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Abstract: A new prototype device to monitor breathing in children diagnosed with central sleep
apnoea (CSA) was developed. CSA is caused by the failure of central nervous system signals to the
respiratory muscles and results in intermittent breathing pauses during sleep. Children diagnosed
with CSA require home respiration monitoring during sleep. Apnoea monitors initiate an audio alarm
when the breath-to-breath respiration interval exceeds a preset time. This allows the child’s parents to
attend to the child to ensure safety. The article describes the development of the monitor’s hardware,
software, and evaluation. Features of the device include the detection of abnormal respiratory pauses
and the generation of an associated alarm, the ability to record the respiratory signal and its storage
using an on-board disk, miniaturised hardware, child-friendliness, cost-effectiveness, and ease of
use. The device was evaluated on 10 healthy adult volunteers with a mean age of 46.6 years (and a
standard deviation of 14.4 years). The participants randomly intentionally paused their breathing
during the recording. The device detected and provided an alarm when the respiratory pauses
exceeded the preset time. The respiration rates determined from the device closely matched the
values from a commercial respiration monitor. The study indicated the peak-detection method of the
respiration rate measurement is more robust than the zero-crossing method.

Keywords: central sleep apnoea monitoring; respiration monitoring; respiration rate measurement;
paediatric healthcare; digital medical monitoring device

1. Introduction

Central sleep apnoea (CSA) is temporary cessation of breathing caused by the failure
of either the respiratory control centre in the brainstem or peripheral chemoreceptor re-
sponses to trigger a breath [1]. The condition is common in premature babies but persists
into infancy and early childhood in around 1% of cases [2]. The clinical impact of CSA
is potentially life-threatening, and associated with sudden unexplained death in infants
(SUDI). In severe cases, babies are found unresponsive, accounting for 7.5% of calls to
emergency medical services for infants [3], requiring resuscitation and hospital admis-
sion [4]; in less extreme cases, long-term sleep fragmentation for babies and children leads
to persistent insomnia, educational difficulties, and cognitive and behavioural problems;
repeated hypoxia leads to pulmonary hypertension and heart failure in later life. CSA is
currently diagnosed and monitored using a cardio–respiratory sleep study (CRSS), requir-
ing in-patient admission and intensive, costly, clinician interpretation. Apnoea monitors
provide constant monitoring for those at risk [5], producing an alarm during sleep when
the respiratory pauses exceed a preset time that is typically between 10 and 20 s. Cur-
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rently, there are three main types of medical devices to monitor CSA. These are based on
the following:

i. A bubble sensor attached to the baby’s abdomen and connected by wire or tubing to
the monitor, e.g., SISS Babycontrol®H (manufactured by Schulte-Elektronik GMBH
Medical Technology, Olsberg, Germany).

ii. A large sensor pad placed under the baby’s mattress, e.g., Nanny (manufactured by
Jablotron, Czech Republic, Europe)

iii. A small monitor that clips onto a nappy, e.g., Snuza HeroMD (developed by Snuza, UK)

Table 1 provides an overview of some commercial apnoea monitors.

Table 1. Examples of some commercial apnoea monitors.

Product Features Limitations Related Website

Graseby MR10 infant
respiration monitor

• Uses a foam respiratory sensor
attached to infant’s abdomen.

• Disposable respiratory sensor.
• Powered by 4 LR6 (AA) alkaline

batteries.
• Low-battery indicator.
• Bears the CE mark (it conforms

to the requirements in the
European Council Directive
93/42/EEC concerning medical
devices).

• Only two choices of 10 and
20 s apnoea delay alarms are
available.

• Use of a tube to connect the
sensor to the monitor (possible
risk of baby’s entanglement).

• No data-recording capability.
• Respiratory sensor should be

replaced after a maximum
of 7 days to minimise
false alarms.

• No longer in production, but it
is still in use.

https://www.medicare.
ie/product/graseby-mr1
0-infant-respiration-
monitor/
(accessed on 10 July 2024)

SISS Babycontrol®H
apnoea monitor V2

• Monitors respiratory functions.
• A reusable body sensor is placed

on the child’s abdominal wall.
• Notifies threatening respiratory

pauses with acoustic and visual
alarms.

