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Abstract

Background

Monitoring heart rate in newborns and infants is crucially important in guiding
resuscitation and medical care. Established methods for heart rate assessment of these
children have inherent drawbacks. In recent years, novel methods for assessing
neonatal and infant heart rate have been developed, with varying levels of evaluation
conducted. Digital stethoscopes may provide a better means of heart rate assessment for

newborns and infants.

Aim
The aim of this thesis was to comprehensively review existing established and novel
technologies used to monitor newborn and infant heart rate, and compare new digital

stethoscope technology with the gold standard, electrocardiogram (ECG).

Methods

This thesis (a) outlines the definition and importance of heart rate in medicine,
presented in the context of a review of cardiac anatomy and physiology relevant to
understanding this vital sign and aspects of its measurement in neonates and infants;

(b) presents a narrative review of established methods for monitoring heart rate;

(c) expands the scope of this review from established to emerging methods for
monitoring heart rate with a systematic literature review of novel methods for newborn

and infant heart rate assessment;
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(d) describes original research using a prototype digital stethoscope attached to a smart
device containing software for detecting and displaying heart rate in real-time that was
conducted on infants in the neonatal intensive and special care setting, as well in the

delivery room setting using an improved version of the device and software.

Results

A review of the literature analysing methods of assessing neonatal and infant heart rate
found strengths as well as significant weaknesses in the various methods in clinical use
or in development. In the neonatal unit, a prototype digital stethoscope and smartphone
device for assessing heart rate had a mean difference (£2 standard deviations) of 7.4
(48.5) beats per minute (bpm) when compared to the gold standard of
electrocardiography. The mean (interquartile range) time to first digital stethoscope
heart rate display was 4.8 (1 to 7) seconds, and the device failed in 12.3% of use
attempts. Repeating the comparison in the delivery room setting using an updated
algorithm and new hardware, Bland-Altman analysis revealed a smaller mean difference
(x2 standard deviations) between the digital stethoscope and electrocardiography of 0.2
(-18 to +18) bpm including crying periods (Figure 23), and 1.0 (-11 to +12) bpm
excluding crying periods. The improved digital stethoscope took a median
(interquartile range) of 7 (5 to 11.5) seconds after application to display a heart rate. It

failed to detect heart rate in 37% of cases, all of which were in crying infants.

Conclusion
A digital stethoscope and smart device with software can rapidly detect neonatal and
infant heart rate. In the delivery room, device failure primarily occurred during infant

crying, with improved accuracy during non-crying periods.
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Chapter One: Introduction

1.1 Definition and Importance of Heart Rate

Heart rate can be defined as the number of heartbeats, or more specifically, cardiac
ventricular contractions, occurring over a period of time, conventionally in one minute.
An individual’s heart rate is widely-accepted to be one of the ‘vital signs’ in medical
assessment. These vital signs traditionally consist of blood pressure, temperature, heart
rate and respiratory rate (1). Heart rate is an important indicator of an individual’s
overall condition. Derangements suggest varying degrees of stress being placed upon

that individual’s physiological state.

The value of observable heart rate in clinical decision-making is seen in a multitude of
settings and conditions. As a general triage tool, one study found its measurement by
experienced emergency department triage nurses to be responsible for over twenty
percent of upgrades in a patient’s assigned category for those between the ages of three
and seventy-four years (2). In acute traumatic injury, tachycardia is an early marker of
hypovolaemia, and assessment of heart rate is recommended as one means of
identifying patients in hemodynamically significant circulatory shock (3). Dehydration
can have similar physiological sequelae, mediated by a decrease in end-diastolic volume
affecting left ventricular stroke volume (4). In cases of ischaemia and infarction of the
heart itself, the heart rate is often affected. It has been known for over forty years that
tachycardia, bradycardia and arrhythmia are relatively common manifestations of the
autonomic effects of this pathology and/or the disruption to important conducting
pathways due to myocardial damage (5). Tachycardia, bradycardia and arrhythmia from
a direct cardiac cause may also arise from structural or conducting pathway

abnormalities, congenital or acquired in origin.
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Acute pathology impacting other major organs also alters heart rate, mediated by a
variety of mechanisms. In acute renal failure, tachycardia may be an examination
finding, most often due to a pre-renal cause for the kidney injury (6). In liver failure,
multiple mechanisms contribute to heart rate disturbance. These include
electrophysiological abnormalities, altered function of beta-adrenergic and muscarinic
receptors, attenuation of normal systolic and diastolic responses to stress stimuli and

toxin-mediated decreases in myocyte contractility (7). .

Common lung pathologies can cause tachycardia. Pneumonia may do so, with
tachycardia often brought on by a fever response in which the body alters its
thermostatic set-point in order to improve immune system function, and impair micro-
organism replication (8). In fact, any cause of fever may well result in tachycardia as
the neuro-hormonal cytokine signalling and activation of the sympathetic nervous
system that occurs in the febrile response generates elevation of the heart rate (9). In
tension pneumothorax, increasing intra-pleural pressure compresses cardiac structures,
negatively impacting stroke volume; in order to maintain cardiac output, progressive
tachycardia occurs (10). In acute asthma, dynamic hyperinflation may have similarly
adverse effects on the heart and stroke volume. Specifically, the large negative
intrathoracic pressure generated during inspiration increases left ventricular afterload
and impairs systolic emptying, whilst pulmonary artery pressure may also be increased
causing an elevation in right ventricular afterload (11). Tachycardia may occur either
in compensatory response to these events, or as a consequence of treatment with beta-

agonist therapies such as salbutamol which stimulate cardiac beta-adrenoceptors (12).
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Increased intracranial pressure affects the heart rate. Various pathological processes can
cause acute rises in intracranial pressure. These include haemorrhage due to trauma or
aneurysmal vessel rupture, as well as brain oedema as a consequence of infarction,
severe heatstroke or Reye syndrome, a condition which is characterised by an abrupt
insult to mitochondria (13). Rapidly-growing neoplasms resulting in obstructive
hydrocephalus as well as infections such as meningitis, encephalitis and brain abscesses
may also cause raised intracranial pressure (14). It is tonsillar herniation of the
brainstem due to increased intracranial pressure which results in the Cushing response
of bradycardia and hypertension. This is thought to be mediated through intracranial
baroreceptor mechanisms attempting to preserve cerebral blood flow and/or sympathetic

over-activity secondary to mechanical distortion of the medulla (15).

Altered heart rate may also be a manifestation of connective tissue diseases,
musculoskeletal complaints and dermatological insults. In Toxic Epidermal Necrolysis,
heart rate is one of several factors which compose the Severity of Iliness Score for
Toxic Epidermal Necrolysis (also known as SCORTEN) used to clarify mortality risk in
this condition, which exists on the more severe end of a spectrum shared with Stevens-
Johnson Syndrome (16). In Ehlers-Danlos Syndrome Type IllI, joint hypermobility
syndromes and chronic musculoskeletal pain, Postural Orthostatic Tachycardia
Syndrome can occur; postural heart rate elevation is then a result of excessive
sympathetic nervous system activation, impaired circulating volume regulation, body
deconditioning and diminished vasoconstriction mediated by the nervous system
affecting primarily the lower extremities (17). Auto-inflammatory and autoimmune

conditions may induce tachycardia on a chronic or episodic basis also.
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Other systemic conditions in which heart rate is highly relevant include septic shock and
haematological malignancies. In the development of septic shock, tachycardia often
precedes hypotension, but is not necessarily a useful indicator to distinguish it from
other conditions as it is a non-specific sign (18). Post-sepsis, in a small number of
children with leukaemia, sinus bradycardia has been observed (19), although elevated

heart rate is more common in those with leukaemia alone.

It is not only pathology that may alter the cardiac state; drugs may acutely precipitate
lowered or increased heart rate, either deliberately or accidentally. Sometimes this may
have serious adverse consequences. As just one example, patients who receive
dexmedetomidine and develop a greater than thirty percent decrease in heart rate may
be at high risk for severe bradycardia leading to pulseless electrical activity (20).
Whilst the individual drugs associated with heart rate alterations and the mechanisms by
which they manifest are too numerous to list here, an understanding of how prescribed

drugs affect the body is vitally important for patients and practitioners to have.

Heart rate is not only relevant assessed over the acute timeframe. It is also relevant
when assessed over a longer period. When over four thousand adults were studied for
two decades, a higher baseline heart rate was associated with greater cardiovascular and
all-cause mortality (21). Whilst it may be that those factors causing an increase in heart
rate increase mortality, multiple deleterious effects of heart rate elevation itself, such as
chronic increased left ventricular work and consequent hypertrophy may well result in

shortened lifespan (22).
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1.2 Specific Importance of Heart Rate for Infants and Newborns
The abovementioned pathophysiological challenges affect the heart rate of adults,
children and infants alike. However, the importance of heart rate specifically for infants

has also been explored.

Physiologically, the neonatal heart is less able to increase stroke volume compared to
the heart of older children and adults, due to a greater ratio of non-contractile to
contractile elements as well as ionic channel differences (23). Given that cardiac output
is a product of this parameter and heart rate, increases in cardiac output are reliant on
relative tachycardia. However, with greatly increasing heart rates, ventricular filling
time decreases, which can adversely impact the volume of blood ejected with each
heartbeat (24). A 1992 study of infants with a median age of 2.5 months found that a
heart rate over one hundred and seventy beats per minute (bpm) was a highly sensitive
and indeed the most specific sign of severe congestive cardiac failure, compared to
other indicators that could be discerned by history or physical assessment; other
indicators examined included time and volume of feeds, sweatiness, tachypnoea,

respiratory pattern, growth and clinical hepatomegaly (25).

Whilst a threshold heart rate parameter may be of value in the assessment of cardiac
failure severity in infants, it is perhaps less valuable when assessing infants with
bronchiolitis. An Australian study published in The Lancet found that the presence of a
pulse rate over one hundred and fifty beats per minute did not predict severity of
bronchiolitis in terms of hypoxia defined by pulse oximetry or blood gas analysis (26).
It therefore seems that heart rate is of variable importance in different conditions

affecting infants. Focussed research on this vulnerable population is clearly important.

Dr Ajay Kevat, MMed Thesis

24



Monitoring and responding to heart rate is of special importance in newborns. The
process of rapid physiological adaptation to extra-uterine life after leaving the womb
involves the establishment of air breathing concurrently with changes in pressures and
flows within the infant’s cardiovascular system (27). This process occurs without
intervention in most cases, but in five to ten percent of infants born in health care
facilities, some form of assistance is deemed necessary and approximately half of these

neonates receiving aid require assisted ventilation (28).

Heart rate values guide decision-making and action points in the neonatal resuscitation
algorithm, as per international guidelines devised on the basis of best available evidence
and an up-to-date synthesis of our understanding of neonatal physiology (29). The
newborn who is not crying, breathing, and vigorous is initially warmed, dried,
stimulated and positioned so as to open the airway. Further management is based on an
assessment of heart rate; the heart rate assessment is so important it should be
performed prior to one minute of age (29). For infants with a heart rate below one
hundred beats per minute at this stage, positive pressure ventilation should be provided,
and if the heart rate does not improve, adequate ventilation should be ensured, with
consideration given to methods to improve airway patency, including support of the
lower jaw, opening the mouth, or in some cases upper airway suction (30).
Endotracheal intubation should also be considered, if the heart rate does not improve
with these measures. The decision to undertake such a significant management step on
the basis of heart rate is testament to the relative importance of this vital sign in

newborn care.

Dr Ajay Kevat, MMed Thesis



For newborns who are bradycardic with a heart rate below sixty beats per minute
despite adequate ventilation, chest compressions should be provided and adrenaline
administration via endotracheal tube or intravenous infusion considered (29). This is
because the likelihood of inadequate cardiac output and compromise of perfusion is

considered high with this degree of severe bradycardia.

There are several reasons why heart rate is used as the foremost indicator to guide
critical decisions in the resuscitation of neonates. Firstly, it is a marker that can be
rapidly assessed using a variety of techniques such as auscultation, umbilical cord
palpation, arterial pulse check, ECG monitoring and pulse oximetry. The relative merits

and drawbacks of these methods will be discussed later in this thesis.

Secondly, heart rate reflects the level of physiological compromise experienced by the
neonate. Cardiac muscle is adapted for aerobic respiration. It is packed with
mitochondria that fill twelve times as much of the cell compared to skeletal muscle
fibres, making it resistant to fatigue but highly vulnerable to interruptions in oxygen
supply (31). The newborn heart in particular functions relatively close to maximal
capability to meet the basic demands for oxygen delivery. With lack of oxygen delivery
to the tissues, the neonatal heart rate often falls as the newborn heart itself is affected.
This is due to an immature myocardium and underdeveloped regulating autonomic
nervous system (32). The lack of adequate blood perfusion and tissue oxygenation
interferes with cellular function (33). Lack of oxygen delivery to tissues occurs either
in utero when placental supply of oxygenated blood is compromised or after birth if

transition to pulmonary ventilation is inadequate (33).
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More rarely, transition can be affected by congenital cardiac, pulmonary, or other
causes. Cardiac causes include cardiac malformations and heart block which may be
related to vertical transmission of Anti-Ro or Anti-La antibodies in cases of maternal
systemic lupus erythematosus or Sjogren’s syndrome (34). Pulmonary causes include
pulmonary hypoplasia (itself produced by a range of conditions such as diaphragmatic
hernia, hydrops fetalis, prematurity and airway stenosis/atresia), alveolar capillary
dysplasia with misalignment of the pulmonary veins, and surfactant disorders.
Haemolytic disease of the newborn may affect the oxygen-carrying capacity of blood,
as might the rare condition of perinatal carbon monoxide poisoning afflicting the

neonate (35).

Thirdly, neonatal heart rate changes rapidly in response to changes in an infant’s
condition thus providing clinicians with a real-time indication of the need for and
response to resuscitation. Resolution of bradycardia with improvements in the
cardiopulmonary state are rapid over seconds to minutes, and can be monitored in the
delivery room (33). Conversely, severe deteriorations lead to a worsening of the heart
rate over similar timeframes. The absence of a heart rate for a period of ten minutes
despite resuscitative efforts is reasonable grounds to consider the futility of continuing
resuscitation (28). However, it should be noted that in cases where the heart rate is less
than sixty beats per minute at birth and does not improve after a similar length of time
the choice is much less clear because there is insufficient evidence about outcome to

inform guidelines on whether to withhold or continue resuscitation (29).
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For those newborns who survive the transition from intrauterine to extrauterine life but
continue to require inpatient medical attention in the neonatal intensive or special care
setting, heart rate monitoring continues to be of great importance. As in adults,
tachycardia may indicate haemorrhage, inadequate analgesia (36), infection or
necrotising enterocolitis, a clinical entity more likely to affect prematurely born
neonates (37). Bradycardia may be an indicator of central nervous system depression,
or an early sign of a blocked endotracheal tube or raised intracranial pressure (36).
Therefore, whether considering long-term survival or acute pathology at birth, heart rate

is a vitally important sign to measure and understand for humans of all ages.

Over the last two decades, the parameter of heart rate variability has been studied and
found to correlate with a variety of adverse conditions in young infants. Heart rate
variability, which can be defined as the variation in the time interval between
heartbeats, arises from the interplay of the sympathetic and parasympathetic arms of the
autonomic nervous system, which serve respectively to speed and to slow the heart rate
in response to normal phasic physiological features such as respiration (38). Early
studies identified that heart rate variability was reduced in neonates with sepsis and
increased by up to threefold with recovery from circulatory and respiratory
compromise; heart rate alone did not change dramatically (38, 39). Heart rate
variability was calculated from continuous ECG monitoring in place in the neonatal

intensive and special care setting.

In a multicentre cohort of prematurely born infants, an algorithm which derived a
dynamic heart rate characteristics score from both heart rate variability and transient

decelerations detected by monitoring showed abnormal heart rate characteristics were

Dr Ajay Kevat, MMed Thesis

28



detectable prior to the development of necrotising enterocolitis requiring surgery (40).
The same algorithmic score has been shown to lead to an overall decrease in mortality
in very low birthweight infants when displayed in the intensive care, in a multicentre
randomised controlled trial which enrolled over three thousand neonates (41). In this
study, clinical responses to changes in the score were not mandated but left up to the
treating team, making it difficult to understand exactly how displaying the score helped.
Nevertheless it is believed that the disruption of usual autonomic interplay by
significant neonatal illness which causes sympathetic nervous system stimulation early
on in pathology development is a likely explanation for why decreased heart rate
variability precedes more obvious clinical signs of infant deterioration (40, 41). Using
this score incorporating heart rate variability compares favourably to other risk scores
when used to predict neonatal morbidity and mortality in high-risk infants (42). Despite
this, conventional neonatal and infant monitoring of heart rate does not routinely
include calculation and display of heart rate variability and clinical use of this is not at

all widespread.

1.3 Normal Values

Normal paediatric and neonatal heart rate ranges referred to in clinical practice such as
those published by Pediatric Advanced Life Support on their website (43) or written in
manuals or textbooks about paediatric critical care (44) are largely established by
consensus, with notable variation in given values. Nevertheless, there is a clear pattern
regarding heart rate trends over aging in normal infants and children. On the basis of
multiple observational studies, it can be seen that normal heart rate peaks at one month

of age and then falls (45, 46).
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A systematic review incorporated data from 69 studies measuring heart rate and/or
respiratory rate in normal children between birth and 18 years of age to form centile
charts which were then compared to aforementioned published thresholds (Figure 1).
This study found that deviation between these popular published sources and the centile
charts derived from the multi-source normative data analysed was significant enough to

warrant revision of clinically-utilised cut-offs (47).
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Figure 1. Comparison of heart rate centiles with paediatric reference ranges from the
advanced paediatric life support and pediatric advanced life support guidelines.

Reproduced here with permission. Fleming et. al. © Elsevier 2016.

Whether based on clinical experience and consensus or more systematic study, normal
values proposed for child and newborn heart rates differ, although overall trends such as
the falling of heart rate values after the neonatal period with age are more universally

represented.
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1.4 Cardiac Embryology, Anatomy and Electrophysiology

S Fascicle

Figure 2. Cardiac conduction system. Reproduced here with permission under the
Creative Commons Attribution-Share Alike 4.0 International license, and available
from  https://commons.wikimedia.org/wiki/File:Cardiac_conduction_system.jpg ©
Nicholas Patchett 2015, Adapted from an original by Patrick J. Lynch and C. Carl Jaffe

MD.

The anatomy of the heart and electrophysiological generation of the heartbeat are
inextricably interwoven. A good understanding of these aspects of human anatomy and
physiology are needed in order to be able to appreciate the strengths, weaknesses and
mechanisms of the various means of heart rate monitoring. A knowledge of cardiac

embryology informs anatomical and physiological understanding of this vital structure.

The heart is largely formed from mesodermal tissue, which is originally the middle of
three germ layers of tissue forming the embryo; the other two layers are the ectodermal
and endodermal layers which are initially continuous with the amnion and yolk sac

respectively (48).
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In the third week of foetal development, two mesodermally-derived cardiogenic plates
grow and fuse in the midline to form a single cardiac tube with a caudal arterial end and
an rostral venous end (49). As development progresses, the tube undergoes a series of
looping, ballooning and bending events, with further expansion of regions destined to
become cardiac chambers (50). Septation of the resultant cardiac structure into
chambers is a complex process involving multiple simultaneously-developing septa (51)
as well as the incorporation of pulmonary venous structures contributing to the
development of the left atrium (49). Additionally, cell types such as previously-
mentioned neural crest cells that originate outside the initial cardiac tube are important

in the development of the structure (50).

As early as 1973, it was shown the foetal heartbeat could be detected by seven weeks
gestation using ultrasonography in 100% of viable pregnancies, and it can often be
detected a fortnight earlier (52). At birth, the heart consists of many different cell types
such as myocardial cells, specialised conducting cells, endothelial cells, smooth-muscle

cells and fibroblasts (50).

The average adult human heart is approximately the size of a closed fist, and weighs
around two hundred and fifty to three hundred grams (53). Situated within the
mediastinal space in the thoracic cavity of the chest, around one-third of the heart lies to
the right of the midline and two-thirds to the left of this imaginary dividing line. The
inferior surface of the heart is positioned atop the central tendon of the diaphragm, the
anterior surface is behind the sternum, and the posterior aspect of this essential structure
lies superficial to the oesophagus and its close relation, the descending aorta (54). On

either side of the heart lie the pleural sacs of the left and right lungs (55).
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The heart itself is encased in a fibrous sac known as the pericardium; this has a visceral
and parietal layer and contains thirty to fifty millilitres of serous pericardial fluid
normally, which acts as a lubricant to decrease friction as the heart contracts and relaxes
(53). The heart tissue itself has three main layers. From outermost to innermost, these
are the epicardium (synonymous with the visceral pericardium), the myocardium and

the smooth inner lining known as the endocardium, which the blood is in contact with.

There are four main chambers in an anatomically normal heart. Blood returning from
the body and collected via the systemic venous system drains into the right atrium via
the superior and inferior vena cavae. This blood then passes through the tricuspid valve
and into the right ventricle, which is more anteriorly positioned than the left (54).
Ventricles fill during the cardiac phase known as diastole (53). Blood from the right
ventricle passes through the pulmonary valve into the pulmonary artery and then
through right and left pulmonary artery branches. These undergo many further divisions
to eventually form tiny capillaries which surround the alveoli. Gas exchange occurs
across the pulmonary gas exchange membrane as red blood cells pass through these
capillaries (56). Oxygen-replete blood from these capillaries is then collected by
pulmonary veins which drain into the left atrium. After passing through the mitral
valve, this blood enters the left ventricle prior to ejection through the aortic valve during
ventricular contraction, known as systole. This blood flows on to supply systemic
tissues via vascular structures, as well as on to cardiac tissue via the coronary arteries.
In healthy children, the aortic valve closes slightly prior to the pulmonary valve due to a
normal delay in the cardiac cycle between the left and right heart, causing a

physiological splitting of the second heart sound.
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In an adult, with each beat of the heart, approximately seventy millilitres of blood is
ejected from the left ventricle and through the aortic valve into the aorta and systemic
circulation (53). This process supplies vital organs and peripheral tissues with oxygen
essential for metabolism. Carbon dioxide, a cellular waste product of aerobic
respiration, is collected from tissues and travels via the circulation to the lungs, where it

crosses the gas exchange membrane and is expelled by exhalation (56).

The heart muscle itself differs significantly from skeletal and smooth muscles. Cardiac
myocytes are short, and branched whereas skeletal and smooth muscles cells are
generally longer (31). Unlike smooth muscle cells, cardiomyocytes are striated and have
a very limited ability to regenerate although they can do so to some extent, for example
post-infarction (57). Unlike somatically-innervated skeletal myocytes, heart muscle
cells are innervated by the autonomic nervous system, do not require innervation for
action potential generation and generally have only one nucleus which tends to be

centrally located (31).

