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Abstract
Background: Reducing the global new-born mortality is a paramount challenge for humanity. There are approxi‑
mately 786,323 live births in the UK each year according to the office for National Statistics; around 10% of these
newborn infants require assistance during this transition after birth. Each year around, globally around 2.5 million
newborns die within their first month. The main causes are complications due to prematurity and during delivery. To
act in a timely manner and prevent further damage, health professionals should rely on accurate monitoring of the
main vital signs heart rate and respiratory rate.
Aims: To present a clinical perspective on innovative, non-invasive methods to monitor heart rate and respiratory
rate in babies highlighting their advantages and limitations in comparison with well-established methods.
Methods: Using the data collected in our recently published systematic review we highlight the barriers and facilita‑
tors for the novel sensor devices in obtaining reliable heart rate measurements. Details about difficulties related to
the application of sensors and interfaces, time to display, and user feedback are explored. We also provide a unique
overview of using a non-invasive respiratory rate monitoring method by extracting RR from the pulse oximetry trace
of newborn babies.
Results: Novel sensors to monitor heart rate offer the advantages of minimally obtrusive technologies but have
limitations due to movement artefact, bad sensor coupling, intermittent measurement, and poor-quality recordings
compared to gold standard well established methods. Respiratory rate can be derived accurately from pleth record‑
ings in infants.
Conclusion: Some limitations have been identified in current methods to monitor heart rate and respiratory rate in
newborn babies. Novel minimally invasive sensors have advantages that may help clinical practice. Further research
studies are needed to assess whether they are sufficiently accurate, practical, and reliable to be suitable for clinical use.
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Introduction
Reducing global new-born mortality is a paramount challenge for the humanity. There are approximately 786,323
live births in the UK each year according to the office for
National Statistics; around 10% of these newborn infants
require assistance in the period immediately after birth
[1–4].
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The main causes of death within the first after birth are
prematurity and complications during delivery. Globally,
75% of neonatal deaths occur during the first week of life,
with a substantial number dying within the first 24 h. For
most newborn infants the transition from the intrauterine to the extrauterine environment occurs successfully;
however, approximately 10% of newborn infants require
assistance during this transition [4].
Heart rate (HR) is the most important clinical indicator
to evaluate the status of a newborn and HR together with
respiration form key components of the Apgar score, the
predominant evaluative metric of newborn health and
response to intervention. Therefore, to act in a timely
manner and prevent avoidable damage, health professionals should be provided with accurate and timely
monitoring of the main vital signs HR and respiratory
rate (RR) [5, 6].
HR in those first minutes of life, especially in newborns needing resuscitation, may be used as a predictor
of neonatal mortality and to determine the likelihood of
developing moderate to severe brain injury in those who
survive [4, 6]. HR at birth must be assessed quickly and
accurately and is used as a guide to effective resuscitation and to evaluate other interventions such as placental
transfusion [4, 5].
Frequently used methods to detect heart rate at birth
include palpation and auscultation as previously recommended by international guidelines [6]. These are performed by trained medical professionals by feeling for
pulsations at the base of the umbilical cord, feeling the
brachial or femoral pulses and listening to the precordium with a stethoscope. Although auscultation seems to
be superior to palpation both methods lack accuracy and
only offer intermittent monitoring [7].
Other methods mentioned in the literature include
pulse oximetry (PO), electrocardiography (ECG), Doppler ultrasound and forehead reflectance photoplethysmography (PPG) [7]. All these methods have their
limitations and are affected by difficulties associated with
the attachment of the sensing probes, movement artifacts
and significant delay in display [7–9], also known as “time
to HR”.
Respiratory rate (RR) is another key vital sign in neonatal monitoring [10]. Breathing rate or RR is defined
as the number of movements that indicate inspiration
and expiration of air per minute [11]. The normal respiratory rate of an infant is 30–60 breaths per minute
[10, 11]. Respiratory distress is one of the most common reasons an infant is admitted to the neonatal
intensive care unit. It is defined by the presence of one
or more signs of increased work of breathing, such as
increased respiratory rate (tachypnoea), nasal flaring,
chest retractions, or grunting [12].
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RR can be determined clinically by counting chest
wall movement, but this is an intermittent measurement which is prone to inaccuracy and human error
[11, 13, 14]. Continuous assessment of RR is possible by respiratory inductive plethysmography (RIP)
or nasal airflow, but these methods require additional
sensors and are not tolerated by acutely unwell babies
[15]. There have been several publications looking
at extracting RR from the pulse oximeter trace called
plethysmogram (pleth) as a less invasive alternative
[16–19]. Other authors investigated innovative sensors using Microwave Interferometric Radar Sensor
or Impulse Radio Ultra-Wideband radar technology to
monitor RR and detect apnoea in infants and preterm
babies [20–25]. Although they have promising results
and the advantages of non-contact monitoring, majority of these studies are in vitro experimental observational studies. To validate these results and assess their
feasibility for clinical use they will need in vivo proof
of concept studies and comparison with current gold
standard.
Furthermore, researchers have sought opportunities
to improve non-contact respiration monitoring such as
radar, infrared imaging, and optical imaging [14]. These
later technologies include thermal sensors and thermal
imaging-based RR monitoring. These methods have not
yet been approved for clinical environments [14].
Our previously published systematic review concentrated mainly on the clinical use of innovative neonatal
HR monitoring sensors [8]. It identified the urgent need
to develop non-invasive solutions to monitor both vital
signs, HR, and RR, especially in vulnerable populations
such as newborn babies [9, 19]. This current paper summarizes our previous findings and adds details regarding
the clinical applications and basic technical details on
piloted methods to monitor HR. It takes into consideration more recent publications and their potential impact
on clinical practice. We also discuss a potential solution
for continuous non-invasive RR monitoring in infants
and young children using current established methods of
monitoring [18, 19].
Aims

