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(57) Abstract: In order to provide an easy-to-use technique for measuring blood pressure and/or other vital signs of a subject, a
& sensor for detecting the passing of a pulse wave from a subject's arterial system is suggested, the sensor being adapted to be located
at a sensing position on the exterior of the subject's body, characterized in that the sensor comprises a number of electrical coils for
generating an inductive coupling to the subject's body in a way that the properties of said inductive coupling change if a pulse wave
passes a screened volume underneath the sensing position, and a circuit connected to the number of electrical coils, said circuit being

adapted to detect said property changes of the inductive coupling.
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SENSOR FOR DETECTING THE PASSING OF A PULSE WAVE FROM A
SUBJECT’S ARTERIAL SYSTEM

The present invention relates to a sensor and a method for detecting the
passing of a pulse wave from a subject’s arterial system. Furthermore the invention
relates to a non-invasive measuring system, being adapted to be attached to the exterior
of the subject’s body, and to methods for determining various vital signs of a subject.

Blood pressure (BP) is one of the most important physiological
parameters and plays a major role in medical diagnostics, prevention as well as in disease
management systems. It is an independent risk factor for cardiovascular disease and renal
disease. In 2006 there were 65 million adults in the US having hypertension with
systolic pressure >140 mmHg and diastolic pressure >90 mmHg and/or use
antihypertensive drugs. Additionally one-quarter of US-adults have “prehypertension”.
These numbers indicate that hypertension causes a strong social burden and new
strategies in blood pressure monitoring and therapy have been proposed. Besides spot
measurements at hospitals it is now recommended to extend blood pressure
measurements to a home based continuous monitoring.

There are several established methods and devices providing BP values
measured non-invasively: e.g. using sphygmomanometers (auscultatory method), using
oscillometric techniques, that is the most wide-spread technique for self measurement,
tonometry or the finger cuff method of Penaz. All approaches use a cuff and an external
pressure must be applied to the subject’s body.

Unsupervised BP measurements are prone to measurement artifacts due
to ill-defined measurement conditions (like varying room temperature, cuff position and
cuff size) and/or patient non-compliance (no physical activity 5 min before the
measurement, wrong position of the patient).

Recent research has shown a good correlation between the arterial BP
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and the velocity of pulse waves (PWV) propagating in the arterial tree, which allows a
beat-to-beat determination of BP. This technique doesn’t require a cuff for
measurements and no external pressure to the subject’s body is required. A simplistic
relation of BP and PWYV in arteries can be derived from the Moens-Korteweg-relation,

which is known from hydrodynamic theory:

c= / hE, Eq. 1
2pR

in which ¢ denotes the pulse wave velocity, E, denotes the tangential

clasticity module of the artery, p denotes the blood density, R denotes the radius of artery
and h denotes the artery wall thickness. The relation of BP and PWYV is given via the
dependency of the elasticity modulus E, from the BP, which has been described e.g. in US
4,425,920.

The PWYV can be determined by measuring the time of a pressure pulse
traveling a certain distance in the arterial system. This propagation time is called pulse
transit time (PTT) and from the prior art there are a number of methodologies known
how the PTT can be measured: ¢.g. by measuring the time-difference of a pulse passing
two points at a distance d or by measuring the time-difference between the R-peak in an
electrocardiography (ECG)-signal and a passing pulse in an artery at a certain body
position from a plethysmography-sensor. PTT can then be used as a surrogate for PWV.

From the prior art, a large number of PTT measurement set-ups are
known, e¢.g.

- the combined use of ECG and photoplethysmography (PPG), wherein

the PTT is given by time-difference between R-peak and characteristic

points in PPG,

- the combined use of ECG and Laser-Doppler-Flow measurement,

- the combined use of ECG and bio-impedance measurement at one arm

(IPG, impedance plethysmography), wherein the PTT is given by time-

difference between R-peak and characteristic points in IPG (see e.g. US

patent 6,648,828),,

- the combined use of ECG and ultrasound flow measurement,

- the combined use of impedance cardiography (ICG) of the thorax and
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IPG, or

- the measurement of “local” PTT values between two points at a

distance d with a first PPG measured e.g. at the wrist and a second PPG

¢.g. at the finger.

