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METHOD AND DEVICE FOR NON-INVASIVE
BLOOD PRESSURE MEASUREMENT

FIELD OF THE INVENTION

[0001] The invention relates to determining blood pres-
sure by analyzing the ElectroCardioGram (ECG) and pulse
waveforms.

1 INTRODUCTION

[0002] There is a strong need for Non-Invasive continuous
measurement of Blood Pressure (NIBP) to monitor, diag-
nose and follow-up patients and healthy persons as well.
Most common NIBP methods are based on mechanical or
oscillometric recordings: they require a cuff to be placed on
the upper arm or wrist and involve application of pressure on
the cuff. Moreover, they cannot be used to obtain continuous
beat-to-beat (heart of pulse beat) recording of blood pressure
changes, as there is a gap of 2-3 minutes required between
subsequent recordings. Recently, novel ways of measuring
the blood pressure from a combination of multiple sensors
have been developed. The most promising ones use a
combination of readings from at least three sensing systems:
ElectroCardioGram (ECG), Pulse Oximeter or PhotoPl-
ethysmoGram (PPG, or Pleth), and either phonocardiogram
or Impedance Cardiogram (ICG). Most of these methods are
based on measuring the time differences between the dif-
ferent waveforms of ECG, PPG and ICG or phonocardio-
gram and relating them to the blood pressure changes.

[0003] The ECG device records the electrical activity of
the heart that is detected by two or more electrodes on the
device. It records the electrical impulses produced by the
polarization and depolarization of tissues in the heart.

[0004] The pulse oximeter measures the oxygen saturation
level (SpO2). A PPG device is a pulse oximeter that uses
optical technique to measure the change in the volume of
arterial blood with the pulse beat. The device usually mea-
sures the change in blood volume at peripheral body parts,
typically on fingertips.

[0005] In ICG, current is transmitted through the chest of
the subject and the change in impedance of current passing
through the heart, based on the blood flow changes in the
aorta, is measured. In phonocardiogram, the sound from the
heartbeats is recorded. While ECG and PPG can be mea-
sured at different parts of the body (such as the chest, hands,
ears, etc), in order to accurately track the ICG or phonocar-
diogram, the recordings need to be performed close to the
chest.

[0006] From the sensor recordings, the Pulse Transit Time
(PTT): the time difference between the R peak of the ECG
and the peak of pulse wave, and the Pre-gjection Period
(PEP): the time difference between the R peak of the ECG
and the peak of ICG or phonocardiogram are measured. The
blood pressure changes are then estimated from the PTT and
PEP values for each beat.

[0007] One goal of the present invention is to provide a
method and a device to measure continuously non-inva-
sively blood pressure from advanced features of the ECG
and PPG only. We also present a wrist worn device for
acquiring the ECG and PPG, which further computes the
blood pressure.
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SUMMARY OF THE INVENTION

[0008] In a first aspect, the invention provides a wrist-
worn device for measuring blood pressure of a user, intended
to be wrist worn. The wrist-worn device comprises a back
dial and/or a back side of a strap of the wrist-worn device
configured to be in contact with a user’s arm on which the
device is intended to be worn. The wrist-worn device further
comprises at least an ElectroCardioGram (ECG) circuit with
at least two electrodes configured to obtain an electrical
activity of a heart of the user by measuring electrical signals
detected at the at least two electrodes, and a pulse oximeter
circuit configured to obtain a pulse waveform corresponding
to a blood flow on user’s vessels. One or more of the at least
two BECG electrodes is placed on the back dial and/or on the
back side of the strap, and one or more of the at least two
ECG electrodes is placed on a front side of the device or on
a front side of the strap and is configured to be touched. The
pulse oximeter further comprises an optical sensor function-
aly connected to the pulse oximeter, the optical sensor being
placed either on the back dial and/or the back side of the
strap, or on the front side of the device or on the front side
of the strap in a proximity of the one or more of the at least
two ECG electrodes. The proximity is configured such that
an intended touch by the user of the one or more of the at
least two ECG electrodes causes the corresponding optical
sensor to be also touched, and whereby the Electrocardio-
gram circuit and the pulse oximeter are configured to
simultaneously measure the ECG waveform and pulse oxi-
meter waveform and the device comprises computing means
configured to use the waveforms and compute blood pres-
sure.

[0009] In asecond aspect, the invention provides a system
for measuring blood pressure of a user that comprises an
ElectroCardioGram (ECG) circuit with at least two ECG
electrodes configured to obtain an electrical activity of a
heart of the user by measuring the electrical signals detected
at the at least two ECG electrodes as an electrocardiogram
waveform, and a pulse oximeter circuit configured to obtain
a pulse waveform corresponding to a blood flow on user’s
vessels. The system further comprises a processor that is in
electrical contact with the electrocardiogram circuit and the
pulse oximeter circuit. The processor is configured to simul-
taneously analyze the electrocardiogram waveform and the
pulse waveform. The processor is further configured to
identify a “Zero Voltage Crossing” point on the electrocar-
diogram waveform and to determine time delays from this
point to respective different determined points of the pulse
waveform; and to use the time delays to compute the blood
pressure values.

