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CONTACTLESS RESPIRATION MONITORING OF A PATIENT AND OPTICAL
SENSOR FOR A PHOTOPLETHYSMOGRAPHY MEASUREMENT

FIELD OF THE INVENTION

The invention relates to the field of contactless respiration monitoring of a
patient and an optical sensor for a photoplethysmography measurement, and especially
to a handheld device for simultaneously monitoring respiration action, blood pressure
and heart rate which can preferably used for spot-checking the vital parameters of
patients in hospitals.

BACKGROUND OF THE INVENTION

It is possible to detect the pulse wave arrival in a finger of a patient by
means of an optical measurement: Typically, an infrared LED shines light into the finger
and the amount of light that reaches a photodiode causes a photo current to flow
through the diode. In the presence of the pulse wave, a large portion of the light is
absorbed by the blood, i.e. the current through the photodiode is modulated accordingly.
This technique is known as photoplethysmography (PPG).

It is called "transmittive" PPG, if LED and photodiode are installed on
opposite sides of the finger, such that the LED light actually shines through the finger.
Such a setup is usually realised as a finger-clip. The other option is to have both LED
and photodiode installed on the same side of the finger. This is called "reflective" PPG,
and 1s useful if a finger-clip is not acceptable. In reflective mode, LED and photodiode
sit next to each other, so that the patient only has to rest his finger on the two
components in order to have his pulse wave detected, e.g. for heart rate measurements
or pulse arrival time (PAT) measurements.

A reflective PPG setup is useful in many cases. It requires the patient only
to put his finger lightly onto the LED/photodiode combination in order to have his pulse
wave detected. This can be used for heart rate measurements, for example. Another

application of PPG is the measurement of a pulse transit time (PTT) or of a pulse arrival
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time (PAT). The principle of a PTT measurement is that one takes the moment in time,
when the pulse wave starts at one point of the body, and measures the arrival time at
another point of the body. The PTT is calculated as the time difference between the two
and is inversely related to the pulse wave velocity. The PAT is defined as the time delay
between the ECG R-peak and the arrival of the PPG pulse at some peripheral site. The
PPG measurements are usually done on the patient's ear lobe or on a finger.

Both PTT and PAT are interesting measures, because among other
parameters, like the distance between the two measurement locations on the body and
the elasticity of the blood vessels, they provide information on the blood pressure of the
patient. So if the other parameters are known or can be estimated, blood pressure can be
inferred from a PTT or PAT measurement.

Actually, the R peak in the ECG signal does not coincide with the start of
the pressure pulse propagation in the aorta. This is because the ECG R peak is the
electrical excitation of the heart muscle. It takes some time before the muscle reacts to
this excitation, and then it takes even more time before the muscle has built up sufficient
pressure in the heart, so that the aortic valve opens and the pulse wave really starts to
travel through the arteries. However, the time delay between the R-peak and the aortic
valve opening also conveys important information on the arterial blood pressure. Hence,
taking the R peak as the start point for deducing the pulse wave arrival time at periphery
18 acceptable in many applications.

Many attempts have been made in the past to use this principle in order to
provide a blood pressure measurement that does not need a cuff. Typical PAT
measurement setups comprise an ECG measurement and a PPG measurement. A
characteristic point of the PPG pulse is taken as the moment in time when the pulse
wave arrives in the finger or ear. The difference between the occurrence time of the ECG
R-peak and of the PPG characteristic point is calculated, which is translated into a blood
pressure value.

The problem especially encountered in reflective PPG setups is that the
pressure, with which the skin is pressed onto the LED/photodiode combination, can be
so high, that the blood vessels are actually clamped off, so that the pulse wave does not
reach the measurement location and therefore cannot be detected.

Further, spot-checking the vital parameters of patients in hospital beds is
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part of a nurse's daily routine. Heart rate, breathing frequency, blood pressure and body
temperature are the most important parameters that should be checked for every patient.
Measuring all these parameters properly would require a substantial effort, both in terms
of measurement equipment and time. However, the practical circumstances in a hospital
force the nurses to be as quick as possible with the spot-check measurements, because
they have many other tasks to do, requiring more attention than the routine spot-
checking.