The aim of this perspective is to provide basic technical
information and clinical details of non-invasive novel
sensors used to detect and monitor HR in the vulnerable
newborn population. We highlight their advantages and
limitations using the findings of our systematic review
[8] and more recent publications that identify new technology [26–29]. A further aim is to discuss a potential
solution for continuous non-invasive respiratory rate
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monitoring by extracting RR from the pulse oximetry
traces of newborn babies [18, 19].

Methods
We used data collected in our recently published systematic review to highlight the barriers and facilitators for
the novel sensor devices in obtaining reliable HR measurements. Difficulties related to the application of sensors and interfaces, time to display, and user feedback
were explored. The inclusion criteria for the systematic
review were studies published in the last 15 years looking into the method to detect heart rate in both term and
preterm infants in comparison to one of the established
methods: PO or ECG. We investigated studies based
on experiments, as well as feasibility studies in different
health care settings: neonatal intensive care unit (NICU),
high dependency unit (HDU), postnatal ward, delivery
room and community birthing center. We also reviewed
studies which have been registered on respective databases and are ongoing. Studies were excluded if there
was no comparison with the gold standard in monitoring
(ECG or PO) [8].
In addition, we reviewed the literature for more recent
studies describing new dry ECG sensors used to detect
and monitor HR in newborn babies [26–29].
Furthermore, we have summarized the findings of
several feasibility studies using low pass filtering (LPF)
to extract respiratory data from the raw pulse oximetry
plethysmography traces of newborn babies, infants and
young children [16, 18, 19].
Results
The previously published systematic review looking into
heart rate monitoring in newborn babies performed a
full article analysis on twenty-six studies published in the
previous 15 years. Most studies were observational and
based on experiments. The population included term
and preterm babies in Neonatal Intensive Care Units
(15 studies). The other locations were the delivery room,
neonatal high dependent units and postnatal wards [8].
Novel sensors, identified by the review, were designed
to overcome the limitations of the established methods
such as chest auscultation, cord palpation, ECG and PO.
Auscultation and palpation, although rapid and easily
available, have proven to be inaccurate which can affect
the success of the resuscitation process [7, 8]. They can
underestimate HR by a mean of 14 and 22 beats per minute respectively [30, 31].
ECG and PO are both more precise compared to clinical assessment alone but have their own disadvantages
[10]. There are several publications that identify a significant delay in obtaining a reliable HR from birth which
often exceeds one to two minutes [9, 30, 32, 33]. Other
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limitations are due to the potential damage to the fragile skin of preterm infants caused by adhesive electrodes
which causes stress, pain and can lead to infection [34].
Novel technology development is aimed to minimize
patient contact and produce non-obtrusive measurements of vital signs. The systematic review identified skin
contact and non-contact sensors. The sensors using skin
contact were reflectance photoplethysmography (rPPG),
dry ECG electrodes, handheld doppler and digital stethoscopes. The non-contact sensors identified were camera
photoplethysmography (PPG), capacitive sensors/electrodes [35], piezo-ceramic sensors piezo-electric sensors
and laser Doppler vibrometer.
Please see Table 1 for a summary of these sensors.
Novel sensors using skin contact