All these methods have several disadvantages. Ultrasound-sensors need
contact gel for proper function. Impedance and ECG measurements have to be done
with electrodes, which have normally to be glued to the skin. PPG and Laser-Doppler
sensors have to be placed at body points under which arteries are close to the skin. The
measurements of “local” PTT values have very little accuracy due to the small distance
of wrist to finger, which is caused by the requirement of arteries close to the skin.

PTT measurements based on ECG-signals have the disadvantage, that the
electrical function of the heart is related to a mechanical measure. The pre-gjection
period (PEP), the time of iso-volumetric contraction of the heart muscle, can have strong

influence on PTT without a relation to the BP.

It is an object of the present invention to provide an easy-to-use technique
for measuring BP and/or other vital signs of a subject, in which the above-mentioned
disadvantages are avoided.

This object is achieved according to the present invention by a sensor for
detecting the passing of a pulse wave from a subject’s arterial system, the sensor being
adapted to be located at a sensing position on the exterior of the subject’s body,
characterized in that the sensor comprises a number of electrical coils for generating an
inductive coupling to the subject’s body in a way that the properties of said inductive
coupling change if a pulse wave passes a screened volume underneath the sensing
position, and a circuit connected to the number of electrical coils, said circuit being
adapted to detect said property changes of the inductive coupling.

This object is also achieved according to the present invention by a
method for detecting the passing of a pulse wave from a subject’s arterial system, the
method comprising the steps of generating an inductive coupling between a number of

electrical coils and the subject’s body in a way that the properties of said inductive
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coupling change if a pulse passes a screened volume underneath the sensing position, and
detecting said property changes of the inductive coupling.

This object is also achieved according to the present invention by various
non-invasive measuring systems, which uses such a sensor, as described below in more
detail.

Furthermore this object is also achieved according to the present
invention by a computer program to be executed in a computer, which analyses the
signals from the sensor for detecting the passing of a pulse wave from a subject’s arterial
system, during which an inductive coupling between a number of electrical coils and the
subject’s body is generated in a way that the properties of said inductive coupling change
if a pulse passes a screened volume underneath the sensing position, the program
comprising computer instructions to detect said property changes of the inductive
coupling, when the computer program is executed in a computer. The technical effects
necessary according to the invention can thus be realized on the basis of the instructions
of the computer program in accordance with the invention. Such a computer program
can be stored on a carrier such as a CD-ROM or it can be available over the internet or
another computer network. Prior to executing the computer program is loaded into the
computer by reading the computer program from the carrier, for example by means of a
CD-ROM player, or from the internet, and storing it in the memory of the computer. The
computer includes inter alia a central processor unit (CPU), a bus system, memory
means, ¢.g. RAM or ROM etc., storage means, ¢.g. floppy disk or hard disk units etc.
and input/output units. Alternatively, the inventive method could be implemented in
hardware, ¢. g. using one or more integrated circuits.

A basic idea of the present invention is to use the principles of magnetic
induction in order to detect the passing of a pulse wave. The proposed sensor placed on
a certain body-part detects the change of certain parameters, which represents the
passing of a pulse. These parameters are blood volume, geometry and conductivity.
Since the conductivity of blood depends on the blood velocity, the conductivity of blood
changes, if a pulse wave passes. At the same time, the geometry of the blood vessel
changes because of the passing of the pulse wave (enlargement and contraction) and thus

the blood volume within the screened volume changes. In other words, changes of the
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blood volume within the screened volume as well as geometrical changes and
conductivity changes underneath the sensing position, i.e. underneath the position of the
sensor, within the screened body volume, are sensed. For sensing these changes, the
sensor comprises a number of electrical coils, i.e. one or more electrical coils, together
with an appropriate electronic driving circuit. Pulse waves are detected using the
principles of magnetic induction. The above mentioned changes result in a cumulated
change of the magnetic coupling between the subject’s body and the sensor coil(s),
which are used for detecting the pulse. Based on the detected pulse waves, PTT and/or
PWYV values can be determined. These values can be used for determining BP of the
subject, the pulse wave of which has been detected.

With the present invention a contactless, non-invasive measurement of BP
and other vital parameters is possible. No cuff is needed. The proposed sensor does not
have to be glued to the skin and needs no contact gel. The positions of the sensors are
not restricted to the position of arteries close to the skin. Pulse waves from arteries
deeper in the body can be detected as well.

