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Device, system and method for determining the core body temperature of a subject

FIELD OF THE INVENTION
The present invention relates to a device, system and method for determining

the core body temperature of a subject, such as a person or animal.

BACKGROUND OF THE INVENTION

The best place to measure core temperature is the center of the heart, but this
can be done only under a doctor's supervision. Doctors know that measurement of the blood
temperature in a major artery accurately reflects true body temperature. Several methods
have been developed to measure core body temperature from skin surface using so-called
Temporal Artery Scan (TAS) approach. It has been shown that this approach provides
measurement closest to rectal measurements. The temporal artery is connected to the heart
via the carotid artery, directly leading from the aorta, which is the main trunk of the arterial
system. It offers constant blood flow. It is the only such artery that is positioned close enough
to the skin surface to provide access needed to take an accurate measurement. It is easy to use
because it is ideally located at the front portion of the forehead.

Several devices have been introduced to the market, aiming at unobtrusive
core temperature measurement using the TAS approach. However, the accuracy of such
devices depends on the accuracy of spatial placement of the sensor. Hence, they are generally
not suitable for continuous use, because the temperature sensing should be performed
continuously over the measurement region. Moreover, such devices may fail if the skin is
moist, for example by sweating. In this case the result is much too low core body
temperatures.

Therefore, several new methods have been proposed recently, which make use
of an array of IR sensors to scan a part of a skin and automatically detect the “hottest” spot
within the area, which would correspond to a location above an artery. Corresponding
devices introduced recently to the market are able to measure core body temperature
accurately without contact with a skin. However, although such devices provide for

unobtrusive core body measurement, they are not suitable for continuous remote monitoring
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(e.g. in NICU incubator), since the device should be manually pointed towards a certain part
of a body (e.g. the forchead).

Furthermore, known devices rely on the assumption that a local spot of the
skin with highest surface temperature corresponds to a location on top of an artery, which
might not be always true, e.g. due to local skin irritation, proximity to an ambient heat
sources, etc.

BLANIK NIKOLAI ET AL: "Hybrid optical imaging technology for long-
term remote monitoring of skin perfusion and temperature behavior”, J. Biomed. Opt. 19(1),
016012 (Jan 17, 2014). doi:10.1117/1.JBO.19.1.016012 discloses a combined hybrid
application using photoplethysmography imaging (PPGI) and infrared thermography imaging
(IRTT), which supplement each other for monitoring a wide range of basic vital parameters.
PPGI enhances the classical contact-based photoplethysmography. Approved evaluation
algorithms of the well-established PPG method can easily be adapted for detection of heart
rate, heart rate variability, respiration rate (RR), respiratory variability (RV), and
vasomotional activity with PPGI. The IRTI method primarily records temperature
distribution of the observed object, but information on RR and RV can also be derived from
IRTI by analyzing the development of temperature distribution in the nasal region. The main
advantages of both monitoring methods are unobtrusive data acquisition and the possibility of
assessing spatial assignment between vital parameters and body region. Hence, these
methods enable long-term monitoring or the monitoring of effects with special local
characteristics.

Hence, there is still a need for a solution that overcomes these disadvantages
of known temperature measurement methods, namely the requirement to point the device
towards a part of a skin around an artery (e.g. the forehead), thus enabling continuous
automated core body temperature measurement, and/or that they rely on a measurement of a

particular local spot of the skin.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a device, system and method
that enable accurately and reliably determining the core body temperature of a subject
continuously without having to point the device to a particular part of the skin.

In a first aspect of the present invention a device for determining the core body
temperature of a subject is presented comprising

- an image data input for obtaining image data of a subject’s skin,
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- a thermal sensor data input for obtaining thermal sensor data of the subject’s
skin,

- an image analysis unit for deriving photoplethysmography, PPG, signals from
the obtained image data and for detecting one or more skin areas having the strongest PPG
signals, and

- a temperature determination unit for determining the core body temperature of
the subject from obtained thermal sensor data for the detected one or more skin areas.

In a still further aspect of the present invention a system for determining the
core body temperature of a subject is presented comprising
- an imaging unit for acquiring image data of a subject’s skin,

- a thermal sensor for acquiring thermal sensor data of the subject’s skin, and
- a device as disclosed herein for determining the core body temperature of a
subject.

In yet further aspects of the present invention, there are provided a
corresponding method, a computer program which comprises program code means for
causing a computer to perform the steps of the method disclosed herein when said computer
program is carried out on a computer as well as a non-transitory computer-readable recording
medium that stores therein a computer program product, which, when executed by a
processor, causes the method disclosed herein to be performed.

Preferred embodiments of the invention are defined in the dependent claims. It
shall be understood that the claimed method, system, computer program and medium have
similar and/or identical preferred embodiments as the claimed device, in particular as defined
in the dependent claims and as disclosed herein.

