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(7) ABSTRACT

The invention relates to an optical sensor device (1) for
determining a blood perfusion parameter of a user. A light
source (2) provides coherent light for scattering in a tissue
sample (11) and a light detection unit (3) receives scattered
coherent light in a re-emission geometry, the light detection
unit (3) comprising plural light detection elements (32a;
32b) for capturing light intensity values in increasing dis-
tances from the light source (2) in accordance with different
tissue depths. An evaluation unit (10) determines contrast
values based on the captured light intensities, determines
one motion-corrected value of the blood perfusion parameter
based on the contrast values associated with the different
tissue depths. Moreover, the invention relates to a method
determining at least one blood perfusion parameter using the
sensor device (1).

10 20 30 40 50 60 70 8090 100

10 20 30 40 50 60 70 80 90 100



Patent Application Publication  Apr. 26,2018 Sheet 1 of 4 US 2018/0110423 A1




Patent Application Publication  Apr. 26,2018 Sheet 2 of 4 US 2018/0110423 A1

10
20
30
40
50
60
70
80
90|

100

10 20 30 4050 60 70 8090 100

FIG. 2a

10
20
30
40
50
60
70
80
90
100

10 20 30 40 50 60 70 80 90 100

FIG. 2b




Patent Application Publication  Apr. 26,2018 Sheet 3 of 4 US 2018/0110423 A1

10 |[e—
4 4
3 /\J
9
/z
NS
7 6
FIG. 4
;/1
10 f—
51 4
3 f\J
9
/z
| =




Patent Application Publication  Apr. 26,2018 Sheet 4 of 4 US 2018/0110423 A1

4
5 /61 ~_
63 >
I |, . / —
é 9 62 \6
FIG. 6
>/1
10 i« n
4
3 ~_
2
| e — |




US 2018/0110423 Al

OPTICAL LASER SPECKLE SENSOR FOR
MEASURING A BLOOD PERFUSION
PARAMETER

FIELD OF THE INVENTION

[0001] The invention relates to the measurement of a
blood perfusion parameter using an optical sensor. More
specifically, the invention is related to an optical sensor
device for determining at least one blood perfusion param-
eter, which comprises a light source for providing coherent
light for scattering in a tissue sample of a user and a light
detection unit for receiving at least part of the scattered
coherent light and for capturing at least one light intensity
value in accordance with a speckle pattern formed by
scattered coherent light. Moreover, the invention is related to
a method for determining at least one blood perfusion
parameter of a user.

BACKGROUND OF THE INVENTION

[0002] It is known that the perfusion of blood in human
tissue is correlated to the health condition of an individual.
One parameter related to blood perfusion is the heart fre-
quency of the individual, where extreme values of the heart
frequency can be indicative of detrimental health conditions
of the individual. Therefore, the monitoring of the heart
frequency can provide indications of detrimental health
conditions of the individual. Further, the monitoring of the
heart frequency allows for assessing the performance of an
individual during sporting activities or the like. Moreover,
the blood velocity is a further blood perfusion parameter that
is correlated to the physiological condition of an individual.
In particular, an irregular blood velocity can be indicative of
cardiovascular diseases, such as hypertension and athero-
sclerosis, coronary artery disease, chronic heart failure,
peripheral vascular disease, stroke, diabetes, chronic kidney
failure, and infectious diseases.

[0003] One option for determining and monitoring such
blood perfusion parameters involves laser speckle imaging.
Here, a tissue sample is illuminated using coherent laser
light which is scattered by red blood cells within the tissue.
The scattered light produces an interference pattern which is
usually also referred to as speckle pattern. The movement of
the blood cells causes changes of the speckle pattern which
particularly result in a blurring of a measured speckle pattern
(i.e. of an image of the speckle pattern). Therefore, the
amount of blurring which can be parameterized by the
contrast of the speckle pattern is correlated to movement of
the blood cells. Consequently, blood perfusion parameters
can be estimated on the basis of the contrast of measured
speckle patterns.

[0004] In this respect, US 2013/0204112 Al discloses a
method and an apparatus for monitoring blood perfusion
using laser speckle imaging, which includes a coherent light
source and a detector for measuring light transmitting a
tissue sample. On the basis of variations in the transmitted
light, the apparatus determines speckle contrast values.
These contrast values are used for computing a metric of
blood perfusion.

[0005] Since the light source and the detector are posi-
tioned relative to each other in transmission geometry in this
apparatus, the apparatus has to be affixed to a part of the
user’s body which has a thickness sufficiently small for
being transilluminated by the laser light. Therefore, the
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apparatus can only be affixed to a finger, toe, nostril or
earlobe of the user. This limits the range of use of the
apparatus. Moreover, it is usually uncomfortable for the
users to have the apparatus attached to one of the aforemen-
tioned parts of their bodies, particularly when they use the
apparatus during a longer period of time.

[0006] US 2012/0184831 Al discloses a device for moni-
toring hemodynamics. The device directs light toward an
area of a body and detects the resulting speckle pattern. The
device is operated in reflectance geometry and includes a
sensor patch in the form of a housing which can be mounted
on the skin. On the basis of fluctuations of the speckle
pattern, the device can determine the blood velocity and the
heart rate. Further, US 2012/0184831 Al discloses that the
device can comprise more than one laser light source and/or
light detector, and the separation distances can be different
to enable simultaneous measurements with respect multiple
tissue depths

SUMMARY OF THE INVENTION

[0007] 1t is an object of the invention to allow for a
monitoring of a blood perfusion parameter of a user in a
flexible way and in a manner which is convenient for the
user.

[0008] In a first aspect of the invention, an optical sensor
device for determining at least one blood perfusion param-
eter of a user is suggested. The optical sensor device
comprises a light source for providing coherent light for
scattering in a tissue sample of the user and a light detection
unit for receiving at least part of the scattered coherent light.
The light source and the light detection unit are arranged
relative to each other in a re-emission geometry. The light
detection unit comprises plural light detection elements for
capturing light intensity values in accordance with a speckle
pattern formed by scattered coherent light, the light detec-
tion elements being arranged in increasing distances from
the light source and being associated with different tissue
depths. Further, the sensor device comprises a housing
including the light source and the light detection unit, the
housing comprising a contact surface which can be brought
into contact with the tissue sample and which comprises a
first opening through which light emitted by the light source
can leave the housing and a second opening through which
scattered light captured by the light detection unit can enter
the housing. Moreover, the optical sensor devices comprises
an evaluation unit configured to determine separate contrast
values for the light detection elements based on the captured
light intensities and to determine one motion-corrected value
of the blood perfusion parameter based on the contrast
values associated with the different tissue depths.

[0009] The suggested sensor device can be used more
flexibly, since the light source and the light detection unit are
arranged relative to each other in a re-emission geometry.
[0010] This does particularly mean that the light source
and the light detection unit are arranged relative to each
other such that the tissue sample is not positioned between
the light source and the light detection unit. Thus, the sensor
device can also be attached to thicker parts of the body,
which can not be transilluminated by the light emitted by the
light source. This does also allow for attaching the sensor
device to a part of the user’s body where the user can more
comfortably carry the sensor device. In particular, the sensor
device can be attached to the user’s wrist so that the user can
carry the sensor device like a wrist watch.
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[0011] Moreover, relative movements of the tissue sample
and the sensor device can be eliminated or minimized since
the housing of the sensor device has a contact surface which
comprises openings through which light emitted by the light
source can leave the housing and through which scattered
light can enter the housing and which can be brought into
contact with the tissue sample. Such relative movements of
the tissue sample and the sensor would also decrease the
speckle contrast and, thus, would affect the determination of
the blood perfusion parameter.

[0012] Further, the invention allows for assessing the
velocity distribution of the blood within different layers of
the tissue sample and to determine a motion-corrected value
of the blood perfusion parameter. When the user moves, the
tissue sample covered by the sensor device may partly move
relative to the sensor device due to tensions in the tissue
sample caused by motions of other parts of the body and or
due to the motion of tendons or the like within the tissue
sample. Particularly when the sensor device is worn at the
user’s wrist, the tissue sample may partly move relative to
the sensor device due to movements of the user’s hand
and/or fingers. Such movement of the tissue sample lead to
undesired motion artifacts in the determination of the blood
perfusion parameter, since a reduction of the speckle con-
trast due to such movements may erroneously be treated as
an indication of an increased blood perfusion.

