US 20190365256A1

12) Patent Application Publication (o) Pub. No.: US 2019/0365256 A1

a9y United States

DE GROOT et al. (43) Pub, Date: Dec. 5, 2019
(54) PULSE WAVE VELOCITY DETERMINATION, A6IB 5/11 (2006.01)
FOR EXAMPLE FOR BLOOD PRESSURE A6IB 5/02 (2006.01)
MONITORING AG6IB 5/08 (2006.01)
(52) US.CL
(71)  Applicant: KONINKLIJKE PHILIPS N.V., CPC ... A61B 5/02125 (2013.01); A61B 5/6892

EINDHOVEN (NL)

(72) Inventors: Koen Theo Johan DE GROOT,
Sevenum (NL); Mustafa Ghassan
RADHA, Veldhoven (NL); Jozef
Hubertus GELISSEN, Herten (NL);
Reinder HAAKMA, Eindhoven (NL)

(21) Appl. No.: 16/467,732

(22) PCT Filed: Jun. 12, 2017

(86) PCT No.: PCT/EP2017/081618
§ 371 (e)(D).
(2) Date: Jun. 7, 2019

(30) Foreign Application Priority Data

Sep. 12,2016 (EP) .coovovcvvicicciccccc 16203145 4
Publication Classification

(31) Imt.CL
A6IB 5/021 (2006.01)
AGIB 5/00 (2006.01)

(2013.01); A61B 5/1113 (2013.01); AGIB
2562/0219 (2013.01); A61B 5/02007
(2013.01); A6IB 5/0816 (2013.01); A61B
5/1102 (2013.01)

(57) ABSTRACT

A pressure distribution profile of a subject lying on a mat is
used to derive a measure of pulse wave velocity. Beat
locations are identified where beat pressure signals are
identified, and pulse timing information is obtained from the
beat locations. By determining a subject posture, the beat
locations are mapped to anatomical body locations and
arterial path length information is obtained for the anatomi-
cal body locations. A pulse wave velocity is then estimated
from the pulse timing information and arterial path lengths.
This method enables measuring the pulse wave velocity
during sleep in a comfortable, easy and unconstrained man-
ner. This is accomplished by analyzing signals from a
pressure sensitive surface for example on top of a bed
mattress or by embedding a pressure sensitive layer in the
mattress.
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PULSE WAVE VELOCITY DETERMINATION,
FOR EXAMPLE FOR BLOOD PRESSURE
MONITORING

FIELD OF THE INVENTION

[0001] This invention relates to the determination of pulse
wave velocity, for example for blood pressure monitoring,
and in particular during sleep.

BACKGROUND OF THE INVENTION

[0002] There is increasing demand for unobtrusive health
sensing systems. In particular, there is a shift from conven-
tional hospital treatment towards unobtrusive vital signs
sensor technologies, centered around the individual, to pro-
vide better information about the subject’s general health.
[0003] Such vital signs monitor systems help to reduce
treatment costs by disease prevention and enhance the
quality of life. They may provide improved physiological
data for physicians to analyze when attempting to diagnose
a subject’s general health condition. Vital signs monitoring
typically includes monitoring one or more of the following
physical parameters: heart rate, blood pressure, respiratory
rate and core body temperature.

[0004] In the US about 30% of the adult population has a
high blood pressure. Only about 52% of'this population have
their condition under control. Hypertension is a common
health problem which has no obvious symptoms and may
ultimately cause death, and is therefore often referred to as
the “silent killer”. Blood pressure generally rises with aging
and the risk of becoming hypertensive in later life is con-
siderable. About 66% of the people in age group 65-74 have
a high blood pressure. Persistent hypertension is one of the
key risk factors for strokes, heart failure and increased
mortality.

[0005] The condition of the hypertensive patients can be
improved by lifestyle changes, healthy dietary choices and
medication. Particularly for high risk patients, continuous 24
hour blood pressure monitoring is very important and there
is obviously a desire for systems which do not impede
ordinary daily life activities.

[0006] Blood pressure is usually measured as two read-
ings: systolic and diastolic pressure. Systolic pressure occurs
in the arteries during the maximal contraction of the left
ventricle of the heart. Diastolic pressure refers to the pres-
sure in arteries when the heart muscle is resting between
beats and refilling with blood. Normal blood pressure is
considered to be 120/80 mmHg. A person is considered to be
hypertensive when the blood pressure is above 140/90
mmHg, and two stages of hypertension may be defined for
increasing blood pressure levels, with hypertensive crisis
defined when blood pressure reaches 180/110 mmHg. Note
that for conversion of these values to metric equivalents,
760.0 mmHg is equal to 101.325 kPa. There are two main
classes of methods to monitor blood pressure.

