the fact that
regression lines were self-estimated over the same training data set.
[0062] After optimizing the sensor device on the training preliminary study, the performance of the sensor was assessed
in a control group study.

[0063] The validation study was designed to provide a statistically significant answer on whether PWV values provided
by the sensor device correlate and predict PWV values estimated by a COMPLIOR device within a 1 m/s error. Minimum

sample size for the study was estimated according to training database statistics (  and

), and assuming a two-sided alternate hypothesis, i.e., |mCHEST-mCOMPLIOR|<1m/s. By choosing

power values of α = 5% and β = 20% a minimum sample size of 20.4 subjects was obtained.
[0064] According to the power analysis, the validation study started by the recruitment of twenty one subjects. Table
2 summarizes the morphological and hemodynamic characteristics for the enrolled subjects. The same experimental
protocol as for the preliminary training study was performed. Data analysis was performed offline once the entire validation
database had been recorded. The algorithmic parameterization corresponded to the one derived from the preliminary
training study, as described above. Chest PWV values were compared to COMPLIOR carotid to radial and carotid to
femoral PWV values, using correlation analysis, Root Mean Square Error (RMSE) analysis, bias analysis and Bland-
Altman plot.

TABLE I
Statistical analysis for the preliminary training study (n=8)

Chest PWV compared to Carotid to Radial PWV Carotid to Femoral PWV

Correlation coefficient r = 0.85 r = 0.65
p < 0.01 p = 0.08

Root mean square error (RMSE) 0.65 m/s 0.81 m/s
Mean Bias 0.0 m/s 0.0 m/s

TABLE II
Morphological and hemodynamic characteristics of the validation study population (n=21)

Symbol Mean 6 SD Min...Max

Age (years) 41 6 11.7 26 to 61
BMI (kg/m2) 25 6 4.3 19.4 to 40.4
Heart Rate (bpm) 62 6 7.2 50 to 76
Systolic Blood Pressure (mmHg) 126 6 11.8 105 to 143
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[0065] From the twenty one subjects enrolled in the validation study, one was excluded because the COMPLIOR
device was unable to detect carotid pressure pulses. Hence, the results of the validation study correspond to the analysis
of the data recorded from 20 subjects when using the parameterization derived from the preliminary training study. Table
III provides the statistical analysis, and Fig. 6 illustrates the correlation analysis and Bland-Altman plots when comparing
chest PWV measurements to COMPLIOR Carotid to Radial (CR) (Fig. 6 (a)) and Carotid to Femoral (CF) (Fig. 6 (b))
measurements for the data recorded from 20 subjects.
[0066] When comparing chest PWV values to COMPLIOR carotid to radial values for this testing cohort, one observes
that the sensor device provides similar correlation scores as obtained for the training cohort (achieved correlation in
training of r= 0.85, p<0.01 vs. observed correlation in testing r= 0.86, p<0.0001). Similarly, RMSE values remain in the
same range of values (training RMSE 0.65 m/s vs. testing RMSE 0.74 m/s). These results indicate that the algorithmic
parameterization and the regression line estimated on the training cohort apply as well for this unknown testing cohort.
The mean bias slightly differs now from zero (mean bias -0.3 m/s). One single subject depicts a prediction error greater
than 1.96 SD in the Bland-Altman plot (COMPLIOR CR 13.3 m/s, Chest PWV 11.0 m/s).

[0067] When comparing chest PWV values to COMPLIOR carotid to femoral values, one observes that both correlation
and RMSE performances are degraded compared to the training study: correlation in training r=0.65, p=0.08 vs. corre-
lation in testing r=0.57, p<0.01, and RMSE in training 0.81 m/s vs. RMSE in testing 1.42 m/s. Several outlier subjects
are now observed in the Bland-Altman plot.
[0068] This study aimed at demonstrating that a non-obtrusive sensor located at the chest region is able to measure
central PWV in a fully unsupervised and unobtrusive manner. The major new finding of our study is that Chest PWV
correlates very well with COMPLIOR carotid to radial PWV (r=0.86, p<0.0001) and only well with COMPLIOR carotid to
femoral PWV (r = 0.57, p<0.01). Because of the study design, the RMSE analysis confirms that Chest PWV predicts
the COMPLIOR carotid to radial PWV within a 61 m/s error (RMSE = 0.74 m/s).
[0069] In accordance with an aspect of the invention, there is provided a computer program product configured to be
operable on the signal processing device in order to carry out the processing of the sensor signals to determine the PTT
and PWV values. The processing is performed according to the method described above when the program is executed
by said signal processing device. The software product can be downloaded in a memory (not shown) associated with
the signal processing device.

