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methods for noninvasion measurements of physiological
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(73) Assignee: BIOVOTION AG, Ziirich (CH)

(1) Appl-No: 14/351,956 optical detector, a mechanical sensor and a processor. The
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SYSTEM FOR NONINVASIVE OPTICAL
MEASUREMENTS OF PHYSIOLOGICAL
PROPERTIES IN TISSUE

BACKGROUND OF THE INVENTION

[0001] The invention relates to a system for noninvasive
optical measurements of physiological properties in tissue. In
particular, the invention relates to systems and methods com-
prising a light emitter emitting light of at least two different
wavelengths, an optical detector, and a processor. The pro-
cessor is capable of evaluating physiological properties from
measurements of the optical detector.

[0002] Systems as mentioned above are widely used to
evaluate and monitor physiological properties in tissue such
as oxygenation of blood and heart rate (HR) in a subject and
especially in a human body. In the context of this document,
tissue designates a biological tissue. A biological tissue is a
collection of interconnected cells that perform a similar func-
tion within a subject. Furthermore, the tissue can comprise at
least a part of a vascular system where the vascular system
comprises vessels (so called blood vessels). Vessels are for
example arteries, capillaries or veins. When a tissue com-
prises blood, then the blood is always comprised in vessels of
the tissue.

[0003] All known systems have the disadvantage that they
are only capable of evaluating the physiological properties
with a satisfactory quality in tissue of human bodies while the
human body is kept at clearly defined conditions during the
evaluation. These conditions or restraints require the tissue
and/or the human body to be kept at rest or to be held still for
most systems. These conditions or restraints may even apply
to a time period before the evaluation, for example the need
for resting before taking a blood pressure and/or an oximetry
reading. Some other systems actively stimulate the tissue in a
defined way (for example mechanically through vibration
and/or application of pressure on the tissue) or require the
tissue and/or body to perform clearly defined movements.
During the stimulation or defined movements, the tissue and/
or body have to fulfill respective conditions.

[0004] The reason for such requirements (i.e. such condi-
tions or restraints) is that movement of the tissue or the body
during the evaluation causes motion artifacts in the measure-
ments. The same applies to the orientation of the tissue (i.e.
whether the surface of the tissue is for example horizontally
or vertically oriented). Changes in the orientation of the tissue
lead to artifacts. These movement and/or orientation artifacts
can for example be caused by a change in blood flow in the
tissue or a shift in tissue layers and can be induced directly or
indirectly to the tissue. Only clearly defined motions and/or
orientations lead to measurements or variations of measure-
ments which can be interpreted using the systems in the state
of the art.

[0005] Systems with sensors which are attached to a fin-
gertip and which measure light which is transmitted through
the fingertip are known and widely used. These systems suffer
from movement and/or orientation artifacts and other disad-
vantages as described above or they try to solve these issues
by filtration of the measured signal after the measurement
with complicated algorithms which produces a delay in the
response.

[0006] It also has become known to use a mechanical sen-
sor, such as an accelerometer, to determine whether the sys-
tem is subject to motion by the user. The mechanical sensor is
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a sensor which measures mechanical forces, pressure and/or
acceleration. Only data measured while the system is at rest
are used.

[0007] A simple and reliable evaluation or monitoring of
physiological properties of tissue by noninvasive optical
methods is therefore not possible under real life conditions on
moving subjects, especially when the subject movements
occur constantly in irregular patterns. Throughout this text,
subject stands for an organism and/or a body comprising the
tissue which is to be measured. Especially, the subject can be
a human body.

BRIEF SUMMARY OF THE INVENTION

[0008] Itis an object of the invention to create a system for
noninvasive optical measurements of physiological proper-
ties in tissue of the type mentioned initially, which overcomes
at least partially at least one of the disadvantages mentioned
above.

[0009] According 1o an aspect of the invention, a system for
noninvasive measurements of physiological properties of tis-
sue is provided. The system comprises an optical sensor, a
mechanical sensor and a processor. The optical sensor com-
prises a light emitter and an optical detector. The light emitter
is capable of emitting light of at least two different wave-
lengths and comprises at least one light source. The processor
is capable of evaluating (and for example programmed to
evaluate) physiological properties of the tissues from mea-
surements of the optical and the mechanical sensor. More
precisely, the processor is capable of evaluating physiological
properties of venous blood by combining measurements from
the mechanical sensor and the optical sensor.

[0010] Thelight emitter comprises at least one light source,
for example at least one semiconductor light source. Such a
light source could comprise a light emitting diode (LED), a
super luminescent diode (SLD) and/or a laser diode (LD).
One single light source can emit light at least of one wave-
length, for example within a clearly defined range of a wave-
length. The light emitter is capable of emitting light at least
two wavelengths which are for example distinct and within a
clearly defined range of a wavelengths. Optionally, a first
range of a wavelengths is around an isosbestic point of oxy-
genated and reduced hemoglobin, and a second range of a
wavelengths is away from the aforementioned isosbestic
point and for example at a wavelength where the absorbance
of oxygenated and reduced hemoglobin differ strongly.
[0011] An isosbestic point is a wavelength at which two
chemical species (in the example above: oxygenated and
reduced hemoglobin) feature the same absorbance. By mea-
suring once at the isosbestic point and once away from it, the
relative absorbance difference allows to differentiate between
the two chemical species. In particular, the first wavelength
can be in the infrared range of 770-830 nm (and especially
790-810 nm) and the second wavelength can be in the visible
red and for example in the range of 630-690 nm (and espe-
cially 650-670 nm). An alternative isosbestic point is in a
wavelength range around 568 nm, an alternative wavelength
range with significant difference in light absorption between
oxygenated and reduced hemoglobin is in the infrared
between 900 nm and 950 nm.

[0012] Alternatively, the wavelength ranges can be selected
away from isosbestic points, where absorption efficiencies of
oxygenated and reduced hemoglobin are different. For wave-
length ranges away from isosbestic points, it is advantageous
if the relative absorbance differences between the two chemi-
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cal species feature opposite signs in these wavelength ranges.
For example, one range could be the aforementioned visible
red range of 630-690 nm where reduced hemoglobin has a
higher absorption than oxygenated hemoglobin. The second
range in this example could be the aforementioned infrared
range of 900-950 nm where reduced hemoglobin has a lower
absorption than oxygenated hemoglobin.

[0013] The optical detector is capable of measuring the
light emitted from the light emitter. In one embodiment, the
optical detector can measure using temporal multiplexing
which means that the optical detector can measure light emit-
ted from the light transmitter with a first wavelength at a
separate time than light emitted from the light transmitter
with a second wavelength. In another embodiment, the opti-
cal detector can be capable of measuring at least two wave-
lengths separately and simultaneously. The optical detector
can optionally have different parts which are sensitive to
different ranges of wavelengths. The optical detector can for
example measure light which interacted with wavelength
selective elements—such as filters or reflective surfaces—
after that the light interacted with the tissue. It is further
possible to use more than one optical detector, for example for
measuring light in different geometric configurations and/or
for better statistics.

[0014] In the state of the art, it has been known to measure
blood oxygenation of arterial blood by light sensor arrange-
ments that comprise a light emitter and an optical detector for
two different wavelengths: the light detected at a wavelength
for example around 660 nm is the wanted signal, whereas a
signal at an isosbestic point is used to subtract the influence
that stems from varying hemoglobin concentrations on the
wanted signal, for example due to heart pulse waves.

[0015] The invention proposes to use the measured signals
of the optical sensor and the mechanical sensor in a different
way. The invention takes advantage of the fact that pressure
inside a venous vascular system of a subject is significantly
lower than the pressure in an arterial vascular system. A
vascular system comprises the venous vascular system and
the arterial vascular system and encapsulates every vessel
which contains blood in the subject. Veins smooth out varia-
tions in blood flow since venous vascular compliance (i.e.
vascular flexibility of veins) is higher than arterial compli-
ance (i.e. vascular flexibility of arteries). Furthermore, the
venous system contains the major amount of blood.

[0016] When apressurebalance of apart ofthe subject or of
the whole subject is disturbed by active or passive motion of
the subject, by orthostatic changes i.e. changes of the subject
or subject part position relative to a direction of gravitation
(for example lying down of the subject or moving a part of the
subject from a vertical to a horizontal position) and/or by
external pressure (for example by applying additional pres-
sure to the tissue) the part of the vascular system which is
mostly affected is the venous vascular system, due to a rela-
tively low baseline pressure of the venous vascular system
and due to compliance i.e. to a relatively high flexibility of the
venous vascular system. This generally leads to a relocation
of venous blood which can be observed with the optical
sensor. The relocation of venous blood can be used for an
estimation of venous blood parameters. Contrary to this,
methods known from the prior art use relocation of arterial
blood due to heart beats (mostly by identifying a heart pulse
wave) for an estimation of arterial blood parameters.

