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Abstract: (1) Objective: This study aims to lay a foundation for noncontact intensive care monitoring
of premature babies. (2) Methods: Arterial oxygen saturation and heart rate were measured using a
monochrome camera and time-division multiplex controlled lighting at three different wavelengths
(660 nm, 810 nm and 940 nm) on a piglet model. (3) Results: Using this camera system and our newly
designed algorithm for further analysis, the detection of a heartbeat and the calculation of oxygen
saturation were evaluated. In motionless individuals, heartbeat and respiration were separated
clearly during light breathing and with only minor intervention. In this case, the mean difference
between noncontact and contact saturation measurements was 0.7% (RMSE = 3.8%, MAE = 2.93%).
(4) Conclusions: The new sensor was proven effective under ideal animal experimental conditions.
The results allow a systematic improvement for the further development of contactless vital sign
monitoring systems. The results presented here are a major step towards the development of an
incubator with noncontact sensor systems for use in the neonatal intensive care unit.

Keywords: optical sensors; nonlinear dynamical systems; image sensors; biomedical signal processing;
biomedical monitoring; in vivo; neonatology

1. Introduction

Almost 10% of all children are at increased risk for long-term sequelae due to preterm
birth [1,2]. The medical care required for the survival of premature babies often lasts
for months, and constant monitoring using conventional techniques can cause pain and
skin irritation [3-5]. In the context of intensive care, it is necessary to observe vital pa-
rameters regularly over a longer period of time. In the search for better ways to monitor
such vulnerable infants without causing distress, contactless measurement methods are
becoming increasingly important [4,6]. Pulse oximetry (PO) is a standard technique used
to continuously measure the proportion of hemoglobin molecules that are loaded with
oxygen in arterial blood [7,8]. Common pulse oximeters (PO-meters) are poorly suited to
preterm neonates since they usually require a circular bandage for the sensor and a wire
with a diameter of approximately 4 mm. The circular bandage can disturb the perfusion
of extremities and cause skin lesions during removal, and the wire can cause entangle-
ments or decubitus ulcers when the infant moves. Moreover, motion artifacts are very
frequent [5,8-11]. The aim of this project is to close the gap in vital monitoring of premature
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infants by developing a sensor that measures the infant’s vital signs (heartbeat and oxygen
saturation) by means of a camera, without requiring any skin contact.

In contrast to wearable technologies, which work with wireless technologies for
communication [12-14], remote sensors work without any contact to the patient. A very
good overview of cable-based and contactless sensors is given in a review paper from
2024 [15]. In the review, contactless remote photoplethysmography (rPPG) sensor systems
were reviewed, but the reviewed technology was without any active illumination, and
only a few publications focused on neonate intensive care rather than on measurements in
adults. A very interesting rPPG sensor approach for neonate intensive care was presented
in [14,16,17]. There, two independent camera systems with different optical filters in the
near-infrared for each camera were applied for heartbeat detection and SpO, measurement.
In our publication, we demonstrate the functionality of an rPPG system but with active
illumination in the optical near-infrared (NIR) to get rid of passive ambient light. This
sensor system was applied on an animal model to pave the way for its use in neonatal
intensive care units (NICUs).

2. Materials and Methods

According to the Beer-Lambert law, the optical properties of a substance to be investi-
gated must be known as a function of wavelength. In this project, the relevant substance
is circulating blood, in particular hemoglobin, which is responsible for oxygen transport.
As a consequence, the properties of deoxyhemoglobin (Hb) and oxyhemoglobin (HbO;)
are of interest. The molar absorption of Hb and HbO, depending on the wavelength is
shown in Figure 1.
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Figure 1. Molar absorption spectrum of hemoglobin and oxyhemoglobin based on Prahl [18].

Common pulse oximeters use two wavelengths at approximately A; = 660 nm and
A3z = 940 nm. The sensor developed within this project uses an additional wavelength at
Az = 810 nm as proposed by Wieringa et al. [19]. The maximum difference in absorption
of Hb compared to HbO; is at A1, and vice versa at A3. Both substances show the same
absorption at A, (adiabatic point). The linear independence of the transmission at different
wavelengths allows a statement about the composition ratio of Hb and HbO, if measure-
ments at different wavelengths are carried out. The mathematical principles are described
below [20,21].