Unlike other muscle cells where sodium influx is the trigger for contraction,
cardiomyocytes undergo excitation-contraction coupling as a consequence of a
phenomenon labelled calcium-induced calcium release. The transmitted action potential
triggers influx of calcium ions through L-type calcium channels in the sarcolemma
which then act on ryanodine receptors, causing the sarcoplasmic reticulum to release

further calcium stores (58).
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This causes intracellular calcium levels to rise to the level where calcium binding to the
myofilament protein troponin C switches on the contractile machinery; muscle
contraction occurs until intracellular calcium levels fall as the ions are transported out of
the cytoplasm by a variety of means to a level where dissociation of calcium molecules
from the troponin filament eventuates (59). Cardiomyocytes are tightly bound together,
joined by intercalated discs (31) and held together by strong proteins. Within these
connections, low electrical resistance pathways called gap junctions are formed, so that
electrostatic attraction can cause a local current flow (ion movement) between the
depolarised membrane of an active cell and the polarised membrane of an adjacent
resting cell (58). Importantly, a failure of oxygen supply for aerobic metabolism
processes that make adenosine triphosphate (ATP) may compromise movement of
calcium out of the cytosol as some of the key mechanisms facilitating this are ATP-
dependent (58). This results in a delay to cellular repolarisation, limiting the cell’s

ability to respond to or propagate arriving action potentials.

The myocardium derives its arterial supply of oxygenated blood from the right and left
coronary arteries which are the earliest branches from the aorta. These coronary arteries
emerge from sinuses just above aortic valve leaflets (55). An important difference
between systemic and coronary blood flow is that the former is facilitated by systole,
whereas the latter is impeded by it. This is because it is during diastole that cardiac
muscle is relaxed and vascular resistance to coronary perfusion is low (54). This may
be the mechanism by which tachycardia, which proportionally decreases the amount of
time spent in diastole compared to systole, contributes to impaired myocardial supply

and subsequent compromised myocardial function (21).
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Coronary arteries supply not only heart muscle but also the specialised cardiac cells
responsible for conveying electrophysiological impulses that govern co-ordinated
myocyte activity resulting in the synchronised heartbeat contractions which drive
effective circulation. Whilst most myocardial cells are designed for contraction, some
are specifically designed for the purpose of more quickly and regularly depolarising to
generate action potentials which travel down conducting pathways to standard
cardiomyocytes which in turn not only contract but propagate them to their neighbours
via gap junctions (58). This impulse creating function of myocardial cells is known as

auto-rhythmicity (31).

The cells with the highest intrinsic impulse-generating rate act as the physiological
pacemaker for the heart. Under normal conditions, this function resides in the collection
of cells called the sinoatrial node (55), just under the epicardium (31). In adults, the
sinoatrial node is almost always found in the anterior wall of the right atrium near the
upper end of the sulcus terminalis with potential extension over the front of the superior
vena cava (60). In infants however, a study found the sinoatrial node was in a slightly
different position, located inferior to the crest of the right atrial appendage in twenty-
two out of twenty-five hearts of individuals and it extended into the interatrial groove in
the other three examined specimens (61). It is believed that age-related cardiac changes
cause this difference (60). When heart contractions are caused by signalling generated

from the sinoatrial node, the heart rhythm is called sinus rhythm.

The rate of firing of the sinoatrial node has a natural set-point which is modifiable,
facilitating increases and decreases of heart rate whilst in sinus rhythm. The autonomic

nervous system is a key modifier.
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At rest, parasympathetic influences dominate and cause the heart rate to be lower,
mediated by vagal nerve release of acetylcholine which increases potassium and
decreases slow inward calcium influxes in sinoatrial node cells suppressing their
intrinsic rate (62). Interrupting this vagal nerve influence can cause the resting heart
rate to increase, for example through the administration of atropine which has a
vagolytic effect that combats bradycardia. In preterm infants this drug is used to
counteract bradycardic effects of other agents administered to facilitate airway
intubation (63). Sympathetic influences brought about by stress response activation, for
example in response to noxious stimuli or bodily insults, also cause relative tachycardia.
Sympathetic activation results in increased noradrenaline and adrenaline which act to
decrease potassium and increase slow inward calcium and sodium cellular influxes,
causing the pacemaker potential to more rapidly reach the threshold for action potential

generation (62).

Impulses generated from the specialised cardiomyocytes of the sinoatrial node travel to
another group of similarly specialised conducting cells known as the atrioventricular
node. In general it is situated in the triangle of Koch which is bordered by the tricuspid
valve attachment, tendon of Tadaro and coronary sinus ostium (60). Impulses reach the
node by travelling through the atrial myocardium. The existence of specialised
internodal tracts has been questioned given that it is impossible to recognise such tracts
on the basis of gross histological appearance (60). Nevertheless, electrophysiological
studies demonstrate multiple pathways through small bands of atrial fibres where

conduction is more rapid than in surrounding atrial tissue (64).
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These have been labelled as the anterior internodal tract of Bachmann, the middle
internodal tract of Wencheback and the posterior internodal tract of Thorel (53). The
middle tract is often the most poorly developed (65). An important function of the
atrioventricular node is to delay conduction of the arriving impulse to the ventricular
conducting system, in order to permit atrial contraction to occur first (62). This fills the
ventricles further (known as the ‘atrial kick”) prior to their own contraction, facilitating
increased cardiac output. Indeed, this effect also controls the number of impulses
transmitted to the ventricles, ensuring time for ventricular filling in between
contractions (53). This helps to prevent atrial arrhythmias, such as atrial fibrillation,

being conducted into the ventricles at dangerously high rates (66).

In cases where the opposite is true and signals from the sinoatrial node are infrequent or
absent, for example following infarction to that area of the heart, the atrioventricular
node can assume the role of physiological cardiac pacemaker (66). When the
atrioventricular node acts as the primary pacemaker of the heart, the rhythm is called
‘atrioventricular escape’. This is possible because the atrioventricular node has auto-
rhythmicity. In adults it tends to have an intrinsic rate of around forty to sixty beats per
minute, and like the rate generated by the sinoatrial node this can be modified by the

autonomic nervous system (62).

It is worth noting that other factors besides those mediated by the autonomic nerves can
influence nodal rate and transmission. Thyroid hormone can increase the heart rate, and
even in individuals afflicted by subclinical hyperthyroidism, heart rates are elevated

compared to normal (67).
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Ectopic foci (abnormal pacemaker sites) can cause additional beats or supraventricular
tachyarrhythmia (62). However, they are only responsible for around ten percent of
supraventricular tachyarrhythmia; the majority are in fact caused by re-entrant pathways
that facilitate increased atrioventricular nodal signal transmissions (68). These may
occur in the grossly structurally normal heart triggered by factors such as caffeine,
alcohol or recreational drug intake (68), but also may arise due to damage to conducting
tissues as a consequence of infarction or coronary ischaemia (62), or in cases of
congenital cardiac disease including hypertrophic cardiomyopathy and Ebstein’s

anomaly (68).

After an electrical depolarisation causing atrial myocardial contraction propagates
through the atrial conduction pathways and then more slowly traverses the
atrioventricular node, it passes to the Bundle of His. This structure is a continuation of
the distal portion of the atrioventricular node where the cells lose their network
arrangement and form parallel strands (69). The Bundle of His divides into two
separate bundles, termed the left and right bundle branches, which travel through the
left and right ventricular myocardium respectively (70). Unlike atrial pathways, these
bundles are histologically identifiable by the presence of encapsulating connective
tissue, although this may be partially disrupted in cases of ventricular septal defect (60).
After bifurcating at the crest of the muscular ventricular septum immediately distal to
the membranous septum, fibres of the left bundle forming a cascade down the left
ventricular septal surface whereas fibres from the right course to the apex of the right
ventricle (69). They are largely composed of Purkinje cells, which are specialised for

rapid propagation of depolarising current in the heart (71).
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Terminal Purkinje fibres connect with the ends of the bundle branches, and form a
plexus or network which penetrate and spread excitation through the ventricular walls in
a fashion that causes the inferior aspects of the ventricles to contract first (54). This

promotes co-ordinated emptying of blood from ventricular chambers.

Cells composing bundle branch and Purkinje fibres have end-to-end cell intercalated
disc connections for rapid current conduction, as well as side-to-side connections to
distribute depolarisation to adjacent cells in order to spread myocardial cell contraction
widely (69). Whilst Purkinje fibre abnormalities have been implicated in ventricular
arrhythmia (71), in most individuals the cardiac electrophysiological system as a whole
leads to harmonised myocardial contraction for each and every heartbeat, propelling

blood to the lungs and body efficiently and successfully.

1.5 Summary of Physiological Considerations

To summarise, the structurally normal heart is composed of four chambers and four
valves. The cardiac muscle contracts to circulate blood to the lungs and body in order
to collect and deliver oxygen to tissues and cells to enable cellular metabolism as well
as to remove toxins and by-products such as carbon dioxide via respiration. Contraction
of the cardiac muscle is co-ordinated by the conducting system of the heart which is
formed by specialised, adapted cardiac cells. Whilst this system may be adversely
affected by drugs, toxins, hypoxia and congenital abnormalities, generally the
propagation of electrical impulses to cardiac myocytes to stimulate their contraction is

carried out without aberration. This generates a heartbeat.
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Heart rate is most often quantified as the number of heartbeats occurring in one minute
for a particular individual, with heartbeats perhaps being best defined as occurring with
ventricular contraction. In order to understand the mechanisms by which heartbeats are
generated, a basic appreciation of cardiac anatomy and physiology, especially
electrophysiology, is needed. When it comes to monitoring heart rate, this
understanding becomes particularly important. This is because various devices monitor
different aspects or arms of the physiological process of heartbeat generation; for
example, ECG interrogates the electrical signals which cause the ventricles to contract,
whereas auscultation detects sound waves created by muscular contraction of the

cardiac tissues pumping the blood inside of them.

Heart rate is a vital physiological parameter to measure in humans. In acute traumatic
injury, raised intracranial pressure, organ failure, systemic or local infection,
autoimmune and malignant processes, heart rate can be deranged through a variety of
mechanisms. Additionally, drugs and toxins may deliberately or accidentally modify

heart rate as well (68).

In newborns in particular, because of comparatively less myocardial contractility and a
relatively fixed stroke volume, heart rate provides crucial information that reflects the
extent of physiological compromise experienced by that infant. This is used to guide
resuscitation efforts in the delivery room, as well as to monitor unwell neonates and

young infants in hospital.
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Chapter 2: Established Methods for Heart Rate Monitoring

2.1 Overview of Heart Rate Monitoring

Methods for monitoring heart rate take various forms. These vary in expense, and,
depending on their nature and the device, may be more often applied on an intermittent
basis for a brief period of time on each occasion, or applied continuously. In addition,
different heart rate monitoring techniques assess different aspects of the heartbeat
generation process, thereby resulting in particular strengths and weaknesses, especially

when applied to the vulnerable and challenging group of neonates and infants.

Several forms of heart rate monitoring have become widely accepted in clinical medical
practice, with important research conducted to illuminate the benefits and weaknesses of
these different methods. The most well-established means of heart rate assessment
include auscultation, palpation of pulse, ECG, transmission pulse oximetry and Doppler
techniques. These are discussed here in greater detail, with specific reference to

advantages and drawbacks when applied to newborn and infant monitoring scenarios.

2.2 Pulse Examination

2.2.1 Pulse Detection

Pulse examination is the oldest form of heart rate assessment. The pulse can be
measured at areas where an artery passes close to the skin, such as the back of the knees
(popliteal pulse), anterior upper arm (brachial pulse), groin (femoral pulse), neck
(carotid pulse), temple (temporal pulse), dorsum of the foot (dorsalis pedis pulse), inner

ankle (tibialis posterior pulse) and at the wrist where it is known as the radial pulse (72).
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The anatomy of the newborn makes some of these palpations more difficult than others;
during emergencies palpation of a central pulse is recommended, but short neck and
close proximity to the trachea make the carotid inappropriate unlike in adults. In these
situations, brachial and femoral pulses are recommended and in newly-born infants, the

umbilical cord pulse can also be used (73).

Using the pulse to detect heart rate is reliant on accurate counting of the number of
pulsations felt within the given timeframe, as well as sufficient cardiac output from each
left ventricular contraction to generate a palpable pulse at the chosen examination site.
Therefore, in situations where counting is inaccurate or when pulsatile systemic
circulatory output is compromised, heart rate assessed by pulse palpation will be

unreliable.

Consistent detection of pulse even without the added component of counting it to
establish a pulse rate is not always dependable. In a study of carotid pulse palpation for
detection of cardiac arrest by 206 lay-persons and ambulance officers who did not know
if the patient was on or off cardiopulmonary bypass conducted on sixteen adult patients
in the operating theatre undergoing coronary artery graft surgery, it was found that the
sensitivity of pulse examination for detecting a pulseless adult was 90% (74). This
means that 10% of pulseless patients were thought to have a pulse. Subsequently, the

pulse check was removed from adult resuscitation guidelines for basic life support (75).
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A similar study of health professionals entering a paediatric intensive care unit asking
them to assess the pulse of patients supported by extracorporeal membrane oxygenation
circuits who may or may not have had a pulsatile component to blood flow dependent
on their own cardiac recovery found a similar sensitivity for pulse examination (site
chosen by preference of examiner) of 86% (76). The study authors concluded that this
implied that in 14% of circumstances paediatric rescuers might withhold cardiac

compressions when the patient had no true pulse (76).

In a single-centre 2006 study, a cohort of hypotensive infants undergoing surgery,
resuscitation-trained doctors and nurses were only able to obtain a heart rate using
fifteen-second palpation of brachial, femoral and carotid pulses 41%, 65% and 52% of
the time respectively (77). In comparison to the reference standard of ECG monitoring
to which the examiners were blinded, clinically determined heart rates deviated by
between 9.3 and 15.3 beats per minute, dependent on the pulse examination site, with

the femoral site being most closely correlated (77).

2.2.2 Clinical Assessment of Pulse Rate in the Delivery Room

The degree of unreliability revealed by the abovementioned study is mirrored in
findings of another delivery room based study performed in 2004. Femoral, brachial
and umbilical cord pulse detection rates taken five minutes after birth by junior doctors
or midwives from term newborns not undergoing resuscitation were 40%, 65% and 75%
respectively, when thirty seconds was allotted to obtain the pulse (73). Concordance of
the pulse rate counted over fifteen seconds with the heart rate obtained by standard

auscultation at the same time was highly variable.
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When obtained, the femoral, brachial and umbilical cord pulse rates were below one
hundred beats per minute 38%, 69% and 27% of the time respectively, even though by
auscultation all sixty newborns had a heart rate above 100 beats per minute (73). This
finding is particularly important when it comes to resuscitation, given that the
internationally-agreed management algorithm for newborn infants with a heart rate
below one hundred beats per minute calls for application of positive pressure ventilation
(29). Providing positive pressure ventilation is a significant intervention which carries
the risk of pneumothorax (78) and airway obstruction (79), and therefore inaccurate

heart rate measurement could lead to iatrogenic adverse events.

Given the inaccuracy of standard auscultation as a means of assessing newborn heart
rate in the delivery room (discussed below), perhaps a more suitable reference standard
for the accuracy of pulse examination is ECG. In a 2006 single-centre study of 26 well,
term-born infants in the delivery room umbilical cord palpation performed by medical
staff with neonatal experience was compared to 3-lead ECG application in determining
heart rate (80). In this investigation, Kamlin and colleagues found that umbilical cord
palpation underestimated the heart rate by an average exceeding twenty beats per
minute, and was a technique that did not successfully obtain heart rate nineteen percent

of the time (80).

Pulse examination in critically unwell patients has been shown to have a level of
unreliability for detecting the presence or absence of a pulse that is unacceptable, given
the high-stakes nature of resuscitation (76). Even when the pulse can be detected in
neonates and infants, it correlates poorly with other, more accurate means of heart rate

assessment.
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The key advantages pulse examination has over other means of heart rate measurement
is its rapidity and the fact that no specialised equipment is required. This makes it a
technique that is more likely to be relied upon in low-resource neonatal care health
settings, for example in Nepal where a 2008 survey found that not all centres had a

stethoscope for newborn auscultation available (81).

2.3 Auscultation

Auscultation using a standard acoustic stethoscope is a commonly-used method for
heart rate assessment in all age groups. Whilst some experts maintain that it remains
the best method for assessing heart rate in newborns immediately at the time of birth
(82), others argue that a tendency to inaccurately estimate the true heart rate renders this
method to be inferior to others (80). Concerningly, a simulation study assessing both
the accuracy and time taken to assess an electronically pre-set heart rate in a baby
manikin using stethoscopes found that although mean time to assess heart rate was rapid
and less than ten seconds, at least 28% of assessments led to incorrect management
decisions due to imprecision (83). This finding is in keeping with results from another
neonatal manikin simulation study which found that in 38% of cases, errors of omission
such as failure/delay in providing positive pressure ventilation or chest compressions
occurred due to inaccuracy of auscultatory heart rate assessment, and errors of
commission such as providing/continuing positive pressure ventilation or chest
compressions or proceeding to inappropriate intubation occurred in more than half of

cases (84).
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Ausculation may overestimate or underestimate the true heart rate. The
abovementioned simulation study found that overestimation by this method occurred
around three quarters of the time (83). In contrast, a delivery room study in term
newborns found that the mean difference between ECG and auscultation was fourteen
beats per minute, with auscultation underestimating heart rate compared to the espoused
gold standard of ECG (80). However, this 2006 study has been criticised due to using a
relatively short six-second sampling time for auscultation (82) with the heart rate
derived by multiplying the obtained figure by ten. Additionally, the authors themselves
note that all studied infants had a heart rate greater than one hundred beats per minute,
so they could not determine if the same degree of inaccuracy between auscultation and

3-lead ECG would occur in bradycardic infants requiring resuscitation or not (80).

Whilst some acoustic stethoscopes are expensive, many are produced and made
available cheaply and differences in sound transmission between brands are small (85).
This makes the equipment both affordable and widespread in hospitals — for example
even in post-conflict rural northern Liberia, a 2008 survey found that more than three
quarters of the 1405 health facilities assessed had more than one stethoscope available
(86). Like palpation, auscultation for heart rate assessment can be performed rapidly,
and head to head comparison of the two methods in a clinical setting has shown that
auscultation with an acoustic stethoscope was more accurate in determining newborn
heart rate (80). Whether the value of rapidity and widespread availability of binaural
acoustic auscultation devices outweighs drawbacks such as underestimation of derived

heart rate in neonatal clinical studies is something that continues to be debated (82).
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2.4 Transmission Pulse Oximetry

The central tenet upon which the operation of a pulse oximeter is based is the Beer-
Lambert law, which states that the concentration of an absorbing substance in solution
can be determined from the intensity of light transmitted through that solution, given the
intensity and wavelength of incident light, the transmission path length, and the
characteristic absorbance of that substance at a specific wavelength (87). Currently
available conventional pulse oximeters use two light-emitting diodes each producing a
narrow, specific bandwidth of light of different wavelengths, combined with a single
semiconductor photodetector (88) which measures the intensity of light transmitted
through the cutaneous vascular bed of the patient to which the oximetry device is
attached (87). Light-emitting diode wavelengths are typically red and infrared or near-

infrared (89).

The light-absorbing qualities of haemoglobin at varying levels of oxygenation (from
fully deoxygenated to fully oxygenated) are known for each of the two wavelengths of
light emitted (88). Therefore, by comparing emitted and calculated absorbed light
values from each wavelength, the relative concentrations of saturated and desaturated
haemoglobin can be determined. In order to calculate this purely for the arterial
component of blood separate from that of venous blood, connective tissue, and other
absorbers located between the light-emitting diodes and photodetector, the transmitted
light values are calculated several hundred times per second and the variable, pulsatile
component of arterial blood is distinguished from the unchanging, static component of

the signal representing absorption by these other anatomic components (87).
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Most oximeters display the arterial oxygen saturation as a percentage, as well as a
plethysmograph trace and the pulse rate (88), calculated by detecting the number of

previously-mentioned variable component peaks occurring per minute.

Successful acquisition of heart rate using pulse oximetry is subject to a number of
limitations. These may be expected because of the way the device functions and the
conditions which it may be subjected to in the delivery room. The most important
interfering factors include extraneous light picked up by the photodetector, limb
movement, venous pulsations and poor perfusion. All these factors may impede pulse

oximetry performance in detecting newborn heart rate.

Ambient light is potentially a major source of interference, even though manufacturers
have taken some steps to compensate for this. Fluorescent lighting, lamps in the
operating room, fibre-optic instruments and sunlight can all affect oximeter function,
although covering the probe with an opaque shield is a simple, easily-implemented

solution (87).

Pulsatile veins may cause false readings since the oximeter cannot differentiate between
venous and arterial pulsations (89). Whilst rarely considered, this may be relevant in
patients with tricuspid regurgitation and in neonates with a hyper-dynamic circulation

(90).
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As the change in absorbed light energy due to the cardiac cycle is only one to two
percent of the total absorption, even small movements will have a significant effect on
the signal quality (88). Newborns often exhibit spontaneous movement when they are
born. Even obtunded infants requiring resuscitation may move spontaneously, or be
subject to movement in the course of medical intervention. Newer-generation pulse
oximeters utilise advanced signal-processing mechanisms to mitigate the effect of
movement (91). Trials in both healthy adult volunteers and neonates have shown that
they significantly outperform older-generation pulse oximeters, but do not completely
eliminate motion induced signal disturbance (92, 93). Such movement artefact is
detected on the plethysmographic trace, and many oximeters display a warning when

noise-to-signal ratio is deemed inappropriately high (88).

Not only can signal quality be affected by movement, but it is also pulse-dependent,
meaning an adequate pulse volume is required for an accurate reading to be generated
(90). Perfusion to extremities in newborns undergoing the process of transition from
foetal to neonatal circulation is variable, and is often poor in neonates requiring
resuscitation. In infants with poor perfusion due to severe persistent pulmonary
hypertension of the newborn being transported in order to receive nitric oxide or
extracorporeal membrane oxygenation therapy, newer-generation pulse oximeters
significantly outperformed older-generation versions, but still failed five percent of the
time, with failure defined as an absent oxygen saturation reading or a heart rate value

more than five beats per minute different to the ECG value (94).
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Importantly, in the delivery room setting, pulse oximetry takes some time to
successfully apply. Time from birth to first data display usually exceeds 65 seconds,
regardless of whether the sensor is applied to the infant before or after connection to the
oximeter unit (95). In one study of twenty delivered infants, the median time from birth

to heart rate display using pulse oximetry exceeded two minutes (96).