Reference numbers

[0070]

4 sensor device
5 ICG sensor
6 PCG sensor
7 belt
8 user

(continued)

TABLE II
Morphological and hemodynamic characteristics of the validation study population (n=21)

Diastolic Blood Pressure (mmHg) 77 6 8.2 55 to 94
Pulse Wave Velocity

Complior Carotid - Femoral (m/s) 9 6 1.7 6.2 to 14.7
Complior Carotid - Radial (m/s) 10 6 1.1 8.3 to 12.3

TABLE III

Statistical analysis for the preliminary training study (n=20)

Chest PWV compared to Carotid to Radial PWV Carotid to Femoral PWV

Correlation coefficient r = 0.86 r = 0.57
p < 0.0001 p = 0.01

Root mean square error (RMSE) 0.74 m/s 1.42 m/s
Mean Bias -0.3 m/s 0.39 m/s
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9 PPG multichannel sensor
10 emitter
11 receiver
12 ECG sensor
S1 envelope

Claims

1. A method for measuring and determining a pulse arrival time (PAT) value of a user using a sensor device (4)
comprising a photoplethysmographic (PPG) multichannel sensor (9) formed from a plurality of PPG sensor channels
and being adapted to measure a set of PPG signals, each PPG signal being measured by one of the PPG sensor
channels when the multichannel PPG sensor (9) is in contact with the user; comprising:

measuring said set of PPG signals;
extracting a plurality of features from each of the measured PPG signals of the set of measured PPG signals;
characterized in that the method further comprises selecting a subset of measured PPG signals from the set
of measured PPG signals based on the plurality of extracted features; and
processing the selected subset of measured PPG signals to determine the PAT value.

2. The method according to claim 1, wherein
said extracting a plurality of features comprises fitting a parametric model to each PPG signal of said set of PPG
signals, the features corresponding to the parameters of the fitted model.

3. The method according to any of the claims 1 or 2, wherein
said selecting a subset of PPG signals comprises:

projecting the plurality of features extracted from each of the measured PPG signal into a set of points in a N-
dimensional feature space where N corresponds to the number of extracted features for each PPG signal;
clustering the set of points according to a distance criterion; and
selecting points being located at the most representative cluster, the selected points corresponding to the subset
of PPG signals.

4. The method according to claim 3, wherein
said clustering the set of points comprises:

calculating a representative point;
calculating a distance for the set of points to the representative point; and
clustering together those points being located at a distance smaller than a distance threshold.

5. The method according to claim 4, wherein
said calculating a representative point comprises calculating the median point of the set of points.

6. The method according to the claims 4 or 5, wherein
said calculating a distance for the set of points comprises calculating a Mahalanobis distance.

7. The method according to any of the claims from 4 to 6,
wherein
said distance threshold is calculated from a histogram of the distances for the set of points to the representative point.

8. The method according to any of the claims from 1 to 7,
wherein
said processing the selected subset of PPG signals comprises estimating a representative value of at least one of
the features extracted from each of the selected subset of PPG signals.

9. The method according to any of the claims from 1 to 8,
wherein the sensor device further comprises an electrocardiography (ECG) sensor (12) for measuring an ECG
signal, an impedance cardiography (ICG) sensor (5) for measuring an ICG signal, and a phonocardiography (PCG)
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sensor (6) for measuring a PCG signal; further comprising:

measuring the ECG signal with the ECG sensor (12) such as to detect a R-Wave corresponding to the onset
of left-ventricular depolarization,
triggering the PCG signal measured by the PCG sensor (6) and the ICG signal measured by the ICG sensor
(5) by the detected R-Wave;
performing an ensemble average of the triggered PCG signal and ICG signal;
calculating the maximum of the envelope (S1) of the ensemble-averaged PCG signal; and
detecting a maximum of the third derivative of the ensemble-averaged ICG signal being closest to the maximum
of the envelope (S1) such as to determine a value of a pre-ejection period (PEP).