Biosensors 2024, 14, 437

30f18

2.1. Pulse Oximetry

The calculation of the oxygen saturation of the blood is based on the principles of
Beer-Lambert’s law (Equation (1)), which describes the absorbance of blood, in particular
hemoglobin. This depends on the density ¢, (decadic) extinction coefficient ¢ and path
length [ at which the light passes through an artery. I} means the intensity or power of the
incident light and I} means the intensity of transmitted light escaping from the measuring
medium.

Ii
A)Lzlogm(ﬁ‘) =¢g)-c-l (1)
A

It can also be written in exponential form for the transmittance with extinction coeffi-
cient ¢’} (natural base) written in the following as e.

= (6-1) 2)

This equation is intended to describe one measuring medium with a constant path
length. For real application to measure oxygen saturation, different attenuations caused
by skin, bone and other nonpulsating elements lead to a constant part [, as well as in an
alternating I, (t) caused by the pulse wave in arteries and vessels, shown in Figure 2.
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Figure 2. Schematic representation of the light path from the transmitter through the skin and back
to the receiver including remission and scattering as well as the path length / and the time-dependent
path length I(t) in the artery. Ig means the intensity or power of the incident light and I} means the
intensity of the light escaping from the measuring medium. I} means the power of reflected light.
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The transmission T) ,(t) is the ratio of received (AC, numerator) light, which has
penetrated the artery at a certain point in time, to incident light (DC, denominator).

B I}t\ _ (If\ — I/r\) e~ (@l tagla(1)) _ ptala(t) )

) Ty e

Consequently, the transmission ratio 7) can be calculated from the AC (numerator)
and the DC (denominator) value.

T (t) = ln(e*"‘"'l”(t)> =g - 1p(F) 8)

Using two different wavelengths and the ratios, the definition of the so-called ra-
tio of ratio R is possible to be calculated directly out of the measurement by applying
the logarithm.

T
R:= 24 )
2,4
The relative saturation S describes the ratio of oxyhemoglobin cp;0, to total hemoglobin

CHbO, T CHpO-

c
g.— __ H¥O» (10)
CHbO, + CHBO

The ratio of ratio can also be described by the extinction coefficients and the relative
saturation of the blood, see Equation (11).

_ EHbO A, " S T EHBA, - (1=5) + Eothers \,
EHbO, A, * S T empA, - (1= S) + Eohers a,

R: (11)

If now converted to saturation, it is possible to calculate the relative saturation S
including R as described previously.

S~ (R-enpr, — €HbA,) (12)
(eHbO,, A, — €HBA,) — R+ (€HDO,1, — €HBA,)

Since Equation (12) is a simplification which does not take into account all the con-
stituents of the blood, this formula should be considered only as an approximation. In
practice, the measurement system must be calibrated or use more wavelengths to resolve
more components [20,22-25].

2.2. Signal Processing

The implementation of a camera-based method of pulse oximetry requires various
considerations in reference to the physical conditions, mathematical methods and resulting
signal processing, which will be reviewed below. Commercial PO-meters are contact-based,
which means that both the transmitter’s light-emitting diodes (LEDs) and the receiver unit
are located directly on the skin. For newborns, the foot, palm or wrist is usually used,
as fingers are too small for correct probe placement [26,27]. A circular bandage ensures
that the probe is fastened securely in place and simultaneously forms a shield against
extraneous light. The transmitter and receiver are located opposite one other to allow
measurement through transmission.

The developed method of camera-based contactless pulse oximetry shows some
significant differences compared to the conventional method. The following physical
differences have to be considered: The light source and light-sensitive receiver are located
next to each other and on one side of the object, so that the reflection and transmission
is measured [28]. The distance between the sensor and the object of interest is variable
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and generally further away when compared to that of the commercial PO-meter. The vital
parameters of premature infants must be monitored continuously in an incubator. These
incubators set a distance of approximately 0.3 m between the neonate and the sensor, which
is located on top of the incubator.

Various methods use passive ambient light as a source and realize the differentiation of
wavelengths by spectral filters, for example an RGB Bayer filter or two cameras [25,29-33].
The method presented here, however, uses active lighting, which guarantees constant
illumination.