Especially, respiratory action cannot be measured with conventional spot-
checking setups yet. For that, a breathing sensor would be required. In general, such a
breathing sensor had to be attached to the chest of the patient. However, attaching a

sensor to the patient's chest is inconvenient and time-consuming.

SUMMARY OF THE INVENTION

It is a first object of the invention to provide a possibility for a reliable and
fail-safe photoplethysmography measurement.

This object is achieved by an optical sensor for a photoplethysmography
measurement, comprising

a light unit with a light emitter for emitting light into tissue of a patient
and/or a light detector for detecting a part of the emitted light after interaction with the
tissue, wherein

the light unit is embedded in an elastic material.

Accordingly, it is an essential idea of the first aspect of the invention to
provide an elastic material which, when pressed by a patient's fingertip, is resilient and,
thus, avoids clamping of capillaries in the patient's tissue. This comprises several
advantages as intuitive usage of reflective finger PPG setups, and no explanation to the
patient how the finger has to be applied. Further, the invention allows valid
measurements in a reflective PPG setup irrespective of the pressure exerted on the skin
that is pressed onto the light unit. Thus, this solution is simple, passive and inexpensive.

According to a preferred embodiment of the invention, the elastic material
is adapted for being contacted by the patient's skin, preferably by a patient's fingertip.

Further, it is preferred that the elasticity of the elastic material lies in the range of typical
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clasticities of the tissue of a human finger. Preferably, silicone is used for the elastic
material.

In general, the invention can be applied for different types of
photoplethysmography measurements. However, according to a preferred embodiment
of the invention, the light unit is adapted for a reflective photoplethysmography
measurement. With respect to this, according to a preferred embodiment of the
invention, the light unit comprises an LED and a photodiode. Moreover, it is preferred
that the elastic material is not transparent for the light emitted by the light emitter. This is
advantageous since in this way, a direct light path from the light emitter to the light
detector is avoided. Preferably, the feature that the elastic material is not transparent for
the light emitted by the light emitter is achieved by color additives to the elastic
materials.

It is a second object of the invention to provide for a convenient and easy
to use spot-checking possibility of the patient's respiratory action.

This object is met by a device for contactless respiration monitoring of a
patient, comprising:

a distance sensor for consecutively detecting the temporal distance
variations relative to the patient's chest; and

a calculating unit for determining the breathing activity based on the
detected temporal distance variations.

According to this second aspect of the invention a solution for measuring
respiratory action of a patient without body contact is described. It is in particular
suitable for the integration into a handheld device. With respect to this it is preferred that
the handheld device comprises a holding means which is adapted for holding the device
in front of the patient's chest, preferably by the patient himself. Furthermore, it is
preferred that the calculated breathing activity preferably comprises the respiration rate
of the patient.

This second aspect of the invention provides for several advantages:
Contactless measurement of respiratory action can be integrated in a handheld device.
Further, an easy-to-use handheld solution for doing spot-checking of heart rate, blood
pressure and breathing frequency can be provided as set out in more detail in the

following. Furthermore, an easy-to-use handheld solution for doing relaxation exercises,
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for example including breathing guidance, can be provided as set out in detail further
below.

In general, different types of distance sensors like ultrasound sensors
and/or laser sensors can be used. With the help of ultrasound, distance can be measured.
A short ultrasound burst is transmitted towards the target, reflected at the target, and the
time until the reflected burst arrives is measured. The flight time is directly proportional
to the distance, because the propagation velocity is constant during the short time of
measurement. Further, with the help of laser interferometry, it is possible to measure
relative motion very precisely. The phase difference between emitted laser beam and
reflected laser beam depends on the distance to the reflecting target, so if the reflected
beam is brought to interfere with a beam that is in phase with the emitted beam, the
intensity of the interference result varies periodically.

However, according to a preferred embodiment of the invention, the
distance sensor is based on emitting and receiving electromagnetic waves. Further, it is
preferred that the distance sensor comprises a Doppler radar sensor, preferably a two-
channel Doppler radar sensor. Radar frequencies of 2.4GHz or 24GHz have shown to
deliver good results.