10. The method according to claim 9, wherein
the determined value of the pre-ejection period (PEP) is being used in combination with the determined PAT value
to estimate a pulse transit time (PTT) value.

11. The method according to claim 10,
further comprising calculating a blood pressure value from the estimated PTT value by measuring reference blood
pressure values using a brachial cuff, and calibrating PTT values according to measured reference blood pressure
values.

12. The method according to claim 10, wherein
further comprising estimating a pulse wave velocity (PWV) value by dividing the estimated PTT value by a measured
distance of the user’s body.

13. The method according to claim 12,
further comprising calculating a blood pressure value from the estimated PWV value by measuring reference blood
pressure values using a brachial cuff, and calibrating PWV values according to measured reference blood pressure
values.

14. A sensor device (4) for measuring and determining a pulse arrival time (PAT) value of a user comprising a photo-
plethysmographic (PPG) multichannel sensor (9) formed from a plurality of PPG sensor channels and being adapted
to measure a set of PPG signals, each PPG signal being measured by one of the PPG sensor channels when the
multichannel PPG sensor is in contact with the user, and a signal processing device configured to determine the
PAT value using the method according to any of the claims from 1 to 13.

15. The sensor device (4) according to claim 14,
further comprising an impedance cardiography (ICG) sensor (5) for measuring an ICG signal, an electrocardiography
(ECG) sensor (12) for measuring an ECG signal, and a phonocardiography (PCG) sensor (6) for measuring a PCG
signal; the ICG sensor (5), ECG sensor (12), and PCG sensor (6) being used in combination for determining a value
of a pre-ejection period (PEP) using the method according to claim 9.

16. Computer carrier comprising program code portions to be executed by a signal processing device in order to carry
out the method of one of the claims 1 to 15 when said program is executed by said signal processing device.

Patentansprüche

1. Ein Verfahren zum Messen und Bestimmen eines Pulsankunftszeitwerts (PAT-Wert) eines Benutzers, der ein Sen-
sorgerät (4) benutzt, das ein photoplethysmographischen (PPG) Vielkanalsensor (9) aufweist, der aus einer Mehrzahl
von PPG Sensorkanälen geformt ist und ausgebildet ist eine Menge von PPG Signalen zu messen, wobei jedes
PPG Signal von einem der PPG Sensorkanäle gemessen wird, wenn der Vielkanal PPG Sensor (9) in Kontakt mit
dem Benutzer ist; aufweisend:

Messen der Menge von PPG Signalen;
Extrahieren einer Mehrzahl von Merkmalen von jedem der gemessenen PPG Signale der Menge der gemes-
senen PPG Signale;
gekennzeichnet dadurch, dass das Verfahren weiter aufweist
Auswählen einer Untermenge von gemessenen PPG Signalen aus der Menge der gemessenen PPG Signale



EP 2 552 303 B1

14

5

10

15

20

25

30

35

40

45

50

55

basierend auf der Mehrzahl der extrahierten Merkmale; und
Verarbeiten der ausgewählten Untermenge der gemessenen PPG Signale, um den PAT-Wert zu bestimmen.

2. Das Verfahren nach Anspruch 1, wobei das Extrahieren einer Mehrzahl von Merkmalen das Fitten eines parame-
trischen Models auf jedes PPG Signal der Menge der gemessenen PPG Signale aufweist, wobei die Merkmale den
Parametern des gefitteten Models entsprechen.

3. Das Verfahren nach einem der Ansprüche 1 oder 2, wobei das Auswählen einer Untermenge der PPG Signale
aufweist:

Projizieren der Mehrzahl von Merkmalen, die von jedem der gemessenen PPG Signale extrahiert wurden, auf
eine Menge von Punkten in einem N-dimensionalen Merkmalsraum, wo N der Anzahl der extrahierten Merkmale
für jedes PPG Signal entspricht;
Clustern der Menge von Punkten nach einem Abstandskriterium; und
Auswählen von Punkte, die in dem repräsentativsten Cluster angeordnet sind, wobei die ausgewählten Punkte
der Untermenge der PPG Signale entsprechen.