The involved monochrome camera (IDS Imaging Development Systems GmbH, Ober-
sulm, Germany) does not allow any spectral distinctions. In order to achieve a spectral
resolution, the lighting is operated in a synchronous time-division multiplex process.
The three available types of LEDs are operated alternately. In the following considerations
and evaluations, the multiplex scheme shown in Figure 3 is preferred. The sampling rate of
the camera is decisive for the selection of the sequence. For the intended application in the
incubator, it is important that the light emitted does not flicker visibly, as this is unpleasant
and can cause distress in premature infants.

At the selected area of interest (AOI) of 250 x 250 px, the maximum frame rate of the
camera is about 220 fps. This results in an effective sampling rate of 110 Hz for a given
multiplex time scheme for 660 nm, so that the strobe light is no longer visible to the human
eye. In addition, sample 1 is without any illumination in order to subtract the background
light from all the other measurements at each wavelength under the assumption that the
background light varies slightly.

0ms 11.4 ms 22.7 ms

e 1]
660 nm I_\ !_\ l’_\ 2%
§

810 nm } \
940 nm J h

Figure 3. Time diagram of the LEDs for standard settings. The numbers indicate the clock cycles.

During the first clock cycle, there is an empty measurement without any illumination; during the
second cycle, the 660 nm LEDs are switched on; during the third cycle, the 810 nm LEDs; during the
fourth cycle, the 660 nm LEDs again; during the fifth cycle, the 940 nm LEDs; and during the sixth
cycle, the 660 nm LEDs again. Then the sequence repeats from the beginning.

All other wavelengths alternate at approximately 36 Hz. This illumination of the
measuring object must be strong enough to ensure sufficient signal strength and quality
as well as dominate over extraneous background (bg) light. The incubator is not shielded
from ambient light. The following condition applies:

Iﬁl > Ibg (13)

If this condition is fulfilled, a large part of the light radiating to the skin is reflected
(remission, I}). The light penetrating the skin is attenuated, penetrates arteries and is
captured as a signal in the camera/receiver when it leaves the skin. Thus, a combination of
transmission and reflection is measured, see Equations (15) and 16. With these properties,
the system is described as a time-dependent signal x, (f) and background light x,.
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x)(t) = | xs10(t) | ; Xpg (14)
Xo40(t)

The reflected and transmitted intensity I and I} shown in Figure 2 can be described
by the reflection factor I'y and the transmission factor T}, too.

_1L

(15)

and ,
Iy=I11—-T) (16)

It is to be assumed that I} is constant. This supposition describes the phenomenon in
which reflected light behaves independently of the pulse wave and thus independently of
the time. The recorded signal can therefore be described as follows:

Xppg = Ly (£) - Ty - Ty (t) + xpg (17)

The signal term influenced by the background light can be separated into two varying
parts, one part called x;,_, influenced by the time-varying transmission of a static back-
ground light, and one signal part called xj¢., from a time-varying background light with
constant background illumination.

Xbg = Ill;g “Tpg - Tbg(t) + Ili;g(t) “Thg - Tpg (18)

xbg, beN

It is obvious that the useful signal is strongly influenced by the background light.
The active illumination is presumed to be constant in amplitude, otherwise a further
modulation is added which falsifies the measurement. As shown in Figure 3, one frame per
multiplex sequence is a zero frame when the light source is switched off. It is utilized to
reduce the influence of background light. The constant included in the “bg”-calculation
can be reduced by subtracting the zero image as long as it remains unchanged over time. It
follows

XA = XA bg — Xbg 19)

The superimposed signal x,, now consists of the time-varying signal background [20,23-25].
The frequencies to be expected are above the useful signal band. However, the previously
described sampling rate of the camera leads to sub-sampling and thus allows for aliasing.
The expected external sources, including the main frequency at 50 Hz, tubes at 100 Hz or
screens at 75 Hz, can lie within the useful bandwidth. Figure 4 shows an example of the
spectrum to be expected with various background artifacts. The variability of frame rate
allows a suitable selection in which the useful bandwidth contains no or as few artifacts
as possible.