[0013] In order to eliminate such motion artifacts, the
evaluation unit is configured to determine one motion-
corrected value of the blood perfusion parameter based on
the contrast values of the blood perfusion parameter asso-
ciated with the different tissue depths. Here, the fact is
exploited that the aforementioned relative motions between
the tissue sample and the sensor device affect different layers
of the tissue sample in different tissue depths to a different
extent. Therefore, it is possible to correct for such move-
ments by calculating the blood perfusion parameter on the
basis of the contrast values associated with the different
tissue depths.

[0014] With respect to the re-emission geometry in which
the light source and the light detection unit are arranged, one
embodiment of the invention provides that the first and
second openings are arranged relative to each other in such
a way that a connection line between the first and second
openings does not cross the tissue sample, when the contact
surface is in contact with the tissue sample.

[0015] In one embodiment, the blood perfusion parameter
is indicative of the heart rate of the user and/or of a blood
velocity in the tissue sample. In this respect, it is known that
the heart rate and the blood velocity are indicative of the
physiological condition of the user, which can thus be
monitored by means of the sensor device in these embodi-
ments. In particular, irregular heart rates or blood velocities
(i.e. too high or low heart rates or blood velocities) may be
indicative of cardiovascular diseases of the user, such as, for
example, hypertension and atherosclerosis, coronary artery
disease, chronic heart failure, peripheral vascular disease,
stroke, diabetes, chronic kidney failure, and infectious dis-
eases. Moreover, an irregular heart rate or a blood velocity
may be indicative of other detrimental health conditions of
the user the sensor device. Thus, such diseases and detri-
mental health conditions can be detected by means of the
sensor device. Further, the sensor device allows its user to
monitor his heart rate and/or blood velocity during sporting
activities and/or in other situations.
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[0016] In a related embodiment, the evaluation unit is
configured to estimate a frequency of changes of the contrast
values and to determine the blood perfusion parameter
indicative of the heart rate of the user based on the estimated
frequency.

[0017] In a further embodiment, the evaluation unit is
configured to substantially continuously compare the blood
perfusion parameter with at least one threshold and to
control the optical sensor device to execute an alarm routine,
if the blood perfusion parameter exceeds or falls below the
threshold. In particular, the evaluation unit may be config-
ured to compare the blood perfusion parameter with the
threshold in regular time intervals.

[0018] The threshold may particularly be set such that
values of the blood perfusion parameter larger than the
threshold are indicative of a detrimental health condition of
the user of the sensor device. By initiating the alarm routine
in case the blood perfusion parameter exceeds such a
threshold, the sensor device can particularly indicate such a
detrimental health condition so that suitable measures can be
taken. For this purpose, the alarm routine may particularly
comprise an output of an acoustic and/or visual warning
indication by the sensor device. Further, a low heart rate or
blood velocity may be indicative of a detrimental health
condition of the user. In this respect, the evaluation may be
configured to execute an alarm routine in case the blood
perfusion parameter falls below a suitably selected thresh-
old. In a further implementation, the evaluation unit may be
configured to compare the blood perfusion parameter with
two thresholds and may initiate an alarm routine, if the blood
perfusion parameter exceeds a first threshold or if the blood
perfusion parameter falls below a second threshold. Prefer-
ably, the second threshold is smaller than the first threshold.
[0019] In one embodiment in which the blood perfusion
parameter is indicative of a blood velocity in the tissue
sample, the sensor device further comprises a temperature
sensor, and the evaluation unit is configured to prevent the
initiation of the alarm routine when it determines that a
temperature measured using the temperature sensor
decreases by an amount exceeding a predefined threshold
within a predetermined period of time. This embodiment
takes account of the fact that the blood perfusion usually
increases when the temperatures suddenly drops down by a
greater amount, as it is for example the case when the user
moves from a warm indoor environment to a cold outdoor
environment. In particular, the initiation of an alarm routine
may be prevented which is initiated in case the blood
velocity exceeds a threshold. By preventing the initiation of
such an alarm routine in the aforementioned situation, false
alarms resulting from a temperature-dependent increase of
the velocity parameter can be prevented.

[0020] In a further embodiment in which the blood per-
fusion parameter is indicative of a blood velocity in the
tissue sample, the sensor device further comprises an altim-
eter and the evaluation unit is configured to determine the
threshold on the basis of an altitude determined using the
altimeter. This embodiment takes account of the fact that the
level of blood perfusion is typically higher in greater alti-
tudes. When the evaluation unit initiates an alarm in case the
blood velocity exceeds a threshold, this threshold is prefer-
ably increased with an increasing altitude. Hereby, it is
particularly possible to prevent false alarms resulting from
an altitude-dependent increase of the blood velocity. More-
over, in case the evaluation unit initiates an alarm if the
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blood velocity falls below a threshold, this threshold may
likewise be increased with an increasing altitude in order to
improve the sensitivity of the sensor device with respect to
low blood velocities in greater altitudes.

[0021] In a further embodiment in which the blood per-
fusion parameter is indicative of a blood velocity in the
tissue sample, the sensor device further comprises a pressure
sensor for measuring a pressure applied by the sensor device
to the tissue sample and the evaluation unit is configured to
detect changes of the pressure and to control the sensor
device to output a corresponding information when a change
of the pressure is detected. This embodiment takes account
of the fact that the level of blood perfusion is typically lower
when the sensor device applies a higher pressure on the
tissue sample. Thus, measurements of the blood perfusion
parameter made for different pressures are usually not
comparable with each other. Therefore, the evaluation unit
controls the sensor device to output a corresponding infor-
mation about the pressure change to the user of the sensor
device. On the basis of this information, the user may adjust
the pressure in such a way that the original pressure is
established again.

[0022] If the evaluation unit compares the blood perfusion
parameter with the aforementioned threshold(s), the evalu-
ation unit may also adapt the threshold(s) based on the
detected pressure change in addition or as an alternative to
the output of the information about the pressure change. In
case the evaluation unit initiates an alarm routine in case the
blood velocity exceeds a threshold, this threshold may
particularly be decreased with an increasing pressure.
Hereby, a sufficient sensitivity of the sensor device can be
ensured in case the sensor device applies a high pressure on
the tissue sample. In case the evaluation unit initiates an
alarm routine if the blood velocity falls below a threshold,
this threshold may likewise be decreased with an increasing
pressure in order to prevent false alarms.

[0023] In one embodiment, the blood perfusion parameter
is indicative of a blood velocity in the tissue sample, and the
sensor device further comprises a position sensor for detect-
ing a displacement of the sensor device relative to the tissue
sample, the evaluation unit being configured to control the
sensor device to output a corresponding information when a
displacement of the sensor device relative to the tissue
sample is detected.

[0024] Hereby, account can be taken of the fact that the
values of the blood perfusion parameter usually depend on
the measurement location, particularly because the tissue
composition usually differs depending of the measurement
location. Thus, measurements of the blood perfusion param-
eter after the displacement are not directly comparable with
the measurements performed at the original position of the
sensor device. Therefore, the evaluation unit controls the
sensor device to output a corresponding information to the
user of the sensor device so that the user can take into
account the changed conditions under which the measure-
ments of the blood perfusion parameter are made. In case the
evaluation unit compares the blood perfusion parameter with
the aforementioned threshold, this comparison may be inter-
rupted in case a displacement of the sensor device is detected
in addition or as an alternative to the output of the infor-
mation about the displacement of the sensor device.
[0025] In a related embodiment, the evaluation unit may
be configured to control the sensor device to output infor-
mation to the user of the sensor device, which is indicative
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of the reverse direction of the detected displacement. On the
basis of such information the user can be instructed to
re-position the sensor device at the original position, i.e. the
position before the displacement occurred.