The use of electromagnetic waves has the advantage, that they are not
reflected at the clothing, but at the skin surface. Basically, reflection of electromagnetic
waves occurs at boundary layers between areas of different electrical conductivity. Since
the air is an electric isolator, and the clothing is usually also an isolator, there will be a
reflection indeed at the surface of the skin. This is a great advantage of using
electromagnetic waves.

If the reflecting target, which in this case would be the chest of the
patient, is moving due to the respiratory action, the reflected electromagnetic waves are
shifted in frequency with respect to the emitted waves (Doppler shift). This frequency
difference can be detected and exploited as a measure for the chest motion of the patient.
The principle of this measurement is known from traffic speed controls, for example.
The antenna of a radar transceiver can be easily integrated in a handheld device in a way
that the electromagnetic waves are directed towards the chest of the patient holding the
device in his hands.

According to a preferred embodiment of the invention the holding means
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is adapted for automatically directing the distance sensor towards the patient's chest
when held with both hands of the patient. In this way the handheld device is
automatically aligned and no additional adjustment is necessary.

Further, it is preferred that the holding means comprises two handles for
grabbing the device with both hands of the patient. In general, these handles may only be
adapted for holding the device. However, according to a preferred embodiment of the
invention, the handles comprise electrodes for an ECG measurement. With respect to
this, the handles are preferably made of metal. Furthermore, it is preferred that an ECG
measuring unit is provided in the device.

According to another preferred embodiment of the invention, additionally
or alternatively, an optical sensor for a photoplethysmography measurement, preferably
an optical sensor as described above, is provided on the device. With respect to this, it is
especially preferred that a reflective mode sensor is provided. Further, according to a
preferred embodiment of the invention, the optical sensor is positioned on the device in
such a way that, when holding the device, a patient's finger, preferably a patient's thumb,
automatically rests on the sensor. This makes the device more reliable also with respect
to the photoplethysmography measurement. Furthermore, it is also preferred that a
photoplethysmography measuring unit is provided in the device which is adapted for
determining the blood pressure of the patient.

The device described above can be used for different applications,
preferably for spot-checking applications in hospitals. However, according to a preferred
embodiment of the invention, an output unit is provided in the device, the output unit
being adapted for outputting a stress status indicator signal, based on coherence between
determined heart rate and determined breathing activity. This idea will be more apparent
with the method described in the following.

It is also an essential aspect of the invention to provide a method of
providing a patient with a stress status indicator signal, preferably with the aid of a
device as described above, comprising the following steps:

detecting the patient's heart rate;

simultancously detecting the patient's breathing activity;

calculating the degree of coherence between the heart rate and the

breathing activity; and
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outputting a stress status indicator signal based on the calculated degree
of coherence.

Under resting conditions, the heart rate of healthy patients exhibits a
periodic variation. This rhythmic phenomenon, known as respiratory sinus arrhythmia
(RSA), fluctuates with the phase of respiration: the heart rate increases during
inspiration and decreases during expiration. In this way the heart rate tends to
synchronize with the patient’s breathing activity under certain conditions. Heart rate and
respiration synchronize if a patient is in a positive or relaxed mood ("high coherence"),
compared to the de-synchronization found if the patient is in a negative or stressed mood
(low coherence). In the positive mood, the variation of the heart rate typically occurs in
a sine wave manner. This allows to conduct simultancously a measurement of heart rate
variation and breathing activity, so the degree of coherence between the two can be
calculated and used as a measure indicating the relaxation level of the patient.

With respect to this method, according to a preferred embodiment of the
invention, a guidance signal is output, indicating how the patient should breathe. Further,
it is preferred that the guidance signal is automatically adapted according to the
determined stress status of the patient.

Preferred applications of the invention are as follows: The invention
allows contactless measurement of respiration in a handheld device. It is of particular
value in a handheld device for spot-checking a patient's heart rate, blood pressure and
respiratory frequency simultaneously. Furthermore, it can be used in order to build a
very attractive handheld solution for giving guided breathing exercises as a technique to
relax effectively from stressful situations.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent from and

elucidated with reference to the embodiments described hereinafter.

