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Description
Reference data

[0001] This application claims priority to United States provisional patent application, Serial No. 61/272,238, filed on
September 3, 2009. Priority to the provisional application is expressly claimed.

Field of the invention

[0002] The present disclosure relates to a method for estimating blood constituent concentration of a user under low
perfusion conditions using a spectrophotometry-based monitoring device.

Background

[0003] Pulse oximetry is a common, non-invasive method used in clinical environments to determine arterial oxygen
(de-) saturation. Introduced in 1983 to permit accurate and fast assessment of oxygen delivery, itis recognized worldwide
as the standard of care in anaesthesiology and is widely used in intensive care, operating rooms, emergency, patient
transport, general wards, birth and delivery, neonatal care, sleep laboratories, home care, veterinary medicine and
aerospace. Even more, pulse oximetry provides information not only for the blood oxygen saturation (SpO,), but also
for heartrate and local vascular irrigation. In commercial devices, either LEDs or LASERSs generate the light to be injected
into the skin. The backscattered light is then collected by a photodetector (e.g..a photodiode). These two elements can
be placed either side by side on the surface of the tissue, or on each sides of the tissue leading to two pulse oximetry
techniques: reflectance and transmittance. Most SpO, sensors use the fingertip or more rarely, the toe, as the meas-
urement site. The reason is that at these locations, the vascular bed is dense. Besides, the body is not too thick at the
finger or the toe; transmission photoplethysmography (PPG) is possible, which results in better accuracy than reflectance
PPG. The earlobe is also sometimes used, although problems of perfusion variations have been reported. Finally,
reflectance PPG is used mostly on the forehead, because of the reflectance of the skull and the relative stability with
respect to motion artifacts. However, the pulsation signal is about ten times weaker. Besides, accuracy problems have
been reported.

[0004] Commercially available SpO, sensors products are incompatible with comfortable and non obtrusive long-term
monitoring because they are either inconvenient and cumbersome to wear while performing activities like running, cycling
or other outdoor activities (for example at the fingertip) or their accuracy and reliability are limited (as for example for
the earlobe and the forehead).

[0005] The information conveying part in pulse oximetry is the so called ratio of ratios (Rgg), which is the ratio of AC
and DC components of a red signal divided by the ratio of AC and DC components of an infrared signal. From the signal
processing point of view, the most crucial task leading to an accurate SpO, estimation is therefore the accurate assess-
ment of AC and DC components of the photoplethysmographic signals. Conventionally, this is achieved either in the
time domain by extrema location or template matching or in the frequency domain by extraction of the magnitude of
specific spectral components [1]. Time domain methods, even in their most advanced implementation, currently based
on weighted moving average technique, give a precision of no better than 2%. In contrast, frequency domain methods
based on fast Fourier or cosine transform were identified as potentially superior, as described in reference 1: Webster
J G, Design of Pulse Oximeters, Medical Science Series, IOP Publishing (1997). Moreover, in highly noisy environments
it has been shown in numerous studies of applied signal processing that robust extraction of efficient and salient features
of multidimensional times series is often related to an adequate attenuation of harmful noise contributions in a dual
domain, such as, for example, the frequency domain or the domain spanned by the principal or independent component
of the observed signals (see reference 2: Virag N, Sutton R, Vetter R, Markowitz T, Erickson M (2007), Prediction of
vasovagal syncope from heart rate and blood pressure trend and variability: Experience in 1,155 patients. Heart Rhythm,
vol. 4, No. 11, pp. 1377-1382).

[0006] The use of ECG signal, or more generally the heart beat information, brings along another advantage in process-
ing noisy PPG signal due to low perfusion. Indeed, in order to improve the noise robustness of pulse oximetry under low
perfusion, methods have been proposed which process PPG signals in the time domain in synchronization with ECG
(see reference 1).

[0007] Publication "Biomedical Signal Processing and Portable Physiological Monitoring Devices" of A. RIDOLFI dis-
closes a portable physiological monitoring device which can be worn by workers in harsh environments. The device
monitors SpO, measurements at the sternum; it exploits SCG to extract the useful signal, uses accelerometer information
to remove movement artifacts, and selects optimal channels for estimating SpO2. The use for long term monitoring for
applications such as space applications is also disclosed. There is also disclosed the measurement of SpO, using a
finger ring sensor which uses a signal processing algorithm which exploits differential SpO, measurements.
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[0008] Known methods for monitoring SpO, based on frequency domain, such as FFT or DCT, typically require a high
computational load. Moreover, the signal is analyzed over a window that is constant such that the analyzed signal can
be more or less reliable depending on the possible artifacts and the intrinsic heart rate variability, resulting in a less
reliable SpO, estimated value.

Summary

[0009] The present application discloses a spectrophotometry-based monitoring method which overcomes at least
some limitations of the prior art.

[0010] According to the embodiments, a method for estimating blood constituent concentration of a user under low
perfusion conditions using a spectrophotometry-based monitoring device comprising a multichannel sensor formed of
a plurality of channels, and a cardiovascular sensor; can comprise: measuring a plurality of photoplethysmographic
(PPG) signals, each PPG signal being measured by one of a plurality of channels; measuring a cardio-synchronous
(CV) signal by using the cardiovascular sensor; detecting a instantaneous heart rate and determining a heart rate
variability from the CV signal; for each detected heart rate, projecting the measured PPG signals multiplied by a window
function on a principal frequency component, and selecting reliable projected PPG signals; and estimating a value of
said blood constituent concentration from the magnitude of said reliable projected PPG signals selected over a prede-
termined time period; characterized in that said window function has a window length which is adjusted at each detected
heart rate according to the determined heart rate variability; and in that the frequency of said principal frequency com-
ponent is estimated by averaging the heart rate over the window length.

[0011] According to the invention said blood constituent concentration comprises oxyhemoglobin, reduced-hemoglob-
in, carboxyhemoglobin, methemoglobin, or a combination of any of them.

[0012] In an embodiment, the principal frequency component can be a harmonic component with its phase being
determined by the time instant of the instantaneous heart rate and with its frequency being determined by the averaged
heart rate.

[0013] In yet another embodiment, the principal frequency component can be a wavetable oscillator with its phase
being determined by the instantaneous heart rate and with its frequency being determined by the averaged heart rate.
[0014] In yet another embodiment, said averaging the heart rate can comprise determining the mean heart rate value
of heart rate detected prior to the instantaneous heart rate, over the whole window length.