Evaluation of heart rate forms a key component of assessment in the ‘golden minute’ of
neonatal resuscitation. This approach is taught in a global strategy called ‘Helping
Babies Breathe’ which aims to improve neonatal outcomes by promoting effective
newborn resuscitation by birth attendants and which has been shown to reduce perinatal
mortality (97). Some experts suggest that a method of pulse rate measurement that
takes longer than a minute is suboptimal as the sole means of determining heart rate in

newly-born infants (82, 96).

Pulse oximetry is often slower than other methods for determining neonatal heart rate.
Multiple studies have shown that ECG can more rapidly determine newborn heart rate
in the delivery room (96, 98). In evaluation against auscultation, the above-mentioned
average times taken to determine heart rate using pulse oximetry compare poorly to
time taken for auscultation which has been shown to take on average less than twenty
seconds in simulation (83). Similarly, palpation methods took less than thirty seconds in
approximately two-thirds (femoral pulse palpation) to three-quarters (umbilical cord

palpation) of attempts in the clinical setting (73).
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Accuracy with pulse oximetry is also of some concern. Whilst it is more accurate than
auscultation or palpation, more than ten percent of the time it failed to detect heart rate
less than one hundred beats per minute compared to ECG (99). Although on average,
heart rate was only two beats less per minute using pulse oximetry, the 95% limits of
agreement were wider than expected and were more than twenty-five beats per minute

in one study (100).

To summarise, whilst transmission pulse oximetry is a potentially very useful tool and
has the unique advantage of being able to provide information about oxygen saturations
in pulse-delivered blood, when used to measure heart rate of neonates in the delivery
room, significant drawbacks exist. These include limitations such as interference from
movement, ambient light and venous pulsations, as well as a small but potentially
relevant degree of deviation from ECG-detected heart rate values and a significant delay
in successful acquisition of data from the time of birth that exceeds globally-accepted

practice standards and ideals.

2.5 Electrocardiography

The invention of the ECG is largely credited to Dutch physiologist William Einthoven
who made the first recordings of a clinically applicable nature in 1902, seven years after
the discovery of X-rays (101). The device records the variation in potential differences
over time between the sites on the body surface to which leads are attached. These
variations reflect differences in transmembrane voltages between myocardial cells that

occur during the cardiac depolarisation and repolarisation process (102).
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ECG has been used extensively in neonates and infants for several decades. Studies of
newborns found that some rhythm disturbances such as sinus bradycardia, sinus
arrhythmia, sinus pauses, premature beats and superior axis previously thought to be
pathological were more likely to be normal variants (103, 104). Studies such as these,
which also described heart rate trends, helped establish the role of electrocardiographic

techniques as tools for monitoring heart rate in this population group.

In current neonatal medical practice, monitoring is an integral part of the care process,
with the aim being to ensure that appropriate therapy can be given prior to the onset of
complications (105). Not only can two or three skin-surface electrodes be used for
continuous ECG monitoring of heart rate, but they can also be used to monitor
respiratory rate by measuring transthoracic impedance, with a salient caveat being that
lead positioning on the chest wall in order to obtain reliable signals is of great

importance (106).
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Figure 3. ECG waveform. Reproduced here with permission under the Creative
Commons Attribution-Share Alike 4.0 International license, and available from

https://commons. wikimedia.org/wiki/File:Ecg.png © Ted Burke 2007.
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In using ECG to detect heart rate, algorithms utilise detection of R-wave peaks and
calculate rate based on the R-R interval (107). This algorithmic approach is also used in
low resource ECG monitoring systems (108). ECG leads positioned in line with (ie.
proximal and distal to) the overall direction of depolarising current will capture the
greatest R-wave deflection; there is a great degree of variability of this axis in normal
newborns although in most cases this axis is between ninety and one-hundred and

eighty degrees (109).

Each ECG complex is representative of cardiac electrical signalling. In rare instances
the ECG may fail to correspond with effective mechanical contraction of the heart
chambers, even when R-R intervals can be measured. In cases of electromechanical
dissociation, cardiac electrical activity is pulseless (110). In children, pulseless
electrical activity usually develops as a consequence of cardiac arrest. Epidemiological
studies have found that between seven and fourteen percent of paediatric out-of-hospital
cardiac arrests present with an initial rhythm of pulseless electrical activity (111, 112).
Specific risk factors in newborns for the development of electromechanical dissociation
include severe hypoxia, shock and pulmonary vascular compromise. The phenomenon
has been noted to occur as an extreme manifestation of cardiac stun syndrome
associated with extracorporeal membrane oxygenation use in this age group as well
(113). However, serious arrhythmia in newborns is rare (114), and even in young
children it is much less common than in adults (115). Nevertheless, arrhythmia-related
uncoupling of the normal association between ECG complexes and true pulse should be
kept in mind; in such cases, ECG-derived heart rate will no longer reflect the true heart
rate. In all others, however, an ECG complex will be associated with ventricular

contraction.
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Although the pulse transit time measured from the ECG R-wave to detectable arterial
pulsation will vary between and within individuals depending on their cardiovascular
physiological state (116), this is of little consequence to heart rate monitoring and the
ECG can be thought of as the gold standard method of assessing this vital sign in
newborns (82, 117, 118) as well as being a similarly valuable tool for heart rate

assessment in young children (119).

In comparison to auscultation and palpation methods, ECG is more accurate at
determining newborn heart rate, especially in the delivery room (80). In comparison to
oximetry, the accuracy improvement by using ECG is much less, although there is some
discrepancy between heart rates obtained by the two different devices (99). Whilst
auscultation and palpation are quicker than ECG in obtaining a newborn’s heart rate in
the delivery room, results conflict when the latter is compared to oximetry application.
One study of 55 infants found that in a direct comparison of the two devices, the median
time taken to acquire heart rate using pulse oximetry was 68 seconds whereas for 3-lead
ECG it was 80 seconds (100). In this study twenty ECG malfunctions versus only
twelve pulse oximetry failings resulted in failure to acquire heart rate (100). Another
study with less participants found that ECG (median time of 38 seconds following birth)
was quicker to measure heart rate than oximetry (median time of 122 seconds post-
delivery) in the same setting (96). A third head-to-head comparison study of ECG and
pulse oximetry in forty-six infants in the delivery room (thirty with extremely low
birthweight of less than 1500 grams) found no significant difference in the time to place

ECG leads versus the oximetry probe (98).
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Given these conflicting findings, there was debate about the use of ECG to determine
delivery room heart rate in newborns when the task force convened to update
international guidelines for neonatal resuscitation published in 2015 (29), and it remains
a controversial area of practice. Certainly, the time taken to obtain accurate heart rate
using ECG in some studies would not facilitate meeting recommendations to determine
heart rate by one minute post-birth. Furthermore, the expense of having ECG monitors
in low resource settings is prohibitive. Importantly, the ECG cannot deliver
information regarding oxygen saturations (29), and it is therefore unlikely that ECG will
replace the pulse oximeter in the delivery rooms of developed nations, although it may

be used as an adjunct.

2.6 Doppler Techniques
Doppler technology has been used to detect foetal heart rate for over half a century
(120), although the existence of a detectable foetal heartbeat stretches centuries prior to

Lannaec’s 1816 invention of the stethoscope (121).

The earliest preliminary report of continuous foetal heart rate monitoring came in the
form of phonocardiography; in 1931, microphones recorded S1 and S2 components of
the foetal heartbeat when attached to a pregnant woman’s abdomen using tight-fitting
belts, but the signal was noisy (121). ECG-based foetal heart rate monitoring preceded
Doppler use. In 1958 Dr Edward Hon used an ECG monitor placed on the maternal
abdomen to detect foetal electrical cardiac signals (122). However, maternal cardiac
signals as well as those from uterine contractions frequently overrode the weaker signals
emanating from the foetus, making this technique less suitable for clinical purposes

compared to Doppler ultrasonography (121).
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This technique was brought to the fore by Callaghan and colleagues, who described in
the early 1960s their compact, reliable and relatively inexpensive Doppler instrument
for detecting foetal heart rate (123). Since then, use of foetal Doppler monitoring has
become routine for high-risk pregnancies in many countries. In mothers with higher-risk
presentations such as post-term pregnancies, previous pregnancy loss, women with
hypertension, diabetes, intrauterine growth restriction or other maternal pathology,
foetal Doppler monitoring has been shown to reduce the risk of perinatal deaths and
result in less obstetric interventions (124). Meta-analysis for its use in low-risk preg-

nancies however did not find strong evidence that it benefited mother or baby (125).

Doppler sonography is based on the principle of the Doppler effect which relates the
frequency of sound waves generated or reflected by a moving source with the frequency
measured by an observer or sensor. The frequency is higher with the source or object
moving closer to the measuring device, and lower when moving away (126). Doppler
ultrasound devices emit sonic waves in a targeted fashion and capture the frequency and
intensity of signals reflected back by moving components such as blood inside vessels
or cardiac chambers, or even moving heart tissue itself. Since the detected frequency
shift is proportionate to the flow velocity, by comparing the transmission and reception
frequency, the velocity of the moving component can be determined (127). With each
heartbeat, cardiac structures move, as does blood around the body; in particular, blood
in arteries moves with a sudden increased then tapering velocity with each heartbeat.
Therefore, a Doppler ultrasound device situated over the heart or an artery will be able
to detect a cycle of velocity change with each heartbeat, and this information can be
relayed to the user in a way that permits derivation of a heart rate in beats per minute,

by automated counting and/or audible feedback.

Dr Ajay Kevat, MMed Thesis

57



In an Australian study of fifty-one stable young infants, a handheld Doppler ultrasound
probe was used to measure heart rate when positioned over the child’s praecordium at
the angle of Louis and/or left and right sternal edges (128). Audible Doppler-derived
heart rate correlated closely with ECG-derived heart rate (mean difference <1 bpm, 95%
limits of agreement -14.4 to +15.8 bpm) but device-displayed heart rate as counted by
its automatic process was less accurate (mean difference 5.4 bpm, 95% limits of
agreement —50.2 to +39.4 bpm). Interestingly, using either method, correlation was
better in those infants weighing less than 1.5 kilograms which was thought to be due to
the focal depth of the probe used, set at approximately one centimetre (128). Heart rate
acquisition was generally rapid (median of three seconds) and successful in most cases
using the audible, manually counted method, although pulse oximetry still had slightly
fewer missing data points compared to this technique. Failure to detect a heart rate
using ultrasound may be due to the fact that ultrasound capture of flows is to a large
degree dependent on the angle between the ultrasound beam and the flow axis, and can

sometimes fail if this is not optimised (127).

A separate study in the delivery room setting did not compare precordial newborn
Doppler against ECG but rather compared it to auscultation, pulse oximetry and
umbilical cord palpation in 33 non-emergent deliveries. Whilst values were comparable
between pulse oximetry and Doppler-derived heart rate, the pulse oximeter often took
greater than one minute from time of delivery to establish a reading, whereas the

Doppler method was the fastest of all four techniques (129).

Dr Ajay Kevat, MMed Thesis



Doppler sonography has long been used to assess foetal heart rate, but use in neonates is
much more recent. Whilst documented trials in this age group are few, it is a rapid
method for acquiring newborn heart rate and in non-emergent situations appears to be
accurate when compared to ECG and/or pulse oximeter devices. In the delivery room, it
can be faster than auscultation and cord palpation methods in determining heart rate, but
it has not been tested in emergency, premature or low birthweight deliveries. One
strength is that the presence of an audible Doppler feedback sound implies that there is
cardiac output/blood flow, while the presence of an ECG heart rate does not always
imply cardiac output; nevertheless, Doppler device performance is limited by unreliable

automatically-counted heart rate displays, user skill and available probe choices (128).

2.7 Summary of Established Heart Rate Monitoring Methods
Multiple methods for assessing heart rate exist, each assessing different aspects of the
vital cardiovascular function of pulsatile blood flow generation co-ordinated by cardiac

electrical activity, and each with their own individual strengths and weaknesses.

Palpation is the oldest means of assessing heart rate, and is still relevant to newborns
today. Feeling the pulse can be done rapidly (73), requires no equipment, and provides
some level of qualitative feedback regarding the cardiac output state as well (130).
However, successful detection of pulse regardless of the chosen assessment site is by no
means guaranteed even if the pulse is present. In clinical studies, rates of failure to
detect a pulse in newborns in the delivery room right through to adults with
compromised cardiac function are likely unacceptably high for this to be considered the

ideal means of heart rate assessment (73, 74, 80).

Dr Ajay Kevat, MMed Thesis

59



Furthermore, the manual counting of pulse to determine a heart rate is inaccurate, to a
degree which makes it unsuitable to guide neonatal resuscitation decision-making

according to internationally-formulated guidelines (29, 77, 80).

Auscultation of the heart using acoustic stethoscopes has been performed for centuries.
Modern day analogue stethoscopes are very similar to the binaural stethoscope created
by Dr George Cammann in 1855, who’s device was an adaptation of the monoaural
device made by Lannaec (131). Using a modern-day binaural acoustic stethoscope to
assess newborn or infant heart rate is relatively easy, although accuracy both in the
delivery room and in simulation studies has been shown to be lacking (80, 83, 84).
Proponents supporting this method of heart rate detection point out that accuracy is
generally better than pulse palpation, and that auscultation is much more rapid to
establish in the delivery room than heart rate detection using monitoring equipment
such as pulse oximetry (82, 95). Furthermore, stethoscopes are widely available,
inexpensive and listed on the World Health Organization Generic Emergency
Equipment List (132) means that in developing nations it is often the method of choice
for newborn heart rate evaluation in the delivery room and hospital care setting. Even

in developed nations, their use is supported (82).

The use of pulse oximetry to monitor patients of all ages is widespread in healthcare.
Whilst some have raised concerns with level of correlation to ECG in neonates (133),
pulse oximetry has been shown by others to have a clinically acceptable level of

accuracy in detecting heart rate (118).
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Furthermore, pulse oximetry provides information about arterial oxygen saturation
levels, facilitating titration of oxygen therapy which may be required in newborn
resuscitation (29). The drawbacks of pulse oximetry, especially in delivery-room care,
are however quite significant. In multiple delivery room studies, it has been shown to
take greater than one minute on average to display a heart rate (95, 96, 129), and given
its reliance on pulse pressure delivery to the monitored extremity, may be less reliable
in low cardiac output states (90). Interference due to movement and ambient light can
also contribute to difficulties acquiring reliable heart rate data (92). Although pulse
oximetry is the standard of care in many delivery rooms, expense may prohibit its use in

resource limited settings (134).

Doppler sonography has been used to assess heart rate for several decades, and has
become most-well developed in obstetric care in order to detect foetal cardiac
contraction (120). In high-risk pregnancies, its use has been shown to improve maternal
and neonatal outcomes, but its use in detecting the newborn heart rate directly is more
recent and less well-established (124). Two neonatal intensive/special care-based
studies have shown it to be both accurate and rapid in detecting heart rate when
compared to ECG (128, 129). However, delivery-room experience is limited to a small
experimental trial of non-emergent deliveries (129), and probe factors such as set focal
depth and angling may also limit the success of rapid neonatal and infant heart rate

detection using this technology (127, 128).
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ECG detects electrical impulses generated by specialised cardiac cells that cause
depolarisation and contraction of cardiomyocytes (69, 135). Unlike other methods of
heart rate detection, the assumption that this implies blood flow through the heart or
delivery of blood to peripheral tissues does not always hold true, for example in
instances of pulseless electrical activity (110). Nevertheless, it is a highly accurate
means of heart rate assessment, and is considered to be the gold standard method of
assessing this vital parameter in newborns and young infants (117, 135). Substantial
support for its use in monitoring newborns in delivery-room settings is both a recent and
controversial development (29). ECG tends to be slower than both auscultation and
palpation methods. Additionally, a 2008 delivery room study found it to be
significantly slower to successfully apply than pulse oximetry and more likely to
malfunction (100), although a more recent clinical evaluation suggests otherwise (98).
The capacity to deliver neonatal ECG technology to delivery rooms around the world is

limited (82), confining this approach to well-resourced healthcare facilities.

No one means of establishing newborn heart rate in the delivery room is clearly superior
to all others. For each method, significant limitations exist. The ideal of accurate
newborn heart rate determination within the ‘golden minute’ of initial resuscitation (97)
is likely not being met using currently available techniques (136). The need to develop
improved methods for rapid, accurate heart rate assessment of infants and newborns is
apparent. Despite limitations, the potential future direction for heart rate assessment at
birth, with new technologies on the horizon, is exciting (82). Certainly, these new

technological approaches should be rigorously studied (99).
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Chapter Three: Systematic Review of Novel Methods for Assessment of Newborn
and Infant Heart Rate

3.1 Introduction

3.1.1 Background

Measuring and monitoring neonatal and infant heart rate accurately is important to
clinicians around the world. It is a vital sign with an important role in assessing the need
for resuscitation and emergency medical intervention (137, 138) and may serve as a
marker to identify critically unwell children requiring escalation of medical attention

(139).

3.1.2 Index tests

ECG is the established gold standard for assessment of neonatal heart rate (117) and is
an indispensable tool for assessment of heart rate in children (119). For newborns
requiring resuscitation in the delivery room, ECG may be the fastest way of accurately
determining heart rate (96, 140). For infants, there are a variety of situations in which
ECG monitoring is indicated, including episodes of apnoea and bradycardia, critically
unwell children, perioperative assessment, evaluation of temporary pacing, and drug

overdose (141).

Transmission pulse oximetry has become commonly used in the delivery room to
measure oxygen saturations, as well as heart rate (100, 142). In this setting, it is used to
guide resuscitation (29). For unwell young children, pulse oximetry is an essential
element of patient monitoring, for both oxygen saturations and for assessment of heart

rate in similar situations to those described above for ECG monitoring (141, 143).
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3.1.3 Rationale

Both pulse oximetry and ECG in their current clinical forms have drawbacks. Both
modalities can become inaccurate with movement artefact (142, 144).
Pathophysiological states such as pulseless electrical activity and poor peripheral
perfusion can render ECG and pulse oximetry respectively highly misleading (110,
143). Application of current monitoring sensors may be time-consuming in critical

situations such as in neonatal resuscitation (136).

The application of monitoring leads with adhesives to sensitive skin, especially in
preterm infants, may cause severe skin damage through burns and pressure ulcers (145-
147). An underlying predilection for this is the lack of subcutaneous tissue that
especially affects preterm infants (145). Skin damage can in turn contribute to
susceptibility to infection (148), a life-threatening risk in this vulnerable group of
patients. Electronic monitoring leads can pose a safety risk to non-neonatal infants as

well, in other clinical situations such as during radiological imaging acquisition (149).

In addition, there may be a significant impact of ECG and pulse oximetry monitoring on
parents and parent-child bonding. The potential for making physical contact with, and
disturbing, monitoring wires has been shown to heighten mothers’ anxiety and to
discourage breastfeeding and healthy physical contact with their newborns in the
neonatal intensive and special care setting (150). Furthermore, parents with young
children who developed post-traumatic psychopathology following their child’s
paediatric intensive care admission have specifically commented on the emotional

shock and burden of visible monitoring wires (151).
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The effects on the mother-child dyad may have long term negative consequences for
children, as can the young infant’s sensory experience; exposure to high sound levels
from frequent monitoring alarms and noxious stimuli, such as monitoring lead
application, may exert deleterious effects on the immature brain and alter its subsequent

development (152).

These challenges, combined with increasingly sophisticated scientific advancements,
have driven the development of novel technologies to assess newborn and infant heart
rate in ways that seek to overcome limitations and weaknesses inherent in current
practice. However, establishing optimal performance and accuracy of novel devices is
vital given that critical clinical decisions may be made on the basis of detected heart

rate.

3.1.4 Critical Appraisal

Critical appraisal of scientific articles is essential to the provision of evidence-based
care (153). Like other studies, those evaluating accuracy are at risk of bias. Major
sources of bias originate in methodological deficiencies across diverse areas including
participant recruitment, data collection, executing or interpreting the test, or in data
analysis (154). In order to systematically assess for risk of bias, there are many
checklists for the assessment and critical appraisal of tools used in medicine. However,
few are validated (155). The Quality Assessment of Diagnostic Accuracy Studies
(QUADAS) developed in 2003 is validated, and was improved and revised in 2011
(156). The revised version was used to guide critical appraisal of the scientific

publications included in this systematic review.
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3.2 Objectives

3.2.1 Primary Obijectives

The primary objectives of this systematic review were

To identify and describe novel technologies for monitoring neonatal and infant heart
rate, and

To provide an overall summary of the accuracy and performance of these technologies,

including an analysis of their applicability to neonates and infants

3.2.2 Secondary Objectives
Where studies of novel technologies presented comparable statistical expressions of
their diagnostic accuracy in the assessment of neonatal and infant heart rate, their

diagnostic performance was comparatively evaluated.

3.3 Methods
3.3.1 Criteria for Study Consideration

Types of Studies:

We included studies of original research describing novel technology for assessing heart

rate if they

- Were published in the last ten years

- Evaluated the technology in a relevant clinical population, defined as neonates
and/or infants less than two years of age

- Performed a comparison against an established high-quality means of heart rate

assessment, defined as transmission pulse oximetry or electrocardiography
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Although review articles and articles published by the author of this thesis were not
eligible for the version of the systematic review presented here, several reviews
identified through the search process were read originating from sources bridging
diverse disciplines, such as engineering, biotechnology, and medicine, in order to

inform discussion and provide informative comments (99, 157, 158).

Participants

Participants were human subjects less than two years of age.

Index Test(s)

Index tests were novel technologies for heart rate assessment.

Target Condition

The target condition of this review was defined as newborn and/or infant heart rate.

Reference Standard(s)

Reference standards were designated as heart rate obtained by electrocardiography or

transmission pulse oximetry.
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3.3.2 Search Methods for Identification of Studies

Electronic Searches

We searched the following electronic databases to identify reports of relevant studies:

- MEDLINE, through OVID (15/04/2016)

- EMBASE, through OVID (18/04/2016)

- Science Citations Index (Expanded), through Web of Science (21/04/2016)

- Conference Proceedings Citation Index — Science, through Web of Science
(21/04/2016)

The keyword search terms [with MeSH terms additionally used whenever available]

used were: Neonat* OR infant OR newborn [neonatology] [infant] [newborn]; Heart

rate OR heartbeat [heart rate]; Monitoring [monitoring,physiologic]. Full details of

each search are listed in Appendix 1.