[0010] In a third aspect, the invention provides a method
for measuring blood pressure. The method comprises steps
of analyzing an electrocardiogram waveform and a pulse
waveform obtained from an electrocardiogram circuit and a
pulse oximeter circuit; identifying a “Zero Voltage Cross-
ing” point on the electrocardiogram waveform and deter-
mining time delays from this point to different determined
points of the pulse waveform; and calculating the blood
pressure based on a function of the time delays.

[0011] In a preferred embodiment, an effective time delay
T,z is measured from the “Zeto Voltage Crossing” point to
a steepest point of the pulse wave.

[0012] Ina further preferred embodiment an effective time
delay T, is measured from the “Zero Voltage Crossing”
point to a peak of the pulse wave.
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[0013] In a further preferred embodiment the electrocar-
diogram waveform and the pulse waveform are offset by one
or more electrocardiogram beats from each other.

[0014] In a further preferred embodiment the electrocar-
diogram waveform and the pulse waveform are offset by one
or more electrocardiogram beats from each other.

[0015] In a further preferred embodiment the electrocar-
diogram waveform and the pulse waveform are offset by one
or more electrocardiogram beats from each other.

[0016] In a further preferred embodiment the electrocar-
diogram waveform and the pulse waveform are offset by one
or more electrocardiogram beats from each other.

[0017] In a further preferred embodiment multiple elec-
trocardiogram waveform beats are merged into a single beat
for analysis, and wherein the merging is an ensemble
average of the beats.

[0018] In a further preferred embodiment multiple pulse
waveform beats are merged into a single beat for analysis,
wherein the merging is an ensemble average of the beats.
[0019] In a further preferred embodiment computing the
“Zero Voltage Crossing” point involves using wavelets as
follows: computing a dyadic discrete wavelet transform of
the electrocardiogram for different wavelet scales; determin-
ing a peak of an R waveform by searching for pairs of
maximum moduli of opposite signals across all considered
scales that exceed predefined thresholds; determining a peak
of an S waveform by searching for pairs of maximum
moduli of opposite signals at a chosen scale, chronologically
after the peak of the R waveform, but in its neighborhood,
and determining the zero-voltage crossing point by search-
ing after a maximum modulus associated to a last slope of
a QRS complex at a chosen scale for a value that is lower
than a predefined threshold.

[0020] In a further preferred embodiment ‘“Zero Voltage
Crossing” point is computed using Multiscale Morphologi-
cal Derivative (MMD) as follows: computing an MMD
transform of the electrocardiogram waveform; detecting
peaks of R waveforms by searching for minima that exceed
a predefined threshold value; determining peaks of S wave-
forms by searching for a first maximum chronologically
after the peaks of the R waveforms; and defining the
zero-voltage crossing point as a first local minimum chrono-
logically after the peaks of the S waveforms.

[0021] In a further preferred embodiment the step of
calculating the blood pressure values involves computing
based on multiple functions of the time delays from the
“Zero Voltage Crossing” point to the pulse waveforms, each
one for a specific range of RR intervals of the electrocar-
diogram waveform, with a particular function chosen based
on the corresponding RR interval of the electrocardiogram
waveform.

[0022] In a further preferred embodiment the method
further comprises performing a pre-calibration step of com-
puting the blood pressure values using an existing blood
pressure device, along with a simultaneous measurement of
the time delays from the “Zero Voltage Crossing” point to
the pulse waves, and building an offset function that relates
the values, and the offset function is further used to adjust
the function mapping the time values and the blood pressure
calculations.

[0023] In a further preferred embodiment multiple offset
functions are computed, each one for a specific range of RR
intervals of the electrocardiogram waveform, with a particu-
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lar function chosen based on the corresponding RR interval
of the electrocardiogram waveform.

[0024] In a further preferred embodiment the method is
applied to more than one lead of the electrocardiogram
waveform and the time values are computed as an average
of the different values across the different leads.

[0025] In a further preferred embodiment the method is
applied to a combination of more than one lead of electro-
cardiogram waveform, with the different leads combined by
an averaging function.

[0026] In a further preferred embodiment the method is
applied to a combination of more than one lead of the
electrocardiogram waveform, with the different leads com-
bined by performing a Root Mean Square (RMS) of the
leads.

[0027] In a further preferred embodiment the electrocar-
diogram waveform single beat is discarded if the RR interval
of the electrocardiogram waveform is outside a pre-defined
threshold value.

[0028] In a further preferred embodiment the pulse wave-
form single beat is discarded if the RR interval of the
electrocardiogram waveform is outside a pre-defined thresh-
old value.

[0029] In a further preferred embodiment, if more than R
or S waveform of electrocardiogram waveform is detected at
any beat, the beat and corresponding pulse waveforms are
discarded when computing the ensemble average.

[0030] In a further preferred embodiment, in the intervals
between the R peaks, S peaks and the Zero-Voltage Crossing
points are also checked to see if they fall within a predefine
range, and if not. the corresponding ECG beat and pulse
waveforms are discarded when computing the ensemble
average.