[0026] The position sensor may particularly include a
camera capturing images of the user’s skin and the evalu-
ation unit may be configured to recognize a characteristic
pattern formed by skin irregularities, such as, for example,
freckles or birthmarks. In this embodiment, the evaluation
unit may detect a displacement of the sensor device relative
to the tissue sample when the position of the characteristic
pattern within an image captured by the camera differs from
the position of the pattern in a previously captured image.
Moreover, the evaluation may be configured to determine
the reverse direction of the displacement of the pattern in the
images in order to control the sensor device to output a
corresponding information as explained above.

[0027] In one embodiment, the evaluation unit is config-
ured to determine plural values of the blood perfusion
parameter according to different tissue depths on the basis of
the separate contrast values. Hereby, it is particularly pos-
sible to asses the velocity distribution of the blood within
different layers of the tissue sample.

[0028] In order to eliminate motion artifacts, a related
embodiment provides that the evaluation unit is configured
to determine the motion-corrected value of the blood per-
fusion parameter based on the values of the blood perfusion
parameter according to the different tissue depths. The
motion-corrected value of the blood perfusion parameter
may particularly be calculated as a linear combination of the
values of the blood perfusion parameter corresponding to
different tissue depths.

[0029] In one embodiment, the second opening of the
contact surface of the housing, through which scattered light
enters the housing, is configured as an aperture, the size of
the aperture being selected such that at least some speckles
of the speckle pattern have a predetermined minimum size.
In a related embodiment, the a plurality of detection ele-
ments is associated with at least one tissue depth and the
light detection unit is configured to capture an image of the
speckle pattern, the image comprising a plurality of pixels
corresponding to the detection elements, and the size of the
aperture is selected such that a speckle having the minimum
size covers at least two detection elements of the plurality of
detection elements. Hereby, it can be ensured that changes of
the speckle contrast can be detected by means of the light
detection unit. If the speckles were smaller than one of the
detection elements or if the speckle size would approxi-
mately correspond to the size of one of the detection
elements, many of such changes would not be visible in the
images captured by the light detection unit.

[0030] In afurtheraspect, the invention suggests a method
for determining at least one blood perfusion parameter of a
user. The method comprises:

[0031] providing a sensor device comprising a light
source for providing coherent light for scattering in a
tissue sample of the user and a light detection unit for
receiving at least part of the scattered coherent light, the
light source and the light detection unit being arranged
relative to each other in a re-emission geometry and the
light detection unit comprising plural light detection
elements for capturing light intensity values in accor-
dance with a speckle pattern formed by scattered coher-
ent light, the light detection elements being arranged in
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increasing distances from the light source and being
associated with different tissue depth;

[0032] bringing a contact surface of a housing of the
sensor device into contact with the tissue sample, the
contact surface comprising a first opening through
which light emitted by the light source can leave the
housing and a second opening through which scattered
light captured the light detection unit can enter the
housing;

[0033] determining separate contrast values for the light
detection elements based on the captured light intensi-
ties, and

[0034] determining one motion-corrected value of the
blood perfusion parameter based on the contrast values
associated with the different tissue depths.

[0035] It shall be understood that the optical sensor device
of claim 1 and the method of claim 14 have similar and/or
identical preferred embodiments, in particular, as defined in
the dependent claims.

[0036] It shall be understood that a preferred embodiment
of the present invention can also be any combination of the
dependent claims or above embodiments with the respective
independent claim.

[0037] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] In the following drawings:

[0039] FIG. 1 shows schematically and exemplarily com-
ponents of one embodiment of an optical sensor device for
determining at least one blood perfusion parameter of a user,
[0040] FIG. 2a shows exemplarily an image of a speckle
pattern captured using an aperture having a diameter of 1
mm7

[0041] FIG. 2b shows exemplarily an image of a speckle
pattern captured using an aperture having a diameter of 2.8
mm,

[0042] FIG. 3 shows schematically and exemplarily a
detection of light propagating through a tissue sample via
different propagation paths running in different tissue
depths,

[0043] FIG. 4 shows schematically and exemplarily com-
ponents of one embodiment of the optical sensor device
comprising an altimeter,

[0044] FIG. 5 shows schematically and exemplarily com-
ponents of one embodiment of the optical sensor device
comprising a temperature sensor,

[0045] FIG. 6 shows schematically and exemplarily com-
ponents of one embodiment of the optical sensor device
comprising a pressure sensor, and

[0046] FIG. 7 shows schematically and exemplarily com-
ponents of one embodiment of the optical sensor device
comprising a position sensor configured as a camera.

DETAILED DESCRIPTION OF EMBODIMENTS

[0047] FIG. 1 shows schematically and exemplarily com-
ponents of an optical sensor device 1 for determining one or
more blood perfusion parameter(s) of a user of the sensor
device 1. As will be further explained herein below, the
blood perfusion parameter may correspond to the heart rate
of the user. In addition or as an alternative, the sensor device
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1 may be capable to determine a blood perfusion parameter
indicative of the velocity of the blood flowing through a
tissue sample 11 of the user.

[0048] The sensor device 1 may be a portable device,
which is worn by its user on a suitable part of his body
during operation. In particular, the user may wear the sensor
device 1 at one extremity of his body, specifically on the
wrist or on one finger or toe. The wearing of the sensor
device 1 at an extremity of the user’s body is preferred
especially for determining the heart rate, because the differ-
ences in the level of blood perfusion, which can be detected
in the sensor device 1, are more noticeably at the extremities
of the body.

[0049] The sensor device 1 may be worn by the user
substantially continuously or during longer periods of time
in his everyday life in order to monitor one or more blood
perfusion parameter(s). In particular, the sensor device 1
may be worn by persons having an increased risk of detri-
mental health conditions, such as, e.g. elderly persons. Such
detrimental health conditions can early be detected using the
sensor device 1 so that suitable measures can early be taken.
Likewise, the sensor device 1 may be used in order to
monitor blood perfusion parameters, such as e.g. the heart
frequency, during sporting activities or the like.

[0050] The sensor device 1 may be configured such that it
can be carried at the user’s wrist. In particular, the sensor
device 1 may be configured in form of a wrist watch in
specific embodiments. This allows the user to carry the
sensor device 1 in a convenient way. In these embodiments,
the sensor device 1 may be a stand-alone device substan-
tially having the form of a wrist watch. Or, the sensor device
1 may be integrated into a so-called smart watch, which
includes the sensor device 1 and which further includes
additional components for one or more further functions.
[0051] The sensor device 1 determines the blood perfusion
parameter(s) on the basis of laser speckle imaging. In order
to perform speckle imaging, the sensor device 1 comprises
a light source 2 for emitting coherent light and a light
detection unit 3 for collecting part of the light after having
been scattered within the tissue sample 11. Both the light
source 2 and the light detection unit 3 are included in a
housing 4 of the sensor device 1. Within the housing 4, the
light source 2 and the light detection unit 3 are arranged
relative to each other in a re-emission geometry. This does
particularly mean that the light source 2 and the light
detection unit 3 are arranged relative to each other such that
the tissue sample 11 is not positioned between the light
source and the light detection unit. Such a re-emission
geometry does particularly allow for constructing a compact
sensor device 1 which can easily be carried by its user.
[0052] More specifically, the housing 4 may be placed
onto the skin 5 of the user in such a way, that the housing
4 is in contact with the skin 5 in a region 9 of the housing
4 which is referred to as contact surface herein. In the area
of the contact surface 9, the housing 4 disposes of an
opening 6 through which coherent light emitted by the light
source 2 leaves the housing 4 and penetrates the tissue
sample 11 beneath the user’s skin 5. The light source 2 is
arranged near in the opening 6 in such a way that emitted
light rays traverse the opening with a certain angle relative
to the contact surface. The light detection unit 3 is preferably
arranged adjacent to the light source 2 within the housing 4.
In particular, the light detection unit 3 is arranged in the area
of a further opening 7 in the contact surface 9, which is
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arranged adjacent to the opening 6 and through which part
of the scattered coherent light enters into the housing 4 and
hits the light detection unit 3.