[0017] Using the data from the mechanical sensor in addi-
tion to the optical data, quantitative statements about the
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venous blood can be made. The relocation of venous blood, in
contrast to relocation of arterial blood, strongly depends on
parameters such as the orientation of the tissue and/or parts of
the subject (for example whether an arm is positioned hori-
zontally or vertically), muscle tension and/or pressure close
to the tissue or movement of the tissue and/or parts of the
subject. In addition, the venous blood oxygenation is gener-
ally unknown. Due to this, it so far was impossible to make
quantitative statements about venous blood physiological
properties - the state of the art sensor arrangements concen-
trate on the arterial blood oxygenation and heart pulse waves
only.

[0018] Itisan insight of the inventors of the present patent
application that using a mechanical sensor in addition to the
optical sensor, also properties of the venous blood can be
addressed. Especially, an accelerometer, as an example for a
mechanical sensor, can determine the orientation of the whole
subject, a part of the subject or of the tissue and therefore of
the vascular system. This allows to reproducibly utilize the
relocation of venous blood due to changes of the orientation
of the venous vascular system relative to the direction of
gravitation caused by the motion of the subject. Similarly, a
pressure sensor can account for blood volume variations in
the tissue respectively in the vascular system which are
caused for example by muscle contraction and/or relaxation.
[0019] Furthermore, in embodiments of the invention,
movement induced signals (including orientation change
induced signals) are used to purposefully address venous
physiological properties. This can be done because the
venous vascular system is more strongly influenced by the
movements (including orientation changes) than the arterial
vascular system. But whereas relocation of venous blood is an
undesired effect which has to be reduced or eliminated in the
prior art methods, the invention takes advantage of the relo-
cation of venous blood. The invention therefore uses an
aspect to measure physiological properties of tissue which is
regarded as a disadvantage in the methods of the prior art.
[0020] The mechanical sensor can for example be inte-
grated in the same housing with the optical sensor. The
mechanical sensor can for example also be placed on the
subject separately. For example, in one embodiment the
mechanical sensor and the optical sensor can be attached to an
upper arm of the subject with a flexible band as a single unit.
In another embodiment the mechanical sensor and the optical
sensor can be placed separately on a torso of the subject. A
combination of several (for example different) mechanical
sensors is possible and can be advantageous. The mechanical
sensor is placed in such a manner that the mechanical sensor
measures movement, orientation and/or pressure which can
be related to the tissue which is measured with the optical
Sensor.

[0021] Theoptical sensor can be arranged in a transmission
or in a reflection geometry. In transmission geometry, the
tissue lies in a direct path between the light emitter and the
optical detector. In transmission geometry, the path of light
portions detected by the detector is mainly straight from the
emitter, in addition to portions that are scattered. In reflection
geometry, the light emitter and the optical detector are
arranged on afirst side of the tissue. The light which is emitted
from the light emitter enters the tissue from the first side and
exits the tissue after the interaction again towards the first side
and is then measured by the optical detector that is placed
aside the light emitter. Reflection geometry can be advanta-
geous in case of a wearable system, because for transmission
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arrangements, firstly the light path has to be relatively short,
and secondly the measurement results critically depend on
the length of the light path, and this implies that the measure-
ment is easily distorted by small movements of the system
that for example is mounted on a fingertip.

[0022] The processor evaluates the physiological proper-
ties of venous blood from measurements of the optical and the
mechanical sensor. The mechanical sensor measures a move-
ment of the whole subject, of a part of the subject and/or of the
tissue, an orientation of the whole subject, of a part of the
subject and/or of the tissue and/or a force or a pressure applied
to the whole subject, to a part of the subject or to the tissue and
therefore to the vascular system. The mechanical sensor can
optionally comprise an accelerometer, a pressure sensor, a
strain gauge and/or other sensors. The pressure sensor can for
example measure a pressure or a force applied to the tissue
and/or a pressure or a force of the tissue coming from the
tissue. The pressure sensor is especially capable of measuring
the pressure with which the pressure sensor is pressed against
the tissue. The strain gauge can for example measure changes
of the dimensions of the tissue which can be related for
exampleto a contraction or arelaxation of at least one muscle.
[0023] The processor processes the results of the measure-
ments of the mechanical sensor. In embodiments, it may
identify active periods during which the tissue is subject to a
movement and/or a change in position. The measurements of
the mechanical sensor allow correcting for motion artifacts
and/or orientation artifacts during these active periods. In the
prior art, correction for motion artifacts and/or orientation
artifacts is mostly done by filtering out measurements which
might include these artifacts.

[0024] As a first processing step, the processor combines
the measurements of the mechanical and the optical sensors
and derives the corresponding physiological properties of the
venous blood in the measured tissue. The processor derives in
this first step at least the venous blood relocations, which is
only one of many physiological properties which can be
measured. As a second processing step, the contribution of the
venous blood relocations estimated in the first step is removed
from the measured optical signal. The remaining optical sig-
nal after the second processing step can be used in a third
processing step for further analysis to derive physiological
properties of the tissue. In the third processing step, the
remaining optical signal can for example be used for an
analysis of arterial blood relocations originating from factors
which are not directly related to motion. A factor which is not
directly related to motion is for example the heart pulse wave.
The physiological properties which are derived in the first
and/or third processing step can be for example heart rate,
heart rate variability, arterial and/or venous blood oxygen-
ation and arterial photoplethysmographic (PPG) pulse ampli-
tude. Blood oxygenation is the ratio of oxygenated hemoglo-
bin concentration to total hemoglobin concentration in the
blood. Blood oxygenation can be estimated for specific types
and/or volumes of blood, for example for arterial blood or
venous blood or specific compartments of arterial or venous
blood.

[0025] The movements and/or changes in position of the
tissue or parts of the tissue are not restricted to conditions in
which the tissue is to be held still or is subject to defined
stimulation. Rather, the physiological properties of the
venous blood in this tissue can therefore be measured during
regular daily routine and in everyday life. Even measure-
ments during the sleeping periods can be performed, as the
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movements of a sleeping person i.e. changes in the sleeping
position which normally occur irregularly during the whole
sleeping period are generally sufficient to allow measure-
ments during the movement and/or position change. The
measurements can of course also be performed while the
tissue is at rest or stimulated in a defined manner.

[0026] The physiological properties of venous blood are of
interest because the venous blood has already interacted with
the tissue. Therefore, it is possible to conclude physiological
properties of the perfused tissue from the physiological prop-
erties of the venous blood. In many cases, the information
about the perfused tissue can be extrapolated to gain infor-
mation about a part of or about the whole subject comprising
this tissue i.e. the whole organism or body comprising this
tissue. One of the physiological properties of venous blood
which can be measured is for example the oxygenation of
venous blood (SvO,). The optionally measured oxygenation
of venous blood depends on different factors such as oxygen-
ation of the corresponding arterial blood (Sa0,), blood flow
in the perfused tissue and oxygen consumption in the per-
fused tissue. Once the oxygenation of the venous blood is
measured, the other factors can be deduced from it.

[0027] In a tissue with low and/or constant oxygen con-
sumption under normal conditions (such as in human skin
while the subject is at rest or moderately moving), venous
oxygenation can be used as a substitute of the arterial oxy-
genation since the difference in oxygen content i.e. the effec-
tive drop in the oxygen content from arterial to venous blood
is known. The arterial oxygenation therefore can be calcu-
lated through adding the known difference to the venous
oxygenation. If only trends are of interest (increase, decrease
or stability of oxygenation in blood), then the venous oxy-
genation can be used without further calculation and still
represents the trends of arterial oxygenation.

[0028] The substitute use of SvO, as Sa0, can be an advan-
tage for wearable monitoring on actively moving subjects
(sportsmen, emergency workers, soldiers on the field, etc.)
when the heart pulse wave is difficult to resolve on top of a
background of motion-induced venous blood relocations.
Without the heart pulse wave, the methods in the prior art
cannot derive SaO,. The invention allows to derive SvO, and
thus to calculate SaO, under normal conditions.