Using these parameters and properties, an algorithm for the detection of a heartbeat
and calculation of the oxygen saturation was designed. The block diagram in Figure 5
shows the algorithm, explained below:

1. Display a default image of the recorded scene, in which a suitable place for the
sub-AOI (125 px)? is selected.

2. Rework each image with a 2D Hann window to filter light movement. The Hann
window is parameterized in a manner that the window function obtains zero at the
edge of the window with Ly, = 125 px. Pixels close to the edges are weighted less
than in the center.
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o1

10.
11.
12.

Perform weighted averaging of all pixels based on the 2D Hann window to one
intensity value. Thus, the given quantization is increased from 10 bits by 7 bits
V1252 = 125 ~ 27 to 17 bits (compare the oversampling effect) in amplitude. Due to
the effect that the quantization introduces uniformly distributed noise with a level
of +0.5/210, this noise is reduced by averaging under the assumption that the noise
in each pixel is independent from other pixels. The variations due to heartbeat are
comparable in each pixel; thus, averaging does not influence the level of the heartbeat
signal. Without this virtual increase, the heartbeat signal cannot be reliably detected
because it is in the range of the noise level.

Sort the discrete time values to match the corresponding spectral component.
Subtract the black value from each signal to remove constant background lighting.
(A) Average the weighted window of a length of 12 s to obtain DC.

(B) Subtract the DC value in the current time window and thus determine the AC part
of the signal.

Adjust spectral components in the phase by multiplying with e 2®", where A®
corresponds to 27tfpsAt and n is the corresponding timestamp in each multiplex
phase starting with zero.

Rework the last 12 s of the signal with a window function to obtain a periodic signal.
Transform each window (12 s) from the time domain into the frequency domain by a
fast Fourier transformation including zero padding to obtain a length of 8192 points.
Classify the pulse signal in x (w).

Calculate the ratio of ratio.

Calculate oxygen saturation according to Equation (12).

Steps one through seven are repeated for each multiplex phase, and steps eight through

twelve are repeated every 22 multiplex phases to reduce computational effort.

Measured frequency [Hz]

302 I I T T T

Range of estimated signal
—F, =110Hz

25 | |- - -F=36.67Hz
120Hz Different n/
100Hz frequencies Y
85Hz of intensity-

20‘ [ |——75Hz modulated /
60Hz background /)
50Hz J light

15 {

A /
//
Y “ / /// \
Y,
\ ,//
\ |/ \
I . 1 1 1 AV

50 60 70 80 90 100 110
Sampling frequency [Hz]

Figure 4. Undersampling diagram for expected background light frequencies over different sampling

frequencies. Example: A 50 Hz modulated light (light blue color) results in 10 Hz (maximum) when
sampled with 20 Hz, in 0 Hz when sampled with 25 Hz and in 16.6 Hz when sampled with 33.3 Hz.

The selected sampling frequencies are chosen for 660 nm at 110 Hz (black line) and 810/940 nm at

36.67 Hz = 110/3 Hz in a manner that the undersampling frequencies of the modulated background

light are out of the frequencies of interest.
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Sort wavelength
N . Calculated intensity [ _ » [660 nm, 810 nm,
Select AOI 127 px . Window x 940 nm, 0]
¥ n v
X2bg Xbg
J J
N N
) Xxapc,,
Window Xjac= X3 —X 1
| *aac = %2 Xanc == %) w(n)
k=1

. ) _ X3.ac/%a,.0c X
x3(@) = F(xz4c) ] Find heartbeat | - Xpac/Xape | | Sa0;(R)

Figure 5. Block diagram of the algorithm used for the detection of a heartbeat and calculation of the
oxygen saturation.

2.3. Camera

In order to continuously improve these algorithms, the development of a modular
and dynamic system was necessary. The most important components are the cameras,
which were selected based on different parameters. These include resolution, quantiza-
tion, quantum efficiency and the possibility of communication/software integration. Two
cameras were used for the described system, a monochrome UI-3240ML-NIR-GL and an
RGB camera UI-3240ML-M-GL from IDS Imaging Development Systems GmbH, Obersulm,
Germany. Both have the option of multi-AOI, which makes it possible to increase the
sampling frequency when reducing the recorded scene. This provides advantages in signal
processing, such as an increase in 10-bit quantization, as described in Section 2.2.