In the drawings:

Fig. 1 aand b schematically show a reflective PPG setup according to a
first preferred embodiment of the invention;

Fig. 2a, b and ¢ shows a handheld device according to a second preferred
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embodiment of the invention held by a patient;
Fig. 3 depicts a block diagram of the system according to the
second preferred embodiment of the invention;
Fig. 4 shows how heart rate and respiration synchronize if a
patient is in a positive or relaxed mood, compared to the de-
synchronization found if the patient is in a negative or stressed mood;
Fig. 5 explains the calculation of coherence according to a third
preferred embodiment of the invention; and
Fig. 6 shows a block diagram of a system according to a fourth

preferred embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

According to a first preferred embodiment of the invention, it is proposed
to embed the light unit 1 of an optical sensor for a reflective photoplethysmography
measurement with its light emitter 2 and its light detector 3, i.e. with its LED/photodiode
combination, into an elastic material 4, e.g. silicone, that will give way to the finger
pressure. An according reflective PPG setup can be seen from Fig. 1. There, it is shown
that a patient's finger 5 is pressed on the elastic material 4 in which the light unit 1 with
the light emitter 2 and the light detector 3 are provided. On its border area, the elastic
material 4 is surrounded by a rigid carrier 6. In this way clamping of the finger
capillaries 7 is avoided over a wide range of finger pressures.

As can be seen from Fig. 1, the elastic material 4 is deformed depending
on the amount of finger pressure applied, and because of this deformation, clamping of
the capillaries 7 is avoided, thereby allowing a valid PPG measurement in this reflective
PPG setup over a wide range of finger pressures. In order to achieve a wide range of
tolerated finger pressures, it is preferred to choose the elasticity of the elastic material 4,
in which the LED/photodiode combination is embedded, such that it is equal or similar
to the elasticity of finger tissue. The elastic material 4 preferably is not transparent for
the light emitted by the LED, in order to avoid a direct light path from the LED to the
photodiode. This is preferably achieved with the help of color additives to the silicone, if

required.
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From Figs 2 a, b, and ¢, a handheld device 9 according to a second
preferred embodiment of the invention can be seen. The general idea of this handheld
device 9 is based on the insight that if a patient 8 holds the handheld device with both his
hands 10, there is a free line of sight 11 between the handheld device 9 and the patient's
chest 12 as shown in Fig. 2a, and more in detail in Figs 2b and 2c. Furthermore, the
anatomy of the human arm and wrist is such that if the device has two handles 13 at the
side which the patient grabs with his hands 10, the lid 14 of the handheld device 9 is
automatically adjusted to point at the patient's chest 12. Figs. 2b and 2c illustrate this
condition.

Since the wall of the patient's chest 12 moves forward and backward due
to the respiratory action, a distance sensor is integrated into the lid 14 of the handheld
device 9 that measures the distance between the lid 14 and the chest 12. Different sensor
modalities are conceivable for this purpose, as described further above.

According to the preferred embodiment of the invention described here,
as a distance sensor a transceiver of electromagnetic waves is provided in the handheld
device 9. Experiments indicate that radar frequencies give acceptable results, preferably
frequencies of 2.4GHz or 24GHz. The antenna of the radar transceiver can be easily
integrated in the handheld device 9 in a way that the electromagnetic waves are directed
towards the chest 12 of the patient 8 holding the handheld device 9 in his hands 10.

A block diagram of the system according to the second preferred
embodiment of the invention is shown in Fig. 3. The handheld device 9 provides for
three different measurements: heart rate, blood pressure and breathing activity. For that,
the handheld device according to the second preferred embodiment of the invention is
designed as follows:

For the heart rate measurement, the handheld device 9 comprises two
electrodes which are formed by metal handles 13 which also serve for holding the
handheld device. The handles 13 are connected to an ECG measuring unit comprising an
ECG amplifier 15 and a peak detector 16. Then, the heart rate is calculated in a heart
rate calculator 17.

For the blood pressure measurement, the handheld device 9 further
comprises an optical sensor 18 for a photoplethysmography measurement which may be

designed as described above. This optical sensor 18 is connected to a
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photoplethysmography measuring unit which comprises a photo amplifier 19 and a pulse
detector 20. Then, the signal determined by the pulse detector 20 is output to a PAT
(pulse arrival time) calculator 21 which also receives the signal output by the peak
detector 16 of the ECG measuring unit. In the PAT calculator 21, the blood pressure is
deduced from the PAT value and the ECG signal.