There are other novel sensors identified that use skin
contact, either continuous or intermittent, but are not
attached to the babies such as: reflectance PPG, dry ECG
electrodes, handheld Doppler device and digital stethoscope [8].
Reflectance Photoplethysmography(rPPG)

Reflectance photoplethysmography (rPPG) sensors have
a photodiode (PD) that detects the diffusely reflected
light after interacting with the tissues. A critical component detected is the cardiac synchronous variation in
blood volume. The reflected light is amplified, filtered,
and then sampled by an analogue-to-digital converter
(ADC) at 2300 Hz and subsequently demodulated using
a quadrature demodulator to recover the PPG signal [36].
In the three studies included in our review using rPPG
the preferred area to place a PPG sensor was the forehead [36–38]. This is the most suitable measurement site
and should not interfere with any of the care or resuscitation procedures [37]. There were other advantages
of this choice of placement. Skin perfusion was better
maintained in comparison with the peripheries, such as
hands and feet, it was easy to access and did not increase
the risk of hypothermia especially for extreme preterm
babies. On the other hand, these babies tend to be delivered and placed into polythene bags for better temperature control. This makes it more difficult to access their
hands and feet to place a monitoring sensor [36].
In the rPPG reported by Grubb et al., they used green
light (525 nm) to optimize the amplitude of the pulsatile signal acquisition and modulated this at 575 Hz to
suppress interference from ambient light [36]. The light
source consisted of four 525 nm LEDs with two pairs on
either side of a PD to provide even illumination of the tissue beneath the sensor. The detection device is based on
three main blocks used to process the signals. The first
included amplification and filtering. The second part

Skin
contact
(SC)
NonContact
(NC)
SC

SC

SC

SC
NC

NC

NC

Name (References)

Reflectance Photoplethysmography
(rPPG) [36–39]

Dry ECG electrodes NeoBeat [26–29]

Handheld Doppler ultrasound (HhDU)
[40–42]

Digital stethoscope (DS) [43–45]

Video Photoplethysmography (VPG) [34,
46–48]

Capacitive sensors [35, 49, 50]

Piezoceramic sensors [51]

Measurement of heart vibration through the
piezoceramic effect

Non-contact electric potential sensing of
the ECG

Video recording of skin to detect blood
volume changes

Digital recording & analysis of the acoustic
waves of the heart

Detection of blood flow velocity through
reflectance measurement of ultrasound

Light skin contact potential sensing

Optical measurement of the back reflected
transmitted light incident on a photodiode
to detect variation in blood volume

Method

Table 1 Summary of novel sensors to detect heart rate in newborn babies

• Quick to be placed and display the HR
measurement
• Easy to use
• No need of skin preparation
• Placement on upper abdomen should not
interfere with chest compressions
• Reported high correlation with reference
conventional ECG monitor
• Not influenced by motion
• Suitable device for HR monitoring in both
high- and low resource settings