The present invention is based on the idea to make use of PPG imaging to
detect skin areas (i.e. groups of one or more pixels) with the strongest PPG signals. Hence,
the present invention makes use of the Temporal Artery Scan approach, but provides an
automated localisation of a skin area around an artery using the PPG imaging approach.

PPG imaging is generally known and e.g. described in many patent documents
and papers. Plethysmography generally refers to the measurement of volume changes of an
organ or a body part and in particular to the detection of volume changes due to a cardio-
vascular pulse wave traveling through the body of a subject with every heartbeat.
Photoplethysmography (PPG) is an optical measurement technique that evaluates a time-
variant change of light reflectance or transmission of an area or volume of interest. PPG is

based on the principle that blood absorbs light more than surrounding tissue, so variations in
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blood volume with every heart beat affect transmission or reflectance correspondingly.
Besides information about the heart rate, a PPG waveform can comprise information
attributable to further physiological phenomena such as the respiration. By evaluating the
transmittance and/or reflectivity at different wavelengths (typically red and infrared), the
blood oxygen saturation can be determined.

This technique is evaluated in contact PPG devices (e.g. pulse oximeters) for
contact measurements and non-contact, remote PPG (rPPG) devices for unobtrusive
measurements. For instance, Verkruysse et al., "Remote plethysmographic imaging using
ambient light", Optics Express, 16(26), 22 December 2008, pp. 21434-21445 demonstrates
that photoplethysmographic signals can be measured remotely using ambient light and a
conventional consumer level video camera, using red, green and blue color channels.

The proposed approach has the advantage that two different modalities are
used for detection of the region of interest (ROI) around the skin area with the artery, and for
measuring a skin temperature within that ROI. Thus, a higher robustness to any influence of
ambient temperature and other sources of changes of a skin surface temperature is achieved.
Further, making use of PPG imaging for automated detection of the ROI around an artery
enables continuous automated monitoring of the core body temperature without the need to
manually point a sensor (e.g. an IR sensor) towards a certain body part. The proposed
combination of PPG imaging with ROI spatial tracking thus enables continuous core body
temperature measurement even during motion of the subject.

There are various preferred embodiments to find a skin area with the strongest
PPG signal. In an embodiment said image analysis unit is configured to detect one or more
skin areas having the strongest PPG signals by detecting, based on said PPG signals, one or
more skin areas having the highest blood pulsatility. In another embodiment said image
analysis unit is configured to detect one or more skin areas having the strongest PPG signals
by detecting one or more skin areas having PPG signals with the highest intensity in a
predetermined frequency range, in particular the typical frequency range of the subject’s
pulse rate.

Said temperature determination unit may be configured to determine the core
body temperature of the subject from the acquired thermal sensor data separately for two or
more detected skin areas and to combine the determined core body temperature values
determined for the two or more detected skin areas. This further increases the accuracy of the

temperature determination.
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In an embodiment said temperature determination unit is configured to
determine the core body temperature of the subject by analyzing the difference between the
temperature of the skin area showing the strongest PPG signal and the temperature of other
skin areas. This provides a simple but accurate way of determining the core body
temperature.

In an embodiment said image analysis unit is configured to track one or more
detected skin areas over time. This is particularly preferred if the subject is moving.

Further, in an embodiment the image analysis unit may be configured to
identify anatomical regions and/or the geometrical structure of the subject within the obtained
image data, and the temperature determination unit may be configured to adapt the
determination of the core body temperature according to the identified anatomical region
and/or the identified geometrical structure of the subject. For instance, dedicated calibration
parameters may be used for an area around a particular body area such as the forehead. This
further improves the accuracy of the temperature determination.

The proposed system comprises an imaging unit, a thermal sensor and a device
disclosed herein and as briefly described above. The thermal sensor may comprise a
longwave camera unit for acquiring thermal images in the longwave infrared spectrum. The
imaging unit may comprise an imaging unit, such as a camera, for acquiring images in the

visible and/or infrared light spectrum.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent from and elucidated
with reference to the embodiment(s) described hereinafter. In the following drawings

Fig. | shows a schematic diagram of an embodiment of a system and a device
according to the present invention,

Fig. 2 shows an exemplary image of a subject’s face,

Fig. 3 shows a 2D map of the PPG amplitudes of the PPG image shown in
Fig. 2, and

Fig. 4 shows an exemplary thermal image of a subject’s face.