Both sensors are equipped with redundant electronics so that they can be operated as
master or slave. The master is used to record the vital data, while the slave can be used to
synchronously record the scene to identify artifacts such as movements during an offline
evaluation. Both cameras have a USB 3.0 port for communication and data transfer as well
as general purpose input/output (GPIO) pins to control the illumination electronic.

2.4. Microcontroller and Illumination

The GPIO outputs of the master control an STM8 microcontroller (#C) of the driver
board by means of a software SPL It is not mandatory that the camera serves as a clock; it
is also possible to use the uC as a clock source. The board also has GPIOs, which allows
stacking of any number of these drivers to increase the light output.

Variants of the multiplex methods are predefined in the software and can be freely
selected. In addition to switching on additional lighting boards, the intensity can be
adjusted by switching three different supply lines with LEDs for each wavelength on and
off. The intensity of the illumination is set for each wavelength, where the maximum value
(white image) is not exceeded at a certain exposure time. This increases the signal-to-noise
ratio. Figure 6A shows the number of LEDs per wavelength and per respective supply line.
The pattern of each supply line is normally distributed so that a homogeneous illumination
is achieved. Thus, up to seven intensity states are possible by combining the supply lines in
a binary manner. The number of LEDs per wavelength compensates the spectral quantum
efficiency of the sensor. Figure 6B shows the arrangement of the illumination board. At a
distance of 0.3 m between ceiling and floor of the incubator, even a bright field illumination
is guaranteed. The size of the LED panel is 4.0 cm x 3.1 cm.
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Figure 6. (A) Number of LEDs per supply line and wavelength. (B) Arrangement of LEDs for lighting
board. Numbers indicate the supply lines.

Figure 7 shows the simulated radiant power for the 940 nm LEDs on a plane object as
an example. For other wavelengths, the distribution is similar, with different attenuation
caused by the number of LEDs.

1000

T S T
B ®  Radiant power P in dB
— — — AOI example i
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. 4
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Figure 7. Attenuation normalized to the intensity Iﬁ\ for the wavelength of 940 nm on the target. The
pixel pitch and pixel size is 5.3 pm.

The minimum attenuation for 660 nm is —58.98 dB, for 810 nm —60.93 dB and for
940 nm —55.37 dB. In the entire scene (1280 x 1024 px), the maximum attenuation difference
is 1.9 dB, so that diffuse lighting is created.

After setting up all of the hardware components, a storage system for the raw data
was required, as the data evaluation was to be carried out offline. Furthermore, due to the
high data rates in the range of 26.3 MByte/s, caused by the sampling rates and resolutions,
online data evaluation including storage is currently not possible. The software comprises
two programs: First, the “Record GUI”, which handles all camera settings and data storage,
and the second, “Analysis GUI”, for offline evaluation.

“Record GUI” uses a USB 3.0 standard to set the camera, which in turn uses a software
SPI to set the lighting unit. For an optimal adjustment of the measurement area, it is neces-
sary to view the entire scene in which the AOI to be examined is placed at (250 px)? before
starting the recording. The whole AOI is divided into four sub-AOIs with 125 x 125 px
each; these are each freely selectable. Each window can be viewed live for analysis and
evaluation of the extraneous light. Thus, artifacts and their frequencies are detectable at an
early stage. To reduce the artifacts in the useful signal bandwidth, see Section 2.2; the frame
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rate is adjusted. The optimal exposure is selected by switching LEDs on or off. Recording
begins with the settings selected by the multiplex method.

At the beginning of analysis, a sub-AOI (125px)? is selected on an illuminated preview
image. These windows as well as the data of the reference monitor (CARESCAPE B650, GE
Healthcare, Chicago, IL, USA) are synchronized, processed and evaluated as described in
Section 2.2. The values of the heartbeat and SpO; are then stored alongside the comparison
data from the reference monitor.