Other Considerations and Searches

Given the focus on newly developing technologies, the search was limited to articles
published in the last ten years. The reference lists of publications eligible for inclusion
were also reviewed, as well as lists of articles citing eligible publications (as found on

Google Scholar), to identify additional relevant works.
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3.3.3 Data Collection and Analysis

Selection of Studies

The initial searches were undertaken independently by two reviewers and studies
assessing heart rate monitoring were identified based on the title of the articles. Review
articles and articles assessing only well-established methodologies for heart rate
assessment, such as ECG, auscultation and transmission pulse oximetry, were excluded
from analysis. The two reviewers then independently assessed the abstract of each
reference identified by this search against the remaining inclusion criteria. Additional
relevant works identified by reviewing the reference lists of publications eligible for
inclusion, and list of articles citing those eligible studies, underwent the same process.

Any disagreements that arose between authors were resolved through discussion.

Data Extraction and Management

We extracted the following data from each included study:

Study design

Study population

- Reference standard and information relating to performance of the reference
standard

- Index test and data relating to the performance of the index test

- Technical details of the index test method(s) used; the diagnostic modalities of
studies’ index testing methods were classified in order to group similar technologies

- QUADAS-2 items

Two review authors extracted the data. Disagreements were resolved by discussion,

including discussion with a third author where necessary.
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Assessment of Methodological Quality

As quality assessment of diagnostic accuracy studies is strongly recommended by
STARD (Standards for Reporting of Diagnostic Accuracy) (159), all included studies
were independently assessed by two reviewers using the QUADAS-2 tool (156). The
QUADAS-2 assessment tool lists four key domains: patient selection; index test;

reference standard; flow and timing.

Each study was evaluated for risk of bias under each of these four domains (156) and
each study was also evaluated for applicability under each of the first three of these
domains. This evaluation was undertaken following recommendations of the QUADAS-
2 framework by use of appropriate signalling questions, which are listed in Table 1, to

form judgements.

Domain: 1. Patient Selection

Subsection: A. Risk of bias

Questions: 1. Was a consecutive or random sample of patients enrolled?
2. Did the study avoid inappropriate exclusions?

Overall: Could the selection of patients have introduced bias?

Subsection:  B. Concerns regarding applicability

Question(s): Is there concern that the included patients do not match the review

question?

Domain: 2. Index Test(s)

Subsection: A. Risk of bias

Question(s): 3. Were the index test results interpreted without knowledge of the results
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of the reference standard?
4. If a threshold was used, was it pre-specified?
Overall: Could the conduct or interpretation of the index test have

introduced bias?

Subsection:

B. Concerns regarding applicability

Question(s):

Is there concern that the index test, its conduct, or interpretation differ

from the review question?

Domain:

3. Reference Standard

Subsection:

A. Risk of bias

Question(s):

5. Were all relevant data relating to the index test included and analysed

appropriately?

Subsection:

B. Concerns regarding applicability

Question(s):

Is there concern that the target condition as defined by the reference

standard does not match the review question?

Domain:

4. Flow and Timing

Subsection:

A. Risk of bias

Question(s):

6. Was there an appropriate interval between index test(s) & reference
standard?

7. Did patients receive the same reference standard?

8. Were all patients included in the analysis?

Overall: Could the patient flow have introduced bias?

Table 1: Signalling questions

The outcomes were discussed and consensus between the reviewers was reached. Where

consensus could not be reached, a third reviewer (PD) was consulted.
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Statistical Analysis and Data Synthesis

The data from each study were collated and presented in tabular and graphical format.
For each study, data relating to the number of patients and/or recordings included and, if
possible, the number of minutes of recording(s) analysed is presented. Where studies
presented the mean difference and standard deviation (SD) and/or 95% confidence
intervals in bpm between the novel technology index test and the reference standard,
these data are displayed across differing index tests in order to facilitate comparison of
the novel technologies. Where studies did not present this data, listed corresponding
authors were contacted by electronic mail to request this data and in instances where
this was made available, it has been included. Information relating to data exclusions

disclosed by each eligible publication is also presented.

3.4 Results

3.4.1 Results of the Search

The initial search strategy identified 1672 references (Figure 4). After screening titles
and abstracts and authors, 24 articles were selected for full-text review. Of these,
thirteen studies were excluded for various reasons: did not include new original research
data relating to the study question (160, 161), no comparison of novel technology with
an appropriate reference standard (162-166), no actual testing on newborns or infants
reported (167-172). After inclusion of five additional studies identified through
references and citation of eligible studies (173-177), sixteen articles were identified for

analysis in this review (173-189).
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Figure 4. Initial search strategy.

The technologies assessed by these studies were camera-based photoplethysmography
(175, 177, 178, 181, 185, 186), reflectance pulse oximetry (180, 182), laser Doppler
methods (188), capacitive and load-cell sensors (174, 176, 179), piezoelectric sensors

(173, 187, 189), and transcutaneous electromyography (184).

3.4.2 Results from Included Studies

In all included studies (individually summarised in Appendix 2), data on novel methods
of heart rate detection compared to an appropriate reference standard device were
collected from a total of 270 neonates and infants less than two years of age. Fifty-nine
underwent camera-based heart rate detection, 102 were tested with reflectance pulse

oximetry and twenty were assessed by laser Doppler vibrometry.

Dr Ajay Kevat, MMed Thesis

73



Nineteen, four, and 35 children less than two years of age had heart rate detection

performed by capacitive, load-cell, and piezoelectric sensors, respectively. Kraaijenga

and colleagues assessed 31 neonates using transcutaneous electromyography (184).

Brief descriptions of novel technologies

As a key objective of the review was to identify and describe novel technologies used, a

brief description of each technological method is presented here.

Camera-based photoplethysmography is a simple and low-cost optical technique
that can be used to detect blood volume changes in the microvascular bed of tissue.
It is often used non-invasively to make measurements at the skin surface. It works
by amplifying subtle colour and/or light changes detected by a video camera, such
as the slight skin colour change occurring with each heartbeat due to pulsation and
perfusion. These changes are filtered and analysed to detect changes corresponding
to heart rate, either in real-time during video capture or after recording is complete

(post-hoc).

Reflectance pulse oximetry uses light-emitting diodes and a detector which are both
located on the same probe surface and hence are placed on the same body part
surface. Some of the red and near-infrared light transmitted via the light emitting
diode is absorbed by the body tissue, whereas some is reflected back to the sensor.
As arterial blood changes the nature of light reflected back to the sensor with each

pulse, the heart rate can be determined.
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Laser Doppler technology uses a laser beam directed at a target, and sensor, which
detects light reflected back after hitting the target (e.g. newborn chest). Small
movements of the target (e.g. chest wall movement with each cardiac contraction)

can be detected and counted.

Load-cell sensors convert the load acting on them into electrical signals. They are
used in several types of measuring instruments such as laboratory balances and
industrial scales. Variations in the load acting on them change the electrical signal

transmitted, which can be measured and counted.

Piezoelectric sensors are used in a variety of industries and applications, including
in pressure sensors on mobile phone touchpads. They rely upon the mechanical
stress exerted upon them to generate a small charge within the contained element.
Changes in the mechanical stress placed upon the sensor, e.g. movement created by
heartbeat, generates changes in the polarisation charge of the element, which can be
detected and counted. Piezoelectric sensors can be very similar to (or considered a
subtype of) load-cell sensors; a key property is that they contain within them a
piezoelectric element which undergoes a charge-generating change itself in response

to a stimulus.
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- Capacitive sensors are used in a variety of commonly-encountered technologies
such as interactive kiosk screens and other touchscreens. Capacitive sensors work
by detecting a change in capacitance, the electric charge between sensor nodes, due
to the influence of an external force, such as that which may be generated by the
mechanical movement of the chest wall with a heartbeat or breath. This change in

capacitive coupling between nodes can be counted.

- Transcutaneous electromyography refers to the recording of the electrical activity of

muscle tissue (or its representation as a visual display or audible signal) using

electrodes attached to the skin.

Camera-based photoplethysmography studies

Non-contact photoplethysmography was the method that was described by the greatest
number of studies. This technology derives a heart rate by detecting and amplifying
small changes in the colour of skin occurring with each heartbeat. All of these trials
were small (<20 patients) initial studies and based in intensive care departments.
Movement artefact was a key factor in all of these studies compromising accuracy;
other factors affecting accuracy were described including illumination (175, 177, 178),
infant positioning (185) and anaemia (181). Interestingly, the presence of
staphylococcal scalded skin syndrome and phototherapy seemed to be associated with
increased signal clarity and improvements in non-contact technology precision (178),
although one study specifically excluded those undergoing phototherapy (186). The
recruited patient populations, recording lengths, and statistical reporting approaches of

the six studies varied.

Dr Ajay Kevat, MMed Thesis

76



Aarts and colleagues studied nineteen neonates and found that for thirteen, more than
ninety percent of the time a heart rate within five bpm of the ECG standard could be
derived using post-hoc analysis (178). The nineteen infants were recruited from two
different neonatal intensive care units, located in the Children's Hospital of Orange
County, California, USA and in the Maxima Medical Center, Netherlands. This study
can be commended for recruiting a diverse set of neonates, and recording them in
variety of states. Recruited neonates were between 25 and 42 weeks gestation, and three
days to four weeks old. Weight ranged from 470 to 3810 grams. Infants receiving high
frequency oscillation ventilation, being rocked by a parent, undergoing phototherapy

and with skin disease were all included.

Video recordings were one to five minutes in length. They were made in ambient light
using a standard 300 pixel, 8 bit camera placed on a tripod at approximately one-metre
distance. A MATLAB-based graphical interface for non real-time heart rate extraction
using an algorithmic approach which included motion detection was applied to the
video recordings. Interestingly for an infant with Staphylococcal Scalded Skin
Syndrome, the extractable photoplethysmographic heart rate signal was even stronger in
affected skin than in adjacent healthy skin, probably due to the increased perfusion of
affected tissue. Encouragingly, both a newborn being rocked in their mother’s arms, as
well as one receiving high frequency oscillation ventilation, could be successfully
monitored. However for nearly a third of patients, camera-derived heart rate was more
inaccurate than the study cutoff for more than 10% of the time. Much of this was likely

due to interfering movement artefact combined with the impact of poor lighting.
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Dedicated illumination was felt likely to improve device performance, but the authors
commented that it would be elegant, however, to use ambient light instead of dedicated
illumination in line with their original approach. While the authors concluded that
better hardware and algorithms were needed to improve robustness, this is a broad

conclusion, and the details of envisaged required development was not specified.

Villaroel and colleagues found non-contact heart rate values were >4 bpm different
compared to ECG for approximately twenty percent of the recording time, even after
excluding video segments in which their two reported infants interacted with health
professionals or parents (177). This was a single centre study, with patients recruited
from the neonatal intensive care of the John Radcliffe Hospital in Oxford, United
Kingdom. Video recordings were made in ambient and artificial (mostly fluorescent)
lighting over four days for each preterm infant using a video camera (JAlI AT-200CL,
Figure 5). This had three separate sensors to measure red, green and blue light intensity
independently so that these components could be best captured for independent

analysis, known as Independent Component Analysis (Figure 6).
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Figure 5. Monitoring equipment showing a mannequin inside the incubator. Villarroel

et. al. Reproduced here with permission under the Creative Commons Attribution 3.0
license, and available from http://digital-library.theiet.org/

content/journals/10.1049/htl.2014.0077 © IET 2014

Dr Ajay Kevat, MMed Thesis

79



amplitude
(intensity)

0.5

5 >
= -
-
L = 0 \
X
[ —
o =

2540 2945 2950 2955
time, s
b
Figure 6. Independent Component Analysis with extraction of heart rate signal.
Villarroel et. al. Reproduced here with permission under the Creative Commons

Attribution 3.0 License, and available from http://digital-

library.theiet.org/content/journals/10.1049/ htl.2014.0077 © IET 2014

Over forty hours of footage in segments of varying lengths, from 53 minutes to 7.32
hours, were taken. Heart rate was extracted from the recordings using customised
software on a workstation running the Fedora Linux Operating System and using a

Xilinx Spartan Field Programmable Gate Array (FPGA) board.
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The authors concluded that the main barriers preventing increased accuracy of the novel
device were threefold: Major changes in lighting conditions, lack of visible skin area,
and variation in the baby’s activity patterns as small pre-term infants made irregular
movements throughout the day which made it difficult to compute the frequency
components of the heart rate and respiratory rate in the pulsatile reflectance waveform

(177).

In two of the non-contact photoplethysmography studies (181, 185), the mean
difference and 95% limits of agreement between camera-derived and ECG heart rate
were <x5 bpm. However, Klaessens and colleagues chose only to report results from
selected segments of their eight recordings during which the patient was still (185), and
Bal studied only three infants of an age eligible for this review who were all intubated
(181). The study by Klaessens and colleagues recruited seven infants of 24-39 weeks
gestation from a single Amsterdam-based neonatal intensive care, who were 11-87 days
old (2 patients actual age unspecified) and weighed between 1670 and 3000 grams. No
exclusion criteria were specified. Seven recordings were made in standard room lighting
or daylight, one from each of the seven infants. A MATLAB-based software analysis
program for non real-time heart rate extraction used an algorithmic approach. Novel
device heart rate values were then compared to simultaneously-captured ECG heart rate
values. Recording time was unspecified, and only video segments in which the infant
was not moving were used for analysis. The authors concluded that more work was
required to develop reliable real-time analysis of infant heart rate using camera

photoplethysmography (185).
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Bal studied three infants between two and twelve months of age in a Turkish intensive
care setting, at the Tepecik Training and Research Hospital. All were intubated and
sedated, thereby minimising movement. Reason for admission to the paediatric
intensive care included meningococcal sepsis, cardiomyopathy and acute disseminating
encephalomyelitis. Recruitment and exclusion criteria as well as recording time length
were unspecified. A Lenovo Thinkpad T430 Laptop built-in webcam was used in these

experiments.

All videos were recorded in 24-bit colour, and either indirect sunlight or fluorescent
light was used as the illumination source. A non real-time heart rate extraction
algorithm was used to derive photoplethysmographic heart rate, which was compared to
ECG. In this highly controlled scenario with a small number of non-moving
participants, camera photoplethysmography heart rate values were within five bpm of

ECG values >95% of the time.

In two other non-contact photoplethysmography studies (175, 186), the mean difference
and 95% limits of agreement between camera-derived and ECG heart rate were between
+5-10 bpm. Scalise and colleagues studied seven infants in a single neonatal intensive
care unit, in their case located in Ancona, Italy. They were 30-37 weeks gestation, and
weighed 1030-3120 grams. There were no specified exclusion criteria. A standard
digital webcamera (Microsoft LifeCam VX-3000) was used, which contained a sensor
with a maximum video resolution of 640 x 480 pixels and a maximum frame rate of
thirty frames per second, although for the study a fifteen frame-per-second, 320 x 240

pixel setting was chosen.
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Unlike the aforementioned studies, a large band light source was used to illuminate the
skin surface at which the web camera was directed, rather than relying on ambient or
room lighting. Recording were thirty seconds in length. Each subject was measured 8
times (for a total monitoring time per recruited infant of 240 seconds) whilst at rest in a
supine position. All the video and physiological recordings were analysed offline using
custom software written in MATLAB that facilitated Independent Component Analysis
for the extraction of heart rate from a manually-selected region of interest (areas of skin
selected on the video of the patient) in the video. The photoplethysmographically-
detected heart rate was then compared to heart rate using Lead Il ECG as the reference.
Although the reported mean difference was less than one beat per minute, and >95% of
novel device heart rate values were within ten bpm of the ECG value, Scalise and
colleagues discarded more than 40% of the expected data points likely due to webcam

or ECG inaccuracy; only data from 33 recordings were reported and analysed (175).

Rather than excluding and minimising movement, Mestha and colleagues utilised an
approach with a strong focus on motion compensation (186). They studied eight
neonates of term gestation, between three days and four weeks old, weighing 2400 -
3620 grams. Preterm infants, neonates requiring ventilator support, and neonates on
phototherapy for management of neonatal hyperbilirubinemia were excluded from the
single centre study conducted in the Neonatal Intensive Care Unit of Manipal
University Hospital in Manipal, India. A commercially-available High Definition
webcamera, with image resolution of 640x480 was used to make recordings in normal
unit lighting without any additional modifications. Eight thirty-minute recordings were

made, one from each recruited infant.
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Heart rate was extracted from the videos post-hoc (non real-time extraction), and
compared to that shown on an IntelliVue MP 20 Philips Neonatal monitor (although it

was not specified whether ECG or pulse oximetry was used as the reference device).

A salient additional feature of this group’s approach was the use of decision algorithms
which influenced the determined photoplethysmographic heart rate value. Given that
multiple regions of interest on the subject’s skin were tracked, a pulse rate could be
estimated from each; if that pulse rate was in agreement with other regions of interest
and/or was close to the immediately previously detected heart rate, it was considered
more likely to be accurate rather than adversely affected by movement. This approach
presupposes that changes in heart rate changes over a short time period (for example,
one second) are small, but does address the problem of movement artefact in an
ingenious fashion. Despite this, large motions resulting in loss of accurate monitoring
occurred approximately 10% of the time for their half-hour recordings of eight term-
born infants. During the remaining time, camera-derived heart rate had a mean
difference in comparison to reference heart rate of three bpm, and values were within

ten bpm of the reference standard for >95% of the time.

Reflectance pulse oximetry studies

Two studies, by Adu-Amankwa & Rais-Bahrami and Grubb and colleagues (180, 182)
used reflectance pulse oximetry. These demonstrated a comparatively high degree of
accuracy with novel heart rate within three bpm of ECG more than 90% of the time.
However this proportion was reached from analysis of time when data acquisition was

stable only, and not from the total time of device use.
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The study of a wireless abdominal belt with this technology (180) included data from 25
neonates admitted to the neonatal intensive care unit of Children’s National Medical
Center in Washington DC, United States of America; their ages and weights were
unspecified. Patients were excluded if they had recently undergoing chest or abdominal
surgery. The heart rate sensor utilised reflectance pulse oximetry techniques, infrared
light, electronic filtering and mechanical stabilisation developed by PGS Medical
Research and Electronic Design. Heart rate waveform data were recorded into a file
from the wireless research monitor and from the existing NICU equipment (reference
pulse oximeter monitor) for a total of ninety minutes per subject. Each file was then
reviewed and five selections of at least three minutes duration wherein both monitors
were displaying stable waveforms were compared. There was excellent beat-to-beat
correlation in these segments; however they represented less than 20% of the total
recording time. Furthermore, it is unclear whether data from all subjects were included
or not. Whilst the authors concluded that the abdominal monitor described was an
accurate, easier method of collecting cardiorespiratory data in the neonatal intensive
care unit when compared to standard techniques, it seems that further testing and

disclosure of results is necessary before such a view could be supported.

A study of forehead reflectance pulse oximetry was conducted in the neonatal intensive
and special care setting, with a view to potential deployment in the delivery room
(182). Grubb and colleagues recruited two groups of participants in a neonatal intensive
care unit in the United Kingdom. The first comprised 53 neonates of > 32 weeks
gestation with a mean corrected gestational age of approximately 33 weeks and mean

postnatal age of six days.
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The second group of 24 premature neonates were <32 weeks gestation, with a mean
corrected gestational age of approximately 31 weeks and mean postnatal age of twelve
days. The mean birth weight was 1.66 kg for the > 32 weeks gestation group, and 1.26
kg for <32 weeks group. 26.9 weeks was the youngest gestation, with the oldest
gestation being 42 weeks. Weight ranged from 750 grams to 4.9 kilograms. Newborns
were excluded if they were receiving phototherapy or palliative care, had extensive skin
disease, or if there were language or social barriers to obtaining consent. Patients that
the attending physicians felt were too clinically unstable were also not recruited into the
study. A key strength of this study is the comparably large number of participants
recruited. The authors also provide an admirably detailed level of information about

their device and study setup (Figure 7) in their article.

PPG Recorder Laptop Computer
RS232 Optical Isolator
RS232 serial
Y data cable

Photediode  Silicone Rubber

AN\ PPG Forehead

Sensor

Electrodes

Data Logger

Analogue ECG
Output

ECG Monitor

Figure 7. Experimental equipment for simultaneous forehead reflectance pulse oximeter
and ECG heart rate recording with photograph of forehead sensor. Grubb et. al.
Reproduced here with permission under the Creative Commons Attribution 3.0 license,
and available from http://iopscience.iop.org/article/10.1088/0967-3334/35/5/881/pdf ©

IET 2014
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The forehead sensor light source consisted of four 525 nanometer light emitting diodes
(Marl, E1S02-3G0A7-02) arranged in pairs either side of a photodetector (Vartec,
VTB8440B) to provide even illumination of the tissue beneath the sensor. A green light
spectrum was utilised instead of the red and near-infrared spectrum more commonly
utilised in transmission pulse oximeters, based on findings from previous research
(190). Data-logging was provided by a modified electrophysiological recorder (Monica
Healthcare Ltd, AN24), and signal processing was implemented in MATLAB (version
7.12, MathWorks). The reflectance pulse oximetry waveform was displayed in real-

time, although selection of data for analysis occurred after recording.

Recordings were evenly truncated to a length of twenty minutes in order to ensure a
balance in contribution from each participant, a simple step which was nevertheless not
necessarily performed in other studies (of camera photoplethysmography for example).
Heart rates in bpm refreshed at one second intervals were compared. In terms of
accuracy, the reflectance pulse oximeter heart rate was within £10 bpm for neonates
>32 weeks gestation, and within £12 bpm for neonates <32 weeks gestation, for >95%
of the time in which paired values could be obtained. However, much of the data was
excluded prior to this analysis. Data from more than 20% of infants were not included
in the analysis due to a failure to log ECG data. This failure disproportionately affected
recruited infants <32 weeks gestation. Furthermore, only data obtained when the ECG
trace was stable were reported upon, and the proportion of time during which values
were not obtained is unreported. Therefore, the proportion of total recording time
during which reflectance pulse oximetry was adversely affected and unable to extract a

reliable heart rate is unclear.
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The authors conclude that the greatest impact on accuracy arose from motion artefact,
although heart rate extraction algorithm modifications could also improve device
performance. They provide clear direction for future improvements and research
including a delivery room study and improved probe fixation to minimise motion

artefact (182).