Additionally, if the sensor is placed around the heart-position, the signal
of the sensor contains information on the instantaneous mechanical movement of the
heart during a pumping cycle. This enables an accurate measurement of the point in time,
in which a pulse wave starts propagating from the heart to the outside arteries. Therefore
if this sensor is used as proximal sensor for BP measurements the inclusion of the PEP is
avoided .

The present invention can be used e.g. for non-invasive measurement of
pulse rate, respiration rate, pulse transit time as well as for non-invasive and continuous
determination of arterial blood pressure.

Since the suggested sensor can be used for moveable and wearable
measuring systems, an easy-to-use BP measuring procedure can be implemented. The
present invention can be used for unsupervised, long-term continuous monitoring of BP
and other vital signals, like heart rate and respiration rate.

These and other aspects of the invention will be described in detail
hereinafter, by way of example, with reference to the following embodiments and the

accompanying drawings; in which:
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Fig. 1 shows a general principle of measurement,

Fig. 2 shows an equivalent circuit,

Fig. 3 shows an experimental setup with two coils,

Fig. 4 shows a relative signal amplitude of a receiving coil depending on
a radius change of an artery,

Fig. 5 shows a relative voltage-change in receiving coils when a blood
volume pulse passes the coil arrangement,

Fig. 6 shows an experimental setup with three coils,

Fig. 7 shows a first circuitry of a single coil arrangement,

Fig. 8 shows a second circuitry of a single coil arrangement,

Fig. 9 shows a current-frequency dependency in a single coil
embodiment,

Fig. 10 shows a current-frequency dependency in a single coil
embodiment,

Fig. 11 shows a third circuitry of a single coil arrangement,

Fig. 12 shows the switching between “sample” mode and “hold” mode in
circuitry 102,

Fig. 13 shows a circuitry of a dual coil arrangement,

Fig. 14 shows an example of a measuring device, and

Fig. 15 shows another example of a measuring device.

The proposed invention is based on inductive methods. The general
principle is shown in Fig. 1 for a single coil embodiment. A magnetic field produced by
the current within a measuring coil 10 induces eddy currents in the conductive tissue 11
of the subject’s body to be screened (induction of eddy currents in a volume conductor).

The equivalent circuit for modeling a measurement system with single coil
setup as shown in Fig. 2 describes the situation according to Fig. 1 using standard

electrical elements. The measuring coil 10 of the primary circuit 12 is coupled by
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induction coefficients L;; to the body circuit 13, which are primarily defined by the
electrical properties of the tissue, vessels and bones inside the screened volume 11 of the
subject’s body. The resonance frequency and impedance of the electrical circuits 12, 13
varies due to changes within the screened body volume 11. Blood for instance shows
different resistances at different flow velocities during a heartbeat due to the alignment
of erythrocytes. Additionally there are geometrical changes, because vessels inflate or
deflate. These changes are detected and used for determining the passing of a pulse wave
in the screened volume. The following equations can be used for modeling the

measurement system:

N N .1 .
LI +L,l,+RI +—=U Eq.2
G

N N . ],
L212+L12[1+R212+C—:0 Eq. 3

2

with L, given by the following equation for i=1, j=2:

L, = 471:[[ ﬂ]l ]jd*ca’*c’ Eq. 4

itj vy

Mathematically the current amplitude in primary circuit 12 according to
the equivalent circuit in the single coil arrangement according to Fig. 2 can be expressed
for a simplified cylindrical problem according to the following expression:

iU,
72 6, ()L, (1)

l

I=

Eq. 5

—+c) L +IiWR
C ( 11 ) 1

in which U, denotes the amplitude of the driving oscillator, R, denotes the
resistance of the primary circuit, C, denotes the capacitance in the primary circuit, Ly,
denotes the self inductance of the primary coil, L,; denotes the coupling inductance of
the primary coil and circle eddy currents, 6 denotes the conductivity in the secondary
circuit (describing tissue conductivities), and @ denotes the angular frequency. As it can
be seen according to Eq. 5 the measurable current I depends on the coupling coefficients
L,i(t) and the conductivity changes o(t).