[0031] In a further preferred embodiment, if the time
intervals between the Zero-Voltage Crossing point and the
different determined points of the pulse waveform do not fall
within predefined ranges, the blood pressure computation is
not performed and postponed until the processing of a valid
window.

[0032] In a further preferred embodiment, if the time
intervals between the Zero-Voltage Crossing point and the
different determined points of the pulse waveform do not fall
within predefined ranges, the corresponding ECG beat and
pulse waveforms are discarded when computing the
ensemble average.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The invention will be better understood from the
description of example embodiments and in light of the
figures, wherein

[0034] FIG. 1 shows a back side of the wrist worn device.
This will be contact with the hand when worn. In one
configuration (Figure (a)), only the ECG electrode is placed.
In another configuration, along with the ECG electrode, an
optical sensor for pulse oximeter measurement is placed as
well;

[0035] FIG. 2 shows a front side of the wrist worn device.
In Figure (a), we show a configuration where only an ECG
electrode is used on the front side. In Figures (b)-(e),
different configurations are shown when the ECG electrode
along with the optical sensor is used;

[0036] FIG. 3 illustrates an overview of the method
according to the invention;



US 2017/0042434 Al

[0037] FIG. 4 shows a graph of ECG and pulse signal
characteristic points;

[0038] FIG. 5 contains a graph illustrating intervals used
in the ABP model;

[0039] FIG. 6 contains a graph illustrating blood pressure
estimation using univariable single hyphthesis one-point
calibration model;

[0040] FIG. 7 contains a graph illustrating blood pressure
estimation using multivariable signle hypothesis one-point
calibration model,

[0041] FIG. 8 contains a graph illustrating blood pressure
estimation using multivariable multi-hypothesis model;
[0042] FIG. 9 contains a graph illustrating blood pressure
estimation using the univariable single hypothesis multi-
point calibration model;

[0043] FIG. 10 contains a graph illustrating blood pressure
estimation using the multivariable single hypothesis multi-
point calibration model; and

[0044] FIG. 11 gives an overview of the complete inven-
tive method.

2. WRIST WORN DEVICE FOR BLOOD
PRESSURE MEASUREMENT

[0045] In this patent, we present a wrist worn device and
a method for measurement of blood pressure. The wrist-
worn device has the following components: two or more
electrodes for ECG measurement and one ore more optical
sensor for pulse oximeter measurement. One or more of the
ECG electrodes is placed either on the back dial of the
device or on the strap, such that it’s in contact with the arm
in which the device is worn. The strap itself could be made
of the material of ECG electrode, so that the entire strap
(back side in contact with the arm) can even be used for
acquisition. The optical sensor could be placed either on the
back side of the device, or could be placed on the front face
as well. In the former case, the optical measurement is done
on the arm on which the device is worn, while in the latter
case, the measurement is through the other arm by which the
device is touched. In FIG. 1, we show some of the configu-
rations in which the ECG electrode and the optical sensor
can be placed on the back side of the device. Please note that
the optical sensor need not be placed together with the ECG
electrode. The only requirement is that both of them have
contact with the arm, for the purpose of signal acquisition.
[0046] On the front side of the device, one or more of the
ECG electrodes are placed. The user touches the electrode
from the other arm (than the one where the device is worn).
This allows the ECG signal acquisition across the two
different hands, thereby allowing measuring the electrical
conduction across the heart. The optical sensor is placed on
the front face, such that the user only needs to use one or few
fingers to touch both the ECG electrode and the optical
sensor at the same time. This allows for a single touch
acquisition of ECG and SPO2, which are further used to
compute the blood pressure. In FIG. 2, we present the front
face of the device. The ECG electrode and/or the optical
sensor can be placed either on the front face of the device or
on the front face of the strap as well.