[0029] On the other hand, in tissue not under normal con-
dition, for example when oxygen supply of the subject
respectively the body is compromised (e.g. due to blood loss)
the blood flow to the less vital tissues (such as skin, subcuta-
neous layers, muscle, gastrointestinal tract) is reduced and
thus the resulting venous oxygen content in such organs is
significantly reduced. Thus the SvO, in such organs measured
with the proposed method can be a sensitive marker of such
events. Significant changes of SvO, can therefore be used to
identify a transition from a tissue or a whole body under
normal to a tissue or a whole body not under normal condi-
tion.

[0030] As an option, relative concentrations of one or more
derivatives of hemoglobin other than SvO, can be investi-
gated in the venous blood. For example, carboxyhemoglobin,
methemoglobin and/or fetal hemoglobin can be investigated.
These derivatives have specific absorption spectra in the vis-
ible and/orinfrared regions and thus can be detected optically.
The advantage of using the venous blood for the estimation of
the derivatives other than oxyHb is that the content of the
derivatives other than oxyHb in venous blood is generally
similar to the content of the derivatives in arterial blood, while
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the venous blood volume variations caused by motion are
higher (i.e. venous blood relocations caused by motion are
more pronounced) than the changes induced by the heart
pulse wave in the arterial volume. Thus the venous blood can
potentially provide a higher signal to noise ratio than the
arterial blood for such measurements. For the measurements
of hemoglobin derivatives other than oxygenated hemoglo-
bin, additional probing wavelengths can be introduced in
order to allow for discrimination of different hemoglobin
derivatives due to their specific absorption spectra.

[0031] Physiological properties of venous blood can be
combined with physiological properties of arterial blood to
derive additional parameters. Different methods to measure
the physiological properties of arterial blood are known and
described in the state of the art. It is possible to measure the
physiological properties of arterial blood using the system
described above (or only parts of it, for example by using the
sensors, the data and/or the processor). In addition or as an
alternative, is also possible to measure the physiological
properties of arterial blood separately and independently.

[0032] For example, when SaO,, SvO, and the blood flow
are known, tissue oxygen consumption can be estimated
according to Fick’s principle as a product of the blood flow
and oxygenation difference between SaO, and SvO,. The
blood flow can for example be derived from a PPG amplitude
estimated with a system according to the invention or with
alternative methods using the system according to the inven-
tion and/or other systems. Alternative methods using other
systems are for example Laser Doppler Flowmetry (LDF) or
measurements using a heat dissipation sensor.

[0033] Therefore, the measurement of physiological prop-
erties of venous blood additionally allows a better insight and
more precise measurements of physiological properties of the
tissue. But also the oxygenation of the arterial blood can be
calculated with the use of the oxygenation of the venous
blood in a more accurate and precise way since the measure-
ment can account for changes in movement, position, pres-
sure and/or perfusion. In general, the invention allows mea-
surements of physiological properties of tissue using a non-
invasive method suitable for real time application.

[0034] As an option, the processor is capable of evaluating
a physiological property of venous blood using movement of
blood in the tissue caused by natural movement of the tissue.

[0035] The physiological properties of venous and arterial
blood and especially the oxygenation of venous and arterial
blood can optionally be separated by the processor by using
natural movement of the tissue which causes the blood in the
tissue to move. The processor evaluates the measurements of
the mechanical sensor and identifies movement of the tissue.
The tissue movement can be induced by natural movements
which occur in everyday life. This is called the indirect
method.

[0036] The indirect method uses natural movement of
blood i.¢. relocation of the blood in the tissue due to natural
movement of the tissue.

[0037] Inaddition oras an alternative, the tissue movement
can also be induced by defined motions and/or through exter-
nal stimulation. This is called the direct method. The direct
method forces blood movement in the tissue, for example
through arterial or venous occlusions or defined physical
exercise for patients. A typical example for an external stimu-
lation is a tilt table test (also called upright tilt testing), where
the subject is attached to a table. Measurements of the subject
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are then performed while the table with the attached subject
changes position from vertically oriented to hotizontally ori-
ented and vice versa.

[0038] One advantage of the indirect method is the possi-
bility to measure the physiological properties of venous and
arterial blood inreal life conditions and without any restraints
or conditions. This is more convenient than the direct method
since the subject does not have to follow restrictions. Further-
more, the measurements can be performed in the usual envi-
ronment of the subject. A patient i.e. a human being for
example can be monitored during work, leisure time and/or
while sleeping and is able to follow his usual and normal daily
routine.

[0039] To identify movement of the tissue and/or within the
tissue (for example movement of different tissue layers rela-
tive to each other), the processor evaluates the measurements
of the mechanical sensor. The processor optionally can set an
upper and/or lower threshold of movement of the tissue to
define a range of movement of the tissue in which the proces-
sor evaluates the measurements of the optical and/or
mechanical sensor. The processor is capable of evaluating the
data of the optical and/or mechanical sensor in respect to the
identified movement of the tissue.

[0040] As a further option, the system according to the
invention is capable of detecting variations of lighting condi-
tions and subtracting these variations from the measured opti-
cal signals. This is for example of special importance for
wearable systems where the subject and the system can be
exposed to different lighting conditions as during real-life
activities of a human subject, especially when for example
ambient lighting conditions vary strongly.

[0041] Thelighting condition variations can for example be
measured with a detector which is also used for a measure-
ment of tissue attenuation. In such a case, the light emitter of
the system should be disabled or an intensity of the emitted
light should be modified in a predefined way during measure-
ments of the lighting condition. Alternatively, lighting condi-
tions can be monitored with at least one dedicated sensor
which is for example not sensitive to the light from the emit-
ter. The dedicated sensor for measurements of lighting con-
ditions can optionally also be used for other measurements. In
the case of a dedicated sensor which is not sensitive to the
light from the emitter, the measurements of the lighting con-
ditions can be performed simultaneously to the measure-
ments of the system, which is of an advantage in the case of
rapidly changing lighting conditions.

[0042] As a further option, the processor is capable of rec-
ognizing variations of the optical signal related to a heart
pulse wave respectively to a heart beat and is capable of
including these variations in the evaluation of physiological
properties of the venous and/or arterial blood.

[0043] The processor is optionally capable of evaluating
the measurements of the optical sensor and/or the mechanical
sensor to estimate a heart rate and/or a heart pulse wave
parameter such as phase, amplitude, transit time and other
characteristics of a heart pulse wave. This can be performed
for example with a photoplethysmographic approach, which
is known in the state of the art. In the photoplethysmographic
approach, changes in light attenuation which are associated
with cyclical variations in concentration and orientation of
red blood cells in a sampled microvascular volume are mea-
sured. The processor is capable of extracting a frequency and
a phase of a heart cycle as well as other parameters of these
cyclical variations with known algorithms.
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[0044] The estimated heart rate and/or heart pulse wave
parameter is then used to interpret the measurements of the
optical sensor further. The heart rate and/or heart pulse wave
parameter can show specific signal changes in the measured
signals. With an estimated heart rate and/or heart pulse wave
parameter these specific signal changes can be identified. If
needed, the specific signal changes can be eliminated.
[0045] The measurements of the optical and/or mechanical
sensor can also be interpreted specifically during at least a
part of the time intervals while the specific signal changes of
the heart rate and/or a heart pulse wave parameter occur. The
measurements of the optical and/or mechanical sensor can for
example be interpreted specifically only during a blood pres-
sure increase which occurs during a heart beat respectively on
the front of a heart pulse wave which is identified for example
by a specific increase of the amplitude of the heart pulse wave.
Through the estimation of the heart rate and/or a heart pulse
wave parameter and the inclusion of this estimated heart rate
and/or a heart pulse wave parameter in the evaluation of the
physiological properties of venous and/or arterial blood
through the processor, the measurements are more precise
than without an estimation of such a heart rate and/or a heart
pulse wave parameter.

[0046] In some cases and/or under certain conditions, the
evaluation of the measurements is not possible at all without
the estimation of the heart rate and/or a heart pulse wave
parameter. In order to be able to evaluate a parameter of the
heart pulse wave a sampling frequency of the optical signals
should be atleast 10 times higher than a frequency of the heart
cycle. This results typically in the sampling frequency of at
least 20 Hz.

[0047] As a further option, the light emitter is capable of
emitting light of a third wavelength (in particular light in a
green wavelength range) and the optical detector is capable of
measuring the light of the third wavelength.