DETAILED DESCRIPTION OF EMBODIMENTS
Fig. | shows a schematic diagram of an embodiment of a system | and a
device 30 for determining the core body temperature of a subject according to the present

invention. The system 1 comprises an imaging unit 10 for acquiring image data 11 of a
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subject’s skin, for instance a camera for taking a time series of images or video data of the
subject’s forehead. The system | further comprises a thermal sensor 20 for acquiring thermal
sensor data 21 of the subject’s skin, ¢.g. an infrared camera for taking a time series of
infrared images or infrared video data of the subject’s forehead. The imaging unit 10 and the
thermal sensor 20 may be configured as separate devices or may be integrated into a common
device, ¢.g. a camera device. Further, they are configured (e.g. controlled or synchronized) to
acquire the image data and the thermal sensor data simultancously.

The system | further comprises the device 30 for determining the core body
temperature of a subject. The device 30 may be implemented in soft- and/or hardware, ¢.g. as
a dedicated device, or a processor or computer that is programmed accordingly. The device
30 may be arranged separate from the imaging unit 10 and the thermal sensor 20 and
connected to them wirelessly or in a wired manner, but may alternatively be integrated with
them in the same common device, ¢.g. a common camera device or a user device, such as a
smartphone, which is provided with corresponding hardware and software.

The device 30 comprises an image data input 31 for obtaining the image data
11 of the subject’s skin acquired by the imaging unit 10 and a thermal sensor data input 32
for obtaining the thermal sensor data 21 of the subject’s skin acquired by the thermal sensor
20. An image analysis unit 33 is provided for deriving PPG signals from the obtained image
data 11 and for detecting one or more skin areas 34 having the strongest PPG signals. A
temperature determination unit 35 determines the core body temperature 36 of the subject
from the obtained thermal sensor data 21 for the detected one or more skin areas 34.

An embodiment of the present invention makes use of the same physiological
principle as used in TAS sensors — estimation of core temperature by measuring a surface
(skin) temperature above temporal artery. The major fundamental difference is in the method
of automated selection of skin area on top of the artery. In TAS sensors, it is assumed that the
hottest skin area at a certain body location (e.g. forechead) corresponds to the location of the
artery. According to the present invention this location is detected as the areas with strongest
PPG amplitude. Such an approach is more robust to influences of ambient temperature and
resolution of IR sensor and should be more accurate and reliable.

According to a preferred embodiment of the system | two types of camera
sensors are used that are spatially aligned: an RGB or near-infrared (nIR) camera (as imaging
unit 10; also called PPG imaging camera) to measure blood pulsatility in a large skin area,
and a thermal 2D sensor or IR sensor (as thermal sensor 20) to measure the surface

temperature within a region of interest (ROI) detected by the imaging unit.
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With this embodiment, in a first step the RGB or nIR camera (i.c. the imaging
unit 10) acquires image data from which PPG signals are extracted per a spatial location (one
pixel, or a group of pixels), thus forming a 2D PPG image. Within the extracted PPG imaging
area, one or more ROIs around locations with large amplitudes of PPG signals are
automatically selected. The size of the selected ROI should be large enough to cover areas
with high blood pulsatility, and areas with small pulsatility.

An illustration of 2D PPG imaging on the forehead is shown in Fig. 2 and
Fig. 4. Fig. 2 depicts an exemplary image of a subject’s face and Fig. 3 shows a 2D map of
the PPG amplitudes of a selected part 50 in the image shown in Fig. 2. For the skin area in
the rectangle 50 in Fig. 2, the PPG signals may be extracted at every spatial location. The 2D
map of the amplitude of the PPG signals, shown in Fig. 3, shows the blood pulsatility of this
skin area.

Instead of using the blood pulsatility of the skin area for selecting one or more
ROI(s) with strongest PPG signals, one or more skin areas having PPG signals with the
highest intensity in a predetermined frequency range (e.g. the typical frequency range of
heart beat) may be used. For instance, a FFT of the PPG signals may be made to analyze the
spectrum of the PPG signals for selecting those ROI(s).

The one or more ROI(s) selected from the PPG image is (are) then analyzed to
extract the core body temperature.

In a second step, with this embodiment the thermal camera (i.c. the thermal
sensor 20), spatially aligned with the imaging unit 10, registers at least one ROI selected in
the previous step based on the PPG imaging. Hence, in this embodiment the thermal sensor
20 does not need to acquire thermal sensor data 21 from the whole skin area that is imaged by
the imaging unit 10, but only from one or more selected ROIs of the skin area. Thus, in this
preferred embodiment there may be a control signal 36 back from the device 30, in particular
the image analysis unit 33, to the thermal sensor 20 to indicate the selected ROIs to the
thermal sensor 20 for enabling it to acquire the thermal sensor data 21 from the selected
ROIs. This control signal 36 is indicated as dashed line in Fig. 1.

In a third step, with this embodiment for each of the selected ROIs within a
thermal image, an approach is applied to select a skin area for temperature measurement
based on the same physiological effect exploited in TAS approach, but the spatial “hottest”
area is selected as an area with the locally largest PPG amplitude. This approach is applied to
extract a core body temperature by analyzing the difference between the measured

temperature at the “hottest” skin spot (i.e. a location around a PPG signal with largest
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amplitude) and other parts of the ROI. Fig. 4 illustrates an example by showing an exemplary
thermal image of a subject’s face.