Experimental and numerical methods have been used for modeling a

specific sensor configuration for use at a subject’s wrist. An experimental setup
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evaluating sensitivity of radius changes of an artery is schematically shown in Fig. 3.
Two coils 20, 21, the axes of which are perpendicular to each other, form a coil
arrangement. The field coil 20 L. produces a primary magnetic field, which is screened
by the sensing or receiving coil 21 L,,, which is located perpendicular to L.. An artery 22
has been modeled by an elastic tube filled with water having conductivity similar to that
of blood. The direction of blood flow is illustrated by arrow 23. The tube radius R was
changed via a pressure increase in the tube. The following setup parameter has been
used: = 2n-4 MHz, radius of sensing coil L, =5 c¢m, radius of primary coil L= 5 cm.
The induced voltage in the receiving coil L,, was measured via the well-known lock-in
method.

In Fig. 4 experimental results for the setup shown in Fig. 3 are illustrated.
In particular, Fig. 4 shows the measured relative signal amplitude (relative voltage
change U,/Uno (U for R=Ry) ) of the receiving coil L, depending on the relative
change of tube radius with respect to two different background conductivities. As a first
background (first curve 30) air is used (conductivity 0 Sm™). As a second background
(second curve 31) conductive water is used, simulating fat conductivity 0.04 Sm™). It
can be seen that even in a background of fat a measurable effect can be observed due to
a radius change of the tube 22. The dimension of the setup can be scaled down for
different body locations and realistic artery geometries e.g. femoralis or carotis.

In Fig. 5 results of a numerical simulation are illustrated. The simulation
has been carried out using a model having the dimension of a realistic embodiment. The
setup for this simulation was similar to Fig. 3 with an additional receiving coil L, 21°
opposite to the first receiving coil Ly, 21. This setup is shown schematically in Fig. 6.
The following parameter has been used: radius of primary coil L= 15 mm, radius of
sensing coils L= 2.5 mm (normal aligned), distance of L. to fat= 5 mm, distance of L,
to L= 50 mm, artery radius= 1.5 mm, pulse cube radius= 2.5 mm, distance air/artery=
1.5 mm, background fat= 0.04 Sm™, blood conductivity= 0.7 Sm™.

Fig. 5 shows the calculated relative voltage-change in both receiving coils
L, Lz when a blood volume pulse passes the arrangement for a background of fat.
There is a maximum relative voltage change of about 5 % during the passage of the

blood volume pulse. Due to the symmetrical arrangement there are two similar voltage
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differences 40 in both coils. As it can be seen in Fig. 5 this voltage change can easily be
detected. Thus, the proposed method can be used to detect blood flow pulses in a very
comfortable way.

For implementing the principle of magnetic induction a single coil
arrangement or a dual coil arrangement can be used. If a single coil setup is used, the
measuring is based on changes of the coils parameter due to the influence of the
screened body volume. In particular a change of the phase angle between the coil voltage
and the current through the coil can be observed in case an electric conducting material
(like blood in the form of a pulse wave) passes the coil’s position. Fig. 7 illustrates a
control circuit 100 for a single coil setup for measuring the phase angle. An AC supply
point 50 impresses a voltage into a serial connection of a measuring coil L 51 and a
resistor R 52. The voltage drop on the resistor R 52 is directly proportional to the
current through the coil L 51. Using a first differential amplifier 53 the voltage drop on
the coil L 51 is determined. Using a second differential amplifier 54 the voltage drop on
the resistor R 52 is determined, which is a measure for the current through the coil L 51.
The output signals of the differential amplifiers 53, 54 are given by

x,; (1) = A, -sin(®r) Eq. 6
x,(t)=4, -sin(0t +¢) Eq.7

In the above equations ® denotes the angular frequency of the feeding
alternating current Uac, @ denotes the phase angle between voltage and current (to be
determined), and Ay and A; are the amplification factors of the differential amplifiers 53,
54. A mixer 55 is used to generate the product of voltage Xy (which is proportional to
the voltage U) and voltage X; (which is proportional to the current I). This product is
denoted Uinphase-

U = A, sin(wr) A4, sin(®r + Q) Eq. 8

inphase

inphase

= AUzA] [cos(@) — cosCwt +¢)] Eq.9

Using a low-pass filter LP 56 the higher frequency (20w in Eq. 9) is

eliminated and a resulting output signal U,y 1s generated.

out

= % cosQ Eq. 10



10

15

20

25

30

WO 2008/015598 PCT/IB2007/052763

10

In case of an ,,ideal” inductance the coil voltage leads the coil current by
0=90°. In this ,ideal* case the output signal U, is zero because of cos(90°)=0. Because
of the inductive coupling of coil L 51 and electrical conducting tissue (not shown in Fig,.
7), the phase angle ¢ is decreased and the output signal Uy is not zero. In other words,
the blood pulse within an artery, representing a blood volume with varying throughput,
passing the coil L 51, modulates the amplitude of the output signal Ugy.