Studies of sensor-based methods

Capacitive and load cell sensors in various forms have been used to assess newborn and
infant heart rate. Atallah and colleagues embedded eight 25mm-diameter circular
capacitive sensors into a neonatal cot mattress surrounded by a reference electrode made
of conductive textile, all covered by a thin polyurethane protective cover (179). Fifteen
premature infants from the neonatal unit Maxima Medical Centre in Veldhoven in the
Netherlands were monitored for a total time of 75 hours with concurrent ECG. Their
ages were not reported but weight range was approximately 750 grams to 2.5 kilograms.
Data from each sensor was pre-processed using filtering techniques, before having R-
wave peak amplification attempted with automated counting to determine R-R interval,
a figure easily transformed into a heart rate in bpm. The final novel device heart rate
was determined by an amalgamation of the rates from the two highest-quality processed
sensor signal inputs, with quality determined by a complex algorithm. It was found that

an accurate heart rate could be determined less than half of the total recording time.
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Authors identified subject movement, external detected movements (e.g. of someone
walking nearby) and poor coupling with the sensors as key deficits to be overcome.
They suggested decreasing the number and thickness of layers of material between the
measured subject and the sensors, and realignment of sensors to body shape, in order to
enhance coupling, which they speculated would also decrease the relative influence of

external movements detected by the capacitive sensors.

Kato and colleagues provide a brief, qualitative description of their study of capacitive
monitoring. In an effort to maximise coupling between the subject and sensor, they
used thin cotton underwear as the only insulator between the infants and the sensor
surface, which was itself made from a deformable fabric. This was conductive fabric
made of nickel on copper plated polyester that covered the mattress surface (176). A
key strength of the study was pressure mapping, which facilitated dividing the
conducting fabric into three separate sensor areas that corresponded to predicted areas
of better subject contact. Four infants weighing between 3.5kg and 8kg with an age
from ten to 133 days were studied. Length of recordings was not provided. No
summary or statistical data was provided. Only one recording was described as
successful and an overall comment was made that the system was unstable if the infant
was “flopping or crying” (176). The authors concluded that the detected waveform was
distorted and that there was room for improvement in terms of their system’s practical

use.
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Lee and colleagues took multiple heart rate measurement recordings from three infants
<2yrs of age and one young child of approximately four years, using small, anodised
aluminium load-cell sensors (CBCL-6L, Curiosity Technology, Paju-si, Gyeonggi-do,
Korea) placed under each of the four legs of a cot (174). The study was conducted in
Seoul, Korea. Rather than record patients in an intensive care setting, home visits were
organised for this. Thirteen recordings were taken from the participants on different
dates, and were several minutes to hours in length. Reference heart rate was obtained
by conventional ECG. Amplification and filtering techniques optimised the electrical
signal output from the load-cell sensors, reducing noise and accentuating relevant main

peak components.

Signal quality check was based on detection of regularity of main peak components in
the expected frequency range. The sensor with the strongest and clearest heart rate
signal was selected as the most suitable sensor for measuring the cardiac activity, with
rapid periodic re-evaluation of the sensor selected. Analysis revealed that accurate load-
cell heartbeats (defined as having an R peak location -0.15s to +0.35s) were obtainable
73.8% of the time, with the remainder of the time being affected largely by movement
artefact. The authors inferred that their findings demonstrate a positive feasibility for

future studies of this technology for infant monitoring.

Piezoelectric sensors rely upon the mechanical stress exerted upon them to generate a
polarization charge within the contained element which generates a proportional output
signal (191). Their placement in a variety of locations has been used to detect the heart

rate of preterm and term newborns.
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Nukaya and colleagues monitored a single infant for sixty minutes using piezoelectric
sensors affixed to 80mm polypropylene resin coasters placed underneath the four legs
of a neonatal cot, recording movements including those due to heartbeat (173). The
infant weighed 2840 grams, was 52 days old and was located in a neonatal intensive
care unit in Tokyo, Japan. Movements were detected by the piezoelectric sensors and
converted to detectable electrical charge within the piezoelectric element contained
within the sensor. Ten millisecond sampling with analog-to-digital conversion and
bandpass filtering (3-13 hertz) of the acquired signal was undertaken. Body movement
was detected by high voltage signal, which spanned the frequency of the heart rate
signal as well as other frequencies; it was confirmed to be due to subject body
movement rather than external factors with video monitoring. During these periods,
heart rate could not be detected by any of the piezoelectric sensors. However, vibration
caused by staff moving along the bedside did not cause significant interference with
piezoelectric heart rate signal acquisition. By examining acquired paired values, a
Pearson’s correlation coefficient of 0.91 between ECG and piezoelectric-derived heart

rate was reported by Nukaya and colleagues (173).
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Sato and colleagues used a piezoelectric sensor (Figure 8) embedded within a towel-

covered neonatal mattress (187).
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Figure 8. Piezoelectric sensor. Sato et. al. Reproduced here with permission. © Karger

Publishers 2010

After excluding two recordings due to data quality issues, Sato and colleagues evaluated
segments from 27 remaining patient recordings. These 27 neonates had a gestational
age between 25.3 and 39.9 (median 34.9) weeks, and a weighed 742 — 4126 (median
1960) grams. Two were extremely low birth weight (<1000 grams), five were very low
birth weight (between 1000 and 1500 grams) and more than fifty percent (n = 14) were
low birth weight (between 1500 and 2500 grams). Nineteen were male. Infants with a
wide variety of diagnoses were included, such as chromosomal abnormality, atrial
septal defect, patent ductus arteriosus, peripheral pulmonary artery stenosis, Trisomy
21, respiratory distress syndrome, transient tachypnoea of the newborn and

pneumothorax.
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Three recruited neonates were receiving nasal continuous positive airway pressure
(CPAP), two were conventionally ventilated with intermittent mandatory ventilation
and two were on high frequency oscillation ventilators. No specific exclusion criteria
were mentioned, and the research was conducted in the neonatal intensive care unit of
the Akita University Hospital in Akita, Japan. Recordings were taken with
simultaneous ECG to detect the reference heart rate, and were between ten hours and
nine days in length, sampled every two milliseconds. Data acquisition (Axoscope9;
Molecular Devices, United States of America) and analysis software (Clampfit 9.2;
Molecular Devices) was employed. High-pass filtering removed noise from the
piezoelectric recording, before template search analysis (a type of pattern recognition
processing) was used to search the whole record for similar signals with a predefined
representative S1 epoch regardless of amplitude. Then, using the spreadsheet
application, S1 —-S1 intervals were compared with corresponding R—-R intervals captured
by ECG. In comparison to the research completed by Nukaya and colleagues reported
above, this investigation of piezoelectric-detected heart rate compared to simultaneous
ECG revealed a similar correlation coefficient of 0.92. The analysed segments from
which this was calculated were, however, one-minute-long sections picked out from
times in which the study participants were not moving (Figure 9), and cannot

necessarily be considered representative of total data.
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Figure 9. Piezoelectric sensor output analysed. Sato et. al. Reproduced here with

permission. Copyright © Karger Publishers 2010
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Analysis of the full recordings of the infants over several hours to days showed that
heart rate was accurately detected by piezoelectric technology 82.6% of the time
compared to being detectable 91.8% of the time with ECG. Breastfeeding, ventilation
and spontaneous infant movement were listed as key sources of interference. The
authors felt that the detrimental influence of the high frequency oscillation signal could
potentially be resolved by advanced signal-processing algorithms such as pattern
recognition, or wavelet transforming analysis. Furthermore, their piezoelectric sensor
was considered easy-to-use, durable, sterilisable and safe, without a risk of causing skin
irritation compared to conventional monitoring methods. They postulated that with
development their system could be used as a backup cardiorespiratory monitor for a
more secure monitor system, or as a main cardiorespiratory monitor for a healthier

infant not necessarily requiring full information (187).

Wang and colleagues provide the only study results of a piezoelectric sensor for
neonatal heart rate detection with real-time output compared to ECG (189). After
preliminary studies helped design an algorithm and an appropriate silicone base for their
mattress-based sensors, five preterm infants (one male and four female) were studied for
ten minutes each. These infants were all preterm and weighed between 1532 and 2112
grams. No specific exclusion criteria were reported, and the study was conducted in a
single centre, the neonatal intensive care unit of the Tohoku University Hospital in
Japan. A flexible, synthetic film piezoelectric sensor sheet was developed, resting on a
silicone rubber base. The thickness of this base was approximately 5mm, and after
being placed in a thin vinyl case it was positioned on the cot bed underneath the

bedcover sheet.

Dr Ajay Kevat, MMed Thesis

94



Heartbeat pulsations resulted in small, detectable deformations of the piezoelectric
material, arranged within the device into four separate rectangular sensor strip areas
each 5 x 28cm in shape. Only the components of the signal generated by fluctuation of
pressure were transmitted and processed by filtering, conversion and amplification
techniques. Wavelet multi-resolution decomposition was used to separate out pressure
fluctuations due to respiratory efforts rather than the commonly-employed bandpass
filtering method, because this was thought to be more accurate. An algorithm selected
the strongest of the four piezolectric heart rate signals coming from each rectangular

strip automatically.

Comparison of ECG and piezoelectric-detected heartbeats revealed that the rate of
incorrect heartbeat recording using this novel technology (either an inappropriate
recorded beat or missed beat) was 8.24%, and arose primarily due to infant movement
or weakness of the heartbeat vibration. Whilst the authors felt that this may be a
clinically acceptable level of accuracy (189), limiting the study to a small group of low
birthweight infants means that the findings may not be generalisable to other infants (for
example newborns <1500 grams who may have weaker heartbeat signals or more robust

infants displaying larger and more frequent spontaneous movements).

Studies of other novel technologies

Only one study each used laser Doppler vibrometry and transcutaneous
electromyography. Electromyography utilised skin electrodes similar to those used in
ECG; it was tested by Kraaijenga and colleagues on over thirty preterm infants with a
gestational age between 26 and 32 weeks who were being treated with nasal CPAP or

nasal oxygen (184).
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Patients were one to seven days old, and those with congenital anomalies were excluded
from the single centre study conducted at the Department of Neonatology, Emma
Children’s Hospital, Academic Medical Center, Amsterdam, The Netherlands.
Measurements were performed using three skin electrodes (two electrodes were
bilaterally placed at the costo-abdominal margin in the nipple line and one at the
sternum) which were connected to a portable 16-channel digital physiological amplifier.
The signal was band-pass filtered from 40 Hz to 160 Hz prior to a gating technique
being employed to isolate cardiac-relevant signal components for heart rate counting.
Analyses were performed using Polybench software. Although transcutaneous
electromyography determined heart rate with a high degree of accuracy in comparison
to conventional ECG (mean difference -0.3 bpm, 95% limits of agreement -5.3 to 4.7
bpm), it can be easily argued that for heart rate monitoring the technology offers limited
advantage over current practice given that similar transcutaneous electrodes (subject to

the same pros and cons) are required.

Marchionni and colleagues studied non-contact Doppler vibrometry which used a
single-point laser beam 1.5 — 2 metres away directed toward the anterior left chest walls
of premature infants in order to detect minute movements of their praecordium
occurring with each heartbeat (188). Twenty infants (seven female) with a mean weight
of 1111 grams were studied principally to test the technology for the assessment of
heart rate. All testing was completed within the Neonatal Intensive Care Unit of the
Universita Politecnica delle Marche in Ancona, Italy. The technique was unaffected by
a transparent crib wall (160). The study setup (Figure 10) was also capable of detecting

respiratory-related signals.
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Figure 10. Laser Doppler Vibrometry setup. Marchionni et. al. Reproduced here with

permission. © AIP Publishing 2013

For each subject, Lead Il ECG and Laser Doppler Vibrometer (Polytec, PDV100,
GmbH, Germany) traces were simultaneously recorded (length not reported) with an
analog-to-digital 12-bit acquisition board with anti-aliasing filters (ADI Instruments,
PowerLab 4/25T) also utilised for signal acquisition. Laser Doppler heart rate values
were obtained through post-hoc, wavelet-based algorithm construction, with selection of

parameters to best fit the gold standard data.
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Figure 11. Bland Altman analysis comparing heart rate extracted by Laser Doppler
Vibrometry and ECG. Marchionni et. al. Reproduced here with permission. Copyright

© AIP Publishing 2013

Bland Altman analysis (Figure 11) revealed that laser Doppler heart rate values had a
SD of approximately eight bpm when compared to ECG values. The authors concluded
that their study demonstrated some level of uncertainty with respect to laser Doppler-
acquired heart rate (which was quantified as 6% of the average heart rate), and that in
the future it would likely be possible to reduce the dimensions, complexity and cost of

such systems.
3.4.3 Methodological quality of included studies

The results of the QUADAS-2 tool, used to assess the methodological quality of

included studies, are presented in Figure 12.
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One of the main limitations identified was that patient selection was a potential source
of bias. Only one of the articles specified randomised patient selection (186), and most
of the articles did not describe how patients were selected (160, 173-176, 178-182, 184,
185, 187-189). In addition, it was deemed that some studies used restrictive inclusion

criteria without suitable explanation.

All of the studies applied the index and reference tests simultaneously. However, many
studies analysed the index test results after obtaining results of the reference test,
especially studies of photoplethysmography (160, 177, 178, 180-182, 185, 186, 188).

This process was deemed to increase the risk of bias.

Post-hoc data exclusion and selective data analysis also affected the methodological
quality of several studies. Some studies did not report data for all patients (176, 178)
whereas others excluded data arising affected by a poor trace (175, 177, 180, 182) or

when movement, apnoea or arrhythmia occurred (185, 187).

Almost all studies reported and appropriately used a suitable reference standard.
However, some studies were unclear in specifying which reference standard (for
example, ECG, pulse oximetry) was used and/or whether the same reference standard
tool was applied to all studied infants (178, 180). Another notable source of bias
includes the practice of re-recruiting or re-recording the same patient, affecting three

studies (174, 176, 185).

Dr Ajay Kevat, MMed Thesis 100



With regard to the QUADAS-2 category of applicability, some novel technologies were
trialled on a very specific subgroup of infants. Five studies trialled their devices only
on preterm neonates (173, 177, 179, 184, 189), one obtained data only from sleeping
infants (174) and one focused exclusively on intubated patients (181). Whilst most
studies had small numbers of recruited participants, several publications were able to
demonstrate appropriate demographic variability in their selected population (175, 182,

185).

3.4.4 Findings

Results of the analysis

Data extracted for statistical analysis and synthesis from the included studies are
presented in in Figure 13. Many of the studies did not provide sufficient data to derive
mean difference and/or SD in bpm for cross-comparison. Considerable heterogeneity
exists between the statistical reporting methods employed, both across the assorted
technologies investigated and between different individual studies utilising the same

basic technological approach.
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Figure 13. Mean difference and 95% limits of agreement between studied technology

heart rate and reference heart rate.

The mean difference and limits of agreement between studied technology and reference
device heart rate tended to be less than ten bpm. Studies with greater accuracy
evidenced by tighter limits of agreement investigated the use of camera
photoplethysmography; they tended to outperform studies of other technologies such as

reflectance pulse oximetry, which highlights the strengths of this camera-based method.

Summary of Findings

We identified six novel technologies for heart rate monitoring in neonates and infants.
Each modality had its own limitations; movement artefact in particular was a limitation
mentioned in most of the studies reviewed. Ambient light was also a limitation in

several of the studies assessing camera-based photoplethysmography. An analysis of the
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risks of bias and applicability of each study has been presented in Figure 12. The

published data has been summarised and presented in Figure 13.

3.5 Discussion

3.5.1 Strengths and Limitations of the Review

A comprehensive review of the published literature has been conducted, following the
systematic approach outlined in the QUADAS-2 methodology. Criteria for study
inclusion have been uniformly applied. Sixteen articles describing trials comparing
novel technologies for heart rate monitoring in neonates and infants, across five
different modalities were identified. A key strength of the review is the cross-
disciplinary nature of the search, identifying scientific papers from medical, biomedical

and engineering journals.

The most salient limitations of our review arise from the nature of the included articles.
All of the included works describe small-scale, pilot studies of technology. Many of
these can be accurately described as being still in a developmental phase. Significant
risk of bias affected methodological quality of these studies across multiple domains.
Results were not reported in a comparable fashion across studies, making accurate
comparison of included works in order to identify the most promising novel technology

difficult.

3.5.2 Applicability of Findings to the Review Question
Because only studies where novel technologies had been trialled on a neonatal and/or
infant population in comparison to an established gold-standard were included, findings

are considered applicable to the review question.
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3.6 Author’s Conclusions

3.6.1 Implications for Practice

The ongoing innovation of technological solutions for assessment of heart rate in young
children is highly encouraging, with potential for significant effects on clinical practice.
Non-contact methods for heart rate assessment have the advantage of minimising
noxious stimuli and infection pathways for vulnerable preterm infants. However, due to
the limitations of the studies and trialled heart rate assessment methods described in this
systematic review, none of the novel technologies can be recommended as being

suitable for widespread clinical implementation at this stage.

3.6.2 Implications for Research

Several of the novel technologies, particularly photoplethysmography and
ballistocardiography, suffered from poor signal accuracy due to movement of the
neonate/infant (160, 174, 177, 178, 180-182, 185, 186, 188). Methods for minimising
movement artefact have previously been developed to improve oximeter-based heart
rate assessment in newborns (192). It is clear that overcoming inaccuracy due to
movement artefact is an area of high research importance for these novel heart rate

monitoring technologies.

Trial methodology and hence clinical applicability of future studies could be improved
by inclusive patient selection criteria, larger sample sizes and standardised reporting of
results with inclusion of all relevant data are needed. Real-time assessment of heart rate
using the novel method is highly desirable in order to demonstrate its capability in
practice rather than simulated conditions. Future studies should also compare novel

methods against each other, to ascertain the most promising technological approach.
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Chapter Four: Evaluation of a Digital Stethoscope for Assessment of Heart Rate in
Newborns and Infants in the Neonatal Intensive and Special Care

4.1 Background and Rationale

Heart rate is a vital sign of critical importance in the assessment of neonates and young
infants. It is a central parameter of routine neonatal monitoring because of its role in
identifying and managing medical disorders that may affect neonatal cardiac function

(193).

Prompt and accurate assessment of the heart rate of newborns also provides important
information about cardiorespiratory function and is useful in guiding resuscitation (29,
137). A key component of neonatal resuscitation guidelines such as the European
Resuscitation Council Newborn Life Support Guidelines 2015 (194), World Health
Organization 2012 Guidelines on Basic Neonatal Resuscitation (137), and Australian
Resuscitation Council Neonatal Guidelines 2010 (195) is the counting of heart rate of

the neonate.

However, prompt and accurate assessment of heart rate with pulse oximetry or ECG
may take some time to establish (136). A 2012 single centre study of twenty deliveries
demonstrated that pulse oximetry took on average more than two minutes to establish
heart rate (96). Another study showed that the time to acquire newborn heart rate using

ECG exceeded one minute in more than 75% of cases (100).
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There is also significant inaccuracy in heart rate obtained umbilical cord palpation and
manual auscultation of the heart. In a study of vigorous newborn infants in the delivery
room, cord pulse assessment and auscultation underestimated the ECG-derived heart
rate by an average of fourteen and 21 bpm respectively; in addition, umbilical cord
palpation was unsuccessful in determining heart rate in 19% of cases (80). A study of
medical staff assessing the heart rate of a neonatal simulation manikin using
stethoscopes found auscultation to be so inaccurate that 28% of assessments would have
prompted incorrect management during resuscitation or stabilisation (83). Accuracy of
neonatal heart rate determination may not be easily improved through training. A study
where some medical staff received a resuscitation training intervention prior to
repeating simulated neonatal auscultation to determine heart rate found there was no
significant increase in this group’s accuracy compared to others who did not undergo

the intervention (196).

Smart devices are electronic devices which are generally connected to other devices or
networks. They include smartphones, which are smart devices that enable mobile
communication and computation in a handheld-sized device, facilitating computing at
the point of care (197). In recent years there has been a rapid and widespread uptake of
smart device technology in developed as well as developing countries (198). Current
smart devices possess a tremendous amount of computational ability in a highly
portable and affordable form. This provides the opportunity for a new generation of
diagnostic tools based on smart devices that could significantly improve monitoring and

treatment of infants and children worldwide (199).
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A low-cost digital stethoscope that connects to smart devices (200) to monitor and
record neonatal chest sounds in an electronic format has been developed, as well as
prototype software that is able to process the recorded data and provide information
regarding neonatal and infant heart rate in real-time. This device could directly address

the issues requiring prompt and reliable assessment of neonatal heart rate noted above.

Smartphone applications for use in healthcare are becoming increasingly common
(201). The many advantages of using smartphone-based healthcare applications in
medical practice include mobile communication, provision of access to various clinical
resources at the point of care, and secure access to real-time patient monitoring systems
and to electronic medical records for better patient care. However, challenges of
smartphone-based healthcare also exist, such as limited battery life, small screen size,
risk of erroneous data input, computer viruses, loss or theft, and adverse impacts on
physician-patient interactions (197). Reliance on critical software applications can only
be considered well-placed if the technology is robust. Therefore, it is important that
smartphone applications used for healthcare purposes are rigorously evaluated and

refined prior to widespread clinical use.

4.2 Objectives

This study had three main objectives. Firstly, a key goal was to evaluate the
performance of a real-time heart rate algorithm used by a digital stethoscope and smart
device-based software in providing accurate and precise assessment of neonatal heart
rate compared to an established gold standard, in patients in the neonatal intensive and
special care setting. Secondly, it was important to test the usability of the electronic

stethoscope and smart device application in clinical settings.
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Thirdly, the study aimed to obtain audio recordings of chest sounds to develop and

refine algorithms built to determine heart rate in real time.

4.3 Methods

4.3.1 Study Design and Approval

This was a prospective observational study in which a cohort of infants admitted to the
special care nursery or neonatal intensive care unit of the Royal Women’s Hospital in
Melbourne, Australia were opportunistically recruited to participate. Written informed
consent was obtained from a parent or guardian of the child and recorded on a signed

consent form.

Prior to consent being obtained, written information about the study including the
purpose of research, potential benefits and risks, ethics committee approval and data use
policy was provided to the parent(s)/guardian(s) and read by them. The Human
Research and Ethics Committees of the Royal Women’s Hospital, Melbourne, Australia

approved the study (RWH Project Number 13/45).

4.3.2 Setting

The setting was the neonatal intensive and special care nursery of the Royal Women’s
Hospital a large perinatal tertiary hospital located in the city of Melbourne in Australia.
This neonatal intensive and special care unit has 60 neonatal beds. As a tertiary
obstetric centre, both high and low-risk pregnancies and deliveries are attended to by the
obstetric, newborn and midwifery teams at the Royal Women’s Hospital. The hospital
sees more than 9,000 deliveries every year (202). These deliveries occur inside

dedicated birthing suite and operating theatre rooms. Supervised normal vaginal
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deliveries, inductions of labour, instrumental deliveries and emergency and elective
Caesarean sections are all performed. There are over 1400 admissions to the NICU each
year of whom approximately three hundred are very low birth weight infants (<1500

grams at birth).