• Records respiration data.
• Class IIB, CE1275.

• Monitors babies (we could not
determine whether it is usable
for older children).

• Only four alarm time settings
(10, 15, 20, and 25 s).

• Sensor to the base is a wired
connection (possible risk of
baby’s entanglement).

https:
//schulte-elektronik.de/
gb/produkte/atmungs-
und-herzmonitore/siss-
babycontrol-h/
(accessed on 10 July 2024)

Delta apnoea
monitor for neonates
and infants

• Apnoea is indicated with both
an audible and visual alarm.

• The user can set the sensitivity.
• Compliance: EN60601-1 EN

60601-1-2, MDD 93/42/EEC.

• Monitors neonates and infants
(we could not determine
whether it is useable for older
children).

• Only three alarm time settings
(10, 15, and 20 s).

• Does not record respiratory
signal.

• Sensor to the base is a wired
connection (possible risk of
baby’s entanglement).

https://deltamedint.com/
wp-content/uploads/20
22/02/Apnoea-Monitor-
Brochure.pdf
(accessed on 10 July 2024)
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Table 1. Cont.

Product Features Limitations Related Website

Snuza HeroMD baby
breathing monitor

• Designed to alert parents if
abdominal movement stops.

• Clinically proven if a baby stops
breathing.

• Standalone device.
• Certified Class IIb medical

device meeting the European
Medical Device requirements.

• Clips to the baby’s diaper;
breathing is detected by the
device contacting the baby’s
abdomen.

• Does not have respiratory
signal recording facility; thus,
the breathing pattern cannot
be analysed.

• Monitors infants up to
12 months.

• From our understanding, it
has a single time setting of 20 s
to set its vibration mechanism.

https://www.snuza.com/
product/hero-md/
(accessed on 10 July 2024)

VitaGaurd® VG 2100
Apnoea and heart
rate monitor

• Uses 3 ECG electrodes for
measurements.

• Has a CE0197 label.
• Physiological measurements for

a set period before and after an
alarm are stored and are
accessible.

• Its central apnoea monitoring
requires the patient to be
completely immobile on a
stable underground.

• Sensor to the base is a wired
connection (possible risk of
baby’s entanglement).

https://www.getemed.
de/wp-content/uploads/
2022/08/00180-B-_VG_21
00_PB_EN_00180_REV_
B_20161004.pdf
(accessed on 10 July 2024)

Nanny movement
monitor

• Indirectly monitors the baby’s
movement.

• Mattress monitor.
• Triggers an alarm if there is no

movement after 20 s.

• Uses a sensor pad that needs
to be placed on a flat and firm
surface.

• Useable on babies from birth
to 1 year, 2–15 kg.

https://www.nanny-
monitor.com/
(accessed on 10 July 2024)

There are also some commercial movement monitors available to parents as ‘reassur-
ance’ monitors but which are not certified as medical devices. There is a risk associated
with these devices, as parents may rely upon the monitor for assurance that the baby is
well and not look out for other signs of illness [6].

The CSA device developed in this study aims to improve on existing devices by
accomplishing the following:

• Ensuring child-friendly features. The device is miniaturised and comfortable to wear
by children of any age, including neonates and infants.

• Applicability of use to both homes and hospitals.
• Reducing false alarms. A false alarm occurs when the breathing is normal during

sleep but the device detects a breathing pause exceeding the preset time and triggers
an alarm. False alarms may heighten parents’ anxiety and lead to disturbance of the
child’s sleep. These may occur due to the disconnection of the sensor from the base
unit, or shallow abdominal movements that are not detected [7].

• Avoidance of the child’s entanglement by wires or tubing. The device is fully contained
in a soft elastic band and thus no wiring or tube is needed to connect it to a base unit.
Monitors that use wires or tubing to connect their sensors to their base units pose the
risk of babies becoming entangled with the sensor leads [8].