[0007] For invasive direct blood pressure monitoring, the
gold standard is by catheterization. A strain gauge in fluid is
placed in direct contact with blood at any artery site. This
method is only used when accurate continuous blood pres-
sure monitoring is required in dynamic (clinical) circum-
stances. It is most commonly used in intensive care medicine
and anesthesia to monitor blood pressure in real time.
[0008] For non-invasive indirect blood pressure monitor-
ing, oscillometry is a popular automatic method to measure
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blood pressure. The method uses a cuff with integrated
pressure sensor. However, for blood pressure monitoring
during sleep it is regarded as an uncomfortable method as
the cuff usually inflates and deflates at regular time intervals
to measure the subject’s blood pressure. This often has a
huge negative impact on the sleep quality.

[0009] Other non-invasive methods to estimate blood
pressure are based on pulse wave velocity (PWV). This
technique is based on the fact that the velocity of the
pressure pulse traveling through an artery is related to blood
pressure. The PWV is derived from the pulse transit time
(PTT). Usually the pulse transit time is estimated by: (i)
sampling and filtering the pressure pulse waveforms, (ii)
detecting beats in the waveforms, (iii) detecting features
within the beats that serve as reference point (pulse arrival
moment) and (iv) calculating the PTT as the time delay
between the features.

[0010] PWYV is obtained by: PWV=D/PTT, where D refers
to the pulse travel distance. The PWV can be translated to a
blood pressure estimate by means of a calibration step. Often
the Moens-Korteweg equation is applied which describes
the relationship between blood pressure and PWV.

[0011] If the pulse travel distance D is stable during a
measurement, the blood pressure can be directly inferred
from PTT by means of a calibration function.

[0012] Other methods to measure blood pressure include
techniques based on auscultation, tonometry, ultrasonic
measurements, and pulse wave morphology.

[0013] There remains a need for a non-invasive and com-
fortable blood pressure monitoring system.

SUMMARY OF THE INVENTION

[0014] The invention is defined by the claims.

[0015] According to examples in accordance with an
aspect of the invention, there is provided a method of
analyzing a pressure distribution profile of a subject lying on
a mat over time to derive a measure of pulse wave velocity
of the subject, wherein the method comprises:

[0016] identifying beat locations where beat pressure sig-
nals are identified;

[0017] obtaining pulse timing information from the beat
locations;
[0018] determining a subject posture and map the beat

locations to anatomical body locations;

[0019] determining an arterial path length for the anatomi-
cal body locations; and

[0020] estimating a pulse wave velocity from the pulse
timing information and arterial path lengths.

[0021] This method enables measuring the pulse wave
velocity during sleep in a comfortable, easy and uncon-
strained manner. This is accomplished by analyzing signals
from a pressure sensitive surface for example on top of a bed
mattress or by embedding a pressure sensitive layer in the
mattress.

[0022] While a subject is lying horizontally on the pres-
sure sensitive surface, a spatiotemporal modulation of pres-
sure is recorded, which results from a change in pressure
load caused by the pulsating blood flow through a near-
surface artery that is in close proximity to sensing surface.
In this way, there is no need to wear any on-body sensors
such as PPG, ECG or acceleration sensors in order to
implement the method. There is no need for ECG sensing
technology, and this means that the procedure to estimate
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pulse wave velocity from pulse transit times is not affected
by a positive expiratory pressure (PEP) if the subject is using
a PEP device.

[0023] The method involves identifying beat locations, for
example by spatiotemporal analysis of pressure modulations
that characterize variations in the blood volume pulse. The
pressure-time signal at those beat locations is used to derive
timing information which relates to the arrival of the pulse
at that location. The location is also mapped to a physical
body position so that an arterial path length estimate can be
made. A pulse wave velocity can then be derived.

[0024] In this way, the method provides automatic recog-
nition of the body position where a pulse has been detected,
and then uses timing information as well as distance infor-
mation to derive a pulse wave velocity.

[0025] The method may comprise obtaining pulse timing
information from the beat locations by analyzing the pres-
sure signals to determine a start and end of the cardiac cycle
and pulse arrival moment at that location within a given
cardiac cycle.

[0026] The pulse arrival moment is for example obtained
based on detecting the pulse onset during the systolic phase,
for example by detecting the moment when a pressure
gradient reaches its maximum during the systolic phase of
the cardiac cycle.

[0027] A pulse arrival moment is for example obtained for
each beat location and for each cardiac cycle.

[0028] In a first approach, obtaining pulse timing infor-
mation comprises obtaining a set of pulse delay estimates
based on the difference between the pulse arrival moments
for a set of pairs of beat locations. This makes use of relative
timing information between pairs of locations where a pulse
is detected.