[0015] In yet another embodiment, said selecting reliable projected PPG signals can comprise selecting projected
PPG signals having a predetermined magnitude and a predetermined phase and/or coherence between the PPG signals
and the principal frequency component.

[0016] In yet another embodiment, said predetermined coherence can be equal or above 0.7.

[0017] Inyetanother embodiment, the monitoring device can further comprise a motion sensor for measuring a motion
signal, and the method can further comprise extracting a motion frequency from the motion signal.

[0018] In yet another embodiment, the window function can be designed according to the extracted motion frequency.
[0019] Inyetanother embodiment, for the motion artifacts being smaller than large-band background noise, the window
function can have maximal attenuation of lateral lobes, and the window function can be a Hanning window or a Kaiser
window.

[0020] Inyet another embodiment, for the motion artifacts being larger than large-band background noise, the window
function yields an equivalent frequency response having zeros at the motion frequency and its harmonics, and the
window function is a rectangular window.

[0021] The disclosure also pertains to a monitoring device for estimating blood constituent concentration in tissue
under low perfusion of a user using the method disclosed herein and comprising the disclosed multichannel sensor, and
a cardiovascular sensor for delivering a cardio-synchronous (CV) signal.

[0022] In an embodiment, the monitoring device can further comprise a motion sensor for measuring a motion signal.
[0023] In another embodiment, each of said plurality of channels can comprise an emitter containing a first and second
radiation source emitting at the red and infrared wavelengths, respectively, and a receiver for receiving optical radiation
emitted by the emitter.

[0024] In yet another embodiment, said cardiovascular sensor can be an ECG sensor and the CV signal is a surface
ECG signal, or an ECG sensor and the CV signal is a PPG signal.

[0025] The method disclosed herein provides reliable estimation of the blood constituent concentration even for tissues
under very poor perfusion. This is mainly due to fact that detection of the time instant of heart beat and estimation of the
instantaneous heart rate may be performed with high reliability and accuracy on ECG and projection on according
principal frequency component provides highest noise reduction if the projection length is chosen optimally with respect
to heart rate variability and noise in PPG signals. The disclosed method requires computational load that is highly
diminished compared to conventional methods based on frequency domain approach as FFT or DCT.
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Brief Description of the Drawings

[0026] 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 represents schematically a multichannel sensor according to an embodiment;
Fig. 2illustrates schematically a monitoring device comprising the multichannel sensor, according to an embodiment;

Fig. 3 is a flow chart illustrating a method for estimating a value of gas concentration in blood under low perfusion
conditions using the monitoring device; and

Figs. 4 and 5 show a plot of SpO, estimation (upper graph) and relative error (lower graph) for different measurement
examples.

Detailed Description of the preferred embodiments

[0027] Fig. 2illustrates schematically a spectrophotometry-based monitoring device according to an embodiment. The
monitoring device comprises a multichannel sensor 1, containing a plurality of photoplethysmographic (PPG) sensor
channels, and fitted in a strap band 10 such as to be located in contact with the user’s skin, in the sternum area. Such
placement is comfortable and non obtrusive for long-term monitoring while performing activities like running, cycling or
other outdoor activities. Other placements of the multichannel sensor 1 are however possible, for example, on a wrist
strap, on aforehead-band, or on any suitable location within the scope of the embodiments. An advantage of the disclosed
monitoring device setup and measurement method is that the multichannel sensor 1 can be located in an area having
low perfusion while providing reliable estimation of constituents in blood such as blood oxygen saturation (SpO,) as will
be described below.

[0028] The multichannel sensor 1 is represented schematically Fig. 1, according to an embodiment. The multichannel
sensor 1 comprises eight equally radially disposed individual PPG sensor channels. The multichannel sensor 1 can
measure a plurality of PPG signals, each PPG signal being measured by one of the channels 2, 5. Each PPG sensor
channel is formed from an emitter 2 comprising a first radiation source 3 emitting at the red wavelengths and a second
radiation source 4 emitting at the infrared wavelengths. The first and second light sources 3, 4 can be LEDs, preferably
emitting at 660 nm and 940 nm, respectively. Each PPG sensor channel also comprises a receiver 5, such as a photo-
detector, for receiving the optical radiation emitted by the emitter 2 and transmitted through the skin tissue. The receiver
5 is connected to an analog-to-digital converter (ADC) module (not represented) delivering corresponding measured
PPG signals. In the example of Fig. 1, the multichannel sensor 1 contains four equally radially spaced receivers 5, each
receiver 5 being used to receive the PPG signals transmitted from two adjacent emitters 2. Other numbers and arrange-
ments of the emitters 2 and receivers 5 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 overcome poor PPG signal quality related
to inhomogeneous and poor subcutaneous blood flow, to attenuate non-correlated measurement noise in the different
channel, as well as reduce artifacts related to movements which may not be recorded by an accelerometer. However,
this requires a more sophisticated signal processing.

[0029] In an embodiment, the multichannel sensor 1 further comprises a motion sensor 6 for measuring a motion
signal representative of the user’'s movements. As schematically shown in Fig. 1, the motion sensor 6 is placed within
the multichannel sensor 1, possibly forming an integrated sensor comprising the multichannel sensor 1 and the motion
sensor 6. In this configuration, the motion signal is better correlated with the measured multichannel sensor 1 signal
than if the motion sensor 6 is placed further from the multichannel sensor 1. Moreover, the placement of the multichannel
sensor 1 on the sternum is advantageous since it approximates essentially gravity center based accelerometer meas-
urement on the user. The motion sensor 6 can comprise an ADC module (not shown) outputting acquired motion signals.
[0030] The motion sensor 6 is preferably a MEMS-based three dimensional accelerometer adapted to deliver an
acceleration signal along three axes, as described in U.S. patent serial number 7,018,338 by the present applicant. It
will however be appreciated that other types of accelerometers or motion detecting devices can be used provided they
deliver a reliable measure of motion. For example, the motion sensor 6 could be a gyro-sensor of any suitable technology
incorporating a one or multi-dimensional accelerometer, or a rotating or vibrating element.