Apnoea monitors are issued via health services (e.g., the UK’s National Health Service,
NHS) for parental reassurance after an acute unresponsive episode, premature birth, or for
the CONI (Care Of the Next Infant) scheme after a family has suffered a SUDI. Concerned
parents may buy non-medical apnoea monitors for peace of mind, even though their baby
may not be in a risk category. Although there is no research evidence that apnoea monitors
prevent sudden infant death syndrome (SIDS) [9,10], a monitor can help parents to look
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after their baby with more confidence, and 91% of the parents using monitors provided by
CONI said the monitor was helpful or very helpful [11].

A review of the existing literature revealed a range of potential technological solutions.
These were either adapted in the current prototype design or have been identified to be
implemented in its future models. Special consideration was given to the fragile skin and
chest dimensions of infants [12]. Pressure and resistive sensors are very sensitive [13] and
informed our sensor laboratory testing. Other sensors, such as impedance or humidity [14]
incorporated into a facemask sensor [15]; acoustic sensors [16] in a microphone near
the nose, mouth, and suprasternal notch; accelerometers [17]; respiratory inductance
plethysmography [18]; and optical light sources [19] were discounted on the grounds of
reported discomfort [14,15], ambient noise and movement artefacts [16,17,19], and low
sensitivity [18]. Infrared light-emitting diodes and electrocardiogram signals have also been
used but do not directly detect respiratory signals [18,20]. The ultrasound [21] and infrared
thermal imaging [22,23] methods of respiratory monitoring are non-contact and require
the subject to remain in the field of view of the monitoring device thus large movements
become an issue. The aim of the study was to develop and evaluate a new cost-effective
and child-friendly prototype CSA monitor. The research questions were as follows:

i. What are the technological challenges in the design and development of a CSA monitor
and the manner they could be adapted?

ii. How well does the developed device perform during testing on healthy adult volunteers?

The contributions of this study include the following:

• The development of a new, rechargeable, cost-effective, and child-friendly prototype
CSA monitor (called RespyBelt) integrating respiration signal recording and on-board
data storage, respiratory pause detection, and an associated alarm.

• Evaluation of the device in a research laboratory environment on 10 healthy adult
volunteers. This included comparing the respiration rate values obtained from the
device with the values obtained from a commercial respiratory monitor.

• Comparison of effectiveness of peak-detection and zero-crossing detection methods
for breath-to-breath respiration rate measurement.

• Identification of advanced features to be adapted in the device’s future models.

In the following sections, the methodology employed is outlined, the results are
discussed, and the study’s conclusion is provided.

2. Materials and Methods

This section outlines the development of RespyBelt and its evaluation on 10 healthy
adult volunteers. The device’s development followed a V-shaped process model where,
at different stages, an associated validation was undertaken to ensure correct operation.
This applied to both the hardware and software. Life-cycle assessment (LCA) was carried
out to ensure the device’s sustainable production, use, and environmental conformation.
Initially, the hardware development will be described, and then its software, followed by a
discussion of the methodology for the testing on 10 heathy adult volunteers. The statistical
analysis to interpret the operation of the device is also described.

2.1. Hardware Development

The specifications of RespyBelt were established by examining the requirements of a
modern and effective CSA monitor. These included the following:

• A 16-bit data capture, providing an accurate analogue-to-digital conversion of the
sensor signal.

• A respiratory signal sample rate of 32 samples per second. Respiration rate does not
typically exceed 60 breaths per minute (bpm). This corresponds to 1 breath per second,
or 1 Hz. The sample rate was therefore sufficiently high.

• On-board (integrated), fast secure digital (SD) synchronous data storage.
• Electromagnetic compatibility (EMC) and high-frequency compatibility.
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• Velcro attachment for easy fitting/removal of the device and being trap-proof, i.e., the
device’s release from the child’s body when sharply pulled or trapped.

• A washable and reusable cover for the device and its sensor.
• Ease of use and comfort for children of any age.
• Safe to use on patients for a long-duration recording.
• Rechargeable power supply.
• Flexibility to adapt new features and technologies in future models.
• Modular design allowing ease of fault finding and repair.

The block diagram of RespyBelt is shown in Figure 1. Its hardware interconnections
are shown in Figure 2. Its pictures in different settings are provided in Figures 3–6.
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Figure 1. Block diagram of RespyBelt.