3. METHOD FOR CALCULATING BLOOD
PRESSURE BEAT-TO-BEAT

[0047] In this section, we present a method for measuring
the blood pressure from a simultaneous recording of ECG
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and pulse wave. The ECG and pulse waves can be measured
at the wrist, as explained in the previous section. Alternately,
for the method to work, the ECG and pulse waves can be
measured at different parts of the body as well, such as the
chest, fingers, ears, etc.
[0048] Please note that even if the ECG is measured at the
hand, no significant impact will be perceived on the data
acquisition since the transit time of the electrical signal is
very fast when compared to the actual flow of blood from the
heart to the fingers in the arm.
[0049] The ECG wave for a normal sinus rhythm (healthy
person) for a single heartbeat is shown in FIG. 4. The
P-wave of ECG corresponds to atrial depolarization (begin-
ning of atrial contraction), QRS complex corresponds to
ventricular depolarization (ventricular contraction) and the
T-wave corresponds to ventricular repolarization (beginning
of ventricular relaxation). After the completion of the QRS
complex, we mark the point when the ECG signal crosses
the zero voltage as “Zero-voltage Crossing Point”, that is
associated with the time when the wave of depolarization
has completed its passage through the heart. This also marks
the time that the blood has left the heart.
[0050] In this patent, we determine this Zero-voltage
Crossing Point on the ECG and use it to determine the
systolic and diastolic blood pressure. We also present a
method to determine the point in real-time on the device
itself and use it to obtain the blood pressure.
[0051] Ina beat-to-beat blood pressure estimation scheme,
a new ABP value is provided by the system for every
complete cardiac period. An internal buffer is used to
accumulate samples until a complete cardiac cycle is iden-
tified. This signal window is then analyzed in order to obtain
an estimation of the ABP.
[0052] From the signal processing perspective, the ABP
calculation method can be better described if divided into 3
major steps, as depicted in FIG. 3. After the acquisition of
the involved signals, a preprocessing step is performed on
the signal window in order to obtain a better quality signal
(first step). This preprocessing step is basically composed of
filtering algorithms, notably:
[0053] a) Forward-Backward low-pass filtering, for
removing high frequency noise;
[0054] b) Forward-Backward high-pass filtering, for
removing low frequency noise and off-set;
[0055] ¢) Morphological filtering, for enhancing the
signal characteristic points.
[0056] ECG signals are particularly sensitive to different
types of noises like motion artifacts, 50/60 Hz interference,
and base-line drift caused by respiration [1]. The morpho-
logical filtering approach is, therefore, essential to obtain a
high quality measurement of the ECG signal characteristic
points used to estimate the ABP value.
[0057] After the preprocessing step, the characteristic
points of the involved signals can be extracted. This is done
in the second step of FIG. 3. FIG. 4 graphically shows the
Pleth and ECG characteristic points considered for the
purposes of this invention. For each one of the characteristic
points presented in FIG. 4, both the sample number (x axis)
and the amplitude value (y axis) are recorded for future
analysis.
[0058] In the third step of the method, the ABP model
determines the ABP value. The model uses the characteristic
points extracted in the second step, in special the Zero-
voltage crossing point of the ECG signal and a fixed point
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on the Pleth wave, to provide an estimation of the actual
ABP. To improve the estimation accuracy, an ABP calibra-
tion value can be fed to the ABP model. This calibration
value is established by means of a one-time ABP determi-
nation using conventional methods and should preferably be
acquired and provided concomitantly with the acquisition of
the ECG and Pleth. After calibrated once, the system does
not need to be calibrated for the same person again. How-
ever, due to physiological changes, periodic calibrations are
recommended.

[0059] In the following sections, each of the processes of
FIG. 3 are explained in detail.

3.1 Forward-Backward Filters

[0060] Filtering the acquired signals is fundamental for
correctly extracting the characteristic points depicted in FIG.
4, in special the Zero-voltage Crossing Point of the ECG
signal. However, filtering a signal usually incurs in a phase
difference between the input and output signals. Sometimes,
the filter phase response is non-linear (the phase shift is not
directly proportional to the frequency) which may result in
distortions that have an impact on the accuracy of the
measurement of the characteristic points.

[0061] It is possible to create a filter with zero-phase
distortions simply by applying the filter over the signal in
both the forward and reverse directions [2]. This forward-
backward filter scheme has the following characteristics:

[0062]

[0063] b) Squared amplitude response with respect to
the original filter.
[0064] Low-pass and high-pass Forward-backward digital
filters are employed in the preprocessing step (first step) of
both ECG and Pleth signals. The filters are designed using
conventional filter design techniques.

a) Zero-phase response;

3.2 Morphological Filters

[0065] Conventional filters can be used to remove noise
that present frequency components different from those
present in the actual signal, but have difficulties in removing
noise with frequency components similar to the signal being
filtered. The morphological filtering, on the other hand,
provide an effective non-linear way of filtering the signal
while keeping its shape good [1]. Morphological filters
based on the ones presented in [1] are used in the prepro-
cessing step (first step) of FIG. 3 to remove noise from the
ECG signal only. Morphological filters are not applied to the
Pleth signal.

3.3 ECG Signal Characteristic Points Extraction

[0066] Since the R peak of the ECG is the most prominent
feature of the signal waves, the features extractions start
with the ECG signal. Once the R peaks are detected, the
period of the signals (both ECG and Pleth) is easily deter-
mined.

[0067] Two techniques were employed to extract the fea-
tures of the ECG signal, with comparable degrees of suc-
cess. The first one is a dyadic Discrete Wavelet Transform
(DWT) based analysis [3] and the second one is a Multiscale
Morphological Derivative (MMD) transform based analysis
[4]. For both techniques, the processing is performed over a
signal window composed of a small number of heartbeats.
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Since the thresholds are calculated over a limited amount of
time, the locality of the signal is inherently considered for
the computations.

3.3.1 Dyadic Wavelet Transform Based Analysis

[0068] According to Mallat [5], for discrete-time signals,
the dyadic DWT is equivalent to an octave filter bank.
Therefore, in the DWT based analysis, we employ the
filter-bank implementation using the algorithme a trous
presented by [6]. Using this filter-bank, we obtain the DWT
representation of the first four wavelet scales (wavelet scale
2% to wavelet scale 2') of the signal. These representations
are used to extract the characteristic points of the ECG signal
wave.