In practical operation no pure inductive measuring coil L 51 is obtained.
Because of the coil supply lines 60, there are parasitic couplings, see Fig. 8. These
couplings are small, however, resulting in a capacitory effect. The combination of
measuring coil L 81 and parallel connected parasitic capacitor form a resonant circuit.
Typically, the self-resonant frequency of such a measuring coil L 81 is some MHz. In
other words, the self-resonant angular frequency is in the frequency range of the
measuring angular frequency ®.

The electromagnetic coupling to the passing pulse wave attenuates the
resonance amplitude and detunes the resonance frequency of the measuring setup. These
effects can be used for pulse detection as well.

A way of operating a single coil setup at the self-resonant frequency of
the coil is described below. For this purpose a closed loop control circuit 101 is used.
Instead of an AC supply point U,c a voltage-controlled oscillator 82 with variable
frequency is used. The oscillator 82 feeds a parallel resonant circuit, which is formed by
the measuring coil L 81 and the parasitic capacity (supply lines 60). In Fig. 8 basic buffer
amplifier 83, 84 are used instead of the differential amplifiers, resulting in low wiring
requirements. However, differential amplifiers can be used as well.

In the closed loop control circuit illustrated in Fig. 8 an “error” voltage ¢
is provided as resulting signal of mixer 85 and low-pass filter 86. The aim is to adjust
this error value e to zero. In contrast to the embodiment illustrated in Fig. 7, in which the
resulting voltage of mixer 55 and low-pass filter 56 changes to zero if coil voltage and
coil current show a phase angel of 90°, in the embodiment illustrated in Fig. 8 an
additional 90° phase shifter 87 is employed in a way that voltage e equals zero if voltage
and current of the coil L 81 are in phase (phase angle=0°). In an oscillating circuit this is

the case if the operating frequency equals the resonance frequency. As long as the error
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voltage ¢ is not zero, the PI controller 88 receiving the error voltage e regulates its
output voltage U, such that its input voltage becomes zero (e=0). In other words, the
PI controller 88 uses the error voltage ¢ to generate a control voltage Ucono for the
voltage controlled oscillator 82. The oscillator 82 is controlled until the error voltage ¢
equals zero, i.e. the present resonance frequency is reached.

Instead of a PI controller 88 (proportional integral controller) a P
controller (proportional controller) can be used. In this case the error voltage e can be
adjusted to a minimum only, the value of which depends on the amplification factor of
the P controller. A PI controller with integral part however integrates lowest error
voltages e. Other controllers known in the state of the art can also be used.

An output value of the illustrated setup is the control voltage U.onor O
the oscillator 82. If the resonance frequency changes because of a pulse wave passing the
coil L 81, the control loop control circuit tunes the oscillator 82 accordingly, and the
control voltage Uconror Of the oscillator 82 changes.

Fig. 9 illustrates a typical current-frequency dependency in a single coil
embodiment (parallel oscillating circuit) in case of = 0° (resonance frequency f;). In
case of resonance the phase angle is zero, i.c. voltage and current are in phase. In other
words, current I consists of the part Iiypnase only. As a second output value in case of
resonance the signal X; can be used, as illustrated in Fig. 8. Signal X; corresponds to the
amplitude of the resonance curve, representing the attenuation of the oscillating circuit.
If the attenuation of the oscillating circuit is high, e.g. due to electrical conductive
material, like blood, the resonance curve shows a low amplitude.

The setup as illustrated in Fig. 8 allows the determination of the present
resonance frequency and the determination of the attenuation of the oscillating circuit,
both values depending on the presence of electrical conducting material (e.g. a passing
pulse wave) close to the measuring coil L 81.