4. Das Verfahren nach Anspruch 3, wobei das Clustern der Punktmenge aufweist:

Berechnen eines repräsentativen Punkts;
Berechnen einer Entfernung für die Menge der Punkte zu dem repräsentativen Punkt;
Zusammenclustern der Punkte, die in einer Entfernung kleiner als ein Entfernungsschwellwert liegen.

5. Das Verfahren nach Anspruch 4, wobei das Berechnen eines repräsentativen Punkts das Berechnen eines Medi-
anpunkts der Menge der Punkte aufweist.

6. Das Verfahren nach Anspruch 4 oder 5, wobei das Berechnen einer Entfernung für die Menge der Punkte das
Berechnen einer Mahalanobisentfernung aufweist.

7. Das Verfahren nach einem der Ansprüche 4 bis 6, wobei der Entfernungsschwellwert aus einem Histogramm der
Entfernungen der Menge der Punkte von dem repräsentativen Punkt berechnet wird.

8. Das Verfahren nach einem der Ansprüche 1 bis 7, wobei das Verarbeiten der ausgewählten Untermenge der PPG
Signale das Schätzen eines repräsentativen Werts mindestens eines der von jedem der ausgewählten Untermenge
der PPG Signale extrahierten Merkmale aufweist.

9. Das Verfahren nach einem der Ansprüche 1 bis 9, wobei das Sensorgerät weiter ein Elektrokardiograph (EKG)
Sensor (12) zum Messen eines EKG Signals, ein Widerstands Kardiograph (IKG) Sensor (5) zum Messen eines
IKG Signals, und ein Phonokardiograph (PKG) Sensor (6) zum Messen eines PKG Signals aufweist; weiter aufwei-
send
Messen eines EKG Signals mit dem EKG Sensor (12) so dass eine R-Welle, die dem Einsatz der links-ventrikulären
Depolarisation entspricht, detektiert wird,
Triggern des von dem PKG Sensor (6) gemessenen PKG Signals und des von dem IKG Sensor (5) gemessenen
IKG Signals durch die detektierte R-Welle;
Durchführen eines Ensemblemittelwerts des getriggerten PKG Signals und IKG Signals;
Berechnen der maximalen Umhüllenden (S1) des ensemblegemittelten PKG Signals;
Detektieren eines Maximums der dritten Ableitung des ensemblegemittelten IKG Signals, das der maximalen Um-
hüllenden (S1) am nächsten ist, so dass ein Wert einer Preejektionsperiode (PEP) bestimmt werden kann.

10. Das Verfahren nach Anspruch 9, wobei der bestimmte Wert der Preejektionsperiode (PEP) in Kombination mit dem
bestimmten PAT Wert benutzt wird, um einen Pulstransitzeit (PTT) Wert zu schätzen.

11. Das Verfahren nach Anspruch 10, weiter aufweisend
Berechnen eines Blutdruckwerts von dem geschätzten PTT Wert durch das Messen eines Referenzblutdruckwerts
unter Verwendung eines Brachialschlags, und
Kalibrieren von PTT Werten entsprechend den Referenzblutdruckwerten.

12. Das Verfahren nach Anspruch 10, weiter aufweisend
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Schätzen eines Pulswellengeschwindigkeits (PWV) Werts durch das Teilen des geschätzten PTT Werts durch eine
gemessene Entfernung des Körpers des Benutzers.

13. Das Verfahren nach Anspruch 12, weiter aufweisend
Berechnen eines Blutdruckwerts von dem geschätzten PWV Wert durch das Messen von Referenzblutdruckwerten
unter Verwendung eines Brachialschlags, und Kalibrieren der PWV Werte entsprechend den gemessenen Refe-
renzblutdruckwerten.