[0031] In the example of Fig. 2, the monitoring device further comprises a cardiovascular sensor for measuring a
cardio-synchronous (CV) signal. The cardiovascular sensor is an ECG sensor and contains two signal ECG electrodes
7 being fixed on a chest band 13, connected to the strap band 10, such as to be in contact with the user’s skin. The
ECG sensor also comprises an ECG ground electrode shown by the numeral 14 in Fig. 1. ECG electrodes 7, 14 are
preferably widely spaced across the patient’s body. Other arrangements of the ECG electrodes are also possible. Flexible
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ECG electrodes, for example such as described in U.S. patent application serial No. 2006/0142654, can be integrated
into the chest band and/or the strap tissue or into a garment fabric. The ECG electrodes can be connected to a comparator
(not shown) for determining a difference value between the measured electric potentials at the different ECG electrode
locations. The ECG sensor can comprise more than two signal ECG electrodes 7. Moreover, the ECG sensor can
comprise an ADC module (also not shown) outputting the acquired measured CV signal.

[0032] In another embodiment, the cardiovascular sensor is a PPG-based CV sensor and the CV signal is a PPG-
based CV sensor signal. Here, the multichannel sensor 1 can be utilized for measuring the PPG-based CV sensor signal,
or the PPG-based CV sensor can be an additional PPG-based sensor (not shown). Alternatively, the cardiovascular
sensor can be based on impedance cardiography, ultrasound, or any other measurement device adapted to provide a
reliable CV signal from the user.

[0033] The measuring the CV signal and the plurality of PPG signals can comprise acquiring the CV and PPG signal
with a predetermined sampling rate. The sampling rate is typically comprised between 20 and 30 Hz. In the following
text, the expressions "measured CV signal" or "measured PPG signal" and "CV sample" or PPG sample" will be used
indifferently.

[0034] In an embodiment, the respective ADC modules of the PPG sensor channels 2, 5, motion sensor 6, and ECG
sensor 7, 14 further comprise a signal filtering and shaping device (not shown). The respective ADC modules can be
formed from a single ADC module placed in the strap band 10 or chest band 13. Filtering of the measured analog PPG,
motion, and CV signals can be performed by means of an analog low-pass filter whose band is of 10 Hz for the PPG
signals and 50 Hz for the ECG and motion signals, for example. The measured signals are then transferred to a signal
processing module (not shown). Eliminating artifacts due to movements of the user in the PPG and CV signals can be
performed in the signal processing module by using the motion signal delivered by the motion sensor 6. Such processing
is described in more details in the European patent application No. 1297784 and U.S. patent 7,175,601, both by the
present applicant. A battery (also not shown) can also be placed in one of the bands 10, 13 to power the multichannel
sensor 1 and ECG sensor 7, 14. The processing module can be an adequately programmed digital signal processor or
DSP or a general purpose microcontroller (not represented). The measured PPG, motion, and CV signals can be
transferred to the signal processing module through a cable (not shown) or wirelessly.

[0035] In yet another embodiment not represented, the multichannel sensor 1 and/or ECG sensor 7, 14 can include
an embedded signal processor or other type of dedicated processors for performing any desired processing of the
measured PPG, CV or motion signals, prior to outputting signals to the signal processing module.

[0036] A method forestimating avalue of gas concentration in blood under low perfusion conditions using the monitoring
device disclosed herein is diagrammatically shown in Fig. 3 according to an embodiment. The method comprises the
steps of:

measuring the CV signal by using the ECG sensor 7, 14;
measuring the plurality of PPG signals, each PPG signal being measured by one of the channels 2, 5;

detecting heart beats, or an instantaneous heart rate, and determining a heart rate variability from the measured
CV signal (numeral 16 in Fig. 3);

for each detected heart rate, projecting the measured PPG signals multiplied by a window function on a principal
frequency component (numeral 21 in Fig. 3), and selecting reliable projected PPG signals (numeral 22 in Fig. 3); and

estimating a SpO, value from the magnitude of said reliable projected PPG signals selected over a predetermined
measurement time period (numeral 24 in Fig. 3).

[0037] The method can further comprise a step of filtering the measured PPG and CV signals. This step is shown
respectively by numerals 15 and 19 in Fig. 3. Filtering of the measured CV signals can be performed by using a numerical
finite length band-pass filter, preferably using a band-pass in the frequency range comprised between 15 and 30 Hz.
Filtering the measured PPG signals can be performed by using a numerical band-pass filter, such as a finite impulse
response (FIR) filter.

[0038] Heart beats can be detected from the CV signals using the maximum of the R-Wave. The instantaneous heart
rate can then be determined from the time difference between the R-R intervals, between the two adjacent R-Wave
maxima. The instantaneous heart rate variability, then, corresponds to the maximal variation of the R-R intervals over
the analysis window length defined below.

[0039] In an embodiment, the projecting of the PPG samples, or the instantaneous projecting of the PPG samples,
for each detected heart rate is obtained by using Equation 1:
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PPG,yo;(n) = 30 o2 Lw® PPG(kyr(n) — Wiensz — 1) PC(D)

l==Wien

(Equation 1),

where PPG, 4 corresponds to the projected PPG sample for the nth heart rate detected in the CV signal at a time
instant tz ;) of the maximum of the associated R-wave and which corresponds to a sample kyg(,) in the PPG signal, w(l)
is the window function, and w,,, a window length of the projection. The principal frequency component PC(/) phase
adjusted to the nth heart beat NyRk) is defined by Equation 2:

PC(1) = e/#Melturto™Wien2™D)  with  —wypp ;, < 1< Wien s
(Equation 2),

where f, is the mean heart rate over the window length w,,, as defined in the procedure below, normalized with respect
to the sampling frequency of the PPG signals.

[0040] The window function can be designed, for example, from a rectangular, Hanning, Hamming, or Blackman
window function. The step of designing the window function is represented by the numeral 20 in Fig. 3 and is described
in more details below.