[0069] In order to detect the peak of the R wave, similarly
to [7], we search for a pair of maximum moduli lines of
opposite signs present across all the wavelet scales and
exceeding the predefined thresholds e* to ¢ starting at
wavelet scale 2*. If a maximum modulus is found at wavelet
scale 2% then we look for one maximum modulus in its
neighborhood at scale 2°, and so on for the lower scales. A
maxinum modulus in wavelet scale 2 is considered to be in
the neighborhood of one in wavelet scale 2% if the interval
between them is less than 40 ms. The rules in [3] are used
to eliminate redundant lines and to select the most signifi-
cant pair of maximum moduli. The peak of the R wave is
detected as the zero crossing between the two maximum
moduli at wavelet scale 2",

[0070] Additionally to the said procedures, we also check
the consistence of the detection. If the R peak is positive,
then the maximum lines at wavelet scale 2' should be a
positive peak followed by a negative peak. Conversely, if the
R peak is negative, then the maximum lines should be a
negative peak followed by a positive peak. If this is not the
case, the detected peak is discarded.

[0071] The threshold detection values €* to €' are calcu-
lated according to equations 1 and 2.

. 1N e}
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[0072] After the main peak of the QRS complex has been
detected, the secondary waves around it can be similarly
determined. Likewise, the secondary waves peaks are asso-
ciated with a pair of absolute maximum moduli with oppo-
site signs across the scales. For the purposes of this inven-
tion, only the peak of the S wave is taken into consideration.
This peak is detected by searching for a pair of maximum
moduli lines at wavelet scale 2° exceeding the threshold, ¥,
given by equation 3, in a window starting at the R peak and
ending 160 ms after it.

¥=0.20xmax(lw,2(#)) 3)

[0073] The peak of the S wave is used to detect the
zero-voltage crossing point presented in FIG. 4. Letn,__, be
the maximum modulus at wavelet scale 2* associated to the
last significant slope of the QRS complex (usually the last
maximum modulus identified during the search for the S
wave peak at wavelet scale 2°). Looking at the wavelet scale
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2%, the zero-voltage crossing point is the first sample after
n;,,, whose value is lower than o,. The threshold «, is
calculated according to the Equation 4.

o, =0.7x Wt (#,,,,,)] 4

where n,,,.=arg, max/w,+ (n)l, ne[n,,+1; n,,+s] and s is
the number of samples corresponding to 40 ms.

[0074] When the S wave is missing or is not detected for
some reason, the last slope of the R wave is used for
determining n, .

3.3.2 Multiscale Morphological Derivative Transform Based
Analysis

[0075] An alternative way of determining the characteris-
tic points depicted in FIG. 4 is to use Multiscale Morpho-
logical Derivative Transform. MMD based analysis is more
robust than DWT based analysis with respect to the value of
the constants used to calculate the thresholds. Besides, due
to the nonlinearity of the morphological transform, the
problem of position deviation faced by DWT based tech-
niques can be avoided [4] and, as a result, crossing across the
scales is not required. On the other hand, the MMD trans-
form approach requires the morphology of the ECG signal
to be known a priori. This limitation makes it difficult to use
MMD transform in ECG signals from patients affected by
arrhythmias, but it is not a problem in processing ECG
signals from healthy subjects.

[0076] The formula presented in equation 5 [4] was used
to calculate the MMD transform of the signals.

M (5) = maX(F (), g crg) + 0900 D)y = 2 ®

[0077] Where f (x) is the signal being transform, s is the
MMD scale value, and Mfd‘(x) is the value of the MMD
transform of f (x) at MMD scale s.

[0078] In this text, we only describe the procedure to
extract the features of the ECG lead II. Similar analysis can
be done to the other leads. The peaks of the R waves are
detected by searching for minima in M, ecT(x) that exceed
the threshold value defined by equation 6. The histogram
approach for calculating the threshold proposed in [4] is not
necessary in this case, due to the limited length of the
analysis window.

€z=0.8xmin(M; 2c6™ () ®

[0079] After the detection of the R wave peak, the S wave
peak is detected. The first maximum to the right of the point
in M, oo (x) associated to the peak of the R wave is the
marked as the peak of the S wave. The next local minimum
to the right of the point in in M, oo (x) associated to the
peak of the S wave is the Zero-voltage crossing point
depicted in FIG. 4.