[0048] Generally, the third wavelength is preferably at an
isosbestic point or alternatively at a point with a strong con-
trast between oxygenated and reduced hemoglobin signals.
[0049] In embodiments, where the first and second wave-
length ranges are in the infrared and in the red part of the
optical spectrum, respectively, the third wavelength may be in
a green part of the spectrum.

[0050] Then, the range of the optionally emitted third
wavelength is a green wavelength range (i.e. green range)
which s in particular 500-600 nm and especially 540-570 nm.
As an example, the third wavelength is 568 nm which is an
isosbestic point for of oxygenated and reduced hemoglobin.
Blood exhibits much higher absorption efficiency in the green
range than in the red or the infrared ranges. Green light is thus
very sensitive to variations of the amount of blood in the
tissue. Measurements with green light are advantageously
performed in reflection geometry. Optionally, the measure-
ments with the third wavelength can be performed with a
separate optical sensor (or separate optical detector) opti-
mized for this particular wavelength. Such sensor (or detec-
tor) can potentially have a different geometry and different
characteristic dimensions.

[0051] At an isosbestic point of oxygenated and reduced
hemoglobin, both kinds of hemoglobin contribute the same
signal intensity to the measured total signal. Therefore, mea-
surements at such an isosbestic point represent measurements
the total hemoglobin concentration and are not influenced by
different and/or changing oxygenation of the hemoglobin.
Thus such measurements at an isosbestic point represent indi-
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rectly measurements of the total blood perfusion. Measure-
ments at isosbestic points may for example be used for mea-
surements of a heart rate, and/or a heart pulse wave parameter.
The heart rate and/or a heart pulse wave parameter can be
used to ameliorate the measurements of the physiological
properties of the tissue. For example, heart pulse wave effects
and/or movement artifacts can be discriminated to ameliorate
the measurements. Movement artifacts can be identified from
characteristic changes in the heart rate and/or a heart pulse
wave parameter.

[0052] In particular, measurements with light at an isos-
bestic point in the green range are suitable for measurements
of the heart rate and/or a heart pulse wave parameter and/or
other physiological properties of blood because of the high
absorbance of blood for light in the green range and the
resulting high sensitivity to this light. Especially, a signal
measured in the green range may be indicative of the blood
physiological properties of the uppermost tissue layers. The
measured signal of the third wavelength is for example the
total intensity of the third wavelength measured with the
optical detector.

[0053] As afurther option, the processor is capable of using
adynamic light scattering (DLS) technique to detect the heart
rate and/or at least one heart pulse wave parameter.

[0054] Dynamic light scattering (DLS) techniques as for
example laser Doppler or speckle correlometry allow the
measurement of dynamics of material which scatters light, for
example ofa tissue matrix, fluids and/or particles in fluids and
especially the dynamics of red blood cells in blood. DLS uses
statistical analysis of intensity fluctuations of coherent light
scattered from such material to derive parameters of dynam-
ics of such material. By investigating statistical properties of
temporal fluctuation of scattered coherent light it is possible
to detect for example the heart pulse wave as time intervals
with increased dynamics of the red blood cells. Higher
dynamics can lead to shorter correlation times, to a broader
spectrum of fluctuations or to a reduced contrast of time-
integrated speckles. DLS techniques can be applied at low
cost and in a noninvasive manner. One embodiment using the
DLS technique for an estimation of the heart rate features at
least one additional laser diode. In another embodiment,
LEDs are replaced with laser diodes The DLS techniques can
be used to recognize variations of the movement of blood
instead, in combination with and/or parallel to measurements
with green light.

[0055] As a further option, the system comprises at least
two optical detectors for spatially resolved measurements.

[0056] The tissue might be heterogeneous, and different
parts of the tissue might exhibit different behaviour and/or
physiological properties. At least two optical detectors allow
optical measurements which are spatially resolved. Each
optical detector is capable of receiving the light from at least
one light emitter for at least a short period of time. In one
example, onelight emitter emits light which is received by the
two optical detectors simultaneously and continuously during
the measurement. The spatially resolved measurements mea-
sure one or more specific parts of the tissue. This allows more
precise measurements and reduces possible problems which
occur when the optical detectors measure arbitrary parts of
the tissue and/or measure an average value of many different
parts of the tissue. Optionally, the same specific part of the
tissue is measured repetitively in a short and/or long time
period.
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[0057] Alternatively, detectors with spatially addressable
elements can be utilized, e.g. a charge coupled device (CCD)
or complementary metal-oxide-semiconductor (CMOS)
based camera detectors. The spatially addressable elements
are spatially separated and independently functioning (sub-)
detectors within such a detector comprising the addressable
elements. In other words, such a detector comprises a multi-
tude of small (sub-)detectors which measure independently
of each other and are spatially separated.

[0058] The spatially resolved measurement can alterna-
tively or complementary also be performed in other configu-
rations than with two optical detectors, for example with only
one sensor and at least two light sources, where the at least
two light sources emit light alternatively and where they are
spatially separated. In this way, the light emitted by the at
least two light sources interacts in different ways with the
tissue and/or interacts with at least partially different parts of
the tissue before it is measured by the one or more optical
detectors.

[0059] As a further option, the light emitter and the optical
detector are arranged in a reflection geometry and are located
close 1o each other.

[0060] The arrangement of the light emitter and the optical
detector in reflection geometry and close to each other allow
ameasurement of only the upper layers of the tissue, since the
light which interacts only with the upper layers of the tissue
contributes more intensity to the total intensity of the mea-
sured signal. With the reflection geometry, light which pen-
etrates to deeper layers of the tissue suffers in general from
more attenuation, absorption and/or scattering and is there-
fore less intense than light which penetrates only the upper
layers of the tissue.

[0061] Inthe case of measurements of skin, the upper layers
which are measured correspond mainly to dermal layers.
Besides that the light emitter and the optical detector are
located close to each other, additional other factors can allow
a measurement of only the upper layers of the tissue. One
additional factor is for example length of the measurements
1.e. a temporal detection limit. Temporal detection limits can
ensure that the detector measures only a spatially selected
part of the tissue. When measurements are for example much
shorter than the timescale of the disturbing parameters, then
the disturbing parameters change total values of measured
signal but not relative changes of the measured signal and the
disturbing parameters are therefore suppressed for measure-
ments of relative changes of the signal. On the other hand,
very short measurements can lead to low precision of a mea-
sured signal due to lack of statistics or even can be impossible
when the measurement length is at or below a limit of detec-
tion. The length of the measurement also depends of the
intensity of the emitted light. The higher the intensity of the
emitted light, the shorter a measurement can be for the same
statistics.

[0062] That the light emitter and the optical detector are
located close to each other means in the context of this docu-
ment that the light emitter emits light in a distance 0f 0.1-10
mm, especially 0.5 mm-4 mm from the optical detector.
[0063] With the light emitter and the optical detector are
located close to each other, the sampling volume of the tissue
is furthermore localized i.e. the measured part of the tissue is
limited in size and its position known. The advantage of
measurements constrained to the upper layers of the tissue are
a lower sensitivity to tissue movement of lower layers, rela-
tive movements between different layers and/or other factors
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as mechanical influences or motion artifacts. This is also
advantageous to avoid or minimize motion artifacts.

[0064] Inoneembodiment, the light emitter and the optical
detector are located close to each other and the optical detec-
tor comprises a multitude of (sub-)detectors which measure
independently of each other and which are spatially sepa-
rated. This is for example the case for a segmented photo-
diode or a camera. Each of the (sub-detectors i.e. segments
can be located with a different distance to the light emitter,
which results in a graded separation. Through measurements
with graded separation and an according choice and/or treat-
ment of the measured signals, measurement of only the upper
layers of the tissue can be ensured.

[0065] As another option, the system comprises a dielectric
sensor which allows the system to discriminate different tis-
suie components and volume fractions.

[0066] The dielectric sensor allows the system to discrimi-
nate different tissue components such as blood, blood cells
and tissue fluids and allows for an estimation of their corre-
sponding volume fractions. When such information is acces-
sible, the processor can include it in the evaluation of the
measurements of the mechanical and/or optical detector and
the estimation of the physiological properties of the tissue
become more precise than without such information. But
even without being used in the evaluation of the measure-
ments of the mechanical and/or optical detector, this infor-
mation can be combined with the measurement results to
provide additional parameters of interest and to allow further
analysis of the state and the properties of the tissue. Different
types of tissue liquids and/or volume fractions can alterna-
tively also be estimated by for example an additional optical
detector for the water content, for example in the infrared
spectral range, instead of a dielectric sensor.