[0041] The window length w;,, can be optimally adjusted at each heart rate by a procedure taking into account the
maximal heart rate variability over the window length comprising the steps of:

1. starting at instantaneous heart rate (detected from the R-Wave) and evaluating an associated RR interval using
Equation 3:

RR(N) = tr(n) - tren-1) (Equation 3),

where tg - tr(n-1) corresponds to the difference of time instant of the nth and (n-1)th heart rates;
2. setting iteration index i = 1.
3. evaluating an equivalent bandwidth Beq(i) as in Equation 4:

1

Beq() =f (RR(H)) (Equation 4),

where f is a function depending on a given window;
4. evaluating the RR interval with:

RRn-iy = tr(n-i) - tren-i-1) (Equation 5);
5. evaluating the equivalent bandwidth as:

Beq(i+1) = f(1/XL-oRR(n — q)) (Equation 6);
6. and while:
max([1/RRn-iy, .., 1/RR(n)]) -
Min([1/RRn-iy, --- , 1/RRm)]) < Begli+1) (Equation 7),

increment i and go to step 4.

[0042] At the end of this procedure the optimal window length t,;, can be determined by Equation 8:
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twin = Xymo RR(N — q) (Equation 8),

which yields in samples:

Wien = twin * (PPG sampling frequency) (Equation 9),

and the mean heart rate f; is determined by:

f. = mean([1/RRn-is1), --.s 1/RR(m)]) (Equation 10).

[0043] Moreover, the time instant of the last tr(n) provides the trigger for the generation of the principal frequency
component. In Fig. 3, bold dashed lines indicate the PPG signals measured from the multichannel sensor 1 with their
associated information, such as coherence, phase, and magnitude of the principal frequency component projection.
[0044] In an embodiment corresponding to a simplest case, the principal frequency component is a harmonic compo-
nent with its phase being determined by the R-wave location, or instantaneous heart rate, on the corresponding CV
signal delivered by the ECG-based sensor 7, 14, and with its frequency being determined by the mean heart rate value.
Here, the mean heart rate value can be determined from the heart rates detected over the whole window length w,,,
(past heart rates), prior to the instantaneous heart rate.

[0045] In another embodiment, the principal frequency component is a wavetable oscillator with its phase being de-
termined by the instantaneous heart beat, or R-wave location, on the corresponding CV signal delivered by the ECG-
based sensor 7, 14, and with its frequency being determined from the instantaneous heart rate and the heart rates
detected over the whole window length w,,, (past heart rates). The fundamental wavelet of the wavetable oscillator can
be updated as a function of the reliable projected PPG signals. This technique can yield a more robust projection of the
PPG signals.

[0046] In an embodiment, reliability of the PPG signals is determined from the magnitude of the projected PPG signals
and the phase, and/or coherence between the PPG signals and the principal frequency component. More particularly,
the maximum attenuation of the PPG signals by the tissue occurs during the cardiac systole phase of the cardiac cycle,
starting substantially at the R-wave. Therefore, the phase between the R-wave triggered principal frequency component
and the PPG signal should vary within given bounds which can be fixed for a given channel location.

[0047] Reliable projected PPG samples can then be selected from the instantaneous projected PPG signals having
a predetermined magnitude and for a predetermined phase, and/or coherence between the PPG signals and the principal
frequency component. Reliable projected PPG signals can be selected for projected PPG signals obtained during a
measurement period extending over several heart beats on the past, based on the magnitude, phase and coherence
values estimated for each of the projected PPG signals.

[0048] In an embodiment, the reliable projected PPG signals are selected based on the coherence between the PPG
signals and the principal frequency component having a value equal or above 0.7. The magnitude of the projected PPG
signal depends on the electronics used but should be above background noise, or noise floor, for example at least twice
the noise floor, but not too large where it would correspond to movement artifacts. Moreover, the phase should be
comprised between a value above zero and less than a maximal angle ¢ which depends mainly on the sensor location
and the heart rate, resulting in a linear phase relationship determined by:

¢ =2n f. ot (Equation 11)

where 6t is the maximally elapsed time between the occurrence of the heart beat and PPG pulse wave at the sensor
location, typically 8t may be in the range of 5 to 30 ms).

[0049] In an embodiment, the method further comprises a step of extracting a motion frequency of the motion artifacts
of the user (shown by numeral 17 in Fig. 3), and determining an activity of the user, by using motion signals measured
by the motion sensor 6. Motion artifacts of the user can comprise regular periodical movement artifact related to activities
like, for example, running, cycling, walking, etc., or voluntary and involuntary (respiration) subject movements. A funda-
mental, or central, motion frequency can be extracted from the motion signals through one of the following technique
comprising zero-crossing, parametric or non-parametric spectral estimation, autocorrelation, recurrence plots. Such
central motion frequency is typically representative of to the most harmful regular noise contributions from motion artifacts.
[0050] The window function can then be optimally designed according to the estimated motion frequency, or relative
importance of the level of large-band background noise and movement artifacts, and possibly along with the determined
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heart rate, and a maximal heart rate variability. This step is represented by numeral 18 in Fig. 3. The maximal heart rate
variability can be determined as the maximal heart rate variation over the window length as processed in step 6 of the
above procedure.

[0051] For example, in the absence of regular movement artifacts or in the case the movement artifacts are smaller
than large-band background noise, the design criterion of the window function is the maximization of the signal-to-noise
ratio (SNR) of the PPG signals with respect to large-band background noise. In these conditions, the window function
should preferably have maximal attenuation of lateral lobes, and the window function can be, for example, a Hanning
or Kaiser window. The equivalent projection bandwidth should be minimal but even though retain the main signal char-
acteristics. In these conditions, the projection, or window length w,,,, can be determined by a frequency response of the
window function having a bandwidth corresponding to the maximal heart rate variability, determined over the same
window length w,,,.

[0052] In the case where movement artifacts are larger than large-band background noise, the window function is
such as to yield an equivalent frequency response having its zeros at the frequency of harmful regular noise contributions
due to regular movement artifacts, or central motion frequency. For example, a rectangular window can be chosen in
the case harmonic movement artifacts are predominant and the difference between heart rate and motion frequency is
very small.

[0053] Values of ratio of ratios (Rpg) are obtained from the principal frequency component of the reliable projected
PPG signals at each heart beat (detected from R-wave) and for each channel of the multichannel sensor 1. Here Rng
stands for the ratio of the magnitudes of projections of harmonic components at heart rate and 0 Hz of the PPG signals
in the red wavelengths, divided by the ratio of magnitude of projections of harmonic components at heart rate and 0 Hz
of the PPG signals in the infrared wavelengths. The Rqg is evaluated from the magnitude of the projections of all channels.
An instantaneous Rqg estimation can then be determined by applying a statistical technique (for example mean, median,
maximum likelihood) to a matrix comprising the Ryg values obtained from the reliable projected PPG signals at each
heart beat and for each channel, during the measurement time period extending over several heart beats on the past
(numeral 23 in Fig. 3).