• Forehead perfusion better than peripheries
• Easier placement of sensors
• Less interference with resuscitation

Advantages

• Limited study to a single subject
• Susceptibility to movement artefacts

• Susceptible to power line interference
• Movement artefacts

• Motion artefact
• Poor illumination
• Not tested in low light environment

• Loss of sensor contact with precordium
• Environmental noise

• Non-contact so reduces the risk of skin
disorders
• No restriction of babies’ movement
• Decreased mechanical and painful stimuli

• Reduce the likelihood of irritation, allergy, or
discomfort
• Increased comfort
• It has promise for introduction to bedding

• Not affected by high frequency oscillation
ventilation, gentle rocking movement
• Non-obtrusive no discomfort, stress, pain, or
epidermal stripping
• No interference with X-rays
• No impact on parent-child bonding

• Accuracy of DS HR is greater than chest aus‑
cultation and umbilical cord palpation

• Additional staff required to perform reading • Whole team can hear heart rate
• Interference with resuscitation efforts
• ECG does not always imply cardiac output
• Not tested on preterm babies
whereas audible Doppler sounds do.
• Quick takes 3 s and more accurate than
auscultation and palpation HR
• Equipment readily available in childbirth
facilities in primary care
• No financial implications

• Influence of environmental factors was not
determined
• Most studies on stable term babies not in
resuscitation condition
• Small sample size

• Sensor displacement
• Motion artefacts
• Studies only on stable newborns not in
need of resuscitation

Limitations
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Skin
contact
(SC)
NonContact
(NC)
NC

Name (References)

Laser Doppler vibrometer [48, 52]

Table 1 (continued)

Optical based technique used to record
the doppler frequency shift of a laser beam
scattered from the chest wall through an
interferometric based measurement

Method

• Size
• Complexity
• Cost of equipment

Limitations

• No contact
• Continuous monitoring
• Can be used in MRI
• Reduced biohazards and risk of contamina‑
tion
• Reports simultaneously HR and RR
• Can be used for prolonged monitoring

Advantages
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involved using an analogue-to-digital converter (ADC)
and a data –logging system which saved the data locally.
The third part involved lock-in detection.
To determine the reliability of rPPG the authors calculated the positive percentage agreement (PPA) with HR
by ECG and obtained values of 97.7% in the > 32 weeks
gestational age (GA) group and 94.8% in < 32 weeks GA.
The reliability was negatively influenced by motion
artefacts causing sensor displacement [36, 37]. The
authors suggested methods to overcome these limitations
by improving sensor fixation, using a suitable low pass
filter applied to the HR data and adjusting in the averaging windows [36]. Ward et al. [38] recognized the role of
qualitative studies with staff to optimize the device and
the possibility of incorporating the PPG sensor in a hat.
There is a more recent study that echoes the previous
studies’ results placing rPPG as a valid alternative to support transitioning, stabilization, and further interventions
such as delayed cord clamping in newborn babies [39].
Authors clearly identify the need for further research to
assess its reliability and accuracy in those babies with low
perfusion states and in need of resuscitation.
Dry ECG electrodes NeoBeat

Several recent studies described this new promising method to determine and monitor HR in newborn
babies. All authors used NeoBeat Newborn Heart Rate
Meter (Laerdal Medical, Stavanger, Norway, LGH-5320033), a non-disposable dry-electrode ECG and compared it with conventional wet adhesive ECG electrodes
and some of them with PO. The device uses dry stainless-steel electrodes embedded in a spring-elastic buckle
which is placed over the newborns chest or abdomen to
measure electrical conductance ECG [26–29].
NeoBeat has several advantages compared to conventional ECG monitoring. It is easy to place and quick to
display a HR measurement [27, 28]. The lowest time from
placement to display was 2.5 s versus 58.5 s for PO [28].
It does not need skin preparation and placement on the
upper abdomen does not interfere with resuscitation
manoeuvres such as chest compressions. NeoBeat, dry
ECG electrode’s HR measurements corelate well with
conventional ECG so it is considered reliable and accurate [26–29]. Due to its reduced cost, it can be used both
in high and low resource settings.
Limitations of these studies were due the small sample sizes and selection of only stable babies. Influence of
certain factors such as resuscitation efforts and poor perfusion was not determined. There was variability in the
averaging times of NeoBeat dry ECG electrode and conventional ECG monitors [26].
These authors agree that future studies are needed to
determine the reliability and accuracy of NeoBeat Dry
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ECG electrodes during deliveries requiring intensive
resuscitation, but all recognise its potential to improve
outcomes [26, 27, 29].
Handheld doppler