[0067] Optionally, effects of the movement of the tissue
and/orthe subject can be characterized with different imaging
modalities which are able to continuously monitor tissue
morphology. Such modalities include ultrasound techniques,
optical coherence tomography and microscopy techniques.
Changes in structure and/or dimension of the vascular system
observed with such modalities can be related to the measure-
ments of the optical sensor in a way similar to a way to relate
the measurements of the mechanical sensor to the measure-
ments of the optical sensor as described in the paragraphs
above. The corresponding blood parameters can be extracted
as described in the way to relate measurements of the
mechanical sensor to the measurements of the optical sensor.
[0068] According to another aspect of the invention, a
method for measurements of physiological properties of tis-
sue is provided. This method is particularly applicable in a
system as described in the paragraphs above and comprises
the steps: emitting light with at least two wavelengths, opti-
cally measuring the emitted light after the emitted light inter-
acted with the tissue, performing a mechanical measurement
of the tissue during and/or closely synchronized with the step
of measuring optically, evaluating physiological properties of
the tissue from the optical and the mechanical measurements.
The method is characterized in that in the step of evaluating,
a physiological property of venous blood is evaluated.
[0069] This method can optionally comprise that the step of
measuring optically comprises performing at least two opti-
cal measurements simultaneously for spatially resolved mea-
surements. As another option, in the step of measuring opti-
cally the light is penetrating only upper layers of the tissue.
The advantages and further options of this method and alter-
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natives to some options are described in the paragraphs
above. Features of the method claims may be combined with
features of the device (i.e. system) claims and vice versa.

[0070] According to another aspect of the invention, a sys-
tem for noninvasive measurements of physiological propet-
ties of tissue is provided. This system comprises an optical
sensor and a processor which is capable of evaluating physi-
ological properties from measurements of the optical sensor.
The optical sensor comprises a light emitter, and an optical
detector. The light emitter is capable of emitting light of at
least three different wavelengths and comprises at least one
light source. This system is characterized in that the processor
is capable of evaluating separate physiological properties of
venous and arterial blood. Compared to the system described
in the paragraphs above, this system does not necessarily but
only optionally feature a mechanical sensor. However, all
other advantages and options (and alternatives to the options)
for the system described in the paragraphs above are also
valid for and applicable to this system.

[0071] According to another aspect of the invention, a sys-
tem for noninvasive measurements of physiological proper-
ties of tissue is provided. This system comprises an optical
sensor and a processor which is capable of evaluating physi-
ological properties from measurements of the optical sensor.
The optical sensor comprises a light emitter and an optical
detector. The light emitter is capable of emitting light of at
least two different wavelengths and comprises at least one
light source. This system is characterized in that the light
emitter and the optical detector are arranged in a reflection
geometry and are located close to each other in order to
measure blood movement only in upper layers of the tissue,
and that the processor may be capable of evaluating separate
physiological properties of venous and arterial blood. Com-
pared to the system described in the paragraphs above the
paragraphs describing the method, this system does not nec-
essarily, but only optionally feature a mechanical sensor and/
or a third light source. However, all other advantages and
options (and alternatives to the options) for the system
described in the paragraphs above are also valid for and
applicable to this system.

[0072] The invention has a wide range of potential applica-
tions within for example a medical environment, life-style
physiological monitoring, safety physiological monitoring
and/or research applications. The invention could for
example be applied in (but is not limited to) the field of
medical applications, in the case of cardiac problems, apnea/
hypopnea, in sleep labs, for general monitoring of elderly
people, independent living, smart home concepts, for life-
style/physiological monitoring, for sleep monitoring, self-
tracking, amateur sport and fitness, professional athletes (es-
pecially for an optimization of training), for dangerous
professions, drivers, air controllers and operators of machines
(to detect for example drowsiness), for stress and/or arousal
detection and for energy expenditure monitoring. Further-
more, the invention could be applied in research, in clinical
studies for example for drug development, for sleep studies
and cardiovascular disease research.

BRIEF DESCRIPTION OF THE DRAWINGS

[0073] Thesubject matter of the invention will be explained
in more detail in the following text with reference to exem-
plary embodiments which are illustrated in the attached draw-
ings, in which:
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[0074] FIG. 1 shows a graph with the absorbance of oxy-
genated and reduced hemoglobin in dependence of the wave-
length of light;

[0075] FIG. 2 schematically shows an effect of different
orientations of the tissue on the intensity of measured light in
reflection geometry;

[0076] FIG. 3 schematically shows a superposition of arte-
rial and venous blood volume changes and a way to separate
them in optical measurements;

[0077] FIG. 4 schematically shows a cross section of an
embodiment of the invention as a side view;

[0078] FIG. § shows a schematic representation of light
propagation in skin;

[0079] FIG. 6 shows a graph of an attenuation of infrared
light plotted against an attenuation of red light during differ-
ent exercises;

[0080] FIG. 7 shows a measurement of oxygenation
changes during exercise;

[0081] FIG. 8 shows a graph with an example of a venous
oxygenation trace for one day and in another graph a corre-
sponding trace of an acceleration sensor;

[0082] FIG. 9 shows in an upper graph the venous and
arterial oxygenation over a day;

[0083] FIG. 10 shows a graph with the absorbance of dif-
ferent derivatives of hemoglobin in dependence of the wave-
length of light.

[0084] The reference symbols used in the drawings, and
their meanings, are listed in summary form in the list of
reference symbols. In principle, identical parts are provided
with the same reference symbols in the figures.

DETAILED DESCRIPTION

[0085] FIG. 1 schematically shows a graph with the absor-
bance of oxygenated hemoglobin (oxyHb) and reduced
hemoglobin (rHb) in dependence of the wavelength of light.
The vertical axis s of the graph represents the absorbance i.e.
amolar extinction coefficient [cm™'/M] which measures how
strongly chemical species (in this case oxyHb and rHb)
absorb light. The horizontal axis A of the graph represents the
wavelength [nm] of the light. Vertical dotted lines represent
wavelengths chosen for one embodiment as described above.
Two of these wavelengths are isosbestic points: a green isos-
bestic point at 568 nm and an infrared isosbestic point at 798
nm. Isosbestic points correspond to a wavelength where
oxyHb and rHb exhibit the same absorbance. A red wave-
length at 660 nm represents a point with a large differencei.e.
a large contrast in the absorbance of oxyHb and rHb.

[0086] A difference in the absorbance of oxygenated and
reduced hemoglobin as for example in the red range at 660 nm
can be used for measurements of the relative amount of oxy-
gen bound to hemoglobin. Typically at least two wavelengths
with significantly different absorption efficiencies of rHb and
oxyHb can provide this information. However, the presence
of tissue components with unknown attenuation makes a
quantitative interpretation of the measurements difficult.
[0087] Inascope of pulse oximetry as known in the state of
the art, relative temporal variations of the measured signal
intensity (and therefore an according attenuation in the tissue)
caused by the heart pulse wave are measured with at least two
wavelengths. The ratio of variations of the measured signal at
all measured wavelengths can be then related to arterial blood
oxygenation since a heart pulse wave is assumed to be present
exclusively in the arterial vascular system. Contrary to this,
the invention uses relative temporal variations of measured
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signal intensity due to relocations of venous blood (which are
for example caused by motion of the tissue and/or the subject)
for the estimation of the venous blood oxygenation. The
venous blood oxygenation is estimated from relocations of
venous blood (for example caused by movement of the tissue
and/or the subject) while the arterial blood oxygenation is
estimated from relocations of the arterial blood during the
heart pulse wave which is caused by the heart beat.

[0088] FIG. 1 shows furthermore, that the absorbance of
hemoglobin at the green isosbestic point is much higher than
at the infrared isosbestic point. Thus the green light is more
sensitivity to variations of a hemoglobin content. Generally,
light at wavelength around the green isosbestic point have
been found to provide a suitable reference signal in reflection
measurements. Light at the green isosbestic point is therefore
very well suited to be used for an evaluation of physiological
properties of the tissue which are related to arterial blood, for
example to estimate the heart rate, the heart rate variability
and/or at least one heart pulse wave parameter which can be
used for the enhancement of measurements on other wave-
lengths.