[0054] In alast step shown by numeral 24 in Fig. 3, an instantaneous SpO, estimation is obtained as in conventional
pulse oximetry by Equation 12:

Sp0O;(t) = a - b ROS(t) (Equation 12).

[0055] This simple linear projection may be refined as a more complex functional approximation. However, this would
require a large clinical study which was out of the scope of actual study.

[0056] The measurement time period used for estimating the instantaneous Ryg is typically chosen with respect to a
given application. For example, in the case highly accurate instantaneous SpO, estimations are required and a slow
dynamic response is tolerated, the statistical operation may be performed during the measurement time period corre-
sponding to up to 120 heart beats or even more. In contrast, in the case a faster and less accurate instantaneous SpO,
estimation the statistical operation can be performed during the measurement time period corresponding to up 60 heart
beats or even less.

[0057] A further improvement may be achieved by replacing the statistical operator by spatiotemporal principal com-
ponent analysis. Indeed, it has been shown that for PPG signals with high intrinsic time and spatial correlations, spati-
otemporal principal component analysis yields improved performance in adverse highly noisy environment. Indeed, on
the one hand, the multichannel sensor 1 provides Rqg estimates from different channel locations which should be highly
correlated. On the other hand, the physiological basis for pulse oximetry ensures that SpO, values from one heart beat
to the next have high intrinsic correlations. Spatiotemporal principal component analysis (PCA) allows estimating a
reliable evolution of the Ryg values over a short time window of typically 20 to 120 sec. Finally, subsequent short term
evolution profiles of the Ryg can be combined in a windowing averaging technique as it is often achieved in speech
processing (see reference 3: Deller J R, Hansen J H, Proakis J G (1999) Discrete-time processing of speech signals.
Wiley-IEEE Press).

[0058] While the invention may be susceptible to various modifications and alternative forms, specific embodiments
have been shown by way of example in the drawings and have been described in detail herein. However, it should be
understood that the invention is not intended to be limited to the particular forms disclosed. Indeed, the monitoring device
and the method disclosed herein may not only be applied to measurements and estimation of SpO,, but may also be
utilized for the measurement and/or analysis of other blood constituents in blood. For example, using the same, different,
or additional wavelengths, the present monitoring device and the method can be utilized in conjunction with the meas-
urement and/or analysis of blood constituent concentration comprising oxyhemoglobin, reduced-hemoglobin, carboxy-
hemoglobin (SpCO), methemoglobin (SpMet), or a combination of any of them. An example of combination of blood
constituent concentrations is SpO2, defined as the ratio of oxyhemoglobin concentration over total hemoglobin concen-
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tration.

[0059] An ambulatory validation according to a first example was conducted using the monitoring device of Fig. 2. The
first conventional finger clip sensor 8 was a NELLCOR N-595 combined with OxiMax finger-clip. The second conventional
finger clip sensor 9 was a BIOPAC finger-clip transducer TSD123 AC connected to BIOPAC MP 150 acquisition platform.
The SpO, estimations obtained with the multichannel sensor 1 were compared to the ones obtained with the two finger-
clip sensors. The two finger-clip sensors 8, 9 used here were chosen for the cross-validation procedure because of their
reliability and the ease to ensure no motion at this sensor location. The validation follows the procedure for non-invasive
laboratory testing on healthy volunteers of the ISO9919 international standard for Medical electrical equipment and
particular requirements for the basic safety and essential performance of pulse oximeter equipment for medical use.
Also visible in Fig. 2 is the ECG sensor 5 (BIOPAC).

[0060] Ten male volunteers, non-smokers, 25-54 years old, took part in this validation. Informed consent to induced
hypoxia was obtained from each patient in resting supine position with a gradual breathe down protocol for SpO, values
ranging from 100 to 70%. A non re-breathing system 11 attached to an oxygen (O,) / Nitrogen (N,) / Air gas delivery
apparatus (AltiTrainer, SMTEC SA) provided the hypoxic gas mixture to the volunteer, via a facemask held in place by
a fabric elastic head cradle.

[0061] SpO, estimation provided by the method disclosed above has been compared to the SpO, values of the
reference devices, and the performances evaluated on the basis of the average means square error (AMSE), the bias,
and the percentage of time the absolute relative error was <0.3%. Table 1 below summarizes the performance evaluation.
[0062] Similar performances have been observed in nine out of the ten tested subjects. Fig. 4 reports the results for
one of the subjects (subject 5) where the method showed similar performances. Fig. 5 reports the results of another
subject (subject 10), where the method provided poor SpO, estimation. More particularly, the upper graphs of Figs. 4
and 5 plot the SpO, estimation obtained with the multichannel sensor 1 (thick line, noted as "@STcggy" in the legend).
Confidence intervals determined by the measurements with the conventional finger-clip sensors 8, 9 are shown by the
dotted lines (denoted "@FC,g 1 30," in the legend). The relative error (Error in %) with confidence intervals for the SpO,
estimation obtained with the multichannel sensor 1, first and second conventional finger-clip sensors 8, 9 are shown in
the bottom graphs of Figs. 4 and 5 by the circles. In the bottom graphs of Figs. 4 and 5, the lines represent the different
confidence intervals as described in the corresponding legends. It can be noticed that when the algorithm poorly estimates
the SpO, (subject 10) it also indicates the low reliability of the estimation (see Fig. 5).

Table 1 Evaluation results of our algorithm
Subject AMSE bias % abs err < 3%

1 1.3555 0.1137  95.4395
2 1.9861 -0.2712 88.9400
3 1.0477 0.1905 99.1556
4 2.0555 1.5006 85.4915
5 1.2782 0.0516  97.5844
6 1.5020 0.8062 98.4399
7 1.9408 -1.3643 87.2347
8 2.0642 -0.0779 85.9316
9 1.8069 -1.5085 95.0396
10 27272 16410 69.4551

[0063] In contrast to classical frequency based pulse oximetry algorithms using FFT or DCT, the disclosed method
requires computational load that is highly diminished since only one component is used while frequency resolution and
associated projection bandwidth is even improved. Indeed, whereas in FFT or DCT frequency resolution is determined
by the order of the applied transform, the method disclosed herein provides the exact location of the principal frequency
component as the short-term mean of the instantaneous heart rate. Moreover, the projection bandwidth which is deter-
mined by the type and length of the pre-window can be adjusted depending on the relative levels of movement artifacts
and large-band background noise, and/or the level of accuracy required in SpO, estimation.