In another embodiment a measurement setup is used, which in particular is
of advantage in case of very high measuring sensitivity. Again the setup is built as a closed
loop control circuit 102, in which the oscillator 92 is controlled such, that instead of a
resonance a certain point on the edge of the resonance curve 200 is reached. This certain

point is defined such that the part L. 0f current in phase with the coil voltage is equal
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in size to the part Iqudewre Of current, which shows a phase angel of 90° to the coil
voltage, as illustrated in Fig. 10. A typical current-frequency dependency in a single coil
embodiment (parallel oscillating circuit) in case of ¢=45° (frequency f,) is shown.

The closed loop control circuit 102 used in this embodiment is adapted in
a way that the difference between linphase and Iquadrature 1S used as the error value to be
minimized. If both parts of current show the same size, the difference equals zero. In Fig.
11 a setup is shown for operating on the edge of the resonance curve 200. In this
embodiment the setups as shown in Fig. 7 and 8 are combined. A first mixer 95a
determines the components of the coil current, which are in phase with the coil voltage,
as known from Fig. 7. A second mixer 95b determines the component of the coil current,
which show a 90° phase shift to the coil voltage, as known from Fig. 8. Both
components are subtracted from each other and the resulting value is fed to the PI
controller 98 as an error value. The PI controller 98 generates the control voltage for the
voltage controlled oscillator. The PI controller 98 regulates its output voltage U,y such
that its input voltage becomes zero (e=0).

In contrast to the embodiments described above, additionally a sample &
hold element 99 is employed. The sample & hold element 99 is located between the PI
controller 98 and the voltage controlled oscillator 92 and serves as a closed switch, if the
sample & hold element 99 operates in “sample” mode. In other words, the output
voltage Uconral 0f the PI controller 98 is given to the control input of the oscillator 92. If
the sample & hold element 99 operates in “hold” mode, the sample & hold element 99
interrupts the direct connection between the PI controller 98 and the oscillator 92. At the
same time the sample & hold element 99 provides (“holds”) on its output the last valid
voltage value.

In other words, in the “sample” mode the closed loop of the control
circuit 102 will be closed and the inflection point on the edge of the frequency curve 200
will be used as operating frequency, and in the “hold” mode the closed loop of the
control circuit 102 will be opened in a way that the oscillator 92 oscillates with the last
setup frequency.

In order to carry out a measurement the oscillator 92 is set up on the

inflection point of the edge of the present frequency curve 200 using the “sample” mode.
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In a next step the sample & hold element 99 is switched to the “hold” mode. Because the
inflection point is the steepest point on the edge of the resonance curve 200, a small shift
of the coil’s natural resonance, ¢.g. due to a passing pulse wave, results in a large effect
on the amplitude of the coil current to be measured. In order to detect a passing pulse
wave, the voltage X; is measured, which represents the coil current.

In practice there is a periodical switching between the “sample” mode and
the “hold” mode, in order to provide a quasi-continuous measurement, during which the
readjusting during the “sample” mode is done within some milliseconds. An example of
such a switching between “sample” mode and “hold” mode illustrates Fig. 12.

In “sample” mode slow changes of the environment, ¢.g. a changing
coupling of the measuring coil to the part of the subject’s body which is used for pulse
detection, would be compensated, whereas fast measuring effects, e.g. caused by a
passing pulse wave, would be acquired in a quasi-continuous way during the “hold”
mode.

In order to control the different modes of operation, a preferred control
strategy is to provide a short switch from the “hold” mode to the “sample” mode only in
case of a significant deviation of the coupling behaviour due to a changing measuring
environment. Such a deviation is determined by observing the output of the PI controller
98. In “hold” mode the PI controller 98 verifies the error value, i.e. the difference
between linphase and Iquadrature. A long as this difference is below a certain threshold, the
measurement is “on edge”. The threshold has to be set high enough, such that the short
peaks of the error value caused by passing pulse waves do not lead to a switch to the
“sample” mode.

In a single coil setup, as described above, the electrical coil parameters
change due to neighbouring electrical conductive material, e.g. a pulse wave. A change
of coil parameters is detected by measuring of coil voltage and coil current and by
determining the phase difference.

A measurement system with dual coil setup is illustrated in Fig. 3. In this
setup the coupling between two separate coils 20, 21 is changed due to neighbouring
electrical conductive material, ¢.g. a pulse wave. Without electrical conductive material

being in the neighbourhood of the coils 20, 21 the net flux through the receiving coil L,
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21 is zero due to the symmetry of the coil arrangement, i.c. no voltage is induced in the
receiving coil L, 21. If an electrically conductive material is in the neighbourhood of the
coils the magnetic field of the field coil L. 20 is distorted and the net flux through the
receiving coil L, 21 does not equal zero. In other words, a voltage is induced.