[0089] FIG.2 schematically illustrates an effect of different
orientations of the measured tissue respectively the partof the
subject comprising the tissue on the intensity of measured
light in reflection geometry. A horizontal axis t in FIG. 2
represents time, a left vertical axis I represents intensity of
light measured by an optical detector in a reflection geometry
and a right vertical axis Acc Y represents acceleration in
direction y measured by the mechanical sensor. These mea-
surements are performed by a device 1 using a method and/or
comprising an embodiment of a system according to the
invention described above which include a mechanical sen-
sor. The direction y is fixed relative to the device 1. Such a
device 1 can be attached to an upper arm as shown in FIG. 2.
Device 1 can be attached at other places, for example at the
forearm, the wrists, the torso, the upper thighs and around the
shins Device 1 features a mechanical sensor which is capable
of measuring acceleration in direction y which in FIG. 2 is
designated by an arrow.

[0090] Onthelefthalf of FIG. 2, the upper arm is positioned
horizontally. In an idealised case the accelerator measures
zero acceleration signal in direction of y, and the intensity I of
light which is measured by the optical detector of device 1 is
relatively high. The undulations of the measured intensity of
light are caused by the heart pulse wave. When the upper arm
is positioned vertically and downwards, as shown in the right
halfofFIG. 2, the amount of venous blood in the tissue probed
by the sensor is increasing due to gravitation. The blood
relocation is specific to the venous vascular system due to a
significantly lower pressure of the venous vascular system
compared with the arterial vascular system: the arterial blood
flow with relatively high pressure in the arterial vascular
system is not significantly changed by the relatively small
effect of gravitation. But compared to the relatively low pres-
sure of the venous vascular system, the effect of gravitations
is relatively large, and the venous blood flow is significantly
changed.

[0091] An increase of a venous blood volume when the
upper arm is positioned vertically leads to an increase of
absorbance of light (respectively to an increase of attenuation
of light) which is interacting with the tissue and correspond-
ingly to a decrease of the intensity I ofthe measured light. The
accelerometer measures a gravitational acceleration in direc-
tion of y when the upper arm is positioned vertically. In short,
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the orientation of the tissue and/or the subject does influence
the measured signal, and information related to the orienta-
tion of the tissue and/or the subject can be used to evaluate
measurements which are performed with tissue at different
and/or varying orientation.

[0092] FIG. 2also illustrates that the measured signal com-
prises contributions of the arterial blood volume variations
caused by the heart pulse wave and that the contribution of the
venous blood relocations are caused by motion which means
in this case a change of the orientation of the upper arm.
[0093] Device 1 as shown in FIG. 2 is an example of an
embodiment of'a system according to the invention described
above. Device 1 is wearable, especially continuously wear-
able. Wearable means that device 1 is lightweight, unobtru-
sive, portable and can be worn without great discomfort.
Preferably, device 1 is a standalone device and is not depend-
ing on other devices during the measurements. It is, however,
not excluded that the device 1 is in permanent or non-perma-
nent communication with other devices, attached to the sub-
ject, placed independently of the subject or carried by a sub-
ject.

[0094] FIG. 3 schematically shows a superposition of arte-
rial and venous blood volume changes and a way to separate
them in optical measurements. From left to right, FIG. 3
shows separate initial arterial attenuation signals 30.1, 30.2
from arterial blood volume changes due to heart beat respec-
tively the heart pulse waves and initial venous attenuation
signals 31.1, 31.2 from venous blood volume changes due to
activity, measured optical signals 32.1, 32.2, an accelerom-
eter signal 33 and separated arterial portion signals 34.1, 34.2
and venous portion signals 35.1, 35.2. The initial arterial
attenuation signals 30.1, 30.2 and the initial venous attenua-
tion signals 31.1, 31.2 are a priori unknown. All signals
except the accelerometer signal 33 in FIG. 3 are illustrated for
two wavelengths: the signals with solid lines and the desig-
nation ending .1 represent a signal for a wavelength in the
infrared range, and the signals with broken lines and the
designation ending .2 represent a signal for a wavelength in
the red range.

[0095] The measured optical signals 32.1 and 32.2 are a
superimposed result of initial arterial attenuation signals
30.1, 30.2 and the initial venous attenuation signals 31.1,
31.2. In a simplest case in order to be able to separate signal
portions from the arterial and from the venous blood, the
accelerometer signal 33 is—after suitable calibration and/or
sensitivity correction—subtracted from the measured signals
32.1, 32.2. The subtraction of the accelerometer signal 33
corrects for the influence of venous blood and results in
arterial portion signals 34.1, 34.2 which represent arterial
properties. A subtraction of the arterial portion signals 34.1,
34.2 from the measured signals 32.1, 32.2 then may provide
venous portion signals 35.1, 35.2 representing properties of
venous blood.

[0096] It is also possible to use more sophisticated
approaches than a mere subtraction. Especially, the acceler-
ometer signal may be statistically correlated with the mea-
sured optical signals. Signal portions of the optical signals
that are correlated with the accelerometer tend to be of a
venous origin, whereas uncorrelated signal portions are more
of an arterial origin. Even more in general, other suitable
algorithms that have the three signals as input and physiologi-
cal properties as output are feasible. For example, it is pos-
sible to apply multivariate analysis (and multiple regression
analysis in particular) to investigate the relation of intensity
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variations of red and infrared light which are correlated with
the measurements of the mechanical sensor. Variations of the
frequency of the heart rate not associated with mechanical
movements can be attributed to the heart pulse wave and can
be used for the estimation of physiological properties of arte-
rial blood. Thus from the relation of the arterial portion sig-
nals 34.1, 34.2 and the venous portion signals 35.1, 35.2,
physiological properties of the arterial respectively venous
blood can be deduced.

[0097] FIG. 4 schematically shows a cross section of one
possible embodiment of the invention as a side view. The
system 40 is comprised in the device 1. The system 40 com-
prises a frame 41 with three compartments 42.1-42.3: two
light detector compartments 42.1, 42.3 and one light emitter
compartment 42.2 between the light detector compartments
42.1, 42 .3. The compartments 42.1-42.3 are formed on sides
and top by the frame 40. At the bottom, the compartments
42.1-42.3 are closed by a glass plate 43. An acceleration
sensor 44 is attached to the frame 41 such as all movements
which affect the frame 41 and its content are measured by the
acceleration sensor 44. Furthermore, the acceleration sensor
44 is capable of measuring the orientation of the frame 41.
Frame 41 and acceleration sensor 44 are comprised in a
substrate 45.

[0098] The light emitter compartment 42.2 is arranged
between the two light detector compartments 42.1 and 42.3
and comprises the light emitter. The light emitter comprises
three LEDs 46.1,46.2, 46.3 which emit light at three different
wavelengths and which are attached to the top of the light
emitter compartment 42.2. A wavelength of light emitted by
afirst LED 46.1 is in the red range which is between isosbestic
points and a wavelength of light emitted by a second LED
46.2 is in the infrared range at an isosbestic point. A third LED
46.3 emits light of the third wavelength close to an isosbestic
point in the green range. Measured signals of the red and
infrared (i.e. first and second) LEDs 46.1 and 46.2 are used for
an estimation of the ratio of oxygenated haemoglobin, while
ameasured signal from the third, green LED 46.3 is used for
the estimation of heart rate. The heart rate is used for the
enhancement of the measured signals of the other wave-
lengths (red and infrared).

[0099] The light emitter compartment 42.2 also comprises
two monitoring photodiodes 47.1, 47.2 which are either
arranged in direct line of sight to the LEDs 46.1,46.2 and 46.3
or as shown in FIG. 4 at the side of the LEDs 46.1, 46.2 and
46.3. The first and second monitoring photodiodes 47.1, 47.2
receive light emitted from the LEDs 46.1, 46.2, 46.3 through
reflective elements 50.1, 50.2. Signals of both monitoring
photodiodes 47.1, 47.2 are combined and they act as one
single multicomponent detector. Alternatively, different
monitoring photo diodes could measure different wave-
lengths in another embodiment of the invention. The com-
bined measured signal of the monitoring diodes 47.1, 47.2 is
used as reference signal accounting for intensity variations of
the light emitted by the light emitter and more specifically by
the LEDs 46.1, 46.2, 46.3. They may in addition or as an
alternative be used for calibration purposes.