Reference numbers

[0064]

1 multichannel sensor
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emitter
first radiation source
second radiation source

motion sensor
ECG electrodes
first conventional finger clip sensor
9 second conventional finger clip sensor
10  strap band
11 non re-breathing system
13  chest band
14  ECG ground electrode
15 filtering, band-pass 8 to 17 Hz
16  HR estimation through R-wave location
17  activity processing
18  window design
19  FIRfiltering
20  pre-windowing
21  projecting on a principal frequency component
22  discarding non-reliability projected PPG signals
23  instantaneous Rgg estimation
24  instantaneous SpO, estimation

ADC
Ccv
FIR
PC
PPG
Wlen

Claims

2
3
4
5 receiver
6
7
8

analog-to-digital converter
cardio-synchronous

finite impulse response
principal frequency component
photoplethysmographic
window length

1. Method for estimating blood constituent concentration of a user under low perfusion conditions using a spectropho-
tometry-based monitoring device comprising a multichannel sensor (1) formed from a plurality of channels (2, 5),
and a cardiovascular sensor (7, 14), wherein said blood constituent concentration comprises blood oxygen saturation,
carboxyhemoglobin, met-hemoglobin, or a combination of any of them; the method comprising:

measuring a plurality of photoplethysmographic (PPG) signals, each PPG signal being measured by one of the
channels (2, 5);

measuring a cardio-synchronous (CV) signal by using the cardiovascular sensor (7, 14);

detecting an instantaneous heart rate and determining a heart rate variability from the CV signal;

for each detected heart rate, projecting the measured PPG signals multiplied by a window function on a principal
frequency component, and selecting reliable projected PPG signals; and

estimating a value of said blood constituent concentration from the magnitude of said reliable projected PPG
signals selected over a predetermined time period;

characterized in that

said window function has a window length (w¢,,) which is adjusted at each detected heart rate according to the
determined heart rate variability; and in that

the frequency of said principal frequency component is estimated by averaging the heart rate over the window
length (Wg,).

2. The method according to claim 1, wherein
the principal frequency component is a harmonic component with its phase being determined by the instantaneous
heart rate and with its frequency being determined by the averaged heart rate.
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The method according to claim 1 , wherein
the principal frequency component is a wavetable oscillator with its phase being determined by the instantaneous
heart rate and with its frequency being determined by the averaged heart rate.

The method according to any of the claims from 1 to 3, wherein
said averaging the heart rate comprises determining the mean heart rate value of heart rate detected prior to the
instantaneous heart rate, over the whole window length (wg,).

The method according to any of the claims from 1 to 4, wherein

said selecting reliable projected PPG signals comprises selecting projected PPG signals having a predetermined
magnitude and a predetermined phase and/or coherence between the PPG signals and the principal frequency
component.

The method according to claim 5, wherein
said predetermined coherence is equal or above 0.7.

The method according to any one of claims 1 to 6, wherein
the monitoring device further comprises a motion sensor (6) for measuring a motion signal, and wherein
the method further comprises extracting a motion frequency from the motion signal.

The method according to claim 7, wherein
the window function is designed according to the extracted motion frequency.

The method according to claim 8, wherein
for the motion artifacts being smaller than large-band background noise, the window function has maximal attenuation
of lateral lobes.

The method according to claim 9, wherein
for the motion artifacts being larger than large-band background noise, the window function yields an equivalent
frequency response having zeros at the motion frequency and its harmonics.

Monitoring device for estimating blood constituent concentration in tissue under low perfusion of a user using the
method characterized by any of the claims from 1 to 10, wherein

said blood constituent concentration comprises blood oxygen saturation, carboxyhemoglobin, met-hemoglobin, or
a combination of any of them, the monitoring device comprising a multichannel sensor (1) formed from a plurality
of channels (2, 5), for delivering photoplethysmographic (PPG) signals; and a cardiovascular sensor (7, 14), for
delivering a cardio-synchronous (CV) signal, and

a processor which is configured to, detect an instantaneous heart rate and determining a heart rate variability from
the CV signal; for each detected heart rate, projecting the measured PPG signals multiplied by a window function
on a principal frequency component, and selecting reliable projected PPG signals; and estimate a value of said
blood constituent concentration from the magnitude of said reliable projected PPG signals selected over a prede-
termined time period; said window function has a window length (w,.,) which is adjusted at each detected heart rate
according to the determined heart rate variability; the frequency of said principal frequency component is estimated
by averaging the heart rate over the window length (wg,).

The monitoring device according to claim 11,
further comprising a motion sensor (6) for measuring a motion signal.

The monitoring device according to the claims 11 or 12, wherein

each of said plurality of channels comprises an emitter (2) containing a first and second radiation source (3, 4)
emitting at the red and infrared wavelengths, respectively, and a receiver (5) for receiving optical radiation emitted
by the emitter (2).

The monitoring device according to any of claims from 11 to 13, wherein

said cardiovascular sensor is an ECG sensor (7, 14) or a PPG-based CV sensor and the CV signal is a surface
ECG signal or a PPG-based CV sensor signal, respectively.

1"
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Patentanspriiche

1.

10.

11.