[0029] In a second approach, the method further com-
prises receiving a body motion signal indicative of the
heart’s activity in respect of the subject, wherein obtaining
pulse timing information comprises obtaining a set of pulse
transit times for the set of beat locations based on the pulse
arrival moments for the set of beat locations and the body
motion signal. The body motion signal is for example able
to indicate when the blood ejects from the heart and enters
the aorta. The motion signal is for example a ballistocar-
diogram.

[0030] The method in this case may comprise detecting a
peak in the body motion signal and determining a time
difference between the timing of the peak and the pulse
arrival time for each beat location.

[0031] This approach is based on obtaining pulse transit
times, which are then converted to pulse wave velocity
values.

[0032] In both approaches, obtaining a subject posture
may comprise matching the measured pressure distribution
to a set of predefined reference human form models. The
models for example provide different lying down postures
and enable the locations of the head, heart and limbs to be
mapped to the pressure distribution pattern.

[0033] Determining an arterial path length for the ana-
tomical body locations then may comprise mapping the beat
location to the matched human form model.

[0034] An average pulse wave velocity may be obtained
for a processed set of cardiac cycles. A blood pressure
measure may then be obtained from the (average) pulse
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wave velocity. Other measures may also be inferred from the
PWYV, such as a measure of arterial stiffness, and breathing
rate.

[0035] The method may be implemented in software.
[0036] The invention also provides a monitoring system
comprising:

[0037] a pressure sensitive mat for providing a pressure

distribution profile of a subject lying on the mat over time;
and

[0038] a controller for analyzing the pressure distribution
to derive a measure of pulse wave velocity of the subject,
[0039] wherein the controller is adapted to perform the
method as defined above.

[0040] The pressure sensitive mat (also referred to as
pressure sensitive surface) for example contains pressure
sensitive elements that are arranged in a dense 2D grid
producing a pressure distribution sequence.

[0041] An acceleration sensor may be provided for obtain-
ing a body motion signal, for example in the form of a
ballistocardiogram.

[0042] The pressure sensitive mat may be adapted to be
arranged on top of a bed mattress or, alternative, be config-
ured as a layer embedded in the mattress.

[0043] The invention also provides a mattress, such as for
example a bed mattress, comprising a monitoring system as
defined above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] Examples of the invention will now be described in
detail with reference to the accompanying drawings, in
which:

[0045] FIG. 1 shows how pulse delay (PD) and pulse wave
velocity (PWV) can be determined;

[0046] FIG. 2 shows a first example of a system for
determining a pulse wave velocity;

[0047] FIG. 3 depicts the spatial pressure distribution of a
human lying on a pressure sensitive mat at a certain time;
[0048] FIG. 4 shows a block diagram of the processing
units used within the system of FIG. 2;

[0049] FIG. 5 is used to show how the start moment, end
moment and pulse arrival detection may be performed;
[0050] FIG. 6 shows some examples of possible pressure
distributions measured for various postures;

[0051] FIG. 7 shows a second example of a system for
determining a pulse wave velocity;

[0052] FIG. 8 shows a block diagram of the processing
units used within the system of FIG. 7,

[0053] FIG. 9 shows how the pulse transit time calcula-
tions may be performed; and

[0054] FIG. 10 shows a method of analyzing a pressure
distribution profile.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0055] The invention provides a method and system in
which a pressure distribution profile of a subject lying on a
mat is used derive a measure of pulse wave velocity. Beat
locations are identified where beat pressure signals are
identified, and pulse timing information is obtained from the
beat locations. By determining a subject posture, the beat
locations are mapped to anatomical body locations and
arterial path length information is obtained for the anatomi-
cal body locations. A pulse wave velocity is then estimated
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from the pulse timing information and arterial path lengths.
This method enables a comfortable, easy and unconstrained
method to measure the pulse wave velocity during sleep.
This is accomplished by analyzing signals from a pressure
sensitive surface for example on top of a bed mattress or by
embedding a pressure sensitive layer in the mattress.
[0056] The invention provides a system and method which
makes use of the concepts of pulse wave velocity (PWV)
and pulse transit time (PTT).

[0057] It is known that PTT and PWYV can be used as a
predictor of blood pressure. The information obtained by
these measures is discussed below.

[0058] PTT is defined as the propagation time of a blood
pulse wave to travel a certain distance in an arterial segment.
In practice often the combination of electrocardiography
(ECG) and photoplethysmography (PPG) is employed to
measure pulse propagation time because of the convenient
way to monitor the ECG R-wave and pulse arrival moment
in a distal artery with PPG. However, the combination of
ECG and PPG measures pulse arrival time (PAT), which is
equal to the sum of PTT and the pre-ejection period (PEP).
[0059] The PEP is not related to propagation of the blood
pulse wave through the arteries. Indeed, if two PPG sensors
are positioned on the same arterial branch at distinct loca-
tions, one could determine the difference in pulse transit
time which is also referred to as pulse delay (PD).