[0100] A first light sensor compartment 42.1 comprises a
first signal photodiode 48.1 and a second light sensor com-
partment 42.3 comprises a second signal photodiode 48.2.
The signal photodiodes 48.1, 48.2 are attached to the frame 41
in their compartments 42.1, 42.3. In analogy to the monitor-
ing photodiodes 47.1, 47.2, the signals of photo diodes 48.1,
48.2 are combined and both act as a single multicomponent
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detector. Alternatively, different photo diodes could measure
different wavelengths in another embodiment of the inven-
tion. Light emitted by the LEDs 46.1, 46.2, 46.3 is partly
reflected by the reflective elements 50.1, 50.2 and partly
passes a gap between the reflective elements 50.1, 50.2, as
illustrated by an exemplary photon path 49. The light passes
asecond gap which is similar to the gap between the reflective
elements 50.1, 50.2 and which is formed by the frame 41.
Both gaps collimate the emitted light beam. After having
passed the second gap, the light passes the glass 43 down-
wards and interacts with tissue 51, which is in direct contact
with the glass 43.

[0101] After interaction of the emitted light with the tissue
and diffuse propagation of the light in the tissue, some part of
light passes (for example along a photon path 49) the glass 43
upwards and enters the light sensor compartments 42.1. In
this light sensor compartment 42.1, the light is received and
measured by the signal photodiode 48.1. Other photon paths
will lead to the other sensor compartment 42.3, in analogy to
the depicted photon path; the number of scattering/reflection
events can be anything greater than or equal to one.

[0102] Inthis embodiment the measurements are to be per-
formed with temporal multiplexing, i.e. the measurement is
performed with one wavelength at a time. For example, firstly
the repetitive sampling of green light can be performed when
the third LED 46.3 is activated and an analog-digital con-
verter (ADC) makes a repetitive simultaneous sampling of
the intensity detected by the signal diodes 48.1, 48.2 and the
monitoring photodiodes 47.1, 47.2. Such a sampling of light
in the green range can be called a green block measurement.
Furthermore, in order to allow for a correction for variations
of ambientlight, a periodical sampling of intensity with deac-
tivated LEDs 46.1, 46.2, 46.3 can be performed. In a simplest
case, the LEDs 46.1, 46.2, 46.3 can be set to emit light witha
50% duty cycle and the ADC measurements made while the
LEDs 46.1, 46.2, 46.3 are not emitting light are used to
correct the measured signal i.e. the light intensity detected
while the LEDs 46.1, 46.2, 46.3 are emitting light to account
for ambient light variations. The corrected signal can then be
further used for the estimation of the heart rate and other
physiological parameters.

[0103] Since signals measured in the red and infrared range
are used in combination for the estimation of physiological
parameters of the tissue and especially of physiological
parameters of blood, their sampling should be performed in a
sequential and interleaved fashion and form a measurement
block. In a simplest case, the first and second LEDs 46.1, 46.2
(emitting light in the red and infrared range) are switched on
and off consecutively and alternating while the ADC sam-
pling of the corresponding signals is performed. This means
that only either the first LED 46.1 or the second LED 46.2 is
emitting light at any time and that the first LED 46.1 is
switched off when the second LED 46.2 is switched on and
vice versa. The measurements with the accelerometer sensor
44 are performed in parallel to the optical sampling i.e. to the
sampling of the signal photodiodes 48.1, 48.2. Furthermore,
the ambient light can be sampled periodically with all LEDs
46.1, 46.2, 46.3 switched off. The ambient light signal is
furthermore used to correct the signals measured in the red
and infrared range for varying ambient light conditions.

[0104] With theembodiment shown inFIG. 4, the sampling
of a green block of measurements (i.e. sampling of measure-
ments of light in the green range as described above) and a
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red/infrared block (i.e. sampling of measurements of light in
the red and infrared range as described above) is performed
sequentially.

[0105] Alternatively, the sampling of all three wavelengths
as well as ambient light measurements can be performed in
one single block, when the green, red, infrared and ambient
light channels are sampled sequentially and repeatedly. In this
case the measurement system should be able to sample with a
sampling frequency which is at least four times higher than
the minimum sampling frequency for a case of sampling of a
single channel. The minimum sampling frequency for sam-
pling of a single channel is typically 20 Hz.

[0106] Ifthe system incorporates two or more individually
operated optical sensors, sampling of the green channels and
red/infrared channels can be performed in parallel. This
increases the performance of the filtering method of signals in
the red and infrared range with the heart rate obtained from
the green measurements, since both measurements are per-
formed at the same time.

[0107] FIG. 5 shows a schematic illustration of light propa-
gation in human skin 60. The human skin 60 comprises dif-
ferent layers 61.1-61.4, and light can propagate through dif-
ferent layers 61.1-61.4. FIG. 5 shows an example of four
layers 61.1-61.4, and these four layers 61.1-61.4 are the lay-
ers closest to the skin surface. The illustrated photon path 62
in reflection geometry interferes with three layers 61.1-61.3,
more specifically with the three layers 61.1-61.3 closest to the
skin surface. Solid lines designate the boundaries of statisti-
cally most probable paths which are likely to be taken by the
photons emitted from S and detected at D.

[0108] Statistically, the proportion of photon paths that
penetrate deeply in the tissue (i.e. the skin 60) compared to
photon paths that do not penetrate deeply depends on a dis-
tance r between a light emitter S (i.e. a source) and an optical
detector D in reflection geometry. The longer the distance r,
the larger the portion of received photons that have penetrated
deeply. Thus, the longer the distance r (in reflection geom-
etry), the larger the portion of photons that have been scat-
tered by different tissue layers. In the event of motion of the
subject, the motion causes distortions, because the different
layers will be displaced with respect to each other. With a
smaller source-detector distance r the propagation will be
limited to the upper layers of the skin (as shown for example
by the photon path 62 in the upper three skin layers 61.1-61.
3), and thus the sensitivity to motion artefacts caused by the
skin motion will be decreased

[0109] The measurements of FIGS. 6-9 were performed
with a system 40 as described in FIG. 4 attached to the upper
arm as illustrated in FIG. 2.

[0110] FIG. 6 shows in a graph an attenuation of red light
during different exercises plotted against an attenuation of
infrared light measured simultaneously. In FIG. 6, the hori-
zontal axis A A (798) designates changes in attenuation of
infrared light, and the vertical axis A A (660) designates
changes in attenuation of red light. Both attenuations are
measured with a device according to the invention which
means that the attenuations are deduced from the calculated
venous blood signal (shown as venous portion signals 35.1,
35.2in FIG. 3). There is a clearly visible relation of changes
in the attenuations of infrared and red light during exercises,
visualised through a broken line. Each symbol shape repre-
sents measurements of a different subject i.e. of a different
human volunteer. From a slope of the broken line, an averaged
oxygenation ratio of 0.87 can be deduced for the venous
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blood in the tissue of all volunteers. The oxygenation is cal-
culated by linear regression with a coefficient of determina-
tion R? of 0.9 which indicates that the fit by linear regression
is a good approximation of the measurements and further
indicates that a difference in the oxygenation between differ-
ent subjects and different experiments is relatively small. The
averaged venous oxygenation ratio of 0.87 obtained is lower
than the arterial blood oxygenation ratio which is generally
above0.95, also during exercises. This demonstrates the prin-
ciple of operation of the invention and supports the assump-
tion that the attenuations shown in FIG. 6 are deduced from a
venous blood signal. In consequence, this also supports the
assumption that the variations of the volume of the blood
caused by exercise are mainly due to relocation of the venous
blood.

[0111] FIG. 7 illustrates the oxygenation changes during
intense exercise measured with the system 40. The horizontal
axis t of FIG. 7 designates the time and the vertical axis SvO,
designates the measured oxygenation of venous blood. The
chosen example illustrates the oxygenation of venous blood
dropping during an onset of an exercise. Two clearly visible
negative peaks represent two drops at the onset of two sets of
squats performed by a subject (a human volunteer) around the
time 14:45 and the time 15:00 (marked with horizontal solid
lines). FIG. 7 clearly shows that the system 40 is capable to
measure the oxygenation of venous blood and that an oxy-
genation drop in the venous blood can clearly be related to
movement of the subject, in this case to physical exercise in
form of squats. The oxygenation of arterial blood would not
feature such significant drops.

[0112] FIG. 8 shows an example continuous measurement
with the system 40 of a subject, in this case a human volunteer
performing normal life activities. An upper plot shows move-
mentsi.e. activities measured with accelerometer and a lower
plot shows the corresponding venous oxygenation SvO,.
Both plots have a horizontal axis t designating time, and the
vertical axis of the upper plot MI designates a calculated
motion intensity parameter calculated from relative changes
of a 3-axes accelerometer measurements while the vertical
axis SvO, of the lower plot designates the oxygenation of
venous blood. Drops in the oxygenation of the venous blood
in a first time periods 7:35-8:14 and in a second time period
12:00-12:40 be related to physical activities (a bicycle ride to
the office in the first time period and walking for lunch and
back in the second time period).