3. Experimental Setup

The various hardware components described above were integrated into an Incubator
8000 IC (Dragerwerk AG & Co KGaA, Liibeck, Germany). To evaluate the camera-based
contactless pulse oximeter with time-division multiplex lighting as a novel tool in the NICU,
a series of measurements were carried out. The vital parameters data should correspond as
closely as possible to those of the later target group, premature infants. Similar to human
preterm neonates, newborn piglets have a heart rate that ranges between 100 and 180
bpm [34]. For this reason, the measurement series was carried out on nine piglets aged
between one and four weeks.

In preparation for the experiments, a pregnant sow (Aachen Minipig, Heinrichs
Tierzucht GmbH, Heinsberg, Germany) was housed in the animal husbandry department
bay with special litter three weeks before the expected date of delivery. After spontaneous
birth, the weaning piglets had constant access to water and a warming lamp. Nine piglets
(Aachen Minipig) from one litter were included in the study at the age of one to four weeks.
Sedation was induced with 4% isoflurane in oxygen via a face mask to place a peripheral
venous catheter in one of the ear veins. Blood was drawn from the catheterized vein
through a three-way stopcock for blood gas analysis. Anesthetic maintenance was achieved
by anesthetic depth-controlled IV administration of propofol (2-3 mg/kg/h). In order to
reduce movement artifacts and to detect solely breathing and heart rate, this moderate
sedation of the piglets was necessary. The spontaneously breathing piglet was placed in the
center of the temperature-regulated incubator. This study was carried out in compliance
with ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments [35]). All
measurements were taken under constant supervision of physicians and veterinarians.

Data collection for each piglet involved four to five separate measurements in one day.
During a period of 5 min to 25 min, the piglet was simultaneously monitored using both
the contactless camera-based method described above and a conventional wired NICU
monitor. To ensure optimal signals, we tested the contactless monitoring system using
different locations of the sensor.

The optimum conditions of the above-mentioned time-division multiplex method are
measurements taken in a relatively darkened room, so that the condition of Equation (13) is
fulfilled. Thus, the adjustment of the sampling rate was not necessary; the maximum rate
was selected. With the multiplex procedure used, all other procedures can be reproduced.
To validate the data collected by the contactless monitoring, the vital parameters were
measured additionally by an independent monitor (GE healthcare CARESCAPE B650),
which is commonly used in neonatal intensive care units. The monitor was connected to
the piglet legs via a pulse oximeter sensor, which uses red and infrared light to measure
oxygen saturation (SpOy), together and with a three-channel electrocardiograph (ECG).
The following Figure 8 shows the graphical user interface for the measurements including
a picture of a sedated piglet. Figure 9 shows the setup during measurements.
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Figure 8. A screenshot (2) Figure seem to be cut on the top in a way that may affect scientific reading.
Please check and provide whole image. of the measurement GUI including a picture of the piglet in the
incubator with active illumination. The quadratic area is the area of interest (AOI) of 128 x 128 pixels
for signal processing. The colors of the quadratic sub-areas have no additional meaning.

Figure 9. Measurement setup: A piglet was placed in a NICU incubator. Pulse, oxygen saturation and
respiration rate were measured by a camera-based contactless pulse oximeter which was placed on
the incubator. For validation, an independent monitor, which is commonly used in neonatal intensive
care units, was linked via a pulse oximeter sensor to the piglet leg together with a three-channel
electrocardiograph. The red color in the incubator is caused by the active illumination of the SpO,
sensor system and not from an infrared heating lamp, which would disturb the measurement. The
camera and the illumination are mounted at the bottom side of the metallic box above the incubator
and point into the incubator. The camera and the illumination are shown in the lower-left corner of
the picture.
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4. Results

Firstly, we generated an extensive number of data using the contactless monitoring
system with a high variation in the parameters. Using this as a base, error detection
and improvement was possible. Thus, measurement data can be provided in case of a
subsequent change in the algorithm. During the evaluation of the contactless monitoring
system, the skin pulse rate was first extracted and compared to the heart rate measured by
the ECG, for reference, as this has a significant influence on the accuracy of the saturation
reading. Here we present the selected data collected from measurements of a single piglet
concerning the detection of the heartbeat, skin pulse rate, respiratory rate and oxygen
saturation using contactless monitoring.