Verfahren zur Schatzung der Blutbestandteilkonzentration eines Benutzers unter niedrigen Perfusionsbedingungen
unter Verwendung einer Uberwachungsvorrichtung auf der Basis von Spektrophotometrie, mit einem aus einer
Vielzahl von Kanalen (2, 5) gebildeten Mehrkanalsensor (1) und einem kardiovaskularen Sensor (7, 14), worin die
besagte Blutbestandteilkonzentration Blutsauerstoffsattigung, Carboxyhamoglobin, Met-Hadmoglobin oder eine
Kombination irgendwelcher von diesen umfasst; wobei das Verfahren umfasst:

das Messen einer Vielzahl von photoplethysmographischen (PPG) Signalen, wobei jedes PPG-Signal durch
einen der Kanale (2, 5) gemessen wird;

das Messen eines kardiosynchronen (CV) Signals unter Verwendung des kardiovaskularen Sensors (7, 14);
das Erfassen einer momentanen Herzfrequenz und das Bestimmen einer Herzfrequenzvariabilitat aus dem CV-
Signal;

fur jede erfasste Herzfrequenz, das Projizieren der gemessenen PPG-Signale multipliziert mit einer Fenster-
funktion auf eine Hauptfrequenzkomponente, und das Auswahlen zuverlassiger projizierter PPG-Signale; und
das Schatzen eines Werts der besagten Blutbestandteilkonzentration aus der Grosse der zuverldssig projizierten
PPG-Signale, die uber eine vorbestimmte Zeitdauer ausgewahlt wurden;

dadurch gekennzeichnet, dass

die besagte Fensterfunktion eine Fensterlange (w;,) aufweist, die bei jeder erfassten Herzfrequenz geméass
der bestimmten Herzfrequenzvariabilitdt angepasst wird; und darin, dass

die Frequenz der besagten Hauptfrequenzkomponente geschatzt wird, indem die Herzfrequenz Gber die Fens-
terlange (wie,) gemittelt wird.

Verfahren gemass Anspruch 1, worin die Hauptfrequenzkomponente eine harmonische Komponente ist, deren
Phase durch die momentane Herzfrequenz bestimmt wird und deren Frequenz durch die gemittelte Herzfrequenz
bestimmt wird.

Verfahren gemass Anspruch 1, worin die Hauptfrequenzkomponente ein wellenférmiger Oszillator ist, dessen Phase
durch die momentane Herzfrequenz bestimmt wird und deren Frequenz durch die gemittelte Herzfrequenz bestimmt
wird.

Verfahren gemass irgendeinem der Anspriiche 1 bis 3, worin das besagten Mitteln der Herzfrequenz das Bestimmen
des mittleren Herzfrequenzwerts der vor der momentanen Herzfrequenz detektierten Herzfrequenz tiber die gesamte
Fensterlange (w;g,) umfasst.

Verfahren gemass irgendeinem der Anspriiche 1 bis 4, worin das besagte Auswahlen zuverlassiger projizierter
PPG-Signale das Auswahlen projizierter PPG-Signale mit einer vorbestimmten Grdsse und einer vorbestimmten
Phase und/oder Koharenz zwischen den PPG-Signalen und der Hauptfrequenzkomponente umfasst.

Verfahren gemass Anspruch 5, worin die besagte vorbestimmte Koharenz gleich oder grésser als 0,7 ist.

Verfahren gemass irgendeinem der Anspriiche 1 bis 6, worin die Uberwachungsvorrichtung ferner einen Bewe-
gungssensor (6) zum Messen eines Bewegungssignals umfasst, und worin das Verfahren ferner das Extrahieren
einer Bewegungsfrequenz aus dem Bewegungssignal umfasst.

Verfahren gemass Anspruch 7, worin die Fensterfunktion gemass der extrahierten Bewegungsfrequenz ausgelegt
ist.

Verfahren gemass Anspruch 8, worin fiir die Bewegungsartefakte, die kleiner als das breitbandige Hintergrundrau-
schen sind, die Fensterfunktion eine maximale Dampfung der Seitenkeulen aufweist.

Verfahren gemass Anspruch 9, worin fiir die Bewegungsartefakte, die grésser als das breitbandige Hintergrundrau-
schen sind, die Fensterfunktion eine dquivalente Frequenzantwort mit Nullen bei der Bewegungsfrequenz und ihren
Oberschwingungen ergibt.

Uberwachungsvorrichtung zur Schatzung der Blutbestandteilkonzentration in Gewebe unter geringer Perfusion

eines Benutzers unter Verwendung des durch irgendeinen der Anspriiche 1 bis 10 gekennzeichneten Verfahrens,
worin die besagte Blutbestandteilkonzentration Blutsauerstoffsattigung, Carboxyhamoglobin, Met-Hadmoglobin oder
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eine Kombination irgendwelcher von diesen umfasst; wobei die Uberwachungsvorrichtung einen aus einer Vielzahl
von Kanélen (2, 5) gebildeten Mehrkanalsensor (1) und einen kardiovaskularen Sensor (7, 14) zur Lieferung eines
kardiosynchronen (CV) Signals umfasst, und

einen Prozessor umfasst, der konfiguriert ist, um eine momentane Herzfrequenz zu erfassen und eine Herzfre-
quenzvariabilitat aus dem CV-Signal zu bestimmen; fir jede erfasste Herzfrequenz, die gemessenen mit einer
Fensterfunktion multiplizierten PPG-Signale auf eine Hauptfrequenzkomponente zu projizieren, und zuverlassige
projizierte PPG-Signale auszuwahlen; und einen Wert der besagten Blutbestandteilkonzentration aus der Grésse
der zuverlassig projizierten PPG-Signale, die Uber eine vorbestimmte Zeitdauer ausgewahlt wurden, zu schatzen;
wobei die besagte Fensterfunktion eine Fensterlange (w;.,) aufweist, die bei jeder erfassten Herzfrequenz geméss
der bestimmten Herzfrequenzvariabilitdt angepasst wird; wobei die Frequenz der besagten Hauptfrequenzkompo-
nente geschéatzt wird, indem die Herzfrequenz (iber die Fensterlange (w,g,) gemittelt wird.

Uberwachungsvorrichtung geméss Anspruch 11, ferner mit einem Bewegungssensor (6) zum Messen eines Be-
wegungssignals.

Uberwachungsvorrichtung geméass den Anspriichen 11 oder 12, worin jeder der besagten Vielzahl von Kanalen
einen Sender (2) umfasst, der eine erste und eine zweite Strahlungsquelle (3, 4) enthalt, die bei der roten bzw.
infraroten Wellenldnge emittieren, und einen Empfanger (5) zum Empfangen von optischer Strahlung, die vom
Emitter (2) emittiert wird.

Uberwachungsvorrichtung gemass irgendeinem der Anspriiche 11 bis 13, worin der besagte kardiovaskulare Sensor
ein EKG-Sensor (7, 14) oder ein PPG-basierter CV-Sensor ist, und das CV-Signal ein Oberflachen-EKG-Signal
oder ein PPG- basiertes CV-Sensorsignal ist.