The device consists of a 60 cm piezoelectric film sensor (model: 10184000–01, manufac-
turer: Measurement Specialities, Hampton, Virginia, USA). It converts the chest movements
due to respiratory efforts into an electrical signal. The sensor is covered with a removable
soft elastic band that easily wraps around the chest (Figure 6). Its electronic components
and rechargeable battery are housed in a washable sleeve, as shown in Figure 6.

Its hardware components consist of the following:

• Integrated circuit (IC) microcontroller (model: PIC32MZ2064DAR169-I_6J, manufac-
turer: Microchip Technology, Chandler, AZ, USA).

• Secure digital (SD) card (model: DM3D-SF, manufacturer: Hirose Electric Co., Ltd., Kana-
gawa, Japan), a dedicated high-speed, secure digital high-capacity (SDHC) controller.

• Lithium polymer (LiPo) charger built in for a 5 Volt supply (model: MCP73832T-
2ACI/OT, manufacturer: Microchip Technology, Chandler, AZ, USA).

• Microcontroller power switch, ON/OFF (model: PCM12SMTR, manufacturer: C&K
Switches, Waltham, MA, USA).

• Rechargeable battery, 850 mAH, 3.7 Volts, and 3.145 WH (model: LP603048).
• Power input USB (model: USB4085-GF-A, manufacturer: Global Connector Technol-

ogy Limited, Hertfordshire, UK).
• Low-dropout voltage regulator (LDO1), 3.3 Volts and 1.5 A (model: MCP1727-3302E/SN,

manufacturer: Microchip Technology, Chandler, AZ, USA).
• Low-dropout voltage regulator (LDO2), 3.3 Volts and 1.5 A (model: MCP1727-3302E/SN,

manufacturer: Microchip Technology, Chandler, AZ, USA).
• Audio piezo transducer (buzzer), frequency = 2 kHz and sound pressure level of

76 dB (typical) (model: PKLCS1212E2000-R1, manufacturer: Murata Electronics, Mu-
nich, Germany).

• Seeed Grove—vibration ‘coin’-type vibration motor (model: 105020003, manufacturer:
Seeed Technology Co., Ltd., Fremont, CA, USA).
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Figure 2. RespyBelt hardware components interconnections and their types.

The signal from the sensor is filtered and amplified as a part of the signal conditioning.
The filter type is a 4th-order bandpass active filter with a low cutoff frequency of 0.1 Hz
and a high cutoff frequency of 1 Hz. The device is controlled by a microcontroller (model:
PIC32MZ2064DAR169-I_6J, manufacturer: Microchip Technology, Arizona, United States).
It provides a microprocessor unit performance, 2 MB flash and 640 kB of static random
memory (SRAM), 12-bits, and has an 18 mega samples per second (MSPS) analogue-to-
digital convertor (ADC) module capability. The pressure variations exerted by the chest
on the piezoelectric sensor while the device is worn convert the respiration efforts into
a respiratory signal that is then stored on a secure digital (SD) card (model: DM3D-SF,
manufacturer: Hirose Electric Co Ltd, Kanagawa, Japan). The respiratory signal can
be downloaded by removing the SD card from the device’s port and inserting it into a
computer. Some computers have a dedicated SD card port, but otherwise an SD card
adaptor can be used for this purpose.

The device uses a rechargeable battery of 850 mAH, 3.7 Volts, and 3.145 WH (model:
LP603048). Its charging is facilitated by a Lithium polymer (LiPo) charger built in for a
5 Volt supply (model: MCP73832T-2ACI/OT manufacturer: Microchip Technology, Arizona,
United States). The alarm is generated by an audio piezo transducer (buzzer) with a
frequency = 2 kHz and a sound pressure level of 76 dB (typical) (model: PKLCS1212E2000-
R1, manufacturer: Murata Electronics, Munich, Germany). A Seeed Grove—vibration
‘coin’-type vibration motor (model: 105020003) is also included for any subject that may
have difficulty hearing sounds. It vibrates upon detecting respiratory pauses. The device
has an on-board data storage facility capable of storing respiration signals for multiple
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nights. This is based on a secure digital (SD) card (model: DM3D-SF) that uses a dedicated
secure digital high-capacity (SDHC) controller.
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The microcontroller communicates with the SD card over I2C. The components are
mounted on a printed circuit board (PCB). The PCB was constructed using a 4-layer board
incorporating a mixed signal design, separating the analogue and digital circuitry to
maximise the signal integrity whilst also using surface-mounted device (SMD) components
wherever possible to keep the design compact.