Handheld Doppler ultrasound (HhDU) to detect HR
on babies at birth has been described in three studies
included in our literature review [40–42]. Bidirectional
handheld Doppler is usually used for measuring arterial
and venous blood flow in the extremities and for detecting foetal or neonatal HR. Blood flow velocity is detected
through the ultrasound which is transmitted from probe
to patient body and is reflected by the blood.
The transmitter transducer converts amplified high
frequency electrical oscillations into ultrasound which
is transmitted to the patient. The ultrasound passes
through biological tissue and is reflected by moving objects (i.e., the beating of the neonatal heart). The
reflected ultrasound is converted back into electrical signals by the receiving transducer, and the resulting Doppler shifted signals are amplified and replayed as audible
sound through a speaker.
Overall HR by HhDU correlated well with HR by ECG
and is considered a quick solution to determine HR at
birth. Other advantages included that the whole team
could hear the heartbeat, it was faster than auscultation and palpation and the equipment was readily available at childbirth facilities so there were no financial
implications.
The limitations of this method are that it requires
enhanced training, an extra staff member to perform
the task and it can interfere with resuscitation efforts
[40–42].
Digital stethoscopes

Digital Stethoscopes have been used to record heart and
respiratory sounds in infants and children. Some studies
have used the recordings as part of investigation of techniques for analysis of heart murmurs [53, 54]. A few studies which have investigated using digital stethoscopes
in the delivery room have noted some limitations when
assessing heart rate in crying babies [43, 44].
Digital stethoscopes in paediatric medicine have potential to reduce the listeners subjectivity and can be used in
telemedicine for increasing specialist access; computeraided diagnostic programs/algorithms for clinical diagnosis based on auscultation, home-based monitoring of
cardiorespiratory conditions and clinical teaching [45].
Further studies are necessary to investigate the reliability and accuracy of using digital stethoscopes in detecting
newborn heart rate at birth [43].
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Non‑contact novel sensor‑based methods

Non-contact sensors used to detect HR in babies identified by the systematic review were: video photoplethysmography (VPG) [34, 46, 47, 55], capacitive electrodes
[35, 49, 50], piezo-ceramic [51], piezo- electric sensors
[56] and laser Doppler vibrometer [52].
Video Photoplethysmography (VPG)