[0053] When the user carries the sensor device 1 with the
contact surface 9 of the housing 4 contacting the user’s skin
5, relative movements of the tissue sample 11 and the sensor
device 1 can be minimized. Hereby, the reliability of the
measurements of the sensor device 1 can be improved since
relative movements of the tissue sample 11 and the sensor
device 1 would lead to undesired motion artifacts in the
measurements. Moreover, the reflection of light at the user’s
skin 5 can be minimized. In order to affix the sensor device
1 in such a way, suitable fastening means may be provided.
When the sensor device 1 has the form of a wrist watch, the
fastening means may be an adjustable belt which is affixed
to the housing 4 of the sensor device 1 and which closely
surrounds the user’s wrist together with the housing 4 in
order to hold the housing 4 in place.

[0054] In order to further minimize the reflection of the
light at the skin 5, an optical coupling material may be used
in such a way that it fills the cavity between the light source
2 and the skin 5. This optical coupling material may be a
suitable gel, which may be applied by the user to the user’s
skin 5 in the area of the contact surface 9, before attaching
the sensor device 1.

[0055] The light source 2 is a laser device emitting coher-
ent light particularly in the red spectral range. Thus, there is
a high scattering probability for the light being scattered at
red blood cells within the tissue sample 11. Preferably, the
light source 2 is configured as a semiconductor laser diode
emitting in the suitable spectral range. In particular, the light
source 2 may be a so called vertical-cavity surface-emitting
laser (VCSEL) in which the laser light is emitted perpen-
dicular to the wafer surface. However, the light source 2 may
also be configured in another way. For instance, it may be
configured as an edge-emitting laser device.

[0056] During operation of the sensor device 1, light
emitted by the light source 2 penetrates the skin 5 after
having traversed the opening 6 and is scattered by the red
blood cells within the tissue sample 11. The light detection
unit 3 collects scattered light which is re-emitted by the
tissue sample 11 in the area of the opening 7 of the contact
surface 9. This is schematically and exemplarily shown in
FIG. 1 which illustrates the propagation of one scattered
light ray 8 through the tissue sample 11. Due to interference
of the light scattered from the randomly distributed red
blood cells, the scattered light produces a random pattern
which is usually called speckle pattern. In the sensor device
1, the light detection unit 3 measures light intensity values
in accordance with the speckle pattern produced by the
interfering scattered light having traversed the opening 7 in
the housing 4 of the sensor device 1 and reaching the light
detection unit 3. For this purpose, the light detection unit 3
disposes of at least one light-sensitive detection element for
determining the intensity of the light collected by the light
detection unit 3.

[0057] The light intensity values determined by the detec-
tion unit 3 are evaluated in an evaluation unit 10 of the
sensor device 1. The evaluation unit 10 is preferably inte-
grated into the housing 4 of the sensor device 1 in addition
to the light source 2 and the light detection unit 3, and may
be configured as a microprocessor including a processing
unit and a memory for storing data. For evaluating the
measurements provided by the light detection unit 3, the
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evaluation unit 10 comprises a corresponding software pro-
gram which is stored in the memory of the evaluation unit
10 and executed in the processor during the operation of the
sensor device 1.

[0058] The evaluation of the measured speckle patterns in
the evaluation unit 10 is preferably made on the basis of
changes of the speckle patterns determined in the evaluation
unit 10. Such changes are due to the movement of the red
blood cells within the tissue sample 11, by which the light
emitted by the light source 2 is scattered. Therefore, these
changes allow for determining parameters relating to the
blood perfusion within the tissue sample. In particular, the
evaluation unit 10 may perform the evaluation of the images
on the basis of the contrast of the speckle patterns in
accordance with a so-called laser speckle contrast analysis
(LASCA).

[0059] For this purpose, the evaluation unit 10 preferably
calculates contrast values on the basis of the measurements
performed using the light detection unit 3. Each calculated
contrast value is indicative of the amount of variation in the
measured intensity distribution relative to an average inten-
sity. In particular, the speckle contrast K may be calculated
as K=o/<I>, where o is a standard deviation of intensity
values and <I> is an average of these intensity values. In one
variant, one contrast value may be calculated on the basis of
intensity values measured at different locations across a
detection surface of the light detection unit substantially at
the same point in time. Such a contrast value is also referred
to as spatial contrast value hereinafter. In a further variant,
one contrast value, which is also referred to as temporal
contrast value hereinafter, may be calculated on the basis of
intensity values measured at consecutive points in time at
the same location. In particular, one temporal contrast value
may be calculated on the basis of intensity values measured
during a time period of a predefined length. In the next time
period, a new temporal contrast value may be calculated.
[0060] In one embodiment, the light detection unit 3
includes an array of detection elements covering a detection
surface of the light detection unit and capturing images
including a number of pixels corresponding to the detection
elements. Such a light detection unit 3 will also be referred
to as image sensor herein. In one exemplary implementation,
the image sensor may be configured as a charge-coupled
device (CCD) image sensor. However, other configurations
of the image sensor are likewise possible. The detection
elements of the image sensor simultaneously capture light
intensity values corresponding to the speckle pattern formed
on the detector surface. Preferably, these light intensity
values are captured quasi-continuously in accordance with a
certain image or frame rate. On the basis of some or all of
these simultaneously measured light intensity values, the
evaluation unit 10 may calculate one spatial contrast value
for each image or frame. As will further be explained below,
it is likewise possible to define groups of pixels and to
calculate one spatial contrast value for each of these groups.
Moreover, it is in principle also possible to calculate tem-
poral contrast values for at least some of the detector
elements individually.

[0061] In a further embodiment, the light detection unit 3
may comprise a single detection element, such as, for
example, a photodiode, which captures light intensity values
at preferably regular time intervals. Using such a light
detection unit 3, temporal contrast values can be determined
in the way described above.
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[0062] Preferably, the light detection unit 3 in the afore-
mentioned embodiments detects unfocused scattered light
re-emitted by the tissue sample 11. Thus, the sensor device
1 does not include lenses or other optical elements for
focusing the collected scattered light on the light detection
unit 3. This allows for providing a compact sensor device 1
that can easily be carried by the user.

[0063] However, it has been found that it may not be
possible to properly detect and evaluate the unfocused
speckle patterns, when no measures for influencing the
optical characteristic of the detected speckle patterns are
taken at all. In particular, the size of the patterns may be too
small so that it is not possible to properly detect individual
speckles by means of the detection elements, when the light
detection unit 3 is configured as an image sensor and spatial
contrast values are determined on the basis of the measure-
ments performed by the image sensor. In order to improve
the detection of the speckle pattern by means of the light
detection unit, the opening 7 in the housing 4, through which
the scattered light travels to the light detection unit 3, may
be configured as an aperture having a defined size. In one
implementation, a circular aperture having a defined diam-
eter is used. However, it is likewise possible to use an
aperture having a different shape.

[0064] In this respect, it has been found that the size of the
aperture determines the size of the speckles (i.e. the size of
the spots with a high light intensity) in the images captured
by the light detection unit 3. In particular, it has been found
that the speckle size increases with a decreasing size of the
aperture. This finding is also illustrated in FIGS. 24 and 22:
These figures show images of the speckle pattern captured
using sensor devices 1 which were configured in the above-
described manner and which comprised apertures 7 having
a diameter of 1 mm (FIG. 24) and 2.8 mm (FIG. 256). As will
be appreciated from the figures, the speckles in the pattern
captured using the sensor device 1 having the smaller
aperture are larger compared with the speckles in the pattern
captured using the sensor device 1 having the larger aper-
ture.

[0065] On the basis of these findings, the size of the
aperture 7 is preferably selected such that at least most
speckles in the captured speckle patterns cover a plurality of
pixels or detection elements of the light detection unit 3.
Hereby, the speckle contrast determined on the basis of the
images can be increased and, at the same time, the contrast
differences resulting from differences in the blood velocity
are increased. The selection of a suitable aperture size
resulting in sufficiently large speckles can be made on the
basis of test experiments or simulations for different aperture
sizes.