14. Ein Sensorgerät (4) zum Messen und Bestimmen eines Pulsankunftszeit (PAT) Werts eines Benutzers, aufweisend
einen photoplethysmographischen (PPG) Vielkanalsensor (9), der aus einer Mehrzahl von PPG Sensorkanälen
geformt ist und ausgebildet ist eine Menge von PPG Signalen zu messen, wobei jedes PPG Signal von einem der
PPG Sensorkanäle gemessen wird, wenn der Vielkanal PPG Sensor (9) in Kontakt mit dem Benutzer ist, und ein
Signalverarbeitungsgerät ausgebildet den PAT Wert unter Verwendung des Verfahrens nach einem der Ansprüche
1 bis 13 zu bestimmen.

15. Das Sensorgerät nach Anspruch 14, weiter aufweisend ein Widerstands Kardiograph (IKG) Sensor (5) zum Messen
eines IKG Signals, ein Elektrokardiograph (EKG) Sensor (12) zum Messen eines EKG Signals und ein Phonokar-
diograph (PKG) Sensor (6) zum Messen eines PKG Signals; wobei der IKG Sensor (5), der EKG Sensor (12) und
der PKG Sensor (6) benutzt wird zum Bestimmen eines Werts einer Preejektionsperiode (PEP) unter Verwendung
des Verfahrens nach Anspruch 9.

16. Computerträger aufweisend Programcodeteile, die durch ein Signalverarbeitungsgerät ausführbar sind, um das
Verfahren nach einem der Ansprüche 1 bis 15 auszuführen, wenn das Programm durch das Signalverarbeitungsgerät
ausgeführt wird.

Revendications

1. Procédé pour mesurer et déterminer une valeur de temps d’arrivée d’impulsion (PAT) d’un utilisateur utilisant un
dispositif de capteur (4) comprenant un capteur multicanal (9) photopléthysmographique (PPG), formé à partir d’une
pluralité de canaux de capteur PPG et étant adapté pour mesurer un ensemble de signaux PPG, chaque signal
PPG étant mesuré par l’un des canaux de capteur PPG, lorsque le capteur multicanal PPG (9) est en contact avec
l’utilisateur; comprenant:

la mesure dudit ensemble de signaux PPG ;
l’extraction d’une pluralité de caractéristiques de chacun des signaux PPG mesurés de l’ensemble des signaux
PPG mesurés;
caractérisé en ce que le procédé comprend également la sélection d’un sous-ensemble de signaux PPG
mesurés de l’ensemble des signaux PPG mesurés sur la base de l’ensemble des caractéristiques extraites ; et
le traitement du sous-ensemble de signaux PPG mesurés, pour déterminer la valeur PAT.

2. Le procédé selon la revendication 1, selon lequel ladite extraction d’une pluralité de caractéristiques comprend
l’ajustement d’un modèle paramétrique à chaque signal PPG dudit ensemble de signaux PPG, les caractéristiques
correspondant aux paramètres du modèle ajusté.

3. Le procédé selon l’une des revendications 1 ou 2, selon lequel ladite sélection d’un sous-ensemble de signaux PPG
comprend :

projeter la pluralité des caractéristiques extraites de chacun des signaux PPG mesurés en un ensemble de
points dans un espace de caractéristique de dimension-N, tel que N correspond au nombre de caractéristiques
extraites pour chaque signal PPG;
grouper l’ensemble de points selon un critère de distance ; et
sélectionner des points étant situés dans le groupe le plus représentatif, les points sélectionnés correspondant
au sous-ensemble de signaux PPG.

4. Le procédé selon la revendication 3, selon lequel ledit groupement d’un ensemble de points comprend:

calculer un point représentatif;



EP 2 552 303 B1

16

5

10

15

20

25

30

35

40

45

50

55

calculer une distance pour l’ensemble de points jusqu’au point représentatif;
grouper ensemble ces points situés à une distance plus petite qu’une distance limite.

5. Le procédé selon la revendication 4, selon lequel
ledit calcul d’un point représentatif comprend le calcul d’un point médian de l’ensemble de points.

6. Le procédé selon la revendication 4 ou 5, selon lequel ledit calcul d’une distance pour l’ensemble de points comprend
le calcul d’une distance Mahalanobis.