In contrast to the single coil setup, the aim of the measuring setup is not
to examine the phase difference of two signals. Instead, a very small signal in a very
“noisy” environment has to be measured. A known method for such a measurement is
the so called lock-in method. In Fig. 13 a setup for a control circuit 103 is shown, in
which a lock-in amplifier 110 is used to evaluate the signals of the dual coil setup.

The lock-in amplifier 110 comprises two signal input channels. The first
input channel (reference input) 111 is used for a reference signal and the second input
channel (measuring input) 112 is used for a measuring signal. As reference signal the
alternating voltage Uac of the field coil L. 20 is used. The measuring signal is the voltage
which is induced in the receiving coil L, 21.

Without any coupling between the two coils 20, 21, the induced voltage is
zero. If an electrically conductive material is in the neighbourhood of the coils 20, 21, a
very small alternating voltage is induced in the receiving coil L, 21. This alternating
voltage exhibits the same frequency as Uac. Amplitude and phase of the voltage depend
on the coupling between the two coils 20, 21.

In order to compensate the phase shift between reference signal and
measuring signal, the lock-in amplifier 110 comprises an adjustable phase shifter 113,
which is adapted in a way that to the mixer 115 both signals are provided with the same
phasing. In this way, a maximal output voltage U,y can be obtained after the low-pass

filter 118, which is provided after the mixer 115.

A - A
U — measurement reference Eq 11

out _max
- 2

Eq. 14 is equivalent to Eq. 13, which is maximal for ¢=0°. An advantage
of the lock-in technique is that interfering frequencies and noise exhibiting undefined or
changing phasing with regard to the reference signal averages to zero after the mixer
115. In the amplifier 110 the reference signal passes a buffer 116 in order to reach the

phase shifter 113 and the measuring signal passes a buffer 117 and a band-pass filter 114
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in order to reach the mixer 115.

Figs. 14 and 15 illustrate two different embodiments of a non-invasive
mobile measuring system comprising a sensor as described above. The measuring system
comprises a wristband 310 or bracelet or the like, into which the sensor coil(s) 320, 330
are integrated together with the circuitry and a power supply, ¢.g. a small battery. In
addition a display (not shown) can be provided for displaying heart rate or other
physiological parameters to the user. In a first embodiment a larger single coil is
arranged in a way that it embraces the user’s wrist 300 (Fig. 14). In a second
embodiment a small single coil 320 is arranged on the exterior of the subject’s body, at a
certain place of the user’s wrist 300, surrounding a spot of some centimeter in diameter
(Fig. 15).

Instead of a wristworn device, other devices can be provided to wear the
measuring device at different parts of the body, ¢.g. on the chest, the waist, the ankle
etc. Two or more of such devices can be worn simultancously in order to provide a BP
measurement or a multiple parameter measurement. Alternatively, the measuring system
according to the present invention can be adapted to be part of a garment or another
piece of clothing, ¢.g. an underwear etc.

The measuring device preferably comprises a built-in analysing unit,
comprising a microprocessor or the like in order to execute an analysing software. The
analysing software is adapted to determine, based on the detected pulse waves, PTT
and/or PWYV values. Furthermore the analyzing software is adapted to determine BP
values of the subject wearing the measuring device. Depending on the number of sensors
used and the sensing positions, different vital parameters can be determined, ¢.g. heart
rate, respiration rate etc.

All appliances described above are adapted to carry out the method
according to the present invention. All circuitry 100, 101, 102, 103, in particular all
programmable devices, are constructed and programmed in a way that the procedures
for obtaining data and for data processing run in accordance with the method of the
invention. In particular the controller are adapted for performing all tasks of calculating
and computing the measured data as well as determining and assessing results. This is

achieved according to the invention by means of a computer software comprising
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computer instructions adapted for carrying out the steps of the inventive method, when

the software is executed in a processing unit, controller and/or circuitry. The processing
unit itself may comprise functional modules or units, which are implemented in form of

hardware, software or in form of a combination of both.