2.2. Software Development

The software elements associated with the operation of RespyBelt (version 0.1.1) are
as follows:

• The software is integrated into the RespyBelt microcontroller. This is operated in
real-time and is described in Section 2.2.1

• The software that performs the signal processing and statistical analysis. This operated
off-line and is described in Section 2.2.2.

2.2.1. Real-Time Processing Software

The flowchart of the software integrated into the RespyBelt’s microcontroller is pro-
vided in Figure 7.
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Figure 7. Flowchart of the RespyBelt software operating in real-time (RPT: respiratory pause time),
indicating the manner respiratory pauses are detected.

The microcontroller is initialised once the device is turned on. The piezoelectric film
sensor converts the chest movements into an electrical signal. The microcontroller keeps
a running average of the signal’s magnitude (i.e., the absolute value of the signal was
obtained with the negative cycle reverting to positive) for the stated respiratory pause
time (RPT) requiring an alarm. Typically, the RPT is a value chosen between 10 s and 20 s,
based on the interval known to lead to significant clinical consequences, e.g., bradycardia
or oxygen desaturation. When the running average exceeded this predefined threshold
value, the breathing was considered to conform to RPT and an alarm was triggered. The
threshold value was determined experimentally as 0.3 Volts. The alarm would remain on
until the parent attended to the child to ensure their safety and reset the alarm.

2.2.2. Off-Line Processing Software

To evaluate the operation of the RespyBelt, the breath-by-breath respiration rate in
breaths per minute (bpm) was determined off-line using Matlab© (MathWorks®, Natick,
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MA, USA) from its recorded respiratory signals. The measurements were compared with
the respiration rates obtained from respiration signals recorded using a commercial respira-
tory measurement device called SOMNOtouchTM RESP (SOMNOmedics AG, Randersacker,
Germany). The respiratory signal was initially filtered using a 4th-order lowpass Butter-
worth filter with a cutoff frequency of 1 Hz. This further removed unwanted noise. The
Butterworth filter provided a flat passband in its magnitude frequency response, while the
4th-order filter ensured a sufficiently steep transition from the passband to the stopband.
The chosen cutoff frequency of 1 Hz corresponded to 1 respiratory cycle per second or a
respiration rate of 60 breaths per minute (bpm). The respiratory signal was then normalised
to its magnitude by dividing its sample values by the absolute of the maximum sample
value present in the signal. This resulted in the signal amplitude in a range between −1
and 1 (no unit). This operation was performed with respect to the desired information
related to the signal’s frequency, not its amplitude.

Two approaches to determine the respiration rate were explored. These were the peak
detection and zero-crossing detection. Both approaches allowed for a breath-by-breath (i.e.,
individual respiratory cycle) respiration rate measurement and had a low computational
requirement, making them suitable for real-time operations. For the peak detection, the
Matlab© (version 2024) function ‘findpeaks’ was used. This function identified the signal’s
local peaks as defined by the instantaneous amplitude of the signal (sample value) being
larger than the two neighbouring sample values. Its operation could be defined by multiple
parameters. The Matlab© instruction used for this purpose was as follows:

[peaks, locations] = findpeaks(signal, sample_rate, ‘MinPeakDistance’,
MinPeakDistance_value, ‘MinPeakHeight’, MinPeakHeight_value)

The definitions of the parameters in the above instruction are as follows:

• signal: The respiratory signal.
• sample_rate: The signal sample rate. This was 32 samples per second for both the

RespyBelt and SOMNOtouch devices.
• ‘MinPeakDistance’: This indicates the next minimum peak distance (in seconds).