[0060] Alternatively, two pulse arrival moments may be
measured for every heart beat in two distinct arterial
branches. This also yields a pulse delay.

[0061] FIG. 1shows how pulse delay (PD) and pulse wave
velocity (PWV) can be determined. FIG. 1 shows a subject
with the location of their temporal artery 10, carotid artery
12, brachial artery 14, popliteal artery 16, pedal artery 18,
radial artery 20, femoral artery 22 and posterior tibial artery
24. The apical pulse is shown as 26.

[0062] The start of the arterial path is indicated by ‘A’ (at
the exit of heart, which is the starting point of ascending
aorta). A pulse may be registered in the brachial artery of the
subject’s left arm at the location indicated by ‘B’ and another
pulse may be registered at location ‘C’ in an artery of the
subject’s left leg.

[0063] Based on pulses located at position ‘B’ and ‘C’,
their difference in time PDg. can be computed. Assuming
the arterial pathway lengths from ‘A’ to ‘B’ and ‘A’ to ‘C’ are
known and denoted by D5 and D, respectively, then the
PWV could be estimated by PWV=(D,.-D_.)/PD.,
assuming that the mean PWV in both branches is the same.

[0064] The invention provides two approaches to estimate
PWV.
[0065] In a first approach only a pressure sensitive mat-

tress with a 2D sensing grid is used as a sensor. In the second
approach the same pressure sensitive mattress may be com-
bined with means to capture a ballistocardiography (BCG)
signal.

[0066] FIG. 2 shows a first example of a system, with a
pressure sensitive mat 30 provided on a mattress 32 on a bed
frame 34. The pressure sensitive mat 30 lies in a single
plane, although it may be deformed to match the profile of
a mattress. A subject 36 is lying horizontally on the pressure
sensitive mat 30. The pressure sensitive mat captures a
pressure distribution profile as function of time P(x,y.t),
where parameter x,y refers to the x- and y-coordinates of a
2D pressure profile and parameter t is time.
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[0067] As an example, FIG. 3 depicts the spatial pressure
distribution of a human lying on a pressure sensitive mat at
a certain time.

[0068] A controller 37 in the form of a central processing
unit (CPU) receives the pressure distribution P(x,y,t) as
input and runs dedicated algorithms to extract an estimate of
the mean pulse wave velocity as function of time PWV(k),
where k denotes a time index.

[0069] A block diagram of the processing units used to
estimate PWV(k) from P(x,y,t) is illustrated in FIG. 4.
[0070] The pressure mat 30 provides the pressure distri-
bution profile over time P(x,y.t).

[0071] A beat localization unit 40 has as input P(x,y,t) and
outputs a set of N coordinates denoted by B={(X;,,Y5,),
K Ygm - - - » KgnsYsy)) representing the extracted
spatial beat locations. Localization of beats in the pressure
distribution is performed by spatiotemporal analysis of
pressure modulations that characterize variations in the
blood volume pulse.

[0072] The set of extracted beat locations B and the
original measured pressure distribution P(x,y,t) is input to a
pulse arrival estimation unit 42. For each detected beat
location, a local spatiotemporal analysis is performed of the
pressure distribution in the spatial vicinity of the localized
beat.

[0073] This is performed to determine the start and end
moment of the cardiac cycle, as well as the exact moment
where the blood volume pulse arrives at the beat location
within the k” cardiac cycle.

[0074] The cardiac cycle interval and pulse arrival
moment are estimated by analyzing the pressure gradient
deduced from the pressure distribution signal in the neigh-
borhood of the corresponding beat location.

[0075] The moment where the gradient reaches its maxi-
mum during the systolic phase refers to the moment the
blood pulse arrived at the site that induced the registered
pressure variation, For each n extracted beat location and
k” cardiac cycle a pulse arrival moment PA, (k) is deter-
mined in units of ms, giving the set PA(k).

[0076] This is an example of pulse arrival detection. Also
other methods based on e.g. analyzing higher order deriva-
tives, and wavelets, apply. Any method able to determine the
onset of the pulse wave may be applied.

[0077] FIG. 5 is used to show how the start moment, end
moment and pulse arrival detection may be performed.
[0078] The trace B1 is a first pressure signal extracted by
spatiotemporal analysis of the pressure signal P(x,y,t) in the
local spatial vicinity of first localized beat, for example at
some location on left upper arm. The pressure signal is
modulated by the blood volume pulse caused by the pump-
ing heart. The signal has a diastolic phase D and a systolic
phase S.

[0079] The trace B2 is a second pressure pulse signal
extracted by spatiotemporal analysis of the pressure signal
P(x,y.t) in the local space vicinity of a second localized beat,
for example at some location on left upper leg.

[0080] There are various strategies to localize the pulse
arrival moments within a beat signal.