Within the neonatal intensive and special care nursery, almost all infants are routinely
monitored using conventional technologies such as pulse oximetry and/or ECG. Staff
are well-trained and familiar with applying these monitoring devices. This makes it the
ideal setting in which to trial a new device for newborn and infant heart rate detection
against gold standard devices which are utilised in both neonatal inpatient care as well
as in delivery room assessment. Trialling new technologies for measurement of heart
rate for children in this age group has been performed before in the neonatal intensive
and special care with other novel devices, such as camera-based photoplethysmographs
(175, 177, 178, 185, 186), reflectance pulse oximetry devices (180, 182) and a variety

of sensor-based solutions (179, 187, 189, 203).

4.3.3 Participants

Participants were newborns and infants admitted to the neonatal intensive and special
care nursery of the Royal Women’s Hospital in Melbourne, Australia and who were
being monitored using three lead ECG. Those with cardiac arrhythmias, extremely
preterm individuals (< 26 weeks corrected gestation) where the unit policy for skin
protection is to avoid monitoring with ECG leads and unstable infants receiving high
frequency oscillatory ventilation were excluded. Infants supported by conventional
ventilation, inotropic medications and non-invasive ventilation such as CPAP and

heated and humidified nasal high flow therapy were eligible for inclusion in the study.
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Given the absence of previous trials assessing the novel digital stethoscope device to be
used in the study, a power calculation was not performed. Instead, the original aim was
to recruit a minimum of fifty infants as a convenience sample. The demographic

characteristics of infants included in the study are discussed below.

4.3.4 Procedures

Parent(s)/guardian(s) of eligible neonates and infants admitted to the neonatal intensive
care unit or special care nursery of the Royal Women’s Hospital were approached by a
study team member who was a nurse or doctor with experience in neonatal care.
Witnessed written consent from the legal guardian of the infant to be studied was
obtained before any procedures were carried out. Recruitment occurred when study
team members were available to discuss the study in person with parent(s)/guardian(s)
in order to provide information and gain consent, and this occurred during regular

business hours as well as after hours and on weekends.

After consent was obtained, the clinical team were consulted to determine whether the
infant was suitable to study at that time. If not, the study was postponed until the
clinical team were satisfied that the infant was stable and could safely tolerate the

additional handling associated with the study.

Basic demographic data were collected on each infant. Information collected included
birthweight, current weight, gestational age at birth, current gestational age, gender,
relevant cardiorespiratory diagnoses and type of respiratory support being given to the

patient.
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Figure 14. Stethocloud ™ v2 Digital Stethoscope connected to smartphone.

Study team doctors applied the Stethocloud™ v2 digital stethoscope head to the
exposed precordium of supine infants. The digital stethoscope was connected to an
Apple iPhone™ 5s, running the Neorate 0.1a software application (Stethocloud Pty Ltd;

https://clinicloud.com) which displayed a real-time heart rate on the screen.

The digital stethoscope itself was composed of an electret (electrostatic capacitor-based)
microphone, housed in a hollow metal stethoscope head with the same plastic
diaphragm found in modern binaural stethoscopes. Wiring protected by plastic
sheathing connected the microphone to the smartphone via the 3.5mm audio jack, the

port commonly used for headphones and hands-free devices, shown in Figure 14.
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Infants were simultaneously electrocardiographically monitored with a 3-lead ECG
(Philips Intellivue MP70, Philips Healthcare, Andover, USA).  The Neorate 0.la
software application was initiated once a stable ECG trace was obtained and it was run
for approximately ninety seconds. In addition to displaying a calculated heart rate
(averaging time of three seconds), the Neorate software application also collected the
raw audio / sound captured by the digital stethoscope microphone, in the format of a

waveform file (also known as a WAV file).

At any given time during the videorecording, the ECG and smartphone displayed a
number representing measured heart rate or on occasion, a signal indicating an inability
to detect heart rate. To capture this information, a Samsung ST150F digital camera
(Samsung Electronics Co. Ltd, Suwon, South Korea) was used to take a videorecording
of the simultaneous displays of both the Apple iPhone™ 5s and ECG screens over the
ninety second recording time. Cleaning of the stethoscope and smartphone device with

70% isopropyl alcohol was conducted between patient use.

Recordings were considered eligible to undergo further analysis based on our a priori
definition of reliability; (a) Neorate application heart rate obtained within thirty seconds
of activating the software on the iPhone and (b) a minimum of ten seconds of heart rate
data output from the Neorate application during the ninety second recording period. If
recordings did not meet these requirements, then their data was not included in the
analysis. Spectrograms (also known as spectrographs) characterise the frequency,
intensity and time length of audio sounds in a visual representation of data, facilitating

further analysis and comparison.
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Spectrogram generation using Audition CC software (© Adobe Systems, San Jose,
California, United States of America) was utilised on an ad-hoc basis for a small
number of recordings only, to illustrate interesting features such as cardiac murmur

waveforms (see Figure 18 and relevant discussion below).

All video recordings were loaded onto secure computers. The videos obtained were
reviewed and heart rate values were extracted every second by incrementally advancing
and pausing the video in order to note down the numbers displayed on the captured
digital stethoscope and ECG heart rate screen displays. ECG trace quality, rated good
or poor, was also noted at the one-second intervals. This was done by both an
independent offsite investigator, and in the same fashion by a separate second person
who was a study team member, in order to ensure correct values were obtained. This
process was considered important as a quality assurance check. Disagreements were

resolved by reviewing the video in question.

A Microsoft™ Excel spreadsheet was used to tabulate the extracted values. The heart
rate values obtained by the ECG and novel stethoscope device at the same point in time
in the same recording were considered to be paired values. The spreadsheet also
recorded each patient’s demographic data, type of respiratory support the patient was
receiving at the time of recording, and relevant cardiorespiratory diagnoses. In
particular, infants with a history of cardiac murmur, clinically suspected cardiac lesions,
and structural abnormalities found on echocardiogram had this information noted.
Information about concentration of oxygen delivered to the patient was not collected

and neither was information regarding inotropic drug infusion(s).
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4.4 Statistical Analysis

Using the fifty included recordings, time in seconds from application activation to first
digital stethoscope heart rate display was noted, with median and interquartile range
(IQR) values calculated. Bland Altman analysis was conducted because this technique
is based on the philosophy that the key to method comparison studies is to quantify
disagreements between individual measurements in order to help the clinician interpret
a measurement (204). Therefore, a Bland Altman plot was constructed to assess the
level of agreement between the ECG heart rate and digital stethoscope heart rate. This
method plots the difference between these two values against their average (205). An
individual analysis of the mean difference between ECG and digital stethoscope heart

rate was also constructed for each infant’s recording.

4.5 Results

Sixty-five participants were recruited and consented, using the recruitment and consent
process described above. Eight patients were discharged from the Royal Women’s
Hospital neonatal care unit prior to being recorded. Some of these eight infants were
discharged home and others were transferred to external special care nurseries.
Therefore, fifty-seven infants were studied. The number of recordings considered failed
attempts according to our a priori definition was seven; for six infants, the digital
stethoscope did not capture heart rate within thirty seconds of activation, and for one
infant the digital stethoscope did not record greater than ten seconds of output, leaving

fifty infants in total (Figure 15).
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Figure 15. Participant recruitment and analysis for neonatal intensive and special care

study.

A summary of the demographic profile of infants who had recordings analysed is shown
in Table 2. Half of these fifty infants were female and half were male. Their weight
ranged from 656 to 3690 grams. The median weight was 1891 grams. The corrected
gestational age at time of recording ranged from 26.7 to 54.7 (median 34.1) weeks.
Thirty-four per cent of included newborns were receiving respiratory support defined as
conventional ventilation, continuous positive airway pressure or high flow nasal
oxygenation. Forty-four per cent were receiving some form of respiratory intervention.
Five infants were receiving low flow nasal prong oxygenation, seven were receiving
nasal mask continuous positive airway pressure ventilation, three were intubated and

conventionally ventilated, and seven were receiving high flow nasal prong therapy.
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Study characteristics (N=23) Median [Range]

Female sex, n (%) 25 (50%)
GA (weeks+days) 30*° [23*° to 39*4]

Corrected GA (weeks+days) at time of recording 34*1[26" — 54"

Birthweight (grams) 1528 [485 — 3960]
Weight at time of recording (grams) 1891 [656 — 3690]
Respiratory Interventions n (%)
Conventional ventilation (intubated) 3 (6)

CPAP 7(14)

High flow nasal oxygenation 7 (14)

Low flow nasal oxygenation 5 (10)

None 23 (56)

Cardiac Lesions n (%)

Patent Ductus Arteriosus 8 (16)

Tetralogy of Fallot 1(2)

Isolated ventricular septal defect 1(2)

Isolated valvular abnormalities 2 (4)

No lesion suspected 38 (76)

n=number of infants; sec=seconds; IQR=interquartile range; GA=gestational age

Results are n (%) or median (range)

Table 2: Demographics of infants analysed in the neonatal intensive and special care

study.
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Twenty-four per cent had known or clinically suspected cardiac lesions, the commonest
of which was an isolated patent ductus arteriosus (n = 7). Other cardiac diagnoses
included Tetralogy of Fallot (n = 1), ventricular septal defect with patent foramen ovale
(n = 2), suspected tricuspid regurgitation (n = 1) and mitral valve thickening with atrial

clot/vegetation (n = 1).

The seven infants with recordings that were deemed failed attempts did not differ
significantly from the fifty infants recruited for the study with regard to their rate of
cardiac pathology or need for respiratory support. Four of them (57%) were receiving
respiratory/oxygenation support, two in the form of invasive ventilation through
endotracheal tubes, one on high flow nasal prongs, one wearing low flow nasal prongs,
and one receiving continuous positive airway pressure via nasal mask. Two had
known/suspected cardiac lesions (both patent ductus arterioses). Their recorded weights
were also similar, and ranged from 1130 grams to 3834 grams (median weight 1350

grams).
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Figure 16. Neonatal intensive and special care study Bland Altman analysis.

The Bland Altman analysis, shown in figure 16, compared 3972 paired data points
compiled from fifty recordings and showed that the mean difference (x2SDs) between
ECG and digital stethoscope heart rate was 7.4 (48.5) bpm. The median (IQR) time to
first digital stethoscope heart rate display was 4.8 (1 to 7) seconds. Individual recording
analysis, shown in Figure 17, demonstrated that 76% of recordings had a mean
difference between DS and ECG heart rate of less than ten bpm and that only six

recordings had a mean difference exceeding twenty bpm.
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Figure 17. Heart rate values obtained from all individual recordings.

4.6 Discussion
Whilst an electronic stethoscope has been used to record neonatal bowel sounds (206),
to the study team’s knowledge this was the first time digital stethoscope technology for

real-time heart rate analysis had been studied in newborn infants.

It was demonstrated that digital stethoscope and smart device technology can quickly
establish neonatal and infant heart rate, usually taking less than five seconds. In regards
to accuracy, it was found that the mean difference compared to ECG-derived heart rate

was less than eight bpm.
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Digital stethoscope technology in this study was more rapid than alternative methods of
measuring newborn heart rate. For example, pulse oximetry generally takes longer than
one minute to display heart rate (136) compared to digital stethoscope heart rate
acquisition which occurs within ten seconds in most cases. Pulse oximetry is more
accurate with a reported mean difference (x2SD) of -0.4 (£12) bpm compared with
ECG (118). However, the accuracy of the digital stethoscope heart rate was greater than
traditional rapid methods used to assess heart rate. Chest auscultation and umbilical
cord palpation have been shown to underestimate ECG heart rate by 14 and 21 bpm
respectively (80), and brachial and femoral pulse palpation are even more inaccurate
(73). In contrast, the mean difference (SD) between digital stethoscope heart rate

displayed on the smart device and ECG heart rate was 7.4 (24) bpm.

The study was limited by its sample size, opportunistic recruitment method and the
characteristics of the recruited population. In particular, no participants had a heart rate
less than one hundred bpm on ECG assessment, so conclusions about ability to detect
bradycardia cannot be drawn. Strengths of the study included an a priori definition of
device failure, a demographically diverse group of recruited infants and use of video
footage which permitted objective, easily-extracted and well-recorded comparison data

of device-detected heart rates.

For the purposes of this study, digital stethoscope heart rate output was considered
inadequate if the device failed to capture heart rate within thirty seconds of activation or
did not record more than ten seconds of output over the course of the recording. These
limits were thought to constitute parameters for device performance that would be

clinically relevant in its potential application in the delivery room and other settings.
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Although no difficulties with quality of ECG trace were encountered, in twelve percent
of infants, inadequate digital stethoscope heart rate output was obtained. Through post-
hoc recording analysis, loss of contact of the stethoscope head with the precordium and
accidental loosening of the wiring connection to the digital stethoscope head were
identified as key reasons for this. These highlight potential challenges to the device’s
use that health care providers should be aware of. Other potential risks to successful
software application use include interruption due to telephone calls to the smartphone,
memory overload and timed screen lockout. Choosing a suitable smart device with
appropriate settings can eliminate these risks, although other difficulties may not be so
easily mitigated. The newly born infant in the delivery room may be wet, have a
polyethelene sheet or bag applied for thermoprotection and/or be undergoing
resuscitation resulting in chest wall movement, all of which have the potential to
influence device failure rate. Assessing these factors can only be done through a study

of this device and technology in the delivery room.

The Bland Altman analysis shown in Figure 16 depicts a series of outlying values where
noted ECG minus digital stethoscope heart rate values were approximately half that of
the infant heart rate. Reviewing videos of the digital stethoscope recordings identified
these to be largely caused by occasional halving of the digital stethoscope heart rate
compared to ECG heart rate, lasting for approximately five seconds during several
recordings. This was suspected to be due to a software issue, as the software used
algorithms that heavily rely on identification and clear differentiation of the S1 and S2
heart sounds to register a single heartbeat. Refining algorithms may therefore
significantly improve accuracy. Interestingly, it was found that the presence of

adventitious sounds from external noise sources, or from cardiac murmurs, was not
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associated with inaccurate digital stethoscope heart rate. This may be due to the specific
low frequency of neonatal heart beats (207) permitting filtering out of higher frequency

sounds.
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Figure 18. Spectrogram of an infant with a cardiac murmur from Tetralogy of Fallot

(left) compared to spectrogram of an infant without a cardiac murmur (right).

There may be scope for automated murmur detection and heart rate variability analysis,
which has been studied in neonatal and adult populations (207-210), to expand the
clinical utility of this technology. As an example of what the device is capable of
capturing, Figure 18 shows a spectrogram of heart sounds collected from an infant with
a murmur related to Tetralogy of Fallot next to a spectrogram of heart sounds collected
from an infant without a cardiac murmur, with R-R intervals marked on each.
Spectrographs can be produced relatively quickly, for example at the time of a
recording, and if found to correlate with a particular abnormality, may be useful in

diagnosis or in monitoring. What is evident in Figure 18 is the noticeable presence of
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higher intensity captured sound energy in the frequency range up to approximately 1.2
kilohertz in systole in the infant with Tetralogy of Fallot obscuring the second heart
sound, not present in the infant without a murmur. Automated detection of such sound
abnormalities, if developed, could potentially be used to screen neonates for the
presence of cardiac murmurs. It may be possible in children to differentiate

pathological murmurs from innocent ones using digital stethoscopes (211).

The relative portability and affordability of this digital stethoscope and smart device
technology (200) make it attractive for global use, especially given the widespread
uptake of mobile smartphones (198). This device may prove useful in low-resource
hospitals or in the hands of those conducting postnatal infant checks in both developing
and developed nations. Furthermore, detecting heart rate of newborns in the delivery
room rapidly and accurately is of high clinical importance as heart rate is a critical sign
which guides resuscitation (137). Therefore, this device may prove useful in the
delivery room setting as well. However, to perform adequately in delivery scenarios,
improvements are required. In the delivery room setting, device robustness is
undoubtedly important. Furthermore, software modifications to improve accuracy prior
to trials in the delivery room setting would certainly be advantageous. Delivery room
trials should include both low-risk term and high-risk preterm infants born in both

operating theatres and birthing suites.
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4.7 Conclusion

In summary, the study findings showed that the digital stethoscope and smart device
technology to measure newborn and infant heart rate was rapid and relatively accurate
in stable infants in the neonatal intensive and special care setting. However, before
wider clinical application of the device and software is recommended, improvement in
precision is required, with software algorithm improvement being a key component of
this. In addition, design improvements such as sturdier cable connections are required

to minimise device failure rates and improve overall usability.
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Chapter Five: Evaluation of a Digital Stethoscope for Assessment of Heart Rate in
Newborns in the Delivery Room

5.1 Background and Rationale

Prompt and accurate assessment of a newborn’s heart rate is very important in guiding
decisions during neonatal resuscitation (29, 137). There are various ways to assess the
heart rate clinically, including manual auscultation and pulse palpation at various sites
such as femoral, brachial or umbilical cord (73, 82, 194). As these methods all have
shortcomings, various electronic monitoring devices for obtaining heart rate have been
used in the delivery room (99). Pulse oximetry is commonly used (89). However, some
authors have noted an underestimation of heart rate using this technology (133). Others
have documented substantial challenges in successful oximetry probe placement and
connection to generate a reliable reading quickly enough to be able to guide decision-
making in the crucial first couple of minutes of resuscitation (100). Continuous ECG
represents the gold standard for accuracy in heart rate determination, and some studies
have demonstrated it can be applied more quickly than pulse oximetry (96, 98).
However, there is still a delay to reliable heart rate detection (100), and currently ECG
is not commonly available in delivery rooms (82). Furthermore, leads cannot be easily

applied in the sterile field or over the top of a polyethylene bag for preterm infants.

Using a digital stethoscope to obtain delivery-room newborn heart rate has theoretical
advantages over traditional methods (99). As the stethoscope head is applied in the
same fashion as when using a standard binaural stethoscope, it is a technology with a
strong element of familiarity, that can be rapidly applied. An automated counting
algorithm on an attached smart device may decrease bias and inaccuracy compared to

standard methods.
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Furthermore, the use of smart devices is widespread even in resource-limited settings,
where cost may prohibit use of ECG or pulse oximetry (199).  Therefore, using a
digital stethoscope may improve speed and accuracy of newborn heart rate acquisition
in both developing and developed world settings compared with other devices and

methods commonly used in the delivery room.

The previous study of a digital stethoscope and smart device for infant heart rate
detection in the neonatal intensive and special care setting demonstrated the rapidity of
heart rate detection and real-time display which can be achieved by such a device, as
well as its ease of use. However, the device was deemed to be too inaccurate for
clinical application and refinement was recommended (183). In response to this, a
transdisciplinary team was formed, allowing technology designers accompanied by
doctors to enter the delivery room setting so as to better understand the challenges of
this clinical environment. A number of changes to the device were made. The
hardware was significantly altered, with a custom-made aluminium stethoscope head
made to house the electret microphone, lined with material to insulate the microphone
from noise that could be picked up through the casing rather than through the
stethoscope diaphragm. Cable connections were improved to prevent issues of
dislodgement and disconnection noted in the previous study. An audio pre-processing
computer chip was added inside the stethoscope head to improve quality of sound data
transmission to the smart device. Other additions included a lithium ion battery to
power components and a light-emitting diode to signal to the user when the device was

ready for use with sufficient battery charge.
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Figure 19. Clinicloud ™ Digital Stethoscope connected to smartphone.
The smart device software was also revised. Algorithms were changed to improve

filtering of extraneous noises picked up by the microphone in order to minimise the

interference these sounds caused.
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Accuracy of heart rate detection was also improved by implementing a dynamic rather
than fixed method of determining the threshold for loudness of the S1 and S2 heartbeat
components required for them to be counted as true beat components by the software,
addressing a design fault thought to have contributed to the intermittent approximate
halving of heart rates detected using the digital stethoscope in the previous study.
Given the significant steps taken to improve the device as a whole, it was considered
appropriate for a delivery room trial to proceed. In order to re-evaluate accuracy and
robustness prior to use in higher-risk deliveries, this trial was limited to babies born by

elective caesarean section.

5.2 Objectives

This study had two main objectives. The first goal was to evaluate the performance of
the improved real-time heart rate algorithm used by the novel digital stethoscope and
smart device-based software in providing accurate assessment of newborn heart rate in
the delivery room compared to an established gold standard. Secondly, it was important
to test the usability of the improved version of the electronic stethoscope and smart

device application in this demanding clinical setting.

5.3 Methods

5.3.1 Study Design and Approval

This was a prospective observational study which recruited a cohort of newborn infants
delivered by elective caesarean section at the Royal Women’s Hospital in Melbourne,
Australia. Written informed consent was obtained antenatally from a parent or guardian

of the child and recorded on a consent form which was signed by them.
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Prior to consent being obtained, written information about the study including the
purpose of research, potential benefits and risks, ethics committee approval and data use
policy was provided to the parent(s)/guardian(s) and read by them. The study was
approved by the Human Research and Ethics Committees of the Royal Women’s

Hospital, Melbourne (RWH Project Number 13/45).

5.3.2 Setting

The setting was the Royal Women’s Hospital, a large perinatal tertiary hospital located
in the city of Melbourne in Australia. The hospital has more than 9 000 deliveries
every year (202). Some study procedures were carried out inside the operating theatres,
whilst recruitment and consent processes were undertaken inside the hospital but

outside of operating rooms.

5.3.3 Participants

Participants were infants born by caesarean section at the Royal Women’s Hospital in
Melbourne, Australia. Infants delivered by planned elective caesarean section were
eligible for inclusion. Also excluded were babies born at less than 34 weeks’ gestation,
and infants delivered urgently by caesarean section. The key reason for these
exclusions was to ensure this trial tested the device in lower-risk deliveries in the

operating room environment rather than in high-risk deliveries.

5.3.4 Procedures
Expectant parent(s) of eligible infants to be born at the Royal Women’s Hospital were
approached by a study team member with experience in neonatal care and resuscitation,

in order to discuss the study and obtain consent for participation.
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Written consent from the legal guardian of the infant to be studied was obtained prior to
the study. Recruitment occurred when study team members were available to discuss
the study in person with parent(s). This occurred during regular business hours as well

as after hours and on weekends.