4.1. Skin Pulse Rate and Respiratory Rate

Using the camera system, measurement of the respiratory rate was also possible. Some
of the challenges encountered are demonstrated in Figure 10, an example of a cumulated
spectrum. The respiratory rate of the piglet is around 90 bpm. Since variation due to
respiration is a side effect of heartbeat measurement and the respiration signal is not an
ideal sinus signal, the harmonics can superimpose upon the heartbeat. This may lead to a
misinterpretation, depicted in Figure 10 between 0 and 400 s. So, it should be regarded as an
unwanted artifact because it can lead to an incorrect measurement. It was also observed that
the movements of the piglet led to modulation of light which can lie within the measuring
bandwidth of the pulse wave, represented in Figure 11 around 800 s. The respiratory rate,
skin pulse rate and pulse waves were recorded by contactless monitoring. Figure 11 shows
a different measurement example of a cumulative spectrum with successful heartbeat
detection. Heartbeat and respiration can be separated clearly during flat breathing and
require only minor intervention, caused by artifacts and respiratory interruptions (mean
difference: —9.193 bpm). The peaks, e.g., at 400 s and 700 s, are breathing interruptions.
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Figure 10. Example measurement 1. Camera data showing a recording from the oxygen satura-
tion sensor: Example of a cumulated spectrum with respiration superimposed onto the heartbeat
(multiplex scheme see Figure 3).
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Figure 11. Example measurement 2. Camera data of a recording from the oxygen saturation sensor:
Example of a cumulative spectrum with successful heartbeat detection (multiplex scheme see Figure 2).
Heartbeat and respiration rate are clearly identifiable, as well as artifacts and respiratory interruptions.

4.2. Oxygen Saturation

In the case of a successful contactless-monitoring measurement, in which heartbeat and
respiration can be clearly separated (Figure 11), the oxygen saturation can be determined
with a mean difference of 0.7%, RMSE of 3.8% and MAE of 2.93%. To compare the results
using the measurement methods, on the one hand contactless monitoring and on the
other hand wired pulse oximetry, the results are shown here as a Bland—-Altman diagram
in Figure 12.

:_,5 10 ' ' ' ' 8.02
= ] (+1.96 SD)
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Figure 12. Bland- Altman diagram demonstrating the successful measurement of oxygen saturation
of one piglet within a period of 20 min. This serves to compare the two measurement methods used.

False detection of the heartbeat inevitably leads to an error in the oxygen saturation
calculation. This can result in unrealistic saturation above 100%, shown in Figure 13, which
is not yet filtered here.
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Figure 13. Time signals of oxygen saturation compare camera and monitor. Calculated according
to Figure 11.

5. Discussion

On average, every tenth child worldwide is born prematurely [1,2]. The enormous
progress made in neonatological intensive care over the last two decades has significantly
improved the survival prognosis for these children [36]. However, the very immature brain
of the premature neonate is exposed to unphysiological stimuli and impairments through
birth and the necessary intensive care measures [6,37].

This includes high susceptibility to infection [38], which increases proportionally with
the number and intensity of medical interventions and manipulations. Irritations such
as pain, noise and handling can lead to functional and structural aberrations during this
vulnerable development phase of the brain [39]. By dispensing with the use of adhesive
sensors, our newly developed contactless technology protects the sensitive skin of prema-
ture babies and thus reduces the risk of infection and the formation of lifelong scars [40,41].
The possible pain involved when applying and removing the sensors is also avoided [6]. It
is important to seek to reduce stress factors for premature infants during their long stays in
hospital and at the same time to improve the intensive medical treatment of these children.

For these reasons, an incubator that does not require wired sensors to record vital
parameters is desired. This is intended allow a more “hands-off approach”, leading to the
avoidance of the aforementioned stimuli and thus to the prevention of the harmful acute
and long-term consequences for the premature infant. A first step in the development of this
technology is the establishment of a camera-based contactless pulse oximeter that monitors
the pulse rate, respiratory rate (error term) and oxygen saturation of the blood. The initial
testing should determine the ability of the camera-based contactless pulse oximetry sensor
to validly determine the pulse rate.