[0081] One approach is to slice the beat signal such that
each segment represents a cardiac cycle, also known as the
interbeat interval (IBI). This could be done by searching for
minima marking the end of a cardiac cycle/start of next of
cardiac cycle. Thus, the interbeat interval IBI1 for the first
pressure signal B1 extends between a beat start Bl g and a
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beat end B1, and the interbeat interval IBI2 for the second
pressure signal B2 extends between a beat start B2g and a
beat end B2,.

[0082] Within an IBI segment, the pulse arrival moment is
localized by analyzing the gradient of the beat signal. The
moment where gradient reaches maximum value in the
systolic part S refers to the pulse arrival moment. PA1 refers
to the pulse arrival moment within IBI1 and PA2 refers to the
pulse arrival moment within IBI2.

[0083] The pulse delay PD is the time difference between
PA2 and PA1 (in units of ms).

[0084] Note that instead of localizing PA as the point
where the gradient of the beat signal reaches its maximum
value, the foot of the pulse B1 may serve as the pulse arrival
moment. This is less preferred.

[0085] In more general terms, pulse timing information is
obtained from the beat locations by analyzing the pressure
signals to determine a start and end of the cardiac cycle and
pulse arrival moment at that location within a given cardiac
cycle. The pulse timing information thus comprises pulse
arrival times.

[0086] The estimations of the pulse arrival moments PA (k)
are input to a pulse delay (PD) estimation unit 44. For each
possible beat location pair, a pulse delay estimate:

PDy; g(k)=PAg;(k)-PAg/(k)

[0087] is computed, where ij refers to the i” and j*
extracted beat location. The unit 44 outputs for the k™
cardiac cycle a set of pulse delay estimates:

PD(k)={PDg, 5,(k)}, where u,ve{l . . . N}u=v and
PDg, 2,(k)>0

[0088] This example provides further pulse timing infor-
mation in the form of a set of pulse delay estimates based on
the difference between the pulse arrival moments for a set of
pairs of beat locations.

[0089] The processing units 40, 42, 44 thus provide pro-
cessing to obtain pulse delay estimates.

[0090] In order to derive pulse wave velocity information,
the location of the pulse signals, and in particular arterial
length information, is also needed.

[0091] A posture classification unit 46 (which may for
example provide fitting of the posture to a reference skel-
eton) receives the pressure distribution P(x,y,t) and then
detects the posture of the subject by means of a trained
posture classifier.

[0092] The posture classification unit outputs the most
probable posture C.

[0093] Classification is performed by matching the mea-
sured pressure distribution to a set of predefined reference
human skeleton (or stick) models. These reference models
are stored as a set 48 of reference skeleton positions.

[0094] FIG. 6 shows some examples of possible pressure
distributions measured for various postures. The top set of
images show the pressure distribution shapes.

[0095] Referring back to FIG. 4, a skeleton fitting unit 50
takes into account the human morphological proportions and
for example involves the following steps: blob extraction/
dilation, segmentation, body part detection and model fitting
of the torso, head and limbs. The bottom set of images in
FIG. 5 show examples of fitted skeletons F¥* for the differ-
ent postures.
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[0096] The reference model F*¥' from the set 48 that yields
the closest match is selected and fitted to the measured
pressure distribution resulting in F¥* which is output from
the skeleton fitting unit 50.

[0097] Thus, the method in this way obtains a subject
posture by matching the measured pressure distribution to a
set of predefined reference human form models.

[0098] A beat-skeleton mapping unit 52 is used to identify
which locations on the subject’s body induced the detected
pressure variations in the set B that contains the extracted
locations of blood volume variations in major arteries. The
detected beat locations in the pressure sequence are mapped
anatomically to the real locations on the human body that
induced the pressure modulation, irrespective of the sub-
ject’s position and posture on the pressure sensitive mat.

[0099] Detecting the location on the subject’s body cor-
responding to a detected pressure variation is accomplished
by mapping the extracted pulse locations in the set B to the
fitted skeleton F* and these are the inputs to the unit 52. The
set U that is output by the beat-skeleton mapping unit 52
comprises information which expresses the relationship
between extracted beat locations and the fitted skeleton
model F*™,

[0100] An arterial path length estimation unit 54 esti-
mates, for each mapped beat location from set U, the arterial
path length, i.e. the length of arterial path starting from the
heart to the site on the body that induced the pressure
variation. In the skeleton model, the heart is located where
the torso, head and arm extremities connect each other. The
heart locations are predefined in all available skeleton mod-
els.

[0101] Knowing the subject’s height and the human mor-
phologic proportions of the skeleton model’s body seg-
ments, this information allows estimation of the actual
arterial path length for each detected beat location that is
mapped to the skeleton model.