For the measurement of the breathing activities, the handheld device 9 is
provided with a Doppler radar unit comprising an antenna 22 which emits
electromagnetic waves towards the patient's chest 12 and receives electromagnetic
waves reflected from the patient's chest 12. The signal received by the antenna 22 is fed
to an RF front end 23 which is connected to a motion sensor 24. The signal output by
the motion sensor 24 is then fed to a breathing rate calculator 25 for calculating the
breathing rate of the patient 8.

In this way, an easy-to-use handheld solution for doing spot-checking of
heart rate, blood pressure and breathing frequency is created. The solution is highly
useful in hospital applications, in particular the so-called "spot-checking", when a nurse
walks from patient bed to patient bed and wants to determine as quickly as possible vital
parameters like heart rate, blood pressure and breathing rate.

At the moment, the nurse determines the patient's breathing rate by
putting her hand onto the chest of the patient and looking at her wrist watch in order to
see how many seconds a breathing cycle lasts. This method is rather inaccurate and
bothersome for the nurse, so sometimes she just writes down an assumed figure. With
the help of this preferred embodiment of the invention, these problems are overcome.
The nurse simply gives the handheld device to the patient. He holds the device for a few
seconds, during which his ECG, his pulse arrival time in the finger and his chest
movement are measured with the help of the electrodes in the handles 13, the optical
sensor 18 for the thumb and the Doppler radar, respectively.

From the ECQG, it is easy to extract the heart rate. The pulse arrival time
obtained with the help of the optical sensor is translated into blood pressure readings,
and the Doppler radar measurement allows for determining the respiration rate. This
way, all relevant parameters are captured with the help of a single, easy-to-use handheld
device. The data can be stored directly on the handheld device 9 or transmitted through a

wireless link, which is not shown in Fig. 3.
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According to a third preferred embodiment of the invention, the
measurement of heart rate, blood pressure and respiration are used to give feedback to
the patient 8 about his stress status. If combined with breathing instructions, a handheld
device 9 for doing guided relaxation exercises is created.

Under resting conditions, the heart rate of healthy individuals exhibits a
periodic variation. This rhythmic phenomenon, known as respiratory sinus arrhythmia
(RSA), fluctuates with the phase of respiration: the heart rate increases during
inspiration and decreases during expiration. This way the heart rate tends to synchronize
with the patient’s breathing activity under certain conditions.

Fig. 4 shows how heart rate and respiration synchronize if a patient is in a
positive or relaxed mood ("high coherence"), compared to the de-synchronization found
if the patient is in a negative or stressed mood (low coherence). In the positive mood,
the variation of the heart rate occurs in a sine wave manner. The third preferred
embodiment of the invention allows to conduct simultancously a measurement of heart
rate variation and breathing activity, so the degree of coherence between the two can be
calculated and used as a measure indicating the relaxation level of the patient. This can
be done as follows:

As shown in Fig. 5, in step 1, segments from the respiration rate signal
and from the heart rate signal are cut from the original signals, both comprising N
samples, respectively. Then, in step 2, the DC components from both segments are
removed, and the amplitudes are normalized. Finally, in step 3, the coherence is

calculated as the cross-correlation between the two segments:

N-1

coherence = Z respiration(i) - heartrate(i) .
i=0
If the maxima in the respiratory signal coincide with the maxima in the

heart rate signal, as it is shown in Fig. 5, the calculated degree of coherence is high,
because positive values from the respiration segment are multiplied with positive values
from the heart rate segment, and negative values from the respiration segment are
multiplied with negative values from the heart rate segment. So in this case, all elements
contributing to the sum calculation are positive. One can easily imagine that if maxima in

the one segment coincide with minima in the other segment, the sum result is smaller in

this case, because then positive values from the one segment are multiplied with negative
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values from the other segment, giving negative contributions to the sum calculation.
Preferably, a guidance signal, indicating how the patient should breathe, is added to the
system. The guidance signal can be adapted according to the relaxation status of the
patient.