7. Le procédé selon l’une des revendications 4 à 6, selon lequel ladite distance limite est calculée à partir d’un histo-
gramme des distances pour l’ensemble des points au point représentatif.

8. Le procédé selon l’une des revendications 1 à 7, selon lequel ledit traitement du sous-ensemble sélectionné de
signaux PPG comprend l’estimation d’une valeur représentative d’au moins une des caractéristiques extraites de
chacun des sous-ensembles sélectionnés de signaux PPG.

9. Le procédé selon l’une des revendications 1 à 9, selon lequel le dispositif de capteur comprend d’autre part un
capteur d’électrocardiographie (ECG) (12) pour mesurer un signal ECG, un capteur de cardiographie par impédance
(CGI) (5) pour mesurer un signal CGI, et un capteur de phonocardiographie (PCG) (6) pour mesurer un signal PCG ;
comprenant d’autre part
mesurer le signal ECG avec le capteur ECG (12) afin de détecter une vague R correspondant au début de la
dépolarisation ventriculaire gauche,
déclencher le signal PCG mesuré par le capteur PCG (6) et le signal ICG mesuré par le capteur ICG (5) par la
vague R détectée ;
exécuter une moyenne d’ensemble des signaux PCG et ICG déclenchés ; calculer le maximum de l’enveloppe (S1)
du signal PCG de moyenne d’ensemble ;
détecter le maximum du troisième dérivé du signal ICG de moyenne d’ensemble étant le plus près du maximum de
l’enveloppe (S1) afin de déterminer une valeur de période pré-éjection (PEP).

10. Le procédé selon la revendication 9, selon lequel la valeur déterminée de période de pré-éjection (PEP) est utilisée
en combinaison avec la valeur déterminée PAT pour estimer une valeur de temps de transit d’impulsion (TTI).

11. Le procédé selon la revendication 10, comprenant d’autre part
calculer une valeur de pression sanguine de la valeur TTI estimée en mesurant des valeurs de pression sanguine
de référence par l’utilisation du battement brachial, et calibrer les valeurs TTI en fonction des valeurs de pression
sanguine de référence mesurées.

12. Le procédé selon la revendication 10, selon lequel comprenant d’autre part estimer une valeur de vitesse de l’onde
de pouls (PWV) en divisant la valeur estimée TTI par une distance mesurée du corps de l’utilisateur.

13. Le procédé selon la revendication 12,
comprenant d’autre part calculer une valeur de pression sanguine de la valeur PWV estimée en mesurant des
valeurs de pression sanguine de référence par l’utilisation du battement brachial, et calibrer les valeurs PWV en
fonction des valeurs de pression sanguine de référence mesurées.

14. Un dispositif de capteur (4) pour mesurer et déterminer une valeur de temps d’arrivée d’impulsion (PAT) d’un
utilisateur, comprenant un capteur multicanal (9) photopléthysmographique (PPG), formé à partir d’une pluralité de
canaux de capteur PPG et étant adapté et étant adapté pour mesurer un ensemble de signaux PPG, chaque signal
PPG étant mesuré par l’un des canaux de capteur PPG, lorsque le capteur multicanal PPG est en contact avec
l’utilisateur, et un dispositif de traitement de signal configuré pour déterminer la valeur PAT en utilisant le procédé
selon l’une des revendications 1 à 13.

15. Le dispositif de capteur selon la revendication 14,
comprenant d’autre part un capteur de cardiographie par impédance (CGI) (5) pour mesurer un signal CGI, un
capteur d’électrocardiographie (ECG) (12) pour mesurer un signal ECG, et un capteur de phonocardiographie (PCG)
(6) pour mesurer un signal PCG ; le capteur CGI (5), le capteur ECG (12), et le capteur PCG (6) étant utilisés en
combinaison pour déterminer une valeur de période pré-éjection (PEP) en utilisant le procédé selon la revendication
9.
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16. Support informatique comprenant des portions de code programme qui sont exécutées par un dispositif de traitement
de signal afin de réaliser le procédé de l’une des revendications 1 à 15 lorsque ledit programme est exécuté par
ledit dispositif de traitement de signal.
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