It will be evident to those skilled in the art that the invention is not limited
to the details of the foregoing illustrative embodiments, and that the present invention
may be embodied in other specific forms without departing from the spirit or essential
attributes thereof. The present embodiments are therefore to be considered in all respects
as illustrative and not restrictive, the scope of the invention being indicated by the
appended claims rather than by the foregoing description, and all changes which come
within the meaning and range of equivalency of the claims are therefore intended to be
embraced therein. It will furthermore be evident that the word “comprising” does not
exclude other elements or steps, that the words “a” or “an” do not exclude a plurality,
and that a single element, such as a computer system or another unit may fulfil the
functions of several means recited in the claims. Any reference signs in the claims shall

not be construed as limiting the claim concerned.
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REFERENCE NUMERALS
10 measuring coil
11 tissue
12 primary circuit
13 body circuit
20 field coil
21 measuring coil
22 artery
23 direction of blood flow
30 curve
31 curve
40 voltage difference
50 supply point
51 measuring coil
52 resistor
53 differential amplifier
54 differential amplifier
55 mixer
56 low-pass filter
60 supply line
81 measuring coil
82 oscillator
83 amplifier
84 amplifier
85 mixer
86 low-pass filter
87 phase shifter
88 PI controller
92 oscillator
93 buffer
94 buffer

PCT/IB2007/052763
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95

96

97

98

99

100
101
102
103
110
111
112
113
114
115
116
117
118
200
300
310
320
330

mixer
low-pass filter
phase shifter

controller

sample & hold element

control circuit
control circuit
control circuit
control circuit

lock-in amplifier

input channel/reference channel

input channel/measurement channel

phase shifter
band-pass filter
mixer

buffer

buffer

low-pass filter
resonance curve
wrist

wristband
measuring coil

measuring coil

PCT/IB2007/052763
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CLAIMS:

1. A sensor for detecting the passing of a pulse wave from a subject’s
arterial system, the sensor being adapted to be located at a sensing position on the
exterior of the subject’s body, characterized in that the sensor comprises

- a number of electrical coils for generating an inductive coupling to the
subject’s body in a way that the properties of said inductive coupling change if a pulse
wave passes a screened volume underneath the sensing position, and

- a circuit connected to the number of electrical coils, said circuit being

adapted to detect said property changes of the inductive coupling.

2. The sensor as claimed in claim 1, characterized in that the sensor
comprises a single electrical coil, the electrical properties of which being changed, if a

pulse wave passes the sensing position.

3. The sensor as claimed in claim 1, characterized in that the sensor
comprises two separate electrical coils, said coils forming a coil arrangement in which
the first coil serves as field coil and the second coil serves as receiving coil, the electrical

properties of which being changed, if a pulse wave passes the sensing position.

4. A non-invasive measuring system, being adapted to be attached to the
exterior of the subject’s body, characterized in that it comprises one sensor as claimed in
claim 1, the system being adapted to provide information about the heart rate of the

subject.

5. A non-invasive measuring system, being adapted to be attached to the

exterior of the subject’s body, comprising two sensors as claimed in claim 1, the sensing
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positions of said sensors being spaced apart, the system being adapted to provide

information about the blood pressure of the subject.

6. Method for detecting the passing of a pulse wave from a subject’s arterial
system, the method comprising the steps of:

- generating an inductive coupling between a number of electrical coils
and the subject’s body in a way that the properties of said inductive coupling change if a
pulse passes a screened volume underneath the sensing position, and

- detecting said property changes of the inductive coupling.

7. Method for determining the heart rate of a subject, the method
comprising the steps of:

- detecting the passing of at least two successive pulse waves using the
method as claimed in claim 6,

- measuring the time interval between said pulse waves, and

- determining the heart rate.

8. Method for determining the blood pressure of a subject, the method
comprising the steps of:

- detecting the passing of a pulse wave at two spaced apart sensing
locations using the method as claimed in claim 6,

- measuring the pulse transit time between said sensing locations, and

- determining the blood pressure.

9. A computer program for detecting the passing of a pulse wave from a
subject’s arterial system, during which an inductive coupling between a number of
electrical coils and the subject’s body in generated in a way that the properties of said
inductive coupling change if a pulse passes a screened volume underneath the sensing
position, the program comprising computer instructions to detect said property changes

of the inductive coupling, when the computer program is executed in a computer.
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