[0066] In one embodiment, the evaluation unit 10 deter-
mines the blood perfusion parameter(s) on the basis of one
spatial or temporal contrast value, which may be estimated
based on light intensity values measured at the same point in
time using an image sensor or measured at consecutive
points in time using a single light detection element as
discussed above. However, parts of the tissue sample 11
covered by the sensor device 1 may move relative to the
sensor device 1 due to motions of the user. Particularly when
the sensor device 1 is worn at the user’s wrist, parts of the
tissue sample 11 may move relative to the sensor device due
to movements of the user’s hand and/or fingers, for example.
Such movements within the tissue sample 11 are due to the
fact that the tissue in the area of the wrist is interconnected
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with the tissue in the area of the hand and fingers. Moreover,
tendons or the like, which move in case of a movement of
the hand and/or fingers, may run through the tissue sample
11.

[0067] Movements of this kind typically lead to motion
artifacts in the determination of the blood perfusion param-
eter, since a reduction of the speckle contrast due to such
movements may erroneously by treated as an indication of
an increased blood perfusion. In order to eliminate or reduce
such motion artifacts, the evaluation unit 10 may determine
plural contrast values for different depths in the tissue
sample 11 and may determine the blood perfusion parameter
on the basis of these plural contrast values. This approach is
based on the observations that movements of the aforemen-
tioned kind do typically not lead to a homogenous motion of
the complete tissue sample 11. Rather, such movements
typically affect different layers of the tissue sample 11 to a
different extent. Therefore, it is possible to perform a cor-
rection of the motion artifacts on the basis of plural contrast
values determined for different tissue depths.

[0068] The determination of the contrast values for dif-
ferent tissue depths exploits the fact that the light travels
through the tissue from the light source to the light detection
unit 3 substantially in a banana-shaped path as schematically
shown for two paths 31a and 315 in FIG. 3. This form of the
light propagation paths ensues from multiple scattering of
the photons within the tissue. As a result of this form of the
light propagation path, scattered light detected in a greater
distance from the light source 2 has traversed deeper layers
of the tissue sample 11 than scattered light detected in a
smaller distance from the light source 2. Thus, speckle
patterns of light detected closer to the light source 2 and
speckle patterns of light detected farther away from the light
source 2 are influenced by motions in different depths of the
tissue.

[0069] This is also illustrated in FIG. 3 in which it can be
appreciated that the light propagating along the path 31a has
traversed deeper layers than the light propagating along the
path 315. Here, the light propagating along the path 31a is
collected by a detection element 32a and the light propa-
gating along the path 315 is collected by a detection element
326 of the light detection unit 3. The detection element 32a
has a first distance from the light source 2 and the detection
element 325 has a second distance from the light source 2,
which is smaller than the first distance. In addition, the light
detection unit 3 may comprise further detection elements for
detection light in one or more further distances from the light
source 2 as shown in FIG. 3. Moreover, as explained above,
there may be a group of detection elements which is asso-
ciated to one distance from the light source (and, thus, to a
certain tissue depth) for each distance instead of a single
detection element as shown in FIG. 3.

[0070] The evaluation unit 10 may determine plural con-
trast values for speckle patterns detected in different dis-
tances from the light source 2. Such contrast values are also
referred to as depth-related contrast values hereinafter in
order to distinguish them from contrast values which are not
related to certain depths and which are also referred to as
general contrast values hereinafter. In order to determine
depth-related contrast values, light intensity values which
are measured at different distances from the light source 2
are evaluated separately. In particular, one contrast value is
determined for each of a plurality of predefined distance
ranges on the basis of light intensities measured in each



US 2018/0110423 Al

distance range. For this purpose, one or more detection
element(s) of the light detection unit 3 are assigned to each
distance range as explained above. In one embodiment, a
single detection element having a distance corresponding to
the respective distance range is assigned to each distance
range. In this case, the evaluation unit 10 may calculate
separate temporal contrast values for each distance range. In
a further embodiment, a group of detection elements having
distances in the corresponding distance range is assigned to
each distance range. In this implementation, the evaluation
unit 10 may determine a spatial contrast value for each
distance range on the basis of the light intensities measured
by means of the associated detection elements. As explained
above, these contrast values are indicative of the blood
perfusion in different depths of the tissue sample 11.
[0071] On the basis of the depth-related contrast values,
the evaluation unit 10 may determine corresponding values
of the blood perfusion parameter. Moreover, as explained
above, the evaluation unit 10 may perform a correction of
motion artifacts on the basis of plural contrast values deter-
mined for different tissue depths. In a related embodiment,
the evaluation unit 10 determines one single contrast value
which is also referred to as motion-corrected contrast value
on the basis of the depth-related contrast values. In an
alternative embodiment, the evaluation unit 10 determines
one value of the blood perfusion parameter for each of the
contrast values associated with the different tissue depths
and estimates a single motion-corrected value for the blood
perfusion parameter on the basis of the individual values of
the blood perfusion parameter.

[0072] The correction of the motion artifacts may be made
on the basis of the assumption that the motion artifacts are
smaller for blood vessels located in a smaller tissue depth.
This assumption is based on the finding that the amplitude
of the motion artifacts is approximately inversely propor-
tional to the blood pressure and that the blood pressure is
lower in the smaller blood vessels close to the surface of the
skin 5. Thus, the motion artifacts will be more pronounced
for these blood vessels. On this basis, the correction of the
motion artifacts may be made by means of a linear super-
position of measurement values (i.e. contrast values or
values of the blood perfusion parameter) for different depths.
[0073] In particular, the correction is made on the basis of
measurement values for different depths acquired at succes-
sive points in time. From the successively measured values
for each depth, the evaluation unit may generate one vector,
respectively. Further, the evaluation unit 10 may combine
the vectors by subtracting the vector including the measure-
ment values for one depth from the vector including the
measurements values for a further depth multiplied by a
factor. Then, the evaluation unit 10 determines the factor
value for which the combined vector has a minimal standard
deviation. This determination may be made on the basis of
an iterative procedure, for example. The resulting vector, i.e.
the combination of vectors generated using the determined
factor value, may correspond to the motion-corrected vector
including the motion corrected measurement values for the
suiccessive points in time.

[0074] As mentioned above, the evaluation unit 10 may
particularly determine the heart rate of the user on the basis
of changes of the contrast value determined in accordance
with the measurements of the light detection unit 3. In this
respect, it is to be noted that each heart contraction accel-
erates the blood in the blood vessels so that the red blood
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cells achieve a relatively high velocity. This higher velocity
leads to a lower speckle contrast due to the blurring of the
speckle images caused by the movement of the red blood
cells. After a heart contraction, the velocity decreases during
a period of the heart motion until it is accelerated again by
the next heart contraction and, as a consequence of the
decreasing velocity, the speckle contrast increases. Thus, the
speckle contrast decreases with a relative high gradient and
increases again with a lower gradient between two heart
contractions. Hence, the speckle contrast varies periodically
(following the periodic variations of the blood velocity) and
the frequency of the variation of the speckle contrast cor-
responds to the heart frequency.

[0075] Following these observations, the evaluation unit
10 may determine the frequency of the periodic variation of
the speckle contrast calculated for successive images and
may output this frequency as an estimate for the heart
frequency of the user. For determining the frequency of the
variation of the speckle contrast, any known procedure for
determining the frequency of a periodically varying param-
eter may be used. For instance, the evaluation unit may
determine the periods of the variation of the speckle con-
trast, and may estimate the heart frequency on the basis of
the determined periods. As explained above, this evaluation
is preferably made on the basis of motion-corrected contrast
values, or the evaluation unit may determine individual heart
rate values for different tissue depths on the basis of the
corresponding depth-related contrast values and may then
estimate the user’s heart rate based on these heart rate
values. Hereby, it can be prevented that the determination of
the heart rate is affected by contrast changes resulting from
user motion instead of blood perfusion due to the motion of
the heart. However, it is likewise also possible to determine
the heart rate on the basis of general contrast values which
are not corrected with respect to the above-described motion
artifacts.