Revendications

Procédé d’estimation de la concentration en constituants sanguins d'un utilisateur dans des conditions de faible
perfusion utilisant un dispositif de surveillance basé sur la spectrophotométrie comprenant un capteur multicanal
(1) formé d’une pluralité de canaux (2, 5) et un capteur cardiovasculaire (7, 14), dans lequel ladite concentration
en constituants sanguins comprend la saturation en oxygéne du sang, la carboxyhémoglobine, la méthémoglobine
ou une combinaison de ceux-ci ; le procédé comprenant:

de mesurer une pluralité de signaux photopléthysmographiques (PPG), chaque signal PPG étant mesuré par
'un des canaux (2, 5);

de mesurer un signal cardio-synchrone (CV) en utilisant le capteur cardiovasculaire (7, 14);

de détecter une fréquence cardiaque instantanée et déterminer une variabilité de la fréquence cardiaque a
partir du signal CV;

pour chaque fréquence cardiaque détectée, projeter les signaux PPG mesurés multipliés par une fonction de
fenétre sur une composante de fréquence principale, et sélectionner des signaux PPG projetés fiables; et
estimer une valeur de ladite concentration de constituant sanguin a partir de I'amplitude desdits signaux PPG
projetés fiables sélectionnés sur une période de temps prédéterminée;

caractérisé en ce que

ladite fonction de fenétre a une longueur de fenétre (w,,,) qui est ajustée a chaque fréquence cardiaque détectée
en fonction de la variabilité de fréquence cardiaque déterminée; et

en ce que la fréquence de ladite composante fréquentielle principale est estimée en faisant la moyenne du
rythme cardiaque sur la longueur de la fenétre (wig,,).

Procédé selon la revendication 1, dans lequel la composante de fréquence principale est une composante harmo-
nique dont la phase est déterminée par la fréquence cardiaque instantanée et dont la fréquence est déterminée par
la fréquence cardiaque moyenne.

Procédé selon la revendication 1, dans lequel la composante de fréquence principale est un oscillateur a table
d’onde dont la phase est déterminée par la fréquence cardiaque instantanée et dont la fréquence est déterminée

par la fréquence cardiaque moyennée.

Procédé selon 'une quelconque des revendications 1 a 3, dans lequel ladite moyenne de la fréquence cardiaque
comprend la détermination de la valeur de fréquence cardiaque moyenne de la fréquence cardiaque détectée avant
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la fréquence cardiaque instantanée, sur toute la longueur de la fenétre (w;g,).

Procédé selon 'une quelconque des revendications 1 a 4, dans lequel ladite sélection de signaux PPG projetés
fiables comprend la sélection de signaux PPG projetés ayant une amplitude prédéterminée et une phase et/ou une
cohérence prédéterminée entre les signaux PPG et la composante fréquentielle principale.

Procédé selon la revendication 5, dans lequel ladite cohérence prédéterminée est égale ou supérieure a 0,7.

Procédé selon l'une quelconque des revendications 1 a 6, dans lequel le dispositif de surveillance comprend en
outre un capteur de mouvement (6) pour mesurer un signal de mouvement, et dans lequel le procédé comprend
en outre I'extraction d’'une fréquence de mouvement du signal de mouvement.

Procédé selon la revendication 7, dans lequel la fonction de fenétre est congue en fonction de la fréquence de
mouvement extraite.

Procédé selon la revendication 8, dans lequel, pour les artéfacts de mouvement étant plus petits que le bruit de
fond a large bande, la fonction de fenétre a une atténuation maximale des lobes latéraux.

Procédé selon la revendication 9, dans lequel, pour les artéfacts de mouvement étant plus grands que le bruit de
fond a large bande, la fonction de fenétre produit une réponse en fréquence équivalente ayant des zéros a la
fréquence de mouvement et a ses harmoniques.

Dispositif de surveillance pour estimer la concentration de constituants sanguins dans un tissu sous perfusion basse
d’un utilisateur en utilisant le procédé caractérisé par I'une quelconque des revendications 1 a 10, dans lequel
ladite concentration en constituants sanguins comprend la saturation en oxygene du sang, la carboxyhémoglobine,
la méthémoglobine ou une combinaison de ceux-ci, le dispositif de surveillance comprenant un capteur multicanal
(1) formé d’une pluralité de canaux (2, 5), pour délivrer des signaux photopléthysmographiques (PPG); et un capteur
cardiovasculaire (7, 14) pour délivrer un signal cardio-synchrone (CV), et

un processeur qui est configuré pour détecter une fréquence cardiaque instantanée et déterminer une variabilité
de la fréquence cardiaque a partir du signal CV; pour chaque fréquence cardiaque détectée, projeter les signaux
PPG mesurés multipliés par une fonction de fenétre sur une composante de fréquence principale, et sélectionner
des signaux PPG projetés fiables; et estimer une valeur de ladite concentration de constituant sanguin a partir de
'amplitude desdits signaux PPG projetés fiables sélectionnés sur une période de temps prédéterminée; ou ladite
fonction de fenétre a une longueur de fenétre (w;,) qui est ajustée a chaque fréquence cardiaque détectée en
fonction de la variabilité de fréquence cardiaque déterminée; la fréquence de ladite composante fréquentielle prin-
cipale est estimée en faisant la moyenne du rythme cardiaque sur la longueur de la fenétre (w;g,,).

Dispositif de surveillance selon la revendication 11, comprenant en outre un capteur de mouvement (6) pour mesurer
un signal de mouvement.

Dispositif de surveillance selon les revendications 11 ou 12, dans lequel chacun de ladite pluralité de canaux
comprend un émetteur (2) contenant une premiéere et une deuxiéme source de rayonnement (3, 4) émettant res-
pectivement aux longueurs d’onde rouge et infrarouge, et un récepteur (5) pour recevoir le rayonnement optique
émis par I'émetteur (2).

Dispositif de surveillance selon 'une quelconque des revendications 11 a 13, dans lequel ledit capteur cardiovas-

culaire est un capteur ECG (7, 14) ou un capteur CV basé sur PPG et le signal CV est un signal ECG de surface
ou un signal CV basé sur PPG, respectivement.
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