[0102] The arterial path length estimation unit 54 outputs
the set D={D,, } where n={1 . . . N} containing for each
detected beat location its estimated arterial path length.

[0103] The processing units 46, 48, 50, 52, 54 thus provide
arterial path length information for each beat location.

[0104] A pulse wave velocity (PWV) estimation unit 56
has as inputs the set PD(k) containing the pulse delay
estimates between each possible beat location pair during
the k™ cardiac cycle, and the set D containing for each
localized beat its arterial path length. The pulse wave
velocity estimation unit 56 estimates for each possible beat
pair the PWV based on the arterial path distances and pulse
delay associated with the beats that formed the pair. In order
to compute the PWV, first the difference in arterial path
length Dy, 5, is calculated by subtracting the atrial path
lengths derived for a given valid beat pair Bu,Bv. The pulse
wave velocity estimation unit 56 outputs at each k” cardiac
cycle a set PWV(k) containing the estimates:

PWVy, 5. k)=Dp, 5, Dp,, 5. (k)

[0105] for each possible valid beat pair where PD>0.

[0106] Finally, the mean of the set PWV(k) is computed in
averaging unit 58, which yields the PWVavg(k) in units of
ms !

[0107] The value PWVavg(k) represents the average pulse
wave velocity by computing the mean of PWV estimates
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that are obtained by combining all possible beat signals
within one cardiac cycle k. Each beat signal pair gives one
PWYV estimate.

[0108] Note that multiple distinct beat locations could be
detected with the pressure sensitive mat, e.g. at left upper
arm, left lower arm and left upper leg. Each beat location
vields a pressure signal (beat signal) that is modulated by
variations in the blood volume pulse due to the pumping
heart. When multiple beat signals can be extracted, beat
signals could be combined by forming a beat pair giving one
PWV estimate for each pair. For example beat signal
extracted at the left upper and left lower arm yields one
PWYV. Also, beat signals at the left upper arm and left upper
leg form a pair and results in a second PWV estimate in the
same cardiac cycle. Both PWV estimates can be averaged
which yields PWVavg,

[0109] As an alternative, based on a set of PWV estimates,
the final PWV output by the system could be based on
evaluating the quality of the extracted beat locations, beat
signals, pulse arrival moments, arterial path lengths, etc.
[0110] Ablood pressure measure may then be obtained (in
conventional manner) from the pulse wave velocity. A blood
pressure derivation unit 59 is shown which stores derived
blood pressure values over time as the set BP, which
comprise a set of values BP(t) at successive time points. It
may use the the Moens-Korteweg equation.

[0111] The approach of FIG. 4 is based on obtaining pulse
delay estimates and using these to derive a measure of pulse
wave velocity.

[0112] FIG. 7 shows a second example of a system.
[0113] The same components as in FIG. 2 are given the
same reference numbers. Compared to FIG. 2, the system
comprises an additional acceleration sensor 38 which is used
to register the ballistic forces on the subject’s body. In more
general terms, there is a body motion signal sensor, which
may comprise accelerometers or gyroscopes or load cells.
The body motion signal sensor is used to monitor the heart’s
activity to obtain the time of ventricular contraction, ejection
or a similar measure of systole onset. Although in FIG. 7 the
sensor 38 is illustrated as being mounted on the bed frame
34 underneath the mattress 32, in other examples the sensor
38 may be mounted on (or alternatively embedded in) the
mattress 32 or the pressure sensitive mat 30. For example,
the sensor may be an accelerometer embedded in the 2D
pressure sensing mat that functions as a ballistocardiogram.
The sensor 38 outputs a signal BCG(t).

[0114] The controller 37 receives as inputs both the pres-
sure distribution information P(x,y,t) and the ballistocardio-
gram BCG(t). The controller again determines an estimate of
the mean pulse wave velocity as function of time PWV(k).
[0115] FIG. 8 shows the processing units to estimate
PWV(k) from P(x,y,t) and BCG(t).

[0116] Processing units which are identical to those in
FIG. 4 are given the same reference and the description is
not repeated. There are three elements which differ com-
pared to FIG. 2, namely units 38, 70 and 72, and they are
shown in bold.

[0117] In FIG. 8, there is a pulse transmit time (PTT)
estimation unit 70. Thus, as in the example of FIG. 4 the
pulse timing information includes pulse arrival times, but
the pulse timing information further comprises pulse transit
times (instead of pulse delay times).

[0118] The PTT estimation unit receives as inputs (i) the
output of the pulse arrival estimation unit 42, namely the set
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PA(k) of pulse arrival moments PA, (k) for each n”
extracted beat location and k? cardiac cycle and (ii) the
output BCG(t) of the motion sensor 38. The PTT estimation
unit 70 detects in the motion signal BCG(t) the principal
peak ] (i.e. maximum acceleration wave) in each cardiac
cycle. The J-wave refers to the acceleration of the blood
volume pulse in the descending and abdominal aorta, and
deceleration of the blood in the ascending aorta. The time
interval between the principal peak J and blood volume
arrival moment at a given beat location n is denoted by
PTT,,.