The minimum peak distance provides a mechanism to avoid the false detection of
spurious peaks caused by noise. It identifies the peaks separated by more than the
minimum peak distance value (specified by MinPeakDistance_value). In this study,
the MinPeakDistance_value was 1 (i.e., 1 s). A time of 1 s was chosen for this parameter,
as the respiration rate does not typically exceed 60 bpm, which corresponds to 1 Hz (a
period of 1 s).

• ‘MinPeakHeight’: This provides a means to select the peaks that are greater than the
specified highlight (specified by MinPeakHeight_value). This was a further feature
to avoid spurious small peaks introduced by noise. In this study, to determine the
MinPeakHeight_value, the absolute value of the respiratory signal was initially ob-
tained (which ensured the negative part of the signal reverted to positive values). The
average value of the resulting signal was obtained and then the value was divided
by 3. This meant that those peaks with amplitudes of less than 1/3 of the average
height of the signal were excluded as a part of the respiration rate measurement. Using
a smaller height increased the risk of selecting spurious peaks and a larger height
increased the risk of missing relevant peaks.

The function returned two arrays. These included the following:

• peaks: This contains the amplitudes of the identified peaks. However, this array was
not required in this study, as only the signal frequency was related to the respiration rate.

• locations: This contains the time locations (indices) of the identified peaks. The
breath-by-breath respiration rate in bpm was determined by the following:

Respiration rate (bpm) =
60

location(t)− location(t − 1)
(1)
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where location(t) is the time (in seconds) of the currently identified signal peak and loca-
tion(t − 1) is the time (in seconds) of the previously identified signal peak. The index t
represents the signal recording (samples) time points.

The second method to determine the respiration rate was by identifying the time points
that the signal crossed the horizontal axis (i.e., the amplitude changing from a positive
to a negative value) on the falling edge of the signal. Although this study considered the
falling edge, the rising edge would have been equally valid. Once these zero-crossing time
locations were identified, Equation (1) was used to determine the respiration rate.

2.3. Particupant Recruitment, Validation, and Statistical Analysis

As the device was a proof-of-concept prototype, it was evaluated on 10 healthy adult
volunteers in a research laboratory. The mean and standard deviation of their age were
46.6 years and 14.4 years, respectively. The participants were recruited from the School of
Engineering and Built Environment of Sheffield Hallam University. These were all male
students and staff from the school. They consented to take part after reading the provided
study’s information sheet. The study had Sheffield Hallam University ethical approval.
Female participants were not deliberately excluded.

The device was attached to the participant’s chest and the recording was under-
taken while they laid down. The duration of the recording was about two minutes. The
participants were asked to intentionally hold their breath at random intervals during
the recording for a few seconds to simulate CSA episodes. These data were initially
stored on the device’s SD card; for processing, they were transferred to a PC. The pro-
cessing was performed off-line using Matlab© (MathWorks®, USA). As the adult partici-
pants' respiration rate was about 20 bpm, the recording of two minutes provided around
40 breath-to-breath respiration rate readings per participant that were considered sufficient
for statistical analysis. Statistical tests were used to compare the respiration rates measured
using RespyBelt and SOMNOtouch. The Shapiro–Wilk test was used to determine whether
the difference between the respiration rates across the 10 participants were from a normal
distribution. For this test, the null hypothesis was that the difference was from a normal
distribution. The hypothesis was rejected when the statistical probability (p-value) was less
than 0.05 for a 95% confidence interval.

As the difference was from a normal distribution, a paired t-test was used to determine
whether there existed a significant difference between the means of the respiration rates
obtained from the two devices. The null hypothesis for this test was that the difference
came from a normal distribution, with a mean equal to zero and an unknown variance. For
probability (p) values greater than 0.05 (i.e., 95% confidence level), the null hypothesis was
not rejected.

3. Results

Figure 8a,b show the recordings from the RespyBelt and SOMNOtouch devices, respec-
tively. The signals from both devices were filtered using a fourth-order digital Butterworth
filter with a cutoff frequency of 1 Hz. The detected peaks and zero crossings to determine
the respiration rate are indicated on the signals. A zoomed-in section of this signal is shown
in Figure 9 for further clarity.