In another embodiment, several ROIs are segmented within the image data and
analyzed in parallel. Further, a combined analysis is applied to the output of the segmentation
and the first parallel analysis to improve the accuracy and robustness of temperature
measurement.

In yet another embodiment, ROI tracking is applied to ROIs segmented within
the image data. This enables a monitoring of core body temperature even during body
motion.

In still a further embodiment, PPG imaging is combined with anatomical skin
segmentation (using the same image data), thus enabling adaptation of the temperature
determination, e.g. the applied TAS algorithm, for various anatomical ROIs. For instance,
dedicated calibration parameters may be used for an area around the forehead.

Further, in yet another embodiment, a camera with depth sensing (Time-of-
Flight or structured light) can be used to scan the head to acquire the geometric structure of
the head. By combining PPG imaging with the facial geometrics, the ROI can be more
accurately segmented or tracked for core temperature measurement.

Advantageous applications of the invention may be in the field of continuous
or spot-check monitoring in NICU, a baby phone with temperature monitoring, and patient
monitoring, but other applications are generally possible as well.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims.

In the claims, the word "comprising”" does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude a plurality. A single element or other
unit 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.

A computer program may be stored/distributed on a suitable non-transitory

medium, such as an optical storage medium or a solid-state medium supplied together with or
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as part of other hardware, but may also be distributed in other forms, such as via the Internet
or other wired or wireless telecommunication systems.
Any reference signs in the claims should not be construed as limiting the

scope.
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CLAIMS:
l. Device for determining the core body temperature of a subject, said device
comprising:

- an image data input (31) for obtaining image data (11) of a subject’s skin,

- a thermal sensor data input (32) for obtaining thermal sensor data (21) of the
subject’s skin,

- an image analysis unit (33) for deriving photoplethysmography, PPG, signals
from the obtained image data and for detecting one or more skin areas (34) having the
strongest PPG signals, and

- a temperature determination unit (35) for determining the core body
temperature (36) of the subject from obtained thermal sensor data for the detected one or

more skin areas.

2. Device as claimed in claim 1,
wherein said image analysis unit (33) is configured to detect one or more skin
arcas having the strongest PPG signals by detecting, based on said PPG signals, one or more

skin areas having the highest blood pulsatility.

3. Device as claimed in claim 1,
wherein said image analysis unit (33) is configured to detect one or more skin
arcas having the strongest PPG signals by detecting one or more skin areas having PPG

signals with the highest intensity in a predetermined frequency range.

4, Device as claimed in claim 1,
wherein said temperature determination unit (35) is configured to determine
the core body temperature of the subject by analyzing the difference between the temperature

of the skin area showing the strongest PPG signal with the temperature of other skin areas.

5. Device as claimed in claim 1,

wherein said temperature determination unit (35) is configured to determine
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the core body temperature of the subject from the acquired thermal sensor data separately for
two or more detected skin areas and to combine the determined core body temperature values

determined for the two or more detected skin areas.

6. Device as claimed in claim 1,
wherein said image analysis unit (33) is configured to track one or more

detected skin areas over time.

7. Device as claimed in claim 1,

wherein said image analysis unit (33) is configured to identify anatomical
regions and/or the geometrical structure of the subject within the obtained image data and
wherein said temperature determination unit (35) is configured to adapt the determination of
the core body temperature according to the identified anatomical region and/or the identified

geometrical structure of the subject.

8. System for determining the core body temperature of a subject, said system
comprising:

- an imaging unit (10) for acquiring image data (11) of a subject’s skin,

- a thermal sensor (20) for acquiring thermal sensor data (21) of the subject’s
skin, and

- a device (30) as claimed in claim | for determining the core body temperature

(36) of a subject.

9. System as claimed in claim 8§,
wherein said thermal sensor (20) comprises a longwave camera unit for

acquiring thermal images in the longwave infrared spectrum.

10. System as claimed in claim 8§,
wherein said imaging unit (10) comprises an imaging unit for acquiring

images in the visible and/or infrared light spectrum.

I1. Method for determining the core body temperature of a subject, said method
comprising:

- obtaining image data of a subject’s skin,
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- acquiring thermal sensor data of the subject’s skin,

- deriving photoplethysmography, PPG, signals from the obtained image data,
- detecting one or more skin areas having the strongest PPG signals, and

- determining the core body temperature of the subject from obtained thermal

sensor data for the detected one or more skin areas.

12. Computer program comprising program code means for causing a computer to
carry out the steps of the method as claimed in claim 11 when said computer program is

carried out on the computer.
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