[0076] The estimated heart frequency may be visually
output to the user on a display unit of the sensor device 1
(not shown in the figures). Further, the evaluation unit 10
preferably compares the estimated heart frequency with a
predetermined upper threshold and/or a predetermined
lower threshold. The upper and lower threshold values may
be selected such that heart frequencies above the upper
threshold and below the lower threshold are likely indicative
of an impairment of the user’s health. In addition or as an
alternative, the upper and/or lower thresholds may be
defined by the user of the sensor device 1 in another way. In
particular, the user may configure the upper and/or thresh-
olds in a certain way in order to perform a performance
control during sporting activities.

[0077] When at least one upper and/or lower threshold is
configured in the sensor device 1, the evaluating unit 10
compares the estimated heart frequency values with the
upper and/or lower thresholds. In case the evaluation unit 10
determines that the estimated heart frequency is below a
configured lower threshold and/or in case the evaluation unit
10 determines that the estimated heart frequency is larger
than a configured upper threshold, the evaluation unit 10
may initiate an alarm routine. In one embodiment, the alarm
routine may comprise an output of a visual and/or acoustic
alarm signal by the sensor device 1.

[0078] In a further embodiment, the sensor device 1 deter-
mines a blood perfusion parameter indicative of the blood
velocity in the tissue sample 11 in addition or as an alter-
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native to the user’s heart frequency. The blood perfusion
parameter indicative of the blood velocity—which is also
referred to as velocity parameter herein—is preferably deter-
mined in such a way that it increases when the speckle
contrast decreases. In particular, the velocity parameter may
be calculated based on the speckle contrast as 1/K>.

[0079] Similar to the heart rate, the velocity parameter is
preferably determined on the basis of motion-corrected
contrast values, or the evaluation unit 10 may determine
individual velocity parameter values for different tissue
depths on the basis of the corresponding depth-related
contrast values and may then estimate the velocity parameter
based on these individual values for the velocity parameter.
Hereby, motion artifacts affecting the determined velocity
parameter can be reduced. However, it is likewise also
possible to determine the velocity on the basis of general
contrast values which are not corrected with respect to
motion artifacts.

[0080] In a further embodiment, the evaluation unit 10
may determine individual values of the velocity parameter
for different tissue depths on the basis of the contrast values
measured for such tissue depths. These values of the velocity
parameter may be output by the sensor device 1 in order to
provide a three-dimensional velocity map for the tissue
sample.

[0081] Preferably, the evaluation unit 10 determines mean
values of the velocity parameter in substantially regular time
intervals. For this purpose, the evaluation unit 10 may
calculate mean values for successive time periods, where
each mean value may be calculated from the values of the
velocity parameter determined during the respective time
period. The time periods are preferably selected such that
they at least include two or more heart beats, since the blood
velocity varies periodically as a function of the heart motion
as explained above.

[0082] Preferably, the evaluation unit 10 controls the sen-
sor device 1 to output an information about the determined
mean values of the velocity parameter at a display of the
sensor device 1. This information may include the absolute
values of the determined mean values. However, the abso-
lute value of the velocity parameter may not be meaningful
to the user of the sensor device 1. Therefore, relative values
with respect to a reference value may be output by the sensor
device 1. These relative values may include percentages of
the determined mean values with respect to the reference
value or differences between the determined mean values
and the reference value. The reference value may be deter-
mined by the evaluation unit 10 based on one or more
measurements of the velocity parameter. These measure-
ments may be performed when the user is in good health
condition and when the sensor device 1 is operated in normal
environmental conditions, i.e. in such environmental condi-
tions in which it is usually operated by its user. For per-
forming the measurements, the sensor device 1 may dispose
of a special mode of operation which may be activated by
the user when the aforementioned conditions apply. When
one mean value of the blood velocity parameter is deter-
mined in this mode of operation, the evaluation unit 10 may
store this mean value as the reference value. In case plural
mean values of the blood velocity parameter are determined
in the aforementioned mode of operation, the evaluation unit
may e.g. determine a mean of these values and may store this
mean as the reference value.
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[0083] Further, the determined mean values of the blood
velocity parameter may be compared with an upper and/or
lower threshold value (during the normal mode of opera-
tion). In one embodiment, the threshold value(s) may cor-
respond to value(s) pre-stored in the sensor device 1. As an
alternative, the threshold(s) may be determined as a prede-
termined multiple and/or fraction of the reference value of
the velocity parameter. On the basis of the comparison
between the determined mean values of the blood velocity
parameter and the upper and/or lower threshold, the evalu-
ation unit 10 may initiate an alarm routine. In particular, the
alarm routing may be initiated, if the evaluation unit 10
determines that a mean value of the velocity parameter is
larger than the upper threshold value. In addition or as an
alternative, the evaluation unit 10 may initiate an alarm
routine in case it determines that the mean value of the
velocity parameter is smaller than the lower threshold value.
The alarm routine can be configured in a similar way as
described above in connection with the monitoring of the
user’s heart frequency. Thus, the alarm routine may com-
prise that the sensor device 1 outputs an acoustic and/or
visual warning indication under the control of the evaluation
unit 10.

[0084] The comparison between the mean value of the
velocity parameter and the upper threshold may particularly
be made when the sensor device 1 is used for monitoring the
user’s health condition during sporting activities. In this
case, an excessive blood flow indicated by a mean value
above the upper threshold is indicative of a detrimental
health condition of the user of the sensor device 1. The
comparison between the mean value of the velocity param-
eter and the lower threshold may particularly be made when
the sensor device 1 is used for monitoring the health status
of users having a defective epithelial function. For such
users, a mean value of the blood velocity parameter which
is smaller than a properly selected lower threshold may be
indicative of an insufficient epithelial function, and therefore
an alarm routine may be initiated in case the mean value falls
below the lower threshold.

[0085] In embodiments of the sensor device 1, in which
the evaluation unit 10 estimates the velocity parameter, the
sensor device 1 may additionally comprise one or more
further sensor(s), which monitor environmental conditions
influencing the velocity parameter. When the evaluation unit
10 detects a change of the environmental conditions which
influences the velocity parameter, it may control the sensor
device 1 to output a corresponding information to the user of
the sensor device 1. Thus, the user can take the change of the
environmental condition into account when evaluating the
measurements of the blood velocity parameter.

[0086] In case the evaluation unit compares the blood
velocity parameter with an upper and/or lower threshold, it
may additionally or as an alternative adapt the threshold(s)
to different environmental conditions on the basis of the
measurements performed by the additional sensor(s). In
particular, the evaluation unit 10 may increase the upper
threshold when the sensor(s) indicates that the sensor device
1 is operated in a condition which is connected with an
increased velocity parameter compared to a condition on the
basis which the threshold value is selected. By such an
adaptation of the threshold, it is particularly possible to
prevent false alarms when an increased velocity parameter
results from a certain environmental condition rather than a
detrimental health condition of the user of the sensor device
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1. Further, the evaluation unit 10 may increase the lower
threshold value when the sensor(s) indicate that the sensor
device 1 is operated in a condition which involves an
increased velocity parameter. Hereby, the sensitivity of the
sensor device 1 to detrimental health conditions involving a
low blood velocity can be improved.

[0087] In one related embodiment, the sensor device 1
additionally includes an altimeter 41 for measuring the
altitude in which the sensor device 1 is being operated. This
embodiment is schematically and exemplarily illustrated in
FIG. 4. The altimeter 41 may be configured in any suitable
way known to the person skilled in the art. The measured
altitude values may be taken into account due to the fact that
the level of blood perfusion is typically higher in greater
altitudes.

[0088] On the basis of the measured altitude, the evalua-
tion unit 10 may determine the upper and/or lower threshold
value(s) to be compared with the velocity parameter. In
particular, the evaluation unit 10 may increase the upper
threshold value when the measured altitude increases and
decrease the upper threshold value when the measured
altitude decreases. For this purpose, the evaluation unit 10
may increase (in case of an increased altitude) or decrease
(in case of a decreased altitude) the threshold relative to a
base threshold value by amounts determined based on a
difference between the measured altitude and an altitude
assigned to the base threshold value. The base threshold
value and an associated altitude may be pre-stored in the
sensor device 1. Or, the base threshold value is determined
on the basis of a reference value of the velocity parameter
selected by the user. To this base threshold value, the
evaluation unit 10 may assign the altitude which is measured
by the altimeter 41, when the reference value of the velocity
parameter is determined. Similarly, the evaluation unit 10
may increase the lower threshold value when the measured
altitude increases and decrease the lower threshold value
when the measured altitude decreases.