In Fig. 6 a block-diagram is depicted which shows a system according to
a fourth preferred embodiment: Additionally to the device shown in Fig. 3, according to
this preferred embodiment of the invention a coherence calculator 26 is provided which
is fed by the outputs of heart rate calculator 17 and breathing calculator 25. The ouput
of coherence calculator 26 is then fed to a relaxation assessment unit 27 which also
receives the output signal from PAT calculator 21. Finally an output device 28 like a
display, a loudspeaker, an illumination or the like is provided for giving breathing
instructions to the patient and/or for indicating the stress status.

The area 29 in Fig. 6 which is enclosed by a dashed line shows digital
signal processing blocks that are preferably implemented on a microprocessor. As can be
seen in Fig. 6, not only the degree of coherence between heart rate variation and
breathing is taken into account in order to assess the relaxation level of the patient, but it
is proposed to also use the blood pressure value determined with the help of the pulse
arrival time of the pulse wave in the finger for this purpose.

While the invention has been illustrated and described in detail in the
drawings and foregoing description, such illustration and description are to be
considered illustrative or exemplary and not restrictive; the invention is not limited to the
disclosed embodiments.

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
drawings, 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 measured cannot be used
to advantage. Any reference signs in the claims should not be construed as limiting the
scope. Further, a patient is understood to be a human being or an animal which not

necessarily has to be ill or diseased.
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CLAIMS:

1. An optical sensor for a photoplethysmography measurement, comprising

a light unit (1) with a light emitter (2) for emitting light into tissue of a patient (8)
and/or a light detector (3) for detecting a part of the emitted light after interaction with
the tissue, wherein

the light unit (1) is embedded in an elastic material (4).

2. The optical sensor according to claim 1, wherein the elastic material (4) is

adapted for being contacted by the patient's skin, preferably by a patient's finger (5).

3. The optical sensor according to claim 1 or 2, wherein the elasticity of the elastic

material (4) lies in the range of typical elasticities of the tissue of a human finger.

4. The optical sensor according to any of claims 1 to 3, wherein the light unit (1)

comprises an LED and a photodiode.

5. The optical sensor according to any of claims 1 to 4, wherein the elastic material

(4) is not transparent for the light emitted by the light emitter (2).

6. A device for contactless respiration monitoring of a patient, comprising;:

a distance sensor for consecutively detecting the temporal distance
variations relative to the patient's chest (12); and

a calculating unit for determining the breathing activity based on the

detected temporal distance variations.

7. The device according to claim 6, wherein the device is a handheld device (9)

comprising a holding means which is adapted for holding the device in front of the
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patient's chest (12), preferably by the patient (8) himself.

8. The device according to claim 7, wherein the holding means is adapted for
automatically directing the distance sensor towards the patient's chest (12) when held

with both hands (10) of the patient (8).

9. The device according to any of claims 6 or 8, wherein the distance sensor is
based on emitting and receiving electromagnetic waves, and preferably comprises a

Doppler radar sensor, preferably a two-channel Doppler radar sensor.

10.  The device according to any of claims 6 to 9, wherein an ECG measuring unit is

provided in the device.

11.  The device according to any of claims 6 to 10, wherein an optical sensor (18) for
a photoplethysmography measurement, preferably an optical sensor (18) according to

any of claims 1 to 5, is provided on the device.

12.  The device according to claim 11, wherein a photoplethysmography measuring
unit is provided in the device which is adapted for determining the blood pressure of the

patient (8).

13.  The device according to any of claims 6 to 12, wherein in the device an output
unit (28) is provided which is adapted for outputting a stress status indicator signal,

based on coherence between determined heart rate and determined breathing activity.

14. A method of providing a patient with a stress status indicator signal, preferably
with the aid of a device according to claim 6 to 13 comprising the following steps:
detecting the patient's heart rate;
simultancously detecting the patient's breathing activity;
calculating the degree of coherence between the heart rate and the breathing

activity; and
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outputting a stress status indicator signal based on the calculated degree of

coherence.

15. The method according to claim 14, wherein a guidance signal is output,
indicating how the patient should breathe, wherein preferably the guidance signal is

automatically adapted according to the determined stress status of the patient.
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