Video photoplethysmography is a contactless optical
measurement technique that can be used to detect blood
volume change in the vascular bed of a certain skin area.
These changes affect light transmission and reflectance.
The cardiovascular pulse waves cause changes in the volume of arterioles which result in minute pulsatile skin
colour changes. These ‘micro-blushes” are invisible to the
human eye but can be detected by high-definition cameras [47].
Aarts et al. have used this technology in their pilot
study published in 2013 [46]. The cameras were placed
at 1 m distance from the babies and recorded for 1 to
5 min in the ambient light of NICU, aiming at uncovered
body parts and recording 300 × 300 pixel 8-bit video at
30fps to be saved in uncompressed AVI format for later
analysis.
Using a custom-built graphical user interface, the
researcher manually selected a video frame and defined
it as a first region of interest (ROI). Part of the signal processing utilized a template for global motion tracking of
the infant (IMAQ 3 match pattern, National Instruments,
Austin, TX). Within the first ROI a second, smaller ROIs
containing skin was selected. They calculated the average
pixel value (PV) of each frame in the ROIs. They obtained
a PV(t)signal by plotting each frames’ PV of ROIs. The
analysed channel was the green channel because it
offered the strongest colour. The cardiovascular pulse
wave traveling through the cutaneous blood vessels
caused the variations in PV(t) of the ROIs as a function
of time are caused by minute colour changes in the skin.
They used the red channel, with the lowest reflectance
variation to correct the green channel signal for illumination intensity changes.
The systematic review identified three other studies using similar experiments. All were small studies on
both term and preterm infants in NICU that evaluated
the accuracy of camera photoplethysmography to detect
and monitor HR in neonates [34, 46, 47, 55]. All studies
reported a high correlation between the VPG HR and
ECG or PO HR with limits of agreement as high as 95%
[46]. Differences were reported close to medical standards with values from +/- 4 beats per minute (bpm) to
+/- 5.48 bpm.
The advantages of VPG were improved comfort especially if prolonged periods of observation are required
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[47], it was pain free and it did not interfere with other
equipment (e.g. X-Ray machines). Furthermore, it can be
used on babies with dark skin (a known limitation with
photoplethysmography) and during gentle movement
caused by high frequency oscillation ventilation and
rocking movements (in mum’s arms) [57]. Most importantly, it was considered not to have a negative impact
on parent-child bonding [46]. VPG has the potential for
remote healthcare monitoring and could be used in low
resource settings due to reduced costs and is an easy to
deploy system [47, 55].
Limitations and obstacles in use of VPG were due to
loss of recording due to motion artifacts [46–48], poor
ambient illumination (all 4 studies) and regular interaction between clinical staff and the baby [34].
Authors explored several strategies to overcome
these limitations using improved extraction algorithms,
higher definition cameras [46], better light conditions
[46, 47] and developing systems to reduce movement
artifact [55].
Capacitive sensors

Capacitive integrated sensing measures electro-physiological signals without needing direct skin contact. Sensors can be imprinted on materials that can be worn by
a person, or embedded in objects surrounding the body,
such as a mattress or a chair. This method has shown
enormous potential in many applications to acquire an
ECG signal. To reduce the incomplete coverage caused by
motion and positioning researchers propose an array of
sensors embedded in a mattress [49, 58]. The advantage
of these sensors is that they reduce the likelihood of skin
irritation, allergy, and discomfort due to painful stimuli.
Unfortunately, several studies have concluded that due to
suboptimal sensor coupling and movement artefacts they
had high positive predictive value but with low sensitivity
in obtaining a HR measurement. The same studies mention strategies to overcome these limitations by achieving
a better design of the sensor matrix and using a smaller
number of layers when embedded [49, 50, 58].
A recent paper by Dore et al. [35] reports the design
and development of a technological solution to provide
real time ECG data for clinicians within the delivery
room using non-contact electric potential sensors (EPS)
embedded in a neonatal intensive care unit mattress. The
electric potential sensor (EPS) is an electrometer-based
amplifier insulating electrode that does not require galvanic contact with the body to acquire biopotential signals. It operates with displacement currents and the
traditional electrode-skin interface is replaced with a
dielectric material. The proof-of-concept tests were carried out both in vivo and in vitro using simulated and
human cardiac signals. Two materials were considered
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for embedding the sensors within a NICU mattress in
this study: a silver conductive polymer ink (Fabink-TCC4001) and a self-adhesive conductive textile fabric
(MOS TitanRF). The EPS sensor was designed with an
external bias circuitry that does not compromise the
input impedance of the sensors. The feedback loops use
guarding, bootstrapping and neutralization to enhance
the input impedance, reduce its capacitance and support
the sensor’s stability. This prototype system including the
EPS sensor and textile-based electrodes has successfully
recorded a high-quality ECG both from the simulated
and human source. The quality assessment of the signal
confirmed that high quality ECG recording was achieved
in the presence of interference layers and an air gap, with
reliable and repeatable ECG waveforms. Authors concluded that this device has high potential to automatically acquire the HR of a newborn within 10 s of delivery
without needing the attachment of additional sensors.
This is considered a safe, rapid, and reliable technological solution with great potential to improve the newborn
mortality and morbidity outcomes.
Piezoceramic sensor