[0089] In addition or as an alternative to the adaptation of
the threshold(s), the evaluation unit 10 may control the
sensor device 1 to output a corresponding information to the
user of the sensor device 1, when the absolute value of the
difference between the measured altitude and a reference
altitude is larger than a threshold. Preferably, the reference
altitude correspondence to the altitude measured during the
measurement of the reference value for the blood velocity
parameter. On the basis of the information about the change
of the altitude with respect to the reference altitude, the user
of the sensor device 1 may take the altitude change into
account when evaluating the measured values of the blood
velocity parameter.

[0090] Further, as schematically and exemplarily illus-
trated in FIG. §, the sensor device 1 may comprise a
temperature sensor 51 in addition or as an alternative to the
altimeter 41. If the temperature sensor 51 is present, the
evaluation unit 1 preferably monitors the measured tempera-
ture signal in order to determine situations in which the
temperature decreases by an amount exceeding a predefined
threshold within a predetermined period of time. The period
of time is selected relatively small in order to able to detect
situation in which a sudden temperature drop occurs. Thus,
it is possible to detect situations in which the temperature
suddenly drops by a greater amount, as it is for example the
case when the user moves from a warm indoor environment
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to a cold outdoor environment during winter. In such situ-
ations, the blood perfusion usually significantly increases.

[0091] When the evaluation unit 10 detects such a situa-
tion, it does preferably control the sensor device 1 to output
a corresponding acoustic and/or visual information in order
to inform the user of the sensor device 1, that the measured
values of the blood perfusion parameter are currently influ-
enced by the temperature change. In case the evaluation unit
10 compares the blood velocity parameter with the afore-
mentioned upper threshold, it may suspend this comparison
for a predetermined time interval, when a sudden tempera-
ture change is detected in the way explained above, or it may
block the initiations of the alarm routine for the predeter-
mined time interval in this situation.

[0092] By suspending the comparison between the veloc-
ity parameter and the upper threshold value or blocking the
alarm routine, false alarms resulting from such a tempera-
ture-dependent increase of the velocity parameter can be
prevented.

[0093] In addition or as an alternative, the sensor device 1
may comprise a pressure sensor 61 for measuring a pressure
applied by the sensor device 1 to the skin 5 and the tissue
sample 11 beneath the skin 5. This embodiment is schemati-
cally and exemplarily illustrated in FIG. 6. In one imple-
mentation, the pressure sensor 61 may be configured as a
piezoelectric sensor. Such a sensor may comprise a piezo-
electric foil 62 attached to the contact surface 9 of the
housing 4 of the sensor device 1 such that pressure is applied
to the piezoelectric foil when the user wears the sensor
device 1. Thus, the foil provides an electric voltage from
which the pressure applied to the skin 5 may be estimated by
an evaluation logic 63 of the pressure sensor 61.

[0094] Typically, the level of blood perfusion is lower,
when the sensor device 1 applies a higher pressure on the
skin 5 of the user and the tissue sample 11 beneath the skin
5. Therefore, the evaluation unit 10 preferably monitors the
measured pressure applied on the tissue sample 5 in order to
detect changes of the pressure. In particular, the evaluation
unit 10 may be configured to detect such a change when a
difference between a measured pressure value and a pressure
value measured earlier exceeds a threshold. In one imple-
mentation, the pressure value measured earlier may corre-
spond to a reference pressure value which has been mea-
sured while the aforementioned reference value for the
blood velocity parameter has been determined. In a further
implementation, the evaluation unit 10 may compare each
measured pressure value with the preceding pressure value
in order to detect a change of the pressure applied to the
tissue sample 11.

[0095] In case the evaluation unit 10 detects such a
pressure change, it may control the sensor device 1 to output
a corresponding information. In response to this informa-
tion, the user may adjust the pressure in such a way that the
pressure change is reversed. In order to assist the user in
performing this adjustment, the sensor device 1 may also
output an indication whether the pressure has to be increased
or decreased in order to reverse the pressure change.

[0096] In such a way, the evaluation unit 10 may monitor
the pressure applied to the tissue sample 11 during operation
periods of the sensor device 1 in which the user continuously
wears the sensor device 1. Moreover, the evaluation unit 10
does preferably detect situations in which the user newly
attaches the sensor device 1 with a pressure that differs from
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the pressure applied on the skin 5 in a preceding wearing
period of the sensor device 1.

[0097] In addition or as an alternative, the evaluation unit
10 may determine the upper and/or lower threshold value(s)
to be compared with the velocity parameter on the basis of
the measured pressure. In particular, the evaluation unit 10
preferably decreases the threshold value(s) with an increas-
ing pressure and vice versa. For this purpose, the evaluation
unit 10 may particularly decrease (in case of an increased
altitude) or increases (in case of a decreased altitude) each
threshold relative to respective base threshold value by
amounts determined based on a difference between the
measured pressure and a pressure value assigned to the base
threshold value(s). The base threshold value(s) for the upper
and/or lower threshold and an associated pressure value may
again be pre-stored in the sensor device 1. Or, the base
threshold value(s) for the upper and/or lower threshold may
be determined on the basis of respective reference values of
the velocity parameter selected by the user as described
above, and the evaluation unit 10 may assign to these base
threshold values the pressure which is measured by the
pressure sensor, when the reference value of the velocity
parameter is determined and stored.

[0098] Moreover, the measurements of the blood velocity
parameter usually depend on the measurement location,
particularly because the composition of the tissue usually
varies with the measurement location. Therefore, the sensor
device 1 may optionally include a position sensor 71, which
performs measurements indicative of the position of the
sensor device 1 in successive time intervals such that the
measurements particularly allow for detecting displace-
ments of the sensor device 1 with respect to the tissue
sample 11. In one embodiment, a displacement of the sensor
device 1 with respect to its position during the determination
of the reference value for the blood velocity parameter may
be determined by means of the position sensor 71. In
alternative embodiments, a displacement of the sensor
device 1 with respect to a preceding position at the time of
a preceding measurement by the position sensor 71 may be
detected.

[0099] In such a way, displacements of the sensor occur-
ring during a wearing period may be detected. Moreover, the
evaluation unit 10 may detect displacements relative to the
relevant original position when the user newly attaches the
sensor device 1 to the tissue sample 11 after the wearing of
the sensor device 1 has been interrupted.

[0100] In case a displacement of the sensor device 1 with
respect to the tissue sample 11 is detected, the evaluation
unit 10 may control the sensor device 1 to output a corre-
sponding information to the user of the sensor device 1. In
response to the output of this information, the user may
re-position the sensor device 1 in order to reverse the
displacement. In order to prompt the user to re-position the
sensor device 1, the information output by the sensor device
1 in response to the detection of displacements may include
a corresponding indication. Moreover, the sensor device 1
may assist the user in re-positioning the sensor device 1. For
this purpose, the evaluation unit 10 may control the sensor
device 1 to output information invective of the reverse
direction of the displacement. This information may e.g.
include arrows pointing in the corresponding direction. On
the basis of this information, the user may be guided in
moving the sensor device 1 to the original position. Prefer-
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ably, the information is determined for each position mea-
surement so that the user can re-position the sensor device
1 in successive steps.

[0101] As a further option, the sensor device 1 may not be
re-positioned when a displacement of the sensor device 1
with respect to the tissue sample 11 has been detected.
Rather, a new reference value for the blood velocity param-
eter may be determined at the new position of the center
device in the way already described above.

[0102] In the embodiment schematically and exemplary
illustrated in FI1G. 7, the position sensor 1 is configured as a
camera, which is preferably included in the sensor device 1.
The camera captures images of the user’s skin in successive
time intervals and these images are evaluated in the evalu-
ation unit 10 in order to detect characteristic patterns formed
by skin irregularities, such as, for example, freckles or
birthmarks. A displacement of the sensor device 1 may be
detected by the evaluation unit 10, when the position of the
detected pattern within an image captured by the camera 71
differs from the position of the same pattern in a previous
image, particularly in the image captured during the deter-
mination of the reference value for the blood perfusion
parameter.