3.4 Pleth Signal Characteristic Points Extraction

[0080] The extraction of the Pleth characteristics in the
beat-to-beat ABP estimation scenario uses the MMD trans-
form, described by equation 5. The Pleth wave steepest
points depicted in FIG. 4 are detected by searching for zero
crossing points in M, plethd”(x). The peak of the pleth wave
is the minimum point between two zero-crossing points of
M, o 2(x) and the foot of the pleth wave is the maximum
point between two zero-crossing points of M, plethd”(x).
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3.5 ABP Estimation Model

[0081] The ABP estimation model of the third step of FIG.
3 takes as inputs the characteristic points extracted during
the features extraction process of the second step of the
method. These characteristic points are used to calculate the
intervals used by the model to determine the current value of
the arterial blood pressure. The intervals used in this inven-
tion are:

[0082] a) T ,—The interval between the Zero-voltage
crossing point of the ECG signal and a fixed point of
the corresponding Pleth wave;

[0083] b) RR—The interval between the R peaks of two
consecutive heartbeats;

[0084] A graphical representation of these intervals is
given in FIG. 5. As examples, two possibilities are consid-
ered for the calculation of T, in that figure: the interval
between the zero-voltage crossing point and the peak of the
Pleth wave (T); and the interval between the zero-voltage
crossing point and the steepest point of the Pleth wave (T").
Any other well defined characteristic point on the Pleth
wave may be used to calculate this interval.

[0085] During the research, each of the aforementioned
intervals have shown a significant crossed-correlation with
the values of the systolic, diastolic and mean arterial blood
pressure (MAP) and can be used to create a model to
calculate any of these three variables. Three approaches
were considered to construct the ABP estimation models.
[0086] The first one is a univariable one-time calibration
method that works on a single hypothesis over the relation-
ship between the calculated intervals and the values of the
ABP. Experimental data obtained from several subjects that
were submitted to different levels of activity is used to create
a regression model, f?7¢. The model itself can be created
using any regression technique described in the literature, in
special polynomial curve fitting and exponential curve fit-
ting. This model represents the general relationship between
the pressure value and the considered time interval (T ).
The uncalibrated pressure values are determined as pre-
sented in equations 7 to 9.

PP (T g ™
PuncDiHSt:./‘DiaSt(Tmf) (8)
P (T g ©
[0087] In order to obtain the actual pressure value for an

individual, given the Tz interval, it is executed a one-time
calibration step. The calibration step is performed only once
by acquiring concomitantly the ECG, Pleth and pressure
value. The pressure value can be determined using any
conventional pressure determination method. After the cali-
bration procedure, an offset value is obtained and the actual
blood pressure values of future measurements can be deter-
mined as presented in equations 10 to 12.

P95=p, $yoffset™ (10)
PPiast=p, = Diast o ffgetDiast (1)
PMap=p, = Mep offsetMar (12)
[0088] FIG. 6 qualitatively shows the pressure estimation

method based on the one-point calibration single hypothesis
model using the offset obtained by the calibration procedure.
[0089] The second approach is a multivariable one-point
calibration method that works on a single hypothesis over
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the relationship between the calculated intervals and the
values of the ABP. Experimental data, obtained from several
subjects that were submitted to different levels of activity, is
used to create a regression model, g##¢. The model itself can
be created using any regression technique described in the
literature, in special polynomial curve fitting and exponen-
tial curve fitting. This model represents the general relation-
ship between the pressure value and the considered time
intervals (T,;and RR). The uncalibrated pressure values are
determined as presented in equations 13 to 15.

P =g (I 5RR) (13)
Pl =g T s RR) 14
Py M7= (I 5RE) 13
[0090] 1In order to obtain the actual pressure value for an

individual, given the RR and T, intervals, it is executed a
one-point calibration step. The calibration step is performed
only once by acquiring concomitantly the ECG, Pleth and
pressure value. The pressure value can be determined using
any conventional pressure determination method. After the
calibration procedure, an offset value is obtained and the
actual blood pressure values of future measurements can be
determined as presented in equations 10 to 12.

[0091] FIG. 7 qualitatively shows the pressure estimation
method based on the multivariable one-point calibration
single hypothesis model using the offset obtained by the
calibration procedure.

[0092] The third approach considers a dynamic model,
where several hypothesis are used to determine the ABP
according to the values of the RR interval. This approach is
based on results presented by studies showing that the
mechanical characteristics of blood vessels depend on the
frequency [8]. In this case, the T interval is used for the
model fitting, as in the first approach, whereas the RR
interval is used to change the model itself. FIG. 8 depicts this
multi-hypothesis method where the curve used for the ABP
estimation changes depending on the value of the RR
interval.

[0093] For all the aforementioned approaches, it was also
considered a multi-point calibration. In this case, the offset
is not a constant, but a function of the involved variables.
The behavior of this modification is qualitatively depicted in
FIGS. 9 and 10.

4. MULTIPLE BEATS SIGNAL PROCESSING
AND FEATURES EXTRACTION

[0094] In ambulatorial scenarios, the noise can make it
difficult to extract the characteristic points of the signal
waves correctly, even after filtering and heavy signal pro-
cessing. One approach that can increase the accuracy of the
method in these circumstances is combining the signals of
several heartbeats into one representative heartbeat that is,
then, analyzed. This extra preprocessing step is appended
just after the first step of FIG. 3. The new flow of the method,
with this extra step, is presented in FIG. 11.