If the parent(s) consented to the study, a researcher attended the birth to set up the
equipment and measure the heart rate with two devices. As soon as the infant was
brought to the warming bed by the midwife, neonatal ECG leads (Kendall, Medtronic,
Minneapolis, MN, USA) were applied and connected to a handheld ECG monitor
(IntelliVue X2, Philips, Suresnes, France). The ECG monitor has an averaging time of
two seconds. Then the smart device application for the Clinicloud Digital Stethoscope
(NeoRateRT, Clinicloud, Melbourne, AUS) was started. This calculates the heart rate
each second by averaging the heart beats of the last five seconds, and evaluates signal
quality. The signal quality evaluation was based on the regularity of the detected heart
sound. In case of low signal quality, the value for the heart rate was displayed in red and
if no regular heart rate could be detected, ‘N/A’ was displayed. The display screens of
both devices (ECG and digital stethoscope smart device) were video-recorded. As soon
as all devices and the video were running, the stethoscope head was put onto the
infant’s chest left of the sternum to auscultate the heart (Figure 20). The time the
stethoscope was put on and taken off the chest was recorded. Crying was clearly audible

on the video and the time crying started and finished was documented.
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Figure 20. Clinicloud ™ Digital Stethoscope applied to infant’s praecordium.

Heart rate was recorded for sixty seconds after the first displayed value on the digital
stethoscope smart device. If there was no heart rate displayed after thirty seconds, the
attempt was considered to have failed. After the allotted time the devices were
disconnected and the baby was wrapped and transferred to the mother as per standard

care.

Basic demographic data were collected on each infant. This included birthweight, sex,
gestational age at birth, and details of any resuscitation provided. The video recordings
were then analysed post-hoc by comparing the displayed values of the two devices

every second.

Given the absence of previous delivery room trials assessing this iteration of the digital
stethoscope device (or indeed any digital stethoscope device), a power calculation was
not performed. Instead, a convenience sample of paired recordings of thirty infants was

chosen to provide clinically meaningful data.

Dr Ajay Kevat, MMed Thesis 131



5.4 Statistical Analysis

The Bland-Altman method (205) was used to compare the heart rates derived from the
digital stethoscope and ECG devices. The correlation between the two modalities was
assessed using a Pearson’s r statistic. Data was first analysed using all data points
available and subsequently after the exclusion of data during crying periods, defined as
during and within five seconds of crying. All data was analysed using R statistical

software, version 3.3.1.

5.5 Results

In the study period, consent was obtained for 44 patients, although seven were
subsequently excluded from analysis for the following reasons: ECG unsuccessful in
obtaining heart rate (n=3), equipment unavailable (n=3), researcher unable to attend

birth (n=1).
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Figure 21: Participant recruitment and analysis for delivery room study.

Thirty-seven video recordings were taken and underwent analysis as described above.
The demographic characteristics of these infants is shown in Table 3 below. Almost half
were male, and the median gestational age was 39 weeks (range 34.3 to 40.1 weeks).
Median weight was 3.23 kilograms, with all babies weighing greater than two kilograms

at birth.
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Study characteristics (N=37) Median [IQR]

Male sex, n (%) 17/37 (45.9%)

GA (weeks+days) 3997 [37%7 to 397"
Weight (grams) 3230 [2895 to 3645]
Apgar at 1 minute 9[91to09]

Apgar at 5 minutes 9[91to0 9]

Time to stethoscope on chest, from birth (sec) 85 [65 to 123]

Time to start recording, from birth (sec) 89 [69 — 128]

Time until heart rate displayed, from
7[5-11.5]
digital stethoscope activation (sec)

n=number of infants; sec=seconds; IQR=interquartile range; GA=gestational age
Median values and IQRs are depicted for most variables. Sex is depicted as total

number and percentage of male participants.

Table 3. Study characteristics of included infants.

The digital stethoscope was able to detect a heart rate at first attempt (ie. within half a
minute of application) in 23 of 37 infants (62%). In comparison, at the time the video
was started (roughly 10 to 15 seconds after application of the ECG electrodes), the ECG
had heart rate data available in 24 of the 37 infants (65%). The fourteen infants for
whom the digital stethoscope did not display a heart rate were all crying before and/or
during the initial thirty seconds of placing the digital stethoscope on the infant’s chest.
More specifically, 89% of the data points where the digital stethoscope displayed no
signal (N/A) in the initial thirty seconds of a recording were during or within five

seconds of crying episodes.
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The 23 infant recordings where the DS displayed a heart rate were included in further
detailed analysis, including the Bland Altman analysis.  Their demographic
characteristics (outlined in Table 4) were not statistically significantly different from the

original included thirty-seven infants.

Study characteristics (N=23) Median [IQR]

Male sex, n (%) 12/23 (52.2%)

GA (weeks+days) 3847 [36%" to 397"
Weight (grams) 3210 [2639 to 3495]
Apgar at 1 minute 9[91to09]

Apgar at 5 minutes 9[91to0 9]

Time to stethoscope on chest, from birth (s) 93 [79.5 to 185.5]
Time to start recording, from birth (s) 89 [69 — 128]

Time until heart rate displayed, from
7[5-11.5]
digital stethoscope activation (S)

n=number of infants; sec=seconds; IQR=interquartile range; GA=gestational age
Median values and IQRs are depicted for most variables. Sex is depicted as total

number and percentage of male participants.

Table 4. Study characteristics of newborns included in the Bland Altman analysis.

For these 23 neonates, the digital stethoscope and smart device took a median (IQR) of
7 (5 to 11.5) seconds after application to display a heart rate.  All instances where
greater than ten seconds was required to detect a heart rate using the novel technology

were in crying infants.
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Of the 1380 available paired data points for the 23 infants (60 seconds each), the ECG
failed to display a heart rate in seven and the digital stethoscope in 229 instances, 189

(or 83.3%) of which were during or within five seconds of crying episodes.

Digital stethoscope heart rate was highly correlated to ECG heart rate (r=0.8508;
p<0.0001), when examining all available paired data points, as shown in Figure 22. If
crying periods were excluded, the correlation between the two modes was stronger

(r=0.9320; p<0.0001), as shown in Table 5.
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Figure 22: Correlation Between Digital Stethoscope and ECG heart rate (all data

points).
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Pearson’s correlation between ECG and the DS

Non-Crying Periods: After exclusion of crying
All data points
and five seconds after crying

r=0.8508 r=0.9320

(p<0.0001) (p<0.0001)

Table 4: Pearson’s correlation between ECG and Digital Stethoscope heart rate

The median difference (IQR) between digital stethoscope heart rate and ECG heart rate
was 1 bpm (-2 to 3). After excluding data from crying periods, the median (IQR)
difference was 1 bpm (-1 to 3). Bland-Altman analysis revealed a mean difference
(x2SD) between the two devices of 0.2 (-18 to +18) bpm including crying periods

(Figure 23), and 1.0 (-11 to +12) bpm excluding crying periods (Figure 24).
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Figure 23: Bland Altman plot — all paired data points.
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Figure 24: Bland Altman plot — data points during/within five seconds of crying

excluded.

Two infants required positive pressure ventilation in the form of either continuous
positive airway pressure delivered by face mask, or intermittent positive airway pressure
also delivered by face mask. In these newborns, the digital stethoscope device was able
to detect a heart rate for more than 90% of the 60-second recording time despite
concurrent provision of positive pressure therapy. Although the number of data points
was much lower, the heart rate values displayed by the digital stethoscope were of

similar accuracy as those seen in infants who were not crying.

Most digital stethoscope heart rate values displayed were unaffected by poor signal
quality. In fact according to the smart device application, less than five percent of
displayed values were of poor signal quality; half of these were associated with crying

periods.
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5.6 Discussion

In this study, a novel approach to measuring an infant’s heart rate was evaluated in the
delivery room setting. This is the first time digital stethoscope technology for real-time
heart rate measurement has been studied in transitioning newborn infants in the delivery
room. This is the environment where obtaining an accurate heart rate with minimal

delay is perhaps most important for this vulnerable patient group.

Globally, approximately 5% of newborns require respiratory support for successful
transition, and decisions in newborn resuscitation are generally based on the ascertained
heart rate (29). A newborn’s heart rate is commonly assessed via auscultation and
palpation of the umbilical cord with pulse oximetry and ECG used adjunctively, but all
of these methods in practice have notable shortcomings; application of pulse oximetry
and ECG leads in a way that establishes an accurate trace is often time-consuming (96,
100), whilst auscultation and palpation methods, although rapid, are less accurate (80,

83).

This study demonstrated that although the digital stethoscope and smart device
combination was unreliable in detecting infant heart rate during crying periods, it was
quite accurate during non-crying periods. Crying sounds occur across a wide range of
frequencies which may interfere with detection of heart rate despite software filtering
processes. Conventional binaural stethoscopes are similarly affected. However, crying
is a sign of successful transition and indicates that resuscitation is not required (212).
Therefore, inaccuracy of a device employed to potentially guide resuscitation
interventions is unlikely to detrimentally impact its usefulness if that inaccuracy is

limited to crying periods.
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The novel device underestimated heart rate by a mean of equal to or less than one beat
per minute. Comparatively, chest auscultation and umbilical cord palpation have been
shown to underestimate ECG heart rate by seventeen and 22 bpm respectively (80, 83).
Pulse oximetry has also been shown to underestimate ECG-derived newborn heart rate
over the first few minutes of life (133). It is reassuring to note that on average, the
digital stethoscope and smart device pair do not systematically underestimate heart rate,
as this phenomenon may lead to inappropriate escalation of resuscitative therapies with
unwanted and unnecessary complications, such as pneumothorax from positive pressure

ventilation (78).

During non-crying periods, more than 95% of novel device heart rate data points were
within +12 bpm of the corresponding ECG value. This is more accurate than
auscultation, umbilical cord palpation and pulse oximetry, which in similar delivery
room studies have demonstrated a greater range of deviation of the heart rate values
compared to ECG values over the first several minutes of life (80, 100, 133). Analysis
by demographic subgroups based on sex, gestational age and birthweight categories did

not reveal any association with greater or lesser digital stethoscope accuracy.

The digital stethoscope and smart device combination only detected a heart rate within
thirty seconds in 23 out of 37 infants. Thirty seconds was chosen as the target timeframe
as detection within this period was thought to be suitably rapid from a clinical point of
view and a clear improvement in comparison to other heart rate monitoring devices in
use such as pulse oximetry and ECG. Although this 62% success rate leaves room for
improvement, it is quite comparable to ECG success rates in detecting heart rate

accurately in a similar timeframe as shown in this and other studies (96, 98).
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Furthermore, all instances in which a heart rate was not detected in thirty seconds (or
indeed in which it took longer than ten seconds to detect a heart rate) were in crying
infants.  Additionally, poor signal quality data points (where the smart device
application displayed a heart rate in red-coloured numerals) were also associated with

crying periods; 50% of them arose during or within five seconds of infant crying.

This updated version of the digital stethoscope hardware and smart device software, was
an undoubted improvement upon the previous prototype. Despite being tested in the
more challenging environment of the delivery room, the new iteration demonstrated
clearly improved usability and accuracy without compromising rapidity. The ongoing
use of a digital display comes with the potential benefit of immediately informing the
whole resuscitation team of the heart rate whereas trends observed by a clinician using
auscultation or cord palpation need to be passed on to the lead resuscitator which can
take time and may not always be communicated quickly and effectively (213).
Although this study was not conducted upon subjects being born in a high-risk setting,
there were multiple instances in which an infant requiring positive pressure ventilation
was studied. The digital stethoscope was able to detect a heart for more than 90% of the
60-second recording time in these circumstances, and the heart rate values detected
were as accurate as previously described for non-crying periods despite noises
generated by positive pressure ventilation. This is likely because of the intermittent
nature of such noise as well as its relatively high-pitched frequency in comparison to
heart sounds, allowing signal processing sound filters to more easily eliminate this as a

potential source of interference (207).
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The accuracy of the digital stethoscope in measuring neonatal heart rate through a
polyethelene bag remain untested at this stage. Furthermore, no infants in this study
were bradycardic; heart rates ranged from 100 to 180 bpm. Although it may seem
reasonable to assume that the digital stethoscope and smart device would work well in
non-crying, bradycardic infants needing respiratory support directly after birth, the
accuracy, rapidity and usability of the digital stethoscope in this particular subgroup of

patients needs to be evaluated.

5.7 Conclusion

The digital stethoscope and smart device under consideration in this study was able to
be successfully used in the delivery room, and the device was more accurate than
clinical assessment. Although the technology was less reliable during crying episodes it
was more accurate and precise in non-crying periods compared to other methods of
heart rate detection commonly used in this setting. With further research and
development, the digital stethoscope may become a cost-efficient alternative method of
obtaining an infant’s heart rate in both resource-limited and developed delivery room

settings.
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Chapter Six: Summary, Recommendations and Future Directions

6.1 Background and Rationale

Heart rate is defined as the number of cardiac ventricular contractions, conventionally
counted over one minute. Together with blood pressure, temperature and respiratory
rate, heart rate is considered one of the four ‘vital signs’. Whilst quoted normal ranges
in children vary (47), it is widely agreed that heart rate outside the normal range is an
important diagnostic sign in a number of conditions. These include traumatic injury
(214), adverse drug effects, serious infection (18), malignancy (19), circulatory volume
depletion (for example through dehydration), organ failure (6, 7), and raised intracranial
pressure (15). Although these conditions can affect adults and children of all ages and
heart rate is relevant in cases across the various age groups in such instances, the
importance of determining heart rate in young infants in particular has also been
explored. Tachycardia has, for example, been found to be the most specific indicator of

severe congestive cardiac failure in a cohort of infants with heart disease (25).

Around five percent of newborns fail to make a smooth transition in cardiopulmonary
physiology from the intrauterine state to that required for extra-uterine life. These
infants require some form of resuscitative intervention, often ventilatory assistance (27,
28). In such cases, heart rate guides the decisions of when and how to intervene with
positive pressure ventilation and/or external cardiac compressions. Recommendations
for these resuscitative choices are outlined in international guidelines that are based on

the best-available evidence (137, 194).
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Heart rate features as the most important vital sign guiding early decision-making
because the newborn heart has an immature myocardium, underdeveloped autonomic
nervous system and vulnerability to oxygen supply interruption (32, 33) which means
that without adequate cardiac output, the heart rate will quickly fall, further impairing
cardiac output in a self-perpetuating and potentially life-threatening spiral. A beneficial
upward spiral is also possible; with effective ventilation, the heart rate will usually
rapidly improve (33). Because of the relatively fixed stroke volume of the neonatal
heart, it is chiefly heart rate improvement that leads to better cardiac output and tissue
perfusion to vital organs (23). It is therefore clear that for newborns, rapid and accurate
assessment of heart rate is critically important.  Several methods for determining
neonatal and young infant heart rate exist, each with particular advantages and

disadvantages.

6.2 Summary

6.2.1 Summary of Established Methods of Monitoring Newborn and Infant Heart Rate
Established methods of monitoring neonatal and infant heart rate include pulse
palpation, auscultation, ECG monitoring and transmission pulse oximetry. Doppler
technology, long-used in determining foetal heart rate (124, 125), has also been used to
monitor newborn heart rate (128, 129). A useful distinction to draw is that some forms
of heart rate detection are performed intermittently, such as pulse palpation and
auscultation, whereas others such as ECG monitoring and pulse oximetry assess the rate

continuously.
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In the neonatal intensive and special care setting, 3-lead ECG and pulse oximetry are
commonly utilised (105). Significant disadvantages of ECG and pulse oximetry lead
application include skin damage in infants (215) which can predispose to serious
infection, and negative emotional impacts on mothers causing interference with
breastfeeding and bonding (150). Motion artefact, despite being reduced through
advanced signal processing techniques (91), can still frequently impede device
performance (92). Whilst these technologies are also used in the delivery room, there is
a substantial time delay between beginning to apply the ECG or pulse oximeter and
accurately displaying the heart rate (100, 136). Because of this and because of the lack
of equipment in resource-poor settings, the intermittent assessment methods of
auscultation and umbilical cord palpation are commonly used in the delivery room
setting (99). Unfortunately, these methods of assessing heart rate are unreliable (73,
80). These drawbacks have contributed to the interest in and development of novel

technologies to assess this vital sign.

6.2.2 Summary of Novel Methods of Monitoring Newborn and Infant Heart Rate

Novel methods for monitoring newborn and infant heart rate use different technologies
which seek to overcome different particular challenges and are at varying stages of
development. Methods include camera-based photoplethysmography (175, 177, 178,
181, 185, 186), reflectance pulse oximetry (180, 182), laser Doppler methods (188),
capacitive and load-cell sensors (174, 176, 179), piezoelectric sensors (173, 187, 189),

and transcutaneous electromyography (184).

Transcutaneous electromyography combines the monitoring of infant heart rate and

respiratory rate with direct assessment of diaphragmatic activity (184). Whilst accuracy
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in comparison to conventional ECG was high when tested in a cohort of preterm infants
(184), the reliance on use of transcutaneous leads attached to the skin means there is
little advantage for heart rate monitoring alone offered by this technology over

conventional techniques such as ECG or pulse oximetry.

Camera photoplethysmography and laser Doppler methods on the other hand aim to
overcome the need for attaching monitoring leads to the infant altogether. Because of
the vulnerability of neonates (especially preterm newborns) to skin breakdown from the
attachment of such monitoring leads (146), these technologies have been most often
trialled in this group. Camera photoplethysmography determines heart rate by
amplifying small changes in the colour of skin occurring due to each heartbeat which
are seen by the camera and then counted post-hoc, whereas laser Doppler vibrometry
uses a focussed laser beam to detect the minute movements of the thoracic wall
occurring with cardiac activity (188). Although a systematic review of eligible
scientific articles shows that camera photoplethysmography tends to outperform laser
Doppler vibrometry with regard to accuracy for monitoring neonatal heart rate, the
technology still faces major challenges posed by the extremely low strength of the
colour-change signal, particularly under low lighting conditions, and by motion
artefacts (216). Primarily because of the latter, the technology is unsuitable for use in
the delivery room environment, where the infants most in need of heart rate monitoring
are those undergoing resuscitation (29) which necessitates their frequent movement by

the clinician.
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Reflectance pulse oximetry, however, is designed specifically to be used in the delivery
room (182). With significant modifications from transmission pulse oximetry
technology, the reflectance version allows light emitting diodes and the sensor to be
located on one planar surface of the probe whilst maintaining the capability to detect
pulse rate and oxygen saturation. Over a hundred infants from newborn intensive and
special care units have been involved in trials of reflectance pulse oximetry in the form
of either an abdominal belt (180) or forehead sensor (182). Data from these stable
infants shows a correlation between reflectance pulse oximetry-derived heart rate and
that found by ECG acceptable for clinical purposes, but in both studies, large segments
of data were excluded for various reasons. This makes it difficult to truly assess the
proportion of time in which pulse oximetry devices are accurate versus unsuitably
inaccurate. The results of further testing may shed light on this, as well as the aptness

of the technology for use in the delivery room.

A variety of piezoelectric and capacitive sensors have been evaluated for infant heart
rate detection, mainly to use for monitoring that occurs over an extended period of time
in a stable setting, such as the intensive/special care or home environment. The aim of
the development of such sensors is to provide a non-invasive clinical and research tool
able to provide this monitoring in lieu of conventional methods requiring attachment of
probes directly to the infant. Four studies used sensors physically located within the
infant’s mattress or bedding surface (176, 187, 189, 203), and two placed them
underneath the legs of their cot (173, 174). However only one study, entirely limited to
premature neonates, determined sensor-based heart rate in real time in comparison to
ECG (189); the others performed post-hoc heart rate comparison, indicative of their

technology being in a developmental phase.
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Because all studied sensors relied upon the detection of tiny movements of the patient’s
body occurring due to the heart beating, they were adversely affected by other
movements. Such interference was generated primarily by infant movement rather than
that generated by passers-by (173, 189), which nonetheless limits delivery room
applicability. The promise of advanced signal processing techniques provides some
hope that interfering signals may be counteracted to an extent permitting clinical use in

other settings (189).

A theme unifying the various non-contact novel heart rate determination methods is the
susceptibility to movement artefact, a challenge likely to be much greater in the delivery
room environment in comparison to other settings. Novel contact techniques such as
reflectance pulse oximetry and transcutaneous electromyography also have limitations
in terms of the number of studies which have trialled their use, and the usefulness

offered over conventional heart rate detection methods.

6.2.3 Summary of Digital Stethoscope Research

Because of the need for rapid, accurate newborn and infant heart rate determination
combined with the inadequacies of conventional and novel means of
monitoring/assessment, alternate methods were considered worthy of investigation.
Digital stethoscope technology has previously been used in young infants to assess heart
sounds (217) and neonatal bowel sounds (206). Paired with a smart device with
algorithmic software, a digital stethoscope was used to detect and display heart rate in
real-time, which was directly compared to infant heart rate derived from 3-lead ECG

(183).
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Although the first generation digital stethoscope rapidly detected heart rate with a
median time of less than five seconds to display, the proportional number of device
failures in addition to a relatively high level of inaccuracy (mean difference 7.4 bpm,

SD 24 bpm) meant that significant improvements were deemed necessary.

A refined version of the digital stethoscope with improved software was subsequently
trialled in 37 low-risk deliveries in the delivery room setting. Enhancements to the
technology likely led to improved accuracy (mean difference compared to ECG <1
bpm, 2SD +12 bpm in periods unaffected by crying) without any important compromise

in speed of data display.

6.3 Recommendations for Further Digital Stethoscope Research

A trial in higher-risk infants is yet to be undertaken and will be a crucial next step.
Higher risk infants are more likely to be preterm, with lighter birthweights and a smaller
thorax which may impact heart sound detectability. Preterm infants are more likely to
experience bradycardia at birth and in early infancy (218). Ensuring the digital
stethoscope can reliably detect this is fundamental to its clinical utility, especially in the
delivery setting. A trial in high-risk infants will allow evaluation of how using the
device impacts upon carrying out other resuscitative care tasks such as delivery of
assisted ventilation, intubation, cardiac compressions, polyethylene bag application for
warmth and vascular access / drug delivery. Assessing the effect of these interventions
upon the digital stethoscope and smart device performance will also be important, not
only for the neonatal carer but also for regulatory approval for clinical use of this
technology, which is determined by legal frameworks that differ from jurisdiction to

jurisdiction.
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Research should be conducted on how the device should best convey heart rate to
clinicians. It is unclear whether a visual display, audible heart sound, pre-recorded
voice instructions based on the heart rate detected or a combination of these offers the
best design for those using the device and for the infants it is applied to. Repeated
studies of simulated resuscitation evaluating the time taken for neonatal teams to
perform critical steps in the resuscitation pathway compared to internationally-
recommended timeframes, such as the investigation performed by McKinsey and
Perlman, could be used to help determine how the device and its means of
communication with the clinical team is best optimised (219). This could be done using
neonatal manikins with the capability of generating heart sounds at different rates.
Wireless transmission of data from the stethoscope itself to the smart device could

eliminate the need for electronic cables, potentially improving ease of use.

Overall, a cycle of continual improvement should be pursued. This involves device
testing in real-world conditions, critical evaluation and reflection, intelligent redesign,
and re-testing of the improved product. This necessitates a transdisciplinary team
approach where engineers, designers, programmers and medical staff work closely

together, keeping patients and their caregivers at the heart of their collective effort.