[0119] FIG. 9 shows how the pulse transit time calcula-
tions may be performed.

[0120] The trace BCG shows the ballistocardiographic
signal, for example measured with an accelerometer
mounted to the bed frame.

[0121] The trace B1 shows the blood volume pulse signal
extracted by spatiotemporal analysis of the pressure signal
P(x,y,t) in the local spatial vicinity of the localized beat (e.g.
at some location on left upper arm).

[0122] As in the example of FIG. 7, the interbeat interval
IBI1 is identified based on the minima marking the end of a
cardiac cycle/start of next of cardiac cycle, giving the beat
start Blg and beat end B1,, The moment where gradient
reaches maximum value in the systolic part give the pulse
arrival moment PA1. As explained above, other measures
may be used to determine the pulse arrival moment.
[0123] The peak I is the peak of the “T”-wave in the BCG
signal. The J-wave describes the acceleration of blood in the
descending and abdominal aorta, and the deceleration of
blood in the ascending aorta. There are various possible
procedures to localize the J-wave. One example is to search
for the extreme maximal points in the BCG signal.

[0124] The pulse transit time (PTT) is defined by the pulse
arrival moment PA1 during the interbeat interval IBI1 minus
moment of maximum amplitude in BCG’s J-wave, within
the same cardiac cycle.

[0125] Inthis way, the timing difference between the onset
of systole and the arrival of the pressure pulse in the selected
pressure variation sequence is obtained.

[0126] At each k™ cardiac cycle, the processing block
estimates the PTT for all N extracted beat locations, giving
the set PTT(k)={PTT,,(k)}, where n={1 . .. N}

[0127] A pulse wave velocity (PWV) estimation unit 72 in
this example has as inputs the set PTT(k) containing the
pulse transmit time estimates and the set D containing for
each localized beat its arterial path length, from the arterial
path length estimation unit 54. For each n™ beat location the
PWYV is computed by PWV 5, (K)=Dj, /PTT,, (k) giving the
set PWV(k).

[0128] The processing units shown in FIGS. 4 and 8 are in
practice implemented in software, as software modules.
They are shown as separate units only to simplify the
description. In practice, the system may be implemented as
a computer program which processes the pressure distribu-
tion signals (and optionally the body motion signals) in
order to derive a PWV output and optionally also a blood
pressure measurement output.

[0129] The outputs may be stored for retrieval at a later
time, for example as a report of the blood pressure or PWV
estimates during a preceding night or successive nights.
[0130] The system above makes use of a skeletal map to
translate the pressure distribution pattern into an actual body
position. Other pattern mapping approaches may be used.
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Any pattern recognition approach may be used which maps
between a general body outline as detected by the pressure
sensor and a map of locations of body parts. Each detected
pulse may be mapped to a body location by measuring
distances to known body parts within the map of locations
of body parts (such as the limb joints, heart, head, etc.).
[0131] The invention provides an automated system for
determining arterial path length as well as pulse pressure
timing instants, so that the determination of pulse wave
velocity may be fully automated. It may operate regardless
of the posture of the subject, because of the posture recog-
nition and mapping approach. There may of course be some
postures where stronger pulse signals are detected than
others. However, the system can monitor PWV or blood
pressure signals over time (e.g. during the night) and for
periods of reduced signal strength, extrapolated values may
be used.

[0132] The invention avoids the need for ECG measure-
ments, and thus provides a totally non-invasive measure-
ment system, requiring no electrodes for contact with the
subject, and no sensors that need to be worn on the body.
[0133] FIG. 10 shows a method of analyzing a pressure
distribution profile of a subject lying on a mat over time.
[0134] The method comprises:

[0135] step 80 of identifying beat locations where beat
pressure signals are identified;

[0136] step 82 of obtaining pulse timing information from
the beat locations;

[0137] step 84 of determining a subject posture and map-
ping the beat locations to anatomical body locations;
[0138] step 86 of determining an arterial path length for
the anatomical body locations; and

[0139] step 88 of estimating a pulse wave velocity from
the pulse timing information and arterial path lengths.
[0140] As explained above, the step 82 of obtaining pulse
timing information is based on determining a start and end
of the cardiac cycle and pulse arrival moment.

[0141] In one example, a set of pulse delay estimates is
obtained based on the difference between the pulse arrival
moments for a set of pairs of beat locations.

[0142] In another example, there is additional step 81 of
obtaining a body motion signal in respect of the subject. The
step 82 of obtaining pulse timing information then com-
prises obtaining a set of pulse transit times for the set of beat
locations.