[0103] In order to assist the user of the sensor device 1 in
a process of re-positioning the sensor device 1 at the original
position as described above, the evaluation unit may deter-
mine the direction of the displacement of the characteristic
pattern and may control the sensor device 1 to visually
indicate the reverse direction in a suitable way. In a further
embodiment, the evaluation unit may control the sensor
device 1 to display an image captured at the original position
of the sensor device and to display a current camera image
such that it overlays the image captured at the original
position such that both images can be viewed by the user at
the same time. In this embodiment, the user may move the
sensor device 1 in such way that the characteristic pattern in
the current image superposes the characteristic pattern in the
image captured at the original position.

[0104] As shown in FIG. 7, the camera 71 may be located
within the housing 4 of the sensor device 1 and may be
aligned such that it captures images of the user’s skin within
a field of view beneath the sensor device 1. In order to allow
for capturing such images through the contact surface 9 of
the housing 4, the contact surface 9 may be made of a
translucent material, such as glass, at least in a certain area
corresponding to the field of view of the camera 71. More-
over, an additional light source may be provided to illumi-
nate the field of view of the camera (which is covered by the
sensor device 1). In this embodiment, the camera 71 is
preferably located such that the distance between the camera
71 and the contact surface 11 of the housing 4 of the sensor
device 1 is as large as possible in order to allow the camera
71 to capture an area of the user’s skin which is as large as
possible.

[0105] In alternative embodiments (not shown in the fig-
ures) the camera 71 does not capture images of an area of the
user’s skin 5 beneath the sensor device 1 but of an area of
the user’s skin 5 adjacent to the sensor device 1 (when it is
worn by its user). For this purpose, the camera 71 may be
located in the area of an edge of the housing 4 of the sensor
device 1 and may be aligned in a suitable way in this
implementation, it is also possible to provide a mirror optic
for guiding light originating from a certain area of the user’s
skin 5 to the camera 71. This facilitates the positioning of the
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camera 71 within the housing 4 of sensor device 1. 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 dis-
closure, and the appended claims.
[0106] 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.
[0107] A single unit or device may fulfill the functions of
several items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures
cannot be used to advantage.
[0108] Any reference signs in the claims should not be
construed as limiting the scope.
1. An optical sensor device for determining at least one
blood perfusion parameter of a user, the sensor device
comprising:
alight source for providing coherent light for scattering in
a tissue sample of the user; and

a light detection unit for receiving at least part of the
scattered coherent light, wherein the light source and
the light detection unit are arranged relative to each
other in a re-emission geometry,

wherein the light detection unit comprises plural light

detection elements for capturing light intensity values
in accordance with a speckle pattern formed by scat-
tered coherent light, the light detection elements being
arranged in increasing distances from the light source
wherein each distance is associated with a tissue depth
corresponding to a tissue layer traversed by the light
and wherein at least one light detection element is
assigned to each distance,

wherein the sensor device comprises a housing including

the light source and the light detection unit, the housing
comprising a contact surface which can be brought into
contact with the tissue sample and which comprises a
first opening through which light emitted by the light
source can leave the housing and a second opening
through which scattered light captured by the light
detection unit can enter the housing,

and wherein the optical sensor devices further comprises

an evaluation unit configured to determines a contrast
value for each distance based on the intensity captured
by the at least one light detection element assigned to
respective distance and to determine one motion-cor-
rected value of the blood perfusion parameter based on
the contrast values determined for the distances.

2. The optical sensor device as defined in claim 1, wherein
the first and second openings are arranged relative to each
other in such a way that a connection line between the first
and second openings does not cross the tissue sample, when
the contact surface is in contact with the tissue sample.

3. The optical sensor device as defined in claim 1, wherein
the blood perfusion parameter is indicative of the heart rate
of the user and/or of a blood velocity in the tissue sample.

4. The optical sensor device as defined in claim 3, wherein
evaluation unit is configured to estimate a frequency of
changes of the contrast values and to determine the blood
perfusion parameter indicative of the heart rate of the user
based on the estimated frequency.

5. The optical sensor device as defined in claim 1, wherein
the evaluation unit is configured to substantially continu-
ously compare the blood perfusion parameter with at least
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one threshold and to control the optical sensor device to
execute an alarm routine, if the blood perfusion parameter
exceeds or falls below the threshold.

6. The optical sensor device as defined in claim 5, wherein
the blood perfusion parameter is indicative of a blood
velocity in the tissue sample, wherein the sensor device
further comprises a temperature sensor, and wherein the
evaluation unit is configured to prevent the initiation of the
alarm routine when it determines that a temperature mea-
sured using the temperature sensor decreases by an amount
exceeding a predefined threshold within a predetermined
period of time.

7. The optical sensor device as defined in claim 5, wherein
the blood perfusion parameter is indicative of a blood
velocity in the tissue sample, wherein the sensor device
further comprises an altimeter and wherein the evaluation
unit is configured to determine the threshold on the basis of
an altitude determined using the altimeter.

8. The optical sensor device as defined in claim 1, wherein
the blood perfusion parameter is indicative of a blood
velocity in the tissue sample, and wherein the sensor device
further comprises a pressure sensor for measuring a pressure
applied by the sensor device to the tissue sample, the
evaluation unit being configured to detect changes of the
pressure and to control the sensor device; to output a
corresponding information when a change of the pressure is
detected.

9. The optical sensor device as defined in claim 1, wherein
the blood perfusion parameter is indicative of a blood
velocity in the tissue sample, and wherein the sensor device
further comprises a position sensor for detecting a displace-
ment of the sensor device relative to the tissue sample, the
evaluation unit being configured to control the sensor device
to output a corresponding information when a displacement
of the sensor device relative to the tissue sample is detected.

10. The optical sensor device; as defined in claim 1,
wherein the evaluation unit is configured to determine plural
values of the blood perfusion parameter according to dif-
ferent tissue depths on the basis of the contrast values
determined for die distances.

11. The optical sensor device as defined in claim 10,
wherein the evaluation unit is configured to determine the
motion-cotrected value of the blood perfusion parameter
based on the values of the blood perfusion parameter accord-
ing to the different tissue depths.

12. The optical sensor device as defined in claim 1,
wherein the second opening is configured as an aperture, the
size of the aperture being selected such that at least some
speckles of the speckle pattern have a predetermined mini-
mum size.

13. The optical sensor device as defined in claim 12,
wherein a plurality of detection elements is associated with
at least one distance to the light source and the light
detection unit is configured to capture an image of the
speckle pattern, the image comprising a plurality of pixels
corresponding to the detection elements, and wherein the
size of the aperture is selected such that a speckle having the
minimum size covers at least two detection elements of the
plurality of detection elements.

14. A method for determining at least one blood perfusion
parameter of a user, the method comprising:

providing a sensor device comprising a light source for

providing coherent light for scattering in a tissue
sample of the user and a light detection unit for
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receiving at least part of the scattered coherent light, the
light source and the light detection unit being arranged
relative to each other in a re-emission geometry, and the
light detection unit comprising plural light detection
elements for capturing light intensity values in accor-
dance with a speckle pattern formed by scattered coher-
ent light, the light detection elements being arranged in
increasing distances from the light source, where each
distance is associated with a tissue depth corresponding
to a tissue layer traversed by the light and where at least
one light detection element is assigned to each distance;
bringing a contact surface of a housing of the sensor
device into contact with the tissue sample, the con-
tact surface comprising a first opening through which
light emitted by the light source can leave the
housing and a second opening through which scat-
tered light captured by the light detection unit can
enter the housing;
determining a contrast value for each distance based on
light intensity captured by the at least one light
detection element assigned to the respective dis-
tance, and
determining one motion-corrected value of the blood
perfusion parameter based on the contrast values deter-
mined for the distances.

I I T T
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