6.4 Future Directions for Novel Technology for Newborn and Infant Heart Rate
Detection

A key element unifying the varied technological devices in use and development for
monitoring heart rate in neonates and young infants is the use of computerised
algorithms for processing the acquired signal. It has been demonstrated that

improvements in algorithms leads to improved clinical utility (93).
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Those technologies with algorithms better able to manage weak signals, movement
artefact and other disruptive inputs, such as the improved version of the digital
stethoscope and Mestha and colleagues’ unique motion-compensation-enabled camera
photoplethysmography, do demonstrate improved performance. It is likely, therefore,
that the future direction of improving novel technologies lies in the optimisation of
algorithms. In order to overcome obstacles and ensure safety, improvements should be

both creative and robust.

The trial methodology of future studies should be improved compared to those studies
already conducted. Inclusive patient selection, larger sample sizes, standardised
reporting of results with inclusion of all relevant data is needed. Real-time assessment
of heart rate using the novel method is highly desirable in order to demonstrate its

capability in actuality rather than in simulated, post-hoc conditions.

Pursuing entirely new methods of newborn and infant heart rate assessment is a
worthwhile goal, given that neither the established nor the emerging methods reviewed
above are able to address all clinical needs and scenarios effectively. It may well be
that improved contact-based methods will be best for assessing the heart rate
immediately after birth, whereas non-contact methods will be ideal for heart rate
monitoring in the neonatal unit or in other places such as the home environment. With
the ongoing spread of smart device technology, these devices may transform healthcare
(198) and enable better assessment of newborn and infant heart rate in both developed

and developing world settings.
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Appendix Items
Appendix Item 1. Details of search strategy for systematic review

MEDLINE Search (616 results) (undertaken 15/04/2016)

1. Exp infant

2. infant.mp. or infant/

3. neonatology.mp.

4. exp neonatalogy/

5.1or2or3or4

6. heart rate.mp.

7. exp heart rate/

8. heart beat.mp.

9.60r7o0r8

10. monitoring.mp.

11. exp monitoring, physiologic/

12.100r 11

13.5and 9 and 12

14. limit 13 to (“all infant (birth to 23 months)” and last 10 years)

EMBASE search (917 results) (undertaken 18/04/2016)

1. neonatology.mp.
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2. exp infant/

3. infant.mp. or infant/

4. exp neonatology/

5.1or2o0r3or4

6. heart rate.mp.

7. exp heart rate/

8. heart beat.mp.

9.60r70r8

10. monitoring.mp.

11. exp monitoring, physiologic/

12.10or 11

13.5and 9 and 12

14. limit 13 to last 10 years

SCIE search via Web of Science (754 results) (undertaken 21/04/2016)

TOPIC: (neonat* OR infant OR newborn) AND TOPIC: (monitoring) AND TOPIC:

(heart rate OR heart beat)

Timespan: 2006-2016

INDEXES: SCI-EXPANDED
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Conference Proceedings Search via Web of Science (76 results) (undertaken

21/04/2016)

TOPIC: (neonat* OR infant OR newborn) AND TOPIC: (monitoring) AND TOPIC:

(heart rate OR heart beat)
Timespan: 2006-2016

INDEXES: CPCI-S
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Appendix Item 2: Main characteristics of studies included in systematic review

Aarts 2015

Patient Selection

Index Test

Reference Standard

Flow and Timing

Sample size: 19 infants

Age: 25-42 weeks gestation; 3 days to 4 weeks old
Weight: 470 — 3810 grams

No exclusion criteria

Setting: 2 NICUs; Children's Hospital of Orange County,

California, USA and Maxima Medical Center, Netherlands

Non-contact camera-based photo plethysmography

Used a standard 300 pixel, 15 or 30 frame per second, 8 bit
camera placed on a tripod at approximately 1 m distance
Recordings in ambient light only

MATLAB based graphical interface for non real-time heart
rate extraction using an algorithmic approach which

included motion detection

ECG and/or pulse oximetry

19 recordings, 0 patients recorded multiple times

Recordings one to five minutes in length
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Results and e Reported on all available recording time data
Conclusions e Novel heart rate within 5bpm of reference standard >90%
of the time for 13 infants, 50-90% of the time for 5 infants
and <50% of the time for 1 infant
e Dim ambient light levels and motion artefact increased
inaccuracy; phototherapy and staphylococcal scalded skin
syndrome likely improved novel device performance

e Better hardware and algorithms needed to improve

robustness
Mestha 2014
Patient Selection e Sample size: 8 neonates
e Age: 37-40 weeks gestation; 3 days to 4 weeks old
e Weight: 2400-3620 grams
e Preterm infants, neonates requiring ventilator support, and
neonates on phototherapy for management of neonatal
hyperbilirubinemia were excluded from the study
e Setting: NICU at Manipal University Hospital, Manipal,
India
Index Test Non-contact camera-based photoplethysmography

¢ Video of the neonates were recorded using commercial HD
webcam, with image resolution of 640x480 at one hour post

feeding state to minimize large subject movements.
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Reference Standard

Flow and Timing

Results and

Conclusions

Villarroel 2014

Patient Selection

Index Test

normal NICU lighting without any additional modifications
Non real-time heart rate extraction using algorithmic
approach

IntelliVue MP 20 Philips Neonatal monitor for reference

rate, not specified whether ECG or pulse oximetry used

8 recordings, 0 patients recorded multiple times

Recordings 30 minutes in length

10.5% of all available recording time data lost due to
motion isolation

Mean difference 2.52, 1.96 SD of 5.48 (95% CI -2.96-8.0)
Future directions include validation on more subjects
(>100) and improving estimation accuracy under low light

conditions (or without visible light)

Sample size: 30 pre-term infants

Infant 2 was 31 weeks corrected gestational age, weight
1200 grams; ages and weights of other patients not
specified

No exclusion criteria specified

Setting: NICU at the John Radcliffe Hospital, Oxford, UK.

Non-contact camera-based photoplethysmography

Video camera (JAl AT-200CL digital 3CCD progressive
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Reference Standard

Flow and Timing

Results and

Conclusions

scan), with three separate CCD sensors to measure red,
green and blue light intensity independently.

Authors developed software for implementing image
acquisition, with processing on a Xilinx Spartan Field
Programmable Gate Array (FPGA) board, using a
workstation running the Fedora Linux Operating System.
Recordings made under a mixture of natural lighting and
artificial lighting (mostly fluorescent)

ECG

Recordings from only two of the patients reported

Each infant had multiple recordings made over 4 days
Recordings 0.89-7.32 hours, over 40 hours in total

Novel heart rate within 2 bpm of reference standard 81.2%
of the time

Able to accurately assess heart rate for 80.3% of the valid
camera data

Accuracy affected by three factors:

1. Major changes in lighting conditions in the NICU.

2. Variation in the baby’s activity patterns. Small pre-term
infants made irregular movements throughout the day,
making it difficult to compute the frequency components of
the heart rate and respiratory rate in the pulsatile reflectance
waveform.

3. The lack of visible skin area.
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Scalise, Bernacchia 2012

Patient Selection

Index Test

Reference Standard

Flow and Timing

Observations caried out on 7 NICU patients (3 males and 4
female), selected by NICU responsible

Sample size: 7 neonates

Age: 30-37 weeks gestation

Weight: 1030-3120 grams

No specific exclusion criteria

Setting: NICU of the ‘G. Salesi’ Children’s Hospital

Non-contact camera-based photo plethysmography

Used a standard digital webcamera WeC, (Microsoft
LifeCam VX-3000). This WeC is based on a CMOS VGA
sensor with a maximum video resolution of 640 x 480
pixels and a maximum frame rate of 30 frame-per-seconds
A large band light source illuminated the skin surface at
which the web camera was directed

Video sequences generated by the camera were acquired by
a property software developed in the LabView
programming environment

All the video and physiological recordings were analyzed
offline using custom software written in MATLAB.

ECG

Each subject was measured 8 times (for a total monitoring

time of 240 seconds) at rest.
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Results and

Conclusions

Adu-Amankwa 2011

Patient Selection

Index Test

Recordings 30 seconds each in length

33 data sets reported (of 56 expected)

Pearson’s coefficient of 0.94

Mean difference between index and reference heart rate of
0.9 bpm, SD 4.5 bpm.

Artefact problems due to patient movement were infrequent
because the preterm subjects were placed supine in the
centre of crib.

Face detection algorithm needs to reduce uncertainty due to

small movement of patient’s head.

Sample size: 25 neonates admitted to NICU

Age and weight of subjects unspecified

Patients were excluded if they had had chest or recent
abdominal surgery

Setting: NICU of the Children’s National Medical Center

(CNMC), Washington DC, USA

Reflectance pulse oximetry

Wireless sensor belt was placed around the abdomen.
Cardiac sensor is based on a plethysmographic technique
utilizing infrared light — LED, developed by PGS Medical

Research and Electronic Design
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Reference Standard

Flow and Timing

Results and

Conclusions

new sensor utilizes reflectance techniques, electronic
filtering, and mechanical stabilization

Waveform data was recorded using a 4 channel analog
Windag system

pulse oximetry

Breathing and heart rate waveform data were recorded from
the wireless research monitor and from the existing NICU
equipment (reference monitor) for a total of 90 minutes
Each file was then reviewed and 5 selections of at least 3
minutes duration wherein both monitors were displaying
stable waveforms were compared for parity of peaks
representing a beat.

Not specified whether all subjects included, nor whether
any were recorded more than once

A 96% correspondence with deviation of +2 beats per
minute discrepancy between the Reference and PGS heart
rate monitors

The wireless 2 sensor monitor described is an effective less
invasive and easier method of collecting cardio respiratory

data in the NICU.
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Grubb 2014

Patient Selection °

Sample size: two groups, the first comprising 53 neonates
of > 32 weeks gestation with mean corrected gestational age
of 33+2 weeks, mean age 6 days, and the second group of
24 neonates <32 weeks gestation, with mean corrected
gestational age 31+1, mean age 12 days

Mean birth weight: 1.66 kilograms for > 32 weeks gestation
group,1.26 kilograms for <32 weeks group

Exclusion criteria were: newborns receiving phototherapy,
those with extensive skin disease, receiving palliative care,
where there were language or social barriers to obtaining
consent, or patients that the attending physicians felt were
too clinically unstable.

Setting: NICU, Nottingham University Hospitals NHS

Trust, Nottingham, UK

Index Test Reflectance pulse oximetry

Light source consisted of four 525 nanometer light emitting
diodes (Marl, E1S02-3G0A7-02) arranged in pairs either
side of a photodetector (Vartec, VTB8440B) to provide
even illumination of the tissue beneath the sensor.
Detection consisting of an analogue front end, which used a
transimpedance amplifier to amplify and convert the
photocurrent to a voltage; data-logging was provided by a

modified electrophysiological recorder (Monica Healthcare
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Reference Standard

Flow and Timing

Results and

Conclusions

Ltd, AN24).

The digital signal processing comprising the lock-in
detection utilizing a simple quadrature demodulator
algorithm, followed by a 0.5-16 Hz band-pass filter, was
implemented in MATLAB (version 7.12, MathWorks).

ECG

99 participants were recruited from the NICU. Technical
problems resulted in no ECG data being logged in 22 of
these recordings, although usable PPG data was present in
14 of these.

In the other eight PPG recordings, four suffered from poor
signal quality because continued manipulation of the ECG
electrodes to try and gain a good ECG signal caused
excessive motion in the PPG sensor.

A further two were excluded because of internal electronic
connection problems and two could not be aligned
according to the protocol and were excluded but in fact still
contained good quality signals.

Hence data from 77 participants were analyzed
Recordings were 20 minutes in duration

Data was excluded where the researchers physically
adjusted either the PPG sensor or ECG electrodes.
Additionally, moments where the ECG was of too poor

quality to calculate a heart rate were excluded
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Scalise, Marchionni 2012

Patient Selection

Index Test

For group 1, the median PPG reliability at +3 bpm was
91.2%, and for group 2 91.4%.

Heart rate pairs from the two groups were aggregated
giving a sensitivity (89.9%) and specificity (99.8%) of the
device and extraction technique at a threshold of 100 bpm.
Motion artefact had the greatest effect on reliability
Approximately 10% of the data points are represented as

outliers

Sample size: 20 neonates: 7 female and 13 male patients;
only one patient was characterized by a hypotonic state.
The mean weight was 1111 grams and 3 of the neonates
were in incubators

Ages not specified

No exclusion criteria specified

Setting: Neonatal Intensive Care Unit (NICU) of the
Universita Politecnica delle Marche pediatric hospital

G.Salesi of Ancona

Laser Doppler

A laser Doppler vibrometer (Polytec, PDVV100, GmbH,
Germany) incorporating a Mach-Zender interferometer was
used to measure the projection of the velocity of the

measurement point along the optical beam direction
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Reference Standard

Flow and Timing

Results and

Conclusions

For each subject, ECG (obtained from the I1-lead output),
and VCG (velocity measured by the LDV) traces were
simultaneously recorded. An analog-to-digital 12-bit
acquisition board with antialiasing filters (ADI Instruments,
PowerLab 4/25T), together with the chart 5 software, have

been used to store the signals

ECG

20 recordings

Recording length not specified

Reported on all available recording time data

Mean difference between index and reference 0.2 bpm
Pearson’s correlation coefficient is 96%.

This method can be used on uncooperative patients or with
patients who have contraindications to the use of contact
electrodes or transducers (such as the ECG electrodes or the
oximeters probes).

Author’s recommend avoiding direct and continuous eyes

exposure to the laser beam
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Atallah 2014

Patient Selection

Index Test

Reference Standard

Flow and Timing

Results and

Conclusions

e Sample size: 15 neonates

e Age: not specified

e Weight: approximately 750-2500 grams

e No exclusion criteria

e Setting: NISC of the Maxima Medical Centre in Veldhoven
the Netherlands

Capacitive sensor array

e 8 sensors embedded in mattress

e Camera used for some neonates to analyse body movements

e Alternative to ECG that does not require adhesive gel
electrodes

e ECG

e 75 hours of data collected in total

e Various analyses discussed. No statistical analysis provided

e Instantaneous heart rate data very good where proper
electrical coupling conditions were attained

e 2-3 clothing layers on neonate led to bad contact between

sensor and skin
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Kato 2006

Patient Selection

Index Test

Reference Standard

Flow and Timing

Results and

Conclusions

e Sample size: 4 infants

e Age: 10-133 days

e Weight: 4690-7600 grams
e No exclusion criteria

e Setting: not specified

Capacitive Electrode (Electrographic potential)

Potential measured through thin underwear

Subject laid in supine position on mattress bearing

electrodes

e ECG

e 4 infants, one had data recorded twice

e Length and number of recordings not specified

¢ No statistical analysis provided

e Detection of signal through layers demonstrated

e Detected waveform distorted when underwear present
e Further development of method required if it is to be

implemented.
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Sato 2010

Patient Selection

Index Test

Reference Standard

Flow and Timing

Results and

Conclusions

Sample size: 63 neonates in 3 groups; 27 eligible for heart
rate assessment

Age: 25-42 (median 35) weeks gestational age

Weight: birth weights 742-4126g (median 2140)

No exclusion criteria

Setting: NICU, Akita University Hospital, Akita, Japan

Piezoelectric transducer sensor

placed under folded towel under neonate

Filtering algorithm and template-based search for S1 peaks
enabled comparison of S1-S1 intervals converted to a heart
rate in beats per minute to the reference standard

ECG

Sampled at 2 millisecond intervals for 10 hours-9 days
continuously

Average correlation coefficient R = 0.92 for 1 minute
assessments

During the long assessment, the heart rate detection rate by
the sensor was 10% lower than that by ECG (82.6 £ 12.9
vs. 91.8 £ 4.1%; p = 0.001, n = 27), although comparable
(90.3 + 4.1 vs. 92.5 + 3.4%, p = 0.081) in 70% (18/27) of
neonates examined; sensor has an inherently high

performance comparable to ECG
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Wang 2007

Patient Selection

Index Test

The lower heart rate detection rate was due to high
frequency oscillation ventilation in 2 neonates, frequent
body movements in 1 neonate and weak signal intensity in

another

Sample size: 5 infants for initial development then 5 for
real-time testing

Age: premature infants

Weight: real-time testing grou: 1822+290 grams

No exclusion criteria

Setting: NICU, Center for Perinatal Medicine, Tohoku

University Hospital

Polyvinylidene fluoride piezoelectric film sensor array

Four sensors placed under bed cover sheet beneath child’s
body to detect pressure fluctuations.

wavelet multi-resolution decomposition method was used
to separate out pressure fluctuations due to respiratory
efforts

Real-time data processing algorithm programmed using
LabVIEW™

selected data from sensor with strongest signal for analysis
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Reference Standard

Flow and Timing

Results and

Conclusions

Nukaya 2014

Patient Selection

Index Test

Reference Standard

Flow and Timing

ECG

Continuous monitoring, sampling rate 100Hz(10
milliseconds)

Shapes of responses of four sensors similar, but amplitudes
vary (depends on position of infant in bed)

Heart beat mean error 8.24%

Errors attributed to body movement of infants and

weakness of heart neat vibration

Sample size: 1 infant
Age: preterm, low birth weight; 7 week old
Weight: 2840 grams
No exclusion criteria

Setting: NICU

Piezoceramic sensors on bed

Heartbeat, respiration and movement separated from signal
Band pass filtering (3-13Hz for heartbeat)

ECG

Continuous measurement for 60 minute period

10ms sampling periods
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Results and

Conclusions

Kraaijenga 2014

Patient Selection

Index Test

Reference Standard

Correlations: Heart rate correlation coefficient; R= 0.91
Body movements identified by signals and large body
movements prevented adequate detection of heart beat and
respiration

External vibrations not found to affect detection

Sample size: 31 preterm infants

Age: 29.6+ sd 1.8 weeks gestation; 1-7 days old
Weight (birth): 1380+sd 350 grams

Patients with congenital anomalies were excluded
Setting: 1 NICU; Neonatal Intensive Care Unit of the
Emma Children’s Hospital, Academic Medical Centre,

Amsterdam, The Netherlands

Transcutaneous Electromygraphy of the diaphragm

Performed using three skin electrodes connected to a
portable 16-channel digital physiological amplifier

The signal was band-pass filtered from 40 Hz to 160 Hz.
analyses were performed using Polybench software

ECG
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Flow and Timing

ECG and electromyography recorded for 1 hour on days 1,
3, 7 after birth

e For each 1 hour recording, 6 intervals of 1 minute were

selected for analysis.

Results and e Heart rate from electromyography had excellent correlation
Conclusions with reference method (r = 0.98, P<0.001)

e Mean Difference -0.3 beats/min

e Concluded that study demonstrates electromyography

feasible and repeatable for preterm infants
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Appendix Item 3: Publications

LETTER

Evaluation of a digital
stethoscope and smart device
technology for assessment of
heart rate in the newborn
infant

As neonatal heart rate (HR) is a vital sign
used to assess the need for and response
to resuscitation,’ measuring it rapidly,
accurately and affordably is important to
clinicians around the world. We aimed to
assess the accuracy, speed and reliability of
a novel low-cost digital stethoscope (DS)
attached to a smartphone running real-
time newborn HR detection software in
determining the HR of clinically stable
infants.

We studied >26 weeks’
rected gestation excluding those receiving
high-frequency oscillation ventilation. We
applied the Stethocloud V.0.2beta DS head
to their exposed precordium. The DS was
connected to an Apple iPhone 5s running
Neorate 0.1a  software  (CliniCloud,
Melbourne, Australia) which displayed a
real-time HR (DS HR). Infants were simul-
taneously monitored with three-lead elec-
trocardiography (Philips Intellivue MP70,
Philips, Andover, USA). Video recordings
captured both HR displays and data were

infants cor-

160

Table 1 Demographics of infants analysed

Demographics
Female
Gestational age at birth (weeks+days)
Birth weight (g)

Postmenstrual age at the time of recording (weeks+days)

Weight at the time of recording (g)
Respiratory interventions
Conventional ventilation (intubated)
CPAP
HHHFNC
Low flow nasal oxygenation
None
Cardiac lesions
Patent ductus arteriosus
Tetralogy of Fallot
Isolated ventricular septal defect
Isolated valvular abnormalities
No lesion suspected

Results are % (n) or median (IQR).

CPAP, continuous positive airway pressure; HHHFNC, heated humidified high-flow nasal cannulae.

extracted at 1s intervals. We excluded
seven of 57 recordings based on our a
priori definition of reliability, data avail-
able within 30 s of activating the DS soft-
ware and at least 10 s of output during the
90 s recording period.

Participants were a convenience sample
obtained in the neonatal intensive care
parent was

unit when a available to

provide informed consent. Corrected ges-
tational age and weight at time of study
ranged from 26.7 to 54.7 weeks and 656—
3690 g, respectively. Thirty-four per cent
had respiratory support via an endo-
tracheal tube, continuous positive airway
pressure or heated humidified high-flow
nasal cannulae; 24% had cardiac lesions
(table 1).

ECG HR minus DS HR

-80

80 100

Figure 1
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A Bland-Altman plot constructed to
assess agreement between ECG and DS HR
compared 3972 paired data points (figure
1). The mean difference (SD) between ECG
and DS HR was 7.4 (24) beats per minute
(bpm). Only six recordings had a mean dif-
ference exceeding 20bpm (data not
shown). The median (IQR) time to first DS
HR display was 2 (1-7) s.

To our knowledge, this is the first
time DS technology for real-time HR meas-
urement has been studied in newborns.
Accuracy of DS HR is greater than chest
auscultation and umbilical cord palpation
which underestimate ECG HR by 14 and
21 bpm, respectively.? Pulse oximetry in
comparison correlates more strongly with
ECG but takes >1 min to establish a reli-
able HR,? whereas DS HR was displayed in
<5's on average. Figure 1 shows that for
8.6% of displayed values, DS HR is
>20 bpm different to ECG, mostly due to
underestimation of ECG HR. Such impreci-
sion, despite occurring infrequently, repre-
sents a software algorithm flaw which
renders the current device unacceptable for
clinical use. Interestingly, we found external
noises and murmurs were not associated
with inaccurate DS HR. The lower fre-
quency of neonatal heartbeats allows these
high-frequency sounds to be filtered.*

A key limitation of the device is shown
by the proportion of recordings excluded
due to poor performance. Accidental loss
of stethoscope contact with the precor-
dium and loose wiring connections were
major contributors. The DS and smart-
phone technology represent important
developments in HR monitoring but
further refinement is necessary before
they are useful in clinical practice.
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