[0113] FIG. 9 shows the venous and arterial oxygenation of
a person during a day. The horizontal axis t designates time
and the vertical axis designates the arterial oxygenation SaO,
as well as the venous oxygenation SvO,: Sa0, is shown with
a solid line and SvQ, is shown with symbols. Filled circles
show the results of the SvO, estimation with a coefficient of
determination R? of above 0.9, while crosses feature R®
between 0.8 and 0.9. A negative peak of the venous oxygen-
ation around time 11:30 (marked in FIG. 9 with a double
headed horizontal arrow) was induced on purpose by an
occlusion of the blood vessels in the tissue (the occlusion
reduced the maximal blood pressure to 20-40 mmHg and was
induced between 11:00h and 11:40h). The induced occlusion
demonstrates clearly that the expected drop in oxygenation of
the venous blood can be measured by the system 40. The
oxygenation of the arterial blood does not indicate any sig-
nificant events, while the drop in the oxygenation of the
venous blood allows identifying the temporary induced
occlusion.
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[0114] FIG. 10 schematically shows a graph with the absor-
bance of different derivatives of hemoglobin in dependence
of the wavelength of light. The vertical axis € of the graph
represents the absorbance i.e. a molar extinction coefficient
[em™'/M] which measures how strongly the hemoglobin
derivative absorbs light. The horizontal axis A of the graph
represents the wavelength [nm] of the light. The derivatives
shown in FIG. 10 are methemoglobin (MetHb) and carboxy-
hemoglobin (COHb) represented by solid lines and oxyhe-
moglobin (oxyHb) and reduced hemoglobin (rHb) repre-
sented by broken lines. All derivatives vary strongly in the
shown range of wavelength and can therefore be detected
optically and discerned in measurements at wavelengths cho-
sen appropriately.

[0115] While the invention has been described in present
embodiments, it is distinctly understood that the invention is
not limited thereto, but may be otherwise variously embodied
and practised within the scope of the claims.

LIST OF DESIGNATIONS
[0116] e molar extinction coefficient [cm™'/M]
[0117] A wavelength [nm)]
[0118] oxyHb oxygenated hemoglobin
[0119] rHb reduced hemoglobin
[0120] ttime
[0121] I intensity
[0122] AccY acceleration
[0123] rdistance between light emitter and optical detector
[0124] S light emitter
[0125] D optical detector
[0126] A A (798) attenuation of infrared light
[0127] A A (660) attenuation of red light
[0128] MI calculated motion intensity parameter
[0129] SvO, oxygenation of venous blood
[0130] SaO, oxygenation of arterial blood
[0131] MetHb methemoglobin
[0132] COHb carboxyhemoglobin
[0133] oxyHb oxyhemoglobin
[0134] 1 device
[0135] 30.1, 30.2 initial arterial attenuation signal
[0136] 31.1, 31.2 initial venous attenuation signal
[0137] 32.1, 32.2 measured optical signals
[0138] 33 accelerometer signal
[0139] 34.1, 34.2 arterial portion signal
[0140] 35.1,35.2 venous portion signal
[0141] 40 system
[0142] 41 frame
[0143] 42.1, 42.3 light detector compartment
[0144] 42.2 light emitter compartment
[0145] 43 glass plate
[0146] 44 acceleration sensor
[0147] 45 substrate
[0148] 46.1-46.3 LEDs
[0149] 47.1, 472 monitoring photo diode
[0150] 48.1, 48.2 signal photo diode
[0151] 49 photon path
[0152] 50.1, 50.2 reflective element
[0153] 51 tissue
[0154] 60 human skin
[0155] 61.1-61.4 skin layer
[0156] 62 photon path

1. A system for noninvasive measurements of physiologi-
cal properties of tissue comprising
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a) an optical sensor comprising a light emitter and an
optical detector, where the light emitter comprises at
least one light: source and is capable of emitting light: of
at least two different wavelengths,

b) a mechanical sensor,

¢) a processor capable of evaluating physiological proper-
ties from measurements of the optical sensor, wherein
the processor is capable of evaluating physiological
properties of venous blood by using data measured by
the mechanical sensor and data measured by the optical
Sensor.

2. The system according to claim 1, wherein the processor
is capable of evaluating the oxygenation of venous blood
and/or arterial blood.

3. The system according to claim 1, wherein the processor
is capable of evaluating a physiological properly of venous
blood using movement of blood in the tissue caused by natu-
ral movement of the tissue.

4. The system according to claim 1, wherein the processor
is capable of recognizing variations of the optical signal
related to a heart pulse wave and is capable of including these
variations in the evaluation of physiological properties of the
venous and/or arterial bleod.

5. The system according to claim 1, wherein the mechani-
cal sensor comprises an accelerometer and/or force sensor.

6. The system according to claim 1, wherein the system
comprises at least two optical detectors for spatially resolved
measurements.

7. The system according to claim 1, wherein the light
emitter is capable of emitting light of a third wavelength (in
particular light in a green wavelength range) and that the
optical detector is capable of measuring light of the third
wavelength.

8. The system according to claim 1, wherein the processor
is capable of using a dynamic light scattering technique detect
the heart rate and/or at least one heart pulse wave parameter.

9. The system according to claim 1, wherein the light
emitter and the optical detector are arranged in a reflection
geometry and are located close to each other.

10. The system according to claim 1, wherein the system
comprises a dielectric sensor which allows the system to
discriminate different tissue components and volume frac-
tions.

11. A method for measurements of physiological proper-
ties of tissue comprising the steps;

a) emitting light with at least two wavelengths,

b) measuring a light intensity optically after the emitted

light has interacted with the tissue,

¢) performing a mechanical measurement of the tissue
closely synchronized with the step of measuring opti-
cally,

d) evaluating physiological properties of the tissue from
the combination of optical and the mechanical measure-
ments, wherein in the step of evaluating, a physiological
property of venous blood is evaluated.

12. The method according to claim 11, wherein the step of
measuring optically comprises performing at least two opti-
cal measurements simultaneously for spatially resolved mea-
surements.

13. The method according to claim 11, wherein the step of
measuring optically the light is penetrating only upper layers
of the tissue.

14. A system for noninvasive measurements of physiologi-
cal properties of tissue, comprising:
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a) an optical sensor comprising a light emitter and an
optical detector, where the light emitter comprises at
least one light source and is capable of emitting light of
at least three different wavelengths, and

b) a processor capable of evaluating physiological proper-
ties from measurements of the optical sensor.

15. A system for noninvasive measurements of physiologi-

cal properties of tissue, comprising:

a) an optical sensor comprising a light emitter and an
optical detector, where the light emitter comprises at
least one light source and is capable of emitting light of
at least two different wavelengths, and

b) a processor capable of evaluating physiological proper-
ties from measurements of the optical sensor, wherein
the light emitter and the optical detector are arranged in
a reflection geometry and are located at a distance of at
most 10 mm from each other.

16. A system for noninvasive measurements of physiologi-
cal properties of tissue comprising:

a) an optical sensor comprising a light emitter and an
optical detector, where the light emitter comprises at
least one light source and is capable of emitting light of
at least two different wavelengths,

b) a mechanical sensor comprising an accelerometer,

c) a processor capable of evaluating physiological propet-
ties from measurements of the optical sensors, wherein
the processor is structured and adapted to evaluate
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physiological properties of venous blood by using data
measured by the mechanical sensor and data measured
by the optical sensor.

17. The system of claim 16, wherein said processor is
structured and adapted to statistically correlating signals from
said accelerometer with optical signals measured by said
optical sensor, and

determining portions of the optical signals correlated with
the signals from the accelerometer to be of venous origin
and uncorrected signal portions to be of arterial origin,

18. A method for measurement of physiological properties
of tissue comprising the steps of:

a) emitting light with at least two wavelengths,

b) measuring an optical signal based on a light intensity

after the emitted light has interacted with the tissue,

¢) performing an accelerometer measurement synchro-
nized with the step of measuring an optical signal,

d) evaluating a physiological property of venous blood
from a combination of said optical signal and said accel-
erometer measurement.

19. The meshed of claim 18, wherein said step of evaluat-
ing the physiological property of venous blood comprises the
step of statistically correlating said accelerometer measure-
ment with said optical signal.

20. The method of claim 19, further comprising the steps of
determining portions of the optical signal correlated with the
accelerometer measurement to be of venous originand uncor-
rected signal portions to be of arterial origin.
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