The statistics of the respiration rates are provided in Table 2. The mean respiration
rate values for RespyBelt and SOMNOtouch are very close. The respiration rates obtained
using the zero-crossing method were slightly higher than the values obtained by using the
peak-detection method for both devices. The reason for this difference is explained in the
Discussion section.

The relationships between the respiration rates determined using the two devices are
illustrated by the boxplots of Figure 10. The red line in the boxes is the respiration rate
median, highlighting similarity in the respiratory rate measurements for the two devices.
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Table 2. Statistics of the respiration rate determined from the respiratory signals recorded using
RespyBelt and SOMNOtouch.

Device Respiration Rate
Measurement

Mean
Respiration
Rate (bpm)

Minimum
Respiration Rate

(bpm)

Maximum
Respiration Rate

(bpm)

Standard
Deviation of
Respiration
Rate (bpm)

RespyBelt Peak detection 22.7 16.6 29.5 6.0
Zero crossing 22.9 12.2 33.1 4.3

SOMNOtouch Peak detection 22.7 12.8 35.4 3.4
Zero crossing 23.4 11.7 35.7 4.1
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Figure 10. Boxplots comparing respiration rates measurements using RespyBelt and SOMNOtouch.
The plot indicates RespyBelt measurement of the respiration rate closely matches the measurement
by SOMNOtouch.

The respiration rates obtained using RespyBelt and SOMNOtouch were examined to
determine whether there was a statistically significant difference between them. This was
performed for the zero-crossing method only, as the mean respiration rate values for the
two devices for the peak detection were identical. The results are summarised in Table 3.
Shapiro–Wilk tests indicated the differences in respiration rates determined using the two
devices were from a normal distribution. Paired t-tests indicated that the respiration rate
values for the two devices were not significantly different. The corresponding probability
(p) value was p = 0.727. The confidence level was 95%.

Table 3. Statistical test of significance to compare mean respiration rates determined from RespyBelt
and SOMNOtouch using the zero-crossing method.

Test Shapiro–Wilk Test Paired t-Test

RespyBelt vs.
SOMNOtouch

Test statistics= 0.948
p = 0.696 p = 0.727

4. Discussion

The study outlined the development and evaluation of a new prototype paediatric
CSA monitor called RespyBelt. The focus was ensuring the device was child-friendly, safe,
reliable, cost-effective, and easy to use. The results were based on recordings from healthy
adult volunteers. RespyBelt successfully recorded and stored the respiratory signal, and
detected the respiratory pauses. A further evaluation of the device was based on comparing
its measured respiration rate values against the measurements from SOMNOtouch. The
two devices gave the same mean respiration rate across the 10 participants for the peak-
detection method.

Both peak-detection and zero-crossing detection methods are suitable for real-time
breath-to-breath respiration rate measurement. However, the peak-detection method
proved to be more robust as compared with the zero-crossing detection method. A lim-
itation of the zero-crossing detection method was that, during respiratory pauses, the
signal had relatively low amplitude fluctuations crossing the horizontal axis (zero-level
axis). The zero-crossing method counted these fluctuations as part of the respiration rate
measurement. This resulted in the respiration rate obtained using the zero-crossing method
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becoming higher than the peak-detection method. This effect is shown in the respiratory
signal of Figure 11 recorded by RespyBelt.
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At this stage of development, the device has been kept to minimal complexity to ensure
cost-effectiveness and ease of use. However, in future models, the design could become
more advanced and adapt further features as needs arise. These include the following:

i. The current version of the device does not have a wireless data transmission feature.
The justifications for not integrating a wireless feature in this version were to reduce
the power consumption, cost, weight, size, and complexity of its use. Wireless
transmission of medical data also requires appropriate data security considerations.
The integrated SD card has the capacity to store the data recordings continuously
for multiple nights. However, in future models, a wireless feature could be adapted
as an alternative means of data download and to remotely alert parents that their
child is having an apnoeic episode. The wireless data download feature reduces the
risk of the SD card being lost or being accessed by an unauthorised person.

ii. The main purpose of the device was for the home monitoring of children already
diagnosed with CSA. The child may sleep in a separate room from the parents and
thus the parents may not hear the device’s alarm. The inclusion of a remote alarm
would overcome this limitation. For the current version, the parent could be alerted
by the device’s alarm using a separate commercially available baby monitor. These
monitors can detect any sound from the baby’s room and alert the parents in their
room. In a future model, the integration of a remote alert feature will be considered
in the device’s design.