The piezoceramic sensor is described by Nukaya et al.
[51, 59]. Four sensors are attached between the legs of
the neonatal bed, employing a resin plate to increase the
bending of the support surface and therefore the sensitivity, to account for the low weight of the neonate. Micro
vibrations from the high frequency component of the
heartbeat were then identified, to avoid the problem
of environmental noise in the fundamental frequency
region (2–3 Hz) of the neonatal heartbeat. Other bio signals recognized were respiration and body movements.
To determine the validity of the system, electrocardiogram and respiratory waveform output from a conventional bedside monitor were used as references.
The heartbeat and respiration signals detected by the
piezoceramic sensor were similar to those detected by
the monitor. Correlation coefficient of HR was high in
between the values showed by the piezoceramic sensor
and those of the conventional monitor R = 0.91 [51]. The
limitations of their study were the experimental design
and small number of subjects as it included only one preterm baby. The technology has potential for long term
monitoring offering all the advantages of non-contact
sensors such as reducing the risk of skin disorders and
decreased mechanical and painful stimulation [51].
Laser doppler vibrometer

The laser Doppler vibrometer is an optical measurement method for continuous monitoring of both HR
and RR. The non-contact method uses a class II B laser
(wavelength 632.8 nm, power < 1 mW) pointing towards
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a thoracic site near the nipple area to measure the chest
wall movements, associated with inspiratory/expiratory
activities of the lungs and with the mechanical pumping action of the heart. It has all the advantages of the
other non-contact devices, reducing the risk of infection,
by not affecting the skin integrity, and reducing the discomfort and the painful stimuli associated with adhesive
sensors. Several experimental studies looked at correlation to HR by ECG with differences in between the two
methods of less than 6% [52] but also to RR monitoring
compared to spirometer data which was less than 3% [48,
60]. Authors considered that the limitations were due to
large size, complexity, and associated costs [52].
Respiratory rate (RR) monitoring using pulse oximetry

RR is a key vital sign in young children and increased respiratory rate (tachypnoea) is an important sign suggesting several acute conditions such [10, 61, 62] as infections
but also a wide range of congenital respiratory, cardiac
and neurological disorders [63]. Monitoring RR is especially important to identify sick and vulnerable infants
and children offering early diagnosis and treatment of
the disease. At present continuous monitoring of RR is by
measurement of exhaled breath and thoracic effort [63].
There are a variety of sensors used to monitor exhaled
breath. RR can be derived from the oronasal moisture
sensors which measure the fluctuation of humidity with
respiration. Thermistor sensors determine a derived RR
by measuring the fluctuation of temperature with respiration in the upper airway. Barometric pressure sensors,
pressure transductors or airflow velocity sensors measure
the air pressure in the oronasal cavity. The RR is derived
from the fluctuations in air pressure with respiration.
Also using exhaled breath, RR can be obtained using capnography sensors which measure the fluctuations in carbon dioxide with respiration [63].
RR can also be derived by measuring thoracic expansion. Thoracic impedance sensors, widely used in intensive care, measure the variation in thoracic impedance
with respiration using weak electronic signals emitted
from the ECG leads. Respiratory inductance plethysmography uses the changes in inductance in chest and
abdominal bands caused by the changes in chest and
abdominal circumference during breathing and is used in
sleep laboratories.
These methods are invasive and difficult for regular
clinical care outside the intensive care settings. Therefore,
there is a high interest in developing a non-invasive technological solution for continuous RR monitoring [16, 19].
Pulse oximetry is already widely used for monitoring of
the oxygen saturations (SpO2) in all clinical settings and
even at home. Generally, the placement of the pulse oximeter sensor is well tolerated by infants and children.
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Pulse oximeters produce a plethysmogram (pleth)
trace reflecting the instantaneous volume of blood in the
extremity under the probe. Changes in the respiratory
effort can affect the pleth trace due to multiple mechanisms involved in cardiorespiratory interactions [21].
Using a low pass filtering technique (LPF), the dominant
heart rate component of the pleth trace can be removed
to yield a trace that contains the lower frequency components [64, 65]. The filtered pleth trace can thus be used to
derive the respiratory rate (RR) [16, 17, 19]. Processing of
the pleth has been performed using custom made software developed with MATLAB (The MathWorks Inc.,
Natick, MA, USA) [16–19]. The LPF cut-off frequency
used was at half the pulse rate calculated in sequential
epochs of length 1 to 2 min duration; the filter characteristics give a steep roll-off to remove the pulse rate
component.
Several studies have demonstrated that RR can be
extracted accurately from the pleth trace of standard
pulse oximeters [16, 18, 19]. Their findings have great
implications for clinical practice offering a solution for
non-invasive continuous RR monitoring in different settings [19]. The technique has potential to be used for
home monitoring patients with chronic respiratory disease, as well as identifying early warning signs for respiratory infection in patients with cystic fibrosis. Early
diagnosis may result in prompter care provision, quicker
recovery, and better patient outcomes [66].