[0143] The step 84 of obtaining a subject posture may
involve matching the measured pressure distribution to a set
of predefined reference human form models.

[0144] As discussed above, a controller 37 performs the
data processing. The controller can be implemented in
numerous ways, with software and/or hardware, to perform
the various functions required. A processor is one example
of a controller which employs one or more microprocessors
that may be programmed using software (e.g., microcode) to
perform the required functions. A controller may however be
implemented with or without employing a processor, and
also may be implemented as a combination of dedicated
hardware to perform some functions and a processor (e.g.,
one or more programmed microprocessors and associated
circuitry) to perform other functions.

[0145] Examples of controller components that may be
employed in various embodiments of the present disclosure
include, but are not limited to, conventional microproces-
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sors, application specific integrated circuits (ASICs), and
field-programmable gate arrays (FPGAs).

[0146] In various implementations, a processor or control-
ler may be associated with one or more storage media such
as volatile and non-volatile computer memory such as
RAM, PROM, EPROM, and EEPROM. The storage media
may be encoded with one or more programs that, when
executed on one or more processors and/or controllers,
perform the required functions. Various storage media may
be fixed within a processor or controller or may be trans-
portable, such that the one or more programs stored thereon
can be loaded into a processor or controller.

[0147] The invention provides a non-invasive blood pres-
sure monitoring system which in particular may be used
during sleep.

[0148] Other variations to the disclosed embodiments can
be understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the claims,
the word “comprising” does not exclude other elements or
steps, and the indefinite article “a” or “an” does not exclude
a plurality. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.
Any reference signs in the claims should not be construed as
limiting the scope.

1. A method of analyzing a pressure distribution profile
(P(x,y:t)) of the spatial distribution of pressure over time of
asubject lying on a pressure mat to derive a measure of pulse
wave velocity of blood in the subject, wherein the method
comprises:

identifying beat locations in the subject where beat pres-

sure signals are identified;

obtaining pulse timing information from the beat loca-

tions;

determining from the pressure distribution profile (P) a

subject posture and mapping the beat locations to
anatomical body locations of the subject according to
that posture;

determining an arterial path length for the anatomical

body locations; and

estimating a pulse wave velocity from the pulse timing

information and arterial path length.

2. A method as claimed in claim 1, comprising obtaining
pulse timing information from the beat locations by analyz-
ing the pressure signals to determine a start and end of the
cardiac cycle and pulse arrival moment at that location
within a given cardiac cycle.

3. A method as claimed in claim 2, wherein the pulse
arrival moment is obtained based on detecting the pulse
onset during the systolic phase.

4. A method as claimed in claim 3, comprising detecting
the moment when a pressure gradient reaches a maximum
during the systolic phase.

5. A method as claimed in claim 2, comprising obtaining
a pulse arrival moment for each beat location and for each
cardiac cycle.

6. A method as claimed in claim 2, wherein obtaining
pulse timing information comprises obtaining a set of pulse
delay estimates based on the difference between the pulse
arrival moments for a set of pairs of beat locations.

7. A method as claimed in claim 2, further comprising
receiving a body motion signal (BCG (t)) indicative of the
heart’s activity in respect of the subject, wherein obtaining
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pulse timing information comprises obtaining a set of pulse
transit times (PTT(k)) for the set of beat locations based on
the pulse arrival moments for the set of beat locations and
the body motion signal.

8. A method as claimed in claim 7, comprising detecting
a peak in the body motion signal and determining a time
difference between the timing of the peak and the pulse
arrival time for each beat location.

9. A system as claimed in claim 1, wherein obtaining a
subject posture comprises matching the pressure distribution
profile (P) to a set of predefined reference human form
models.

10. A system as claimed in claim 9, wherein determining
an arterial path length for the anatomical body locations
comprises mapping the beat location to the matched human
form model.

11. A method as claimed in claim 1, comprising providing
an average pulse wave velocity for a processed set of cardiac
cycles.

12. A method as claimed in claim 1, further comprising
deriving from the pulse wave velocity one or more of:
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a blood pressure measure;

a measure of arterial stiffness; and

a breathing rate.

13. A computer program comprising computer program
code means which is adapted, when said computer program
is run on computer, to implement the method of claim 1.

14. A monitoring system comprising:

a pressure sensitive mat for providing a pressure distri-
bution profile (P(x,y,t)) of the spatial distribution of
pressure over time of a subject lying on the mat; and

a controller for analyzing the pressure distribution profile
to derive a measure of pulse wave velocity of the
subject,

wherein the controller is adapted to perform the method as
claimed in claim 1.

15. A monitoring system as claimed in claim 14, wherein
the controller is adapted to perform a method, further
comprising an acceleration sensor for obtaining the body
motion signal (BCG(1)).

* ok %k
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