[0095] In the first step, the system accumulates samples
from both the Electrocardiogram (ECG) and Plethysmogra-
phy (Pleth) signals for a predefined period, usually longer
than five heartbeats. The preprocessing occurs as described,
using morphological and forward-backward filters to
remove some of the noise.
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[0096] After the first step, a preliminary analysis is per-
formed over the acquired ECG signal window to extract the
period of the signal (P, in samples) and to define character-
istic points that can be used as trigger points in the next step.
Usually, the peaks of the R wave are selected as these trigger
points and are used to identify the period, but any well-
defined point in the ECG signal may be selected. This
preliminary analysis employs MMD transformed based
analysis [4] or wavelet transforms [3] to identify the ECG
trigger points.

[0097] After the trigger points are identified, the ensemble
average technique is employed to reduce even more the
noise from the signals and, at the same time, enhance their
characteristic points. The ensemble average works as fol-
lows. For each one of the N trigger points identified, we
define a frame, x;, comprising P adjacent samples of the
signal window, centered on the i” trigger point. N frames
can be defined this way, each one with P samples. The
ensemble average window, y, of length P, is created from the
N frames using the formulation presented in equation 16.

(16)

[0098] Since the Pleth and the ECG signals are synchro-
nized the trigger points and the ECG period (P samples),
previously identified, can be used for both the ECG and the
Pleth signals.

[0099] The Features Extraction process (second step of
FIG. 11) is performed as described before. However, instead
of using the processed signal windows, the calculations are
performed over the condensed versions of the Pleth (y,;.,.)
and the ECG (yp.s) signals, created using the ensemble
average technique (Equation 16).

5. BOUNDS ON SIGNAL FEATURES

[0100] In non-controlled environments, even after all the
already described processing, the results provided by the
second step of FIGS. 3 and 11 may not be useful to the ABP
model. This happens especially in ambulatorial scenarios,
when the characteristics of the noises the system would be
subject to are difficult to predict.

[0101] To reduce the incidence of these wrong values in
the calculations, a simple check was designed for each of the
extracted features. Using these sanity checks, the results
presented by the system are more reliable.

[0102] With respect to the ECG, the RR interval value is
bounded to the range [RR,,,, RR,,, ], where both RR,,,,
and RR,,,. are configurable. If the extracted value is outside
this range, the signal is considered to be corrupted and the
analysis window is discarded. When the ensemble average
technique is used, it is expected that the window analyzed on
the third step of FIG. 11 contains only one heartbeat.
Therefore, if more than one R wave peak or S peak is
detected, the window is also discarded. The intervals
between the R peaks, S peaks and the zero-voltage crossing
points are also checked to assure they are into proper range.
The interval between the foot and the peak of the Pleth
signal is also checked. If this interval is too long, the window
is discarded.
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[0103] Last, the interval between the zero-voltage crossing
point and the Pleth wave is checked. If such interval is too
long or too short, the window is discarded and the calcula-
tion of the ABP value is postponed until the processing of a
valid window.
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26. A wrist-worn device for measuring blood pressure of

a user, comprising:
at least one of a back dial and a back side of a strap of the

wrist-worn device configured to be in contact with an
arm of the user on which the wrist-worn device is
intended to be worn;

an electrocardiogram (ECG) circuit with at least two
electrodes, the ECG circuit configured to obtain an
electrical activity of a heart of the user by measuring an
ECG waveform detected by the at least two ECG
electrodes;

a pulse oximeter configured to obtain a pulse waveform
corresponding to a blood flow in a blood vessel of the
user; and

a computing device configured to use the ECG waveform
and the pulse waveform to compute blood pressure,