5.1. Skin Pulse Rate and Respiratory Rate

The conventional monitor used by default in the NICU served as a reference to validate
the measurements based on the contactless monitoring system. Throughout all recorded
measurements, multiple deviations of the conventional and contactless monitoring systems
were observed during the experiments. Multiple factors contributed to the deviations
between the two measurement techniques. Respiration measurements of the contactless
system (costal as well as abdominal) were caused by turbulent and extreme respiration
leading to strong movements of the pig body. These, and also dislocation of the reference
electrodes, do not allow reliable measurements with conventional algorithms. These
errors cannot be detected, which leads to mistakes in the algorithm. A further error is
the frequency which is modulated by the breathing of the pig: breathing modulation is
the result of changing the distance between the skin and the camera during a breathing
cycle. Under the simplified assumption of two isotropic emitters (LED, skin), a distance
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(r) change modulates the light intensity by 1/72. Furthermore, the observed spots on the
piglet skin move laterally to the sensor, which results in a shift across the pixels and yields
an intensity variation. This movement results in a noise-like signal in each pixel, avoiding
a clear heartbeat detection.

However, newborns physiologically have periodic modulations of the respiration rate
due to an immature respiratory center. Apneas of up to 20 s are regarded as physiological in
term neonates unless they are followed by consecutive bradycardia. Apnea of prematurity
(AOP), which is characterized by apneas with consecutive bradycardia, are common among
preterm neonates. Detection of AOP needs the continuous and precise measurement
of breathing movements, heart rate and arterial oxygen saturation. The conventional
monitoring of vital parameters using the wired NICU monitor is also subject to considerable
artifacts. Artifacts are detected and defined on the conventional monitor by the fact that
the ECG waves do not clearly indicate an R tick and that the pulse oximeter indicates a
different pulse rate than the heart rate measured by the ECG. For respiration, there is no
reliable method to identify artifacts.

5.2. Oxygen Saturation

In a quiet, narcotized piglet, the contactless monitoring reliably yielded similar values
for oxygen saturation as conventional pulse oximetry. However, the contactless measure-
ment was subject to artifacts. For example, movements of the patient, pigmentation of the
skin, poor blood circulation and room brightness limit accurate measurements [11,42—-46].

It is important to detect respiration and separate it from the useful signal. Estimating
the heartbeat and its signal amplitude is the key to calculating arterial saturation. In ad-
dition, clinical calibration is required to eliminate constant errors, which is currently not
possible due to cost and effort. This step makes sense if all other sources of error have been
eliminated in the best possible way.

6. Conclusions

In conclusion, we successfully developed a novel sensor for the contactless mea-
surement of heart rate, respiration and oxygen saturation. This novel sensor combines a
monochrome camera with a time-division multiplex controlled lighting with three different
wavelengths in the red and infrared spectra (660 nm, 810 nm, and 940 nm). Our proof of
principle experiments in a neonatal piglet yielded highly reliable results when compared to
conventional monitoring in a calm, motionless subject.

In our sensor, the measurement of the oxygen saturation requires the optical detection
of the heart rate and breathing. As a result, the measurements of oxygen saturation and
heart rate were prone to artifacts when the subject was agitated, since movements of
the whole body could interfere with the signals of breathing and heartbeat. Moreover,
pigmentation of the skin, poor blood circulation and excessive environmental light can
reduce the accuracy of the measurements. Further experiments and adjustments of the
detection algorithm are underway to optimize the camera-based contactless measurement
of vital signs in preterm neonates.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating current; here, the time-varying signal part
AQOI Area of- nterest
AOP  Apnea of prematurity

bpm Beats per minute

CLK Clock

ECG  Electrocardiography

DC Direct current; here, the time-constant signal part
dB Decibel

GE General Electric

GUI Graphical user interface

GPIO  General purpose input output

Hb Deoxyhemoglobin

HbO,  Oxyhemoglobin

IDS Imaging Development Systems GmbH
LED Light-emitting diode

MAE  Mean absolute error

uC Microcontroller

NICU Neonatal intensive care unit
PO Pulse oximetry

px Pixel

RGB red-green-blue color space

RMSE  Root mean squared error

rPPG ~ Remote photoplethysmography
PPG Photoplethysmography

SpO;  Oxygen saturation

USB Universal serial bus
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