iii. The current design does not have a user interface. The user information, such as
the respiratory pause time to trigger an alarm, needs to be adapted in the device’s
software. Inclusion of an easy-to-use interactive user interface will be a feature of
the next model of the device.

iv. The respiration rate measurement was currently performed off-line following the
data recording. This operation in a future design could become real-time.

v. The possibility of predicting the onset of CSA had been explored in an earlier
study [24]. If the onset of CSA episodes could be predicted, then it may be possible
to take remedial action to prevent respiratory pauses that can pose risk to the child’s
health. This is an on-going study but may provide an opportunity for RespyBelt
to become a preventative device in addition to its current function as an alarm.
The recent innovations in artificial intelligence in healthcare could increase the
likelihood of this possibility [25,26].

vi. The current device can record and store respiratory signals during sleep. However,
the device currently does not perform any real-time analysis of sleep patterns. In
future models, the software will be amended to register the onset times of CSA
pauses and their durations.

vii. The manner the sensor is integrated into the flexible band could be further improved.
If the child pulls the band hard, the sensor could become detached. This would
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trigger an alarm after the user-predefined respiratory pause. Future designs will
improve the design to allow for more robustness.

The study recruited healthy adult volunteers to evaluate the device, but the aim is to
take the device further in the follow-up developments for it to be evaluated on children
of any age. This will require the recognition that children are not little adults and there
are differences in their respiratory characteristics as compared with adults [27]. There are
changes in the characteristics of CSA in infants with aging, for example, a decrease in the
frequency and duration of CSA over the first 12 months of life [28]. The median respiratory
rate in healthy infants during the first 24 h of life was reported to be between 42 bpm to
46 bpm [29]. The median respiration rate in awake, healthy children was measured to be
26 bpm at the age of 2 years [30] and 25.4 bpm at 3 years [31]. A study involving 12 healthy
adults (with a mean age of 35.2 years) indicated that their mean respiration rate was
17.7 bpm [23]. These studies indicate that, for infants and children, the device needs to
cater to a higher respiration rate and carefully ensure their acceptability.

Product development stages are defined by the technology readiness levels (TRLs);
usually, these are between one and nine, as defined in Figure 12 [32]. The initial stages relate
to the concept development and the later stages move toward manufacturing, validation,
and commercialisation. RespyBelt has been validated in the laboratory environment, but
it is yet to be clinical trialled. Therefore, its development stage was considered as TRL
four. As medical devices can affect health and safety, their commercialisation and use are
strictly regulated. According to the Medicines and Healthcare products Regulatory Agency
(MHRA) [33], breathing monitors need to conform to strict guidelines once in clinical use.
Given the TRL of RespyBelt, and its prototype nature, it currently does not fully conform
to the guidelines of the MHRA. However, during its follow-up development stages, these
guidelines will be adapted.
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Although the current prototype can be further enhanced, as outlined above, the design
was robust and could form the basis for clinical use. As part of this, the device will need
the adaptation of medical device directives, extensive clinical trials on children of different
ages, and the adaptation of extra features.
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5. Conclusions

The development of a new prototype paediatric central sleep apnoea home monitoring
device was outlined. The device’s main function currently is to detect and provide an
alarm when respiratory pauses exceed a preset time and to record the respiratory signal.
The monitoring is needed for children and infants diagnosed with central sleep apnoea
(CSA). In order ensure cost-effectiveness and ease of use, some advanced features were
not integrated in the current model, but their adaptation will be a consideration in future
models. The device was successfully evaluated on 10 healthy adult volunteers in a research
laboratory. It managed to successfully detect respiratory pauses and provided alarms
through a buzzer and a miniature vibration motor. The effectiveness of the peak-detection
and zero-crossing methods of the breath-to-breath respiration rate measurement were
compared, and the former was found to be more robust in determining the respiration rate.
This is an on-going study, and the device’s evaluation results on children in both hospital
and home environments will be reported in the future.
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