wherein one or more of the at least two ECG electrodes
is placed on at least one of the back dial and on the back
side of the strap, and one or more of the at least two
ECG electrodes is placed on a front side of the wrist-
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worn device or on a front side of the strap and is
configured to be touched by the user,
wherein the pulse oximeter includes an optical sensor
operably connected to the pulse oximeter, the optical
sensor being placed either on the at least one of the
back dial and the back side of the strap, or on the front
side of the device or on the front side of the strap in a
proximity of the one or more of the at least two ECG
electrodes,
wherein the proximity is configured such that an intended
touch by the user of the one or more of the at least two
ECG electrodes causes the optical sensor to be touched
simultaneously, and
wherein the ECG circuit and the pulse oximeter are
configured to simultaneously measure the ECG wave-
form and the pulse waveform.
27. A system for measuring blood pressure of a user
comprising:
an electrocardiogram (ECG) circuit with at least two ECG
electrodes configured to obtain an electrical activity of
a heart of the user by measuring an ECG waveform
detected at the at least two ECG electrodes; and
a pulse oximeter configured to obtain a pulse waveform
corresponding to a blood flow of a vessel of the user;
and
a processor that is in electrical contact with the ECG
circuit and the pulse oximeter,
wherein the processor is configured to simultaneously
analyze the ECG waveform and the pulse waveform,
and
wherein the processor is further configured to identify a
zero-voltage crossing point of the ECG waveform, to
determine time delays from the zero-voltage crossing
point to respective different determined points of the
pulse waveform, and to use the time delays to compute
blood pressure values of the user.
28. A method for measuring blood pressure comprising
steps of:
analyzing an electrocardiogram (ECG) waveform and a
pulse waveform obtained from an ECG circuit and a
pulse oximeter, respectively;
identifying a zero-voltage crossing point of the ECG
waveform;
determining time delays from the zero voltage crossing
point to different determined points of the pulse wave-
form; and
calculating the blood pressure based on a function of the
time delays.
29. The method of claim 28, wherein the step of deter-
mining time delays further comprises:
measuring an effective time delay T, from the zero-
voltage crossing point to a steepest point of the pulse
waveform.
30. The method of claim 28, wherein the step of deter-
mining time delays further comprises:
measuring an effective time delay T, from the zero-
voltage crossing point to a peak of the pulse waveform.
31. The method of claim 28, wherein the ECG waveform
and the pulse waveform are offset by one or more electro-
cardiogram beats from each other.
32. The method of claim 28, further comprising the step
of:
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merging multiple ECG waveform beats from the ECG
waveform into a single beat for analysis, the merging
providing for an ensemble average of the multiple ECG
waveform beats.
33. The method of claim 28, further comprising the step
of:
merging multiple pulse waveform beats from the pulse
waveform into a single beat for analysis, the merging
providing for an ensemble average of the beats.
34. The method of claim 28, wherein the step of identi-
fying the zero-voltage crossing point includes:
computing a dyadic discrete wavelet transform of the
electrocardiogram for different wavelet scales;
determining a peak of an R waveform by searching for
pairs of maximum moduli of opposite signals across
scales that exceed predefined thresholds;
determining a peak of an S waveform by searching for
pairs of maximum moduli of opposite signals at a
chosen scale, chronologically after the peak of the R
waveform in a neighborhood of the peak of the R
waveform; and
determining the zero-voltage crossing point by searching
a maximum modulus associated to a last slope of a QRS
complex at a chosen scale for a value that is lower than
a predefined threshold.
35. The method of claim 28, wherein the step of identi-
fying the zero-voltage crossing point includes:
computing a Multiscale Morphological Derivative
(MMD) transform of the ECG waveform;
detecting peaks of R waveforms by searching for minima
that exceed a predefined threshold value;
determining peaks of S waveforms by searching for a first
maximum chronologically after the peaks of the R
waveforms; and
defining the zero-voltage crossing point as a first local
minimum chronologically after the peaks of the S
waveforms.
36. The method of claim 28, wherein the step of calcu-
lating the blood pressure values includes:
computing, based on multiple functions of the time delays
from the zero-voltage crossing point to the pulse wave-
forms, specific ranges of RR intervals of the ECG
waveform, with a particular fanction chosen based on
a corresponding RR interval of the ECG waveform.
37. The method of claim 28, further comprising the steps
of:
computing the blood pressure values using an existing
blood pressure device, along with a measurement of the
time delays from the zero-voltage crossing point of the
ECG waveform to the pulse waveform; and
building an offset function that relates the blood pressure
values; and
adjusting a function mapping of the time delays and the
blood pressure values based on the offset function to
perform a pre-calibration step.
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38. The method of claim 37, wherein the offset function
is computed to include a plurality of offset functions, each
one for a specific range of RR intervals of the ECG wave-
form, with a particular function chosen based on a corre-
sponding RR interval of the ECG waveform.

39. The method of claim 28, wherein the step of deter-
mining the time delays further calculates the time delays as
an average of different values across different leads of the
ECG waveforn.

40. The method of claim 28, further comprising the step
of:

determining different leads of the ECG waveform and

combining the different leads by an averaging function.

41. The method of claim 28, further comprising the step
of:

determining different leads of the ECG waveform and

performing a root mean square (RMS) of the different
leads.

42. The method of claim 36, wherein an ECG waveform
single beat is discarded if the RR interval of the ECG
waveform is outside a pre-defined threshold value.

43. The method of claim 36, wherein a pulse waveform
single beat is discarded if the RR interval of the ECG
waveform is outside a pre-defined threshold value.

44. The method of claim 36, further comprising the step
of:

discarding a beat and corresponding pulse waveform

when computing an ensemble average, if more than R
or S waveform of ECG waveform is detected at the
beat.

45. The method of claim 36, further comprising the step
of:

checking intervals between the R peaks, S peaks and the

zero-voltage crossing points to see whether the inter-
vals fall within a predefine range, and if not, discarding
corresponding ECG beat and pulse waveforms when
computing an ensemble average.

46. The method of claim 28, further comprising the step
of:

determining whether time intervals between the zero-

voltage crossing point and the different determined
points of the pulse waveform do not fall within pre-
defined ranges. and if the time intervals do not fall
within the predetermined ranges, the step of calculating
the blood pressure is not performed and postponed until
the time intervals fall within predefined ranges.

47. The method of claim 36, further comprising the step
of:

determining whether time intervals between the zero-

voltage crossing point and the different determined
points of the pulse waveform do not fall within pre-
defined ranges. and if the time intervals do not fall
within the predetermined ranges, discarding corre-
sponding ECG beat and pulse waveforms when com-
puting an ensemble average.
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