Discussions and conclusions
This overview highlists an overall current trend of aiming to minimize patient contact and allow non-obtrusive
measurements of vital signs especially in highly vulnerable populations such as newborn and preterm babies.
Researchers with different areas of expertise are collaborating to develop non-invasive or minimally invasive sensors which are accurate, reliable and rapid [8, 9, 67].
Non-contact ECG sensors have several advantages and
can guide not only resuscitation but also other perinatal
interventions, such as delayed cord clamping [8]. Future
studies, using novel technologies, may clarify the role of
placental transfusion in cardiovascular adaptation after
birth [8, 39, 68].
RR is another key vital sign used as a valuable marker
of illness in vulnerable infants [10, 11]. Current methods
to continuously monitor RR are problematic for regular
clinical use as they can be invasive and limited to intensive care units. The novel approach presented uses pulse
oximetry and low pass filters to extract RR from the pleth
trace. Multiple studies have proven that this is feasible
method with clear potential for aiding clinical practice;
for example, the approach has potential to be used in the
home for monitoring neonates and children with chronic
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respiratory disease, as well as in overnight studies in
children with suspected obstructive sleep apnoea and
monitoring for early warning of respiratory infection in
children with cystic fibrosis [15, 19, 69].
Recent studies show promising results for heart rate
monitoring using sensors such as dry ECG electrodes
[26–29], both video [70] and reflectance photoplethysmography [39], capacitive sensors [35, 58] handheld
ultrasound [71] and laser vibrometer [72]. Other technologies such as piezoceramic sensors [59] and digital
stethoscopes [43, 44, 73] have been less investigated.
Problems potentially limiting the use of the novel sensors can be related to movement artefacts and bad sensor coupling which may result in poor-quality recordings
and intermittent measurements [8, 9, 67]. Strategies to
overcome these limitations have been discussed by several authors. These include embedding the sensors in a
support system situated close to the skin, reducing the
numbers of layers, and developing a better design for the
sensor matrix [49]. There is also keen interest in developing advanced signal-processing algorithms [8, 9].
Novel sensors should be accurate, reliable, durable, easy
to use and cost-effective; furthermore, studies would be
needed to investigate whether new sensors, when compared with current established methods, show improved
performance. Developing new sensors is likely to require
a multidisciplinary research team including for example
engineers, software developers, physicists together with
clinical team involved in the care of the newborn baby,
midwives, obstetricians, paediatricians, neonatal doctors
and nurses [8, 67, 68]. For novel sensors to be accepted
for clinical use studies would need to examine their
performance under clinical conditions and in different
clinical areas (NICU, delivery suits, community birthing
centres).
HR and RR are key vital signs used in resuscitation and
monitoring of newborn babies [7–9]. Developing novel
monitoring technology has the potential to improve clinical practice and result in better short- and long- term
neonatal health outcomes [8, 9, 67].
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