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Abstract
Neonatal Intensive Care Units (NICUs) face significant challenges when addressing
neurological emergencies and ensuring optimal neurocritical care for newborns. While
advancements in neonatal monitoring have improved the survival rates of infants, the
evaluation of brain function with amplitude integrated electroencephalography (akEEG)
remains an area requiring further development.

Neonatologists and clinical neurophysiologists agree that there are no adequate
electrodes that allow long-lasting recordings. As a result, aEEG loses power to diagnose
cerebral damage as Hypoxic-Ischemic Encephalopathy (HIE) or epilepsy in NICUs.

In this work, a comparative analysis between commercial liquid-gel electrodes and a
new and specific electrode (aCUP-E) is executed to evaluate their performance in a clinical
trial with 15 neurologically healthy neonates, 4 at term and 11 preterm. The definition of
certain neurophysiology criteria has made it possible to achieve the goal of determining
optimal and non-optimal brain activity. Impedance and signal characteristics have also been
computed, together with a survey among the NICU personnel.

The results show that aCUP-E records larger optimal activity thanks to its adaption
and fixation to the scalp of the neonate together with the ability to refill with
electroconductive gel. These improvements enhance the stability of the impedance and the
quality of the recordings. Moreover, the survey has shown a clear willingness of the NICUs
personnel to use the new electrode. As a conclusion, this research highlights the limitations
of current electrodes in aEEG and states that aCUP-E could be a better alternative.

Keywords: aEEG, HIE, neurophysiology, liquid-gel electrodes, aCUP-E, impedance.

Resumen
Las Unidades de Cuidados Intensivos Neonatales (UCIN) se enfrentan a importantes
retos a la hora de abordar las urgencias neuroldgicas y garantizar unos cuidados
neurocriticos Optimos a los recién nacidos. Aunque los avances en la monitorizacién neonatal
han mejorado las tasas de supervivencia de los recién nacidos, la evaluacion de la funcidn
cerebral con electroencefalografia de amplitud integrada (aEEG) sigue siendo un area que
requiere un mayor desarrollo.

Los neonatdlogos y los neurofisidlogos clinicos coinciden en que no existen electrodos
adecuados que permitan realizar registros de larga duracion. Como consecuencia, la aEEG
pierde potencia para diagnosticar dafios cerebrales como la encefalopatia hipdxico-isquémica
(EHI) o la epilepsia en las UCIN.

En este trabajo se realiza un analisis comparativo entre electrodos comerciales de gel
liquido y un electrodo nuevo y especifico (aCUP-E) para evaluar su rendimiento en un ensayo
clinico con 15 neonatos neurolégicamente sanos, 4 a término y 11 prematuros. La definicion
de determinados criterios neurofisioldgicos ha permitido alcanzar el objetivo de determinar la
actividad cerebral optima y no éptima. También se han calculado caracteristicas tanto de la
impedancia como de la sefial, y se ha realizado una encuesta entre el personal de la UCIN.

Los resultados muestran que aCUP-E registra una actividad éptima mayor gracias a su
adaptacion vy fijacion al cuero cabelludo del neonato junto con la capacidad de recambiar el
gel electroconductor. Estas mejoras aumentan la estabilidad de la impedancia y la calidad de
los registros. Ademas, la encuesta ha mostrado una clara disposicion del personal de las
UCIN a utilizar el nuevo electrodo. Como conclusion, esta investigacion pone de manifiesto
las limitaciones de los electrodos actuales en aEEG y afirma que aCUP-E podria ser una
alternativa mejor.

Palabras clave: aEEG, EHI, neurofisiologia, electrodos de gel liquido, aCUP-E, impedancia.

Bachelor’s Degree in Biomedical Engineering, Universitat Rovira i Virgili 4



Analysis of aEEG in neonates: Assessing performance of aCUP-E vs liquid gel electrodes

Resum
Les Unitats de Cures Intensives Neonatals (UCIN) s'enfronten a reptes importants a
I'hora d'abordar les urgencies neurologiques i garantir unes cures neurocritiques Optimes als
nadons. Tot i que els avengos en el monitoratge neonatal han millorat les taxes de
supervivencia dels nounats, l'avaluacié de la funcié cerebral amb electroencefalografia
d'amplitud integrada (aEEG) continua sent una area que requereix un desenvolupament més
gran.

Els neonatolegs i els neurofisidlegs clinics coincideixen que no hi ha electrodes
adequats que permetin realitzar registres de llarga durada. Com a conseqiiencia, I'aEEG perd
poténcia per diagnosticar danys cerebrals com l'encefalopatia hipdxico-isquémica (EHI) o
I'epilepsia a les UCIN.

En aquest treball es realitza una analisi comparativa entre electrodes comercials de gel
liquid i un eléctrode nou i especific (aCUP-E) per avaluar-ne el rendiment en un assaig clinic
amb 15 nounats neurologicament sans, 4 a terme i 11 prematurs. La definicié de
determinats criteris neurofisiologics ha permes assolir I'objectiu de determinar I'activitat
cerebral optima i no optima. També s'han calculat caracteristiques tant de la impedancia com
del senyal i s'ha fet una enquesta entre el personal de la UCIN.

Els resultats mostren que aCUP-E registra una activitat optima més gran gracies a la
seva adaptacid i fixacio al cuir cabellut del nounat juntament amb la capacitat de recanviar el
gel electroconductor. Aquestes millores augmenten I'estabilitat de la impedancia i la qualitat
dels registres. A més, I'enquesta ha mostrat una clara disposicié del personal de les UCIN a
fer servir el nou electrode. Com a conclusid, aquesta investigacid posa de manifest les
limitacions dels electrodes actuals a aEEG i afirma que aCUP-E podria ser una alternativa
millor.

Paraules clau: aEEG, EHI, neurofisiologia, eléctrodes de gel liquid, aCUP-E, impedancia.
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Abbreviations and acronyms

aCUP-E: Advanced Cup Electrode

NICU: Neonatal Intensive Care Unit

EEG: Electroencephalography

aEEG: Amplitude Integrated Electroencephalography
VEEG: video Electroencephalography

CFM: Cerebral Function Monitor

ECG: Electrocardiogram

MRI: Magnetic Resonance Imaging

HIE: Hypoxic-Ischemic Encephalopathy

NS: Neonatal Seizure

TH: Therapeutic Hypothermia

SDA: Seizure Detection Algorithm

DOR: Diagnostic Odds Ratio

CMRR: Common Mode Rejection Ratio

FIR: Finite Impulse response

EMI: Electromagnetic Interference

SNR: Signal to Noise Ratio

RMSD: Root Mean Square Deviation

RMSE: Root Mean Square Error

ICA: Independent Component Analysis

SD: Standard Deviation

FFT: Fast Fourier Transform

UI: User Interface

HUSJR: Hospital Universitari Sant Joan de Reus
ACNS: American Clinical Neurophysiology Society
IFCN: International Federation of Clinical Neurophysiology
WU-NEAT: Washington University — Neonatal EEG Analysis Toolbox
EDF: European Data Format

CSV: Comma Separated Value

PCA: Post Conceptional Age

PNA: Post Natal Age

GA: Gestational Age
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1 Presentation of the study

1.1 Objectives

The main goal of this work has been to compare the liquid gel electrodes currently
used to perform amplitude integrated electroencephalography (aEEG), with a new electrode
named aCUP-E (advanced cup electrode), specifically designed for aEEG recordings in the
neonatal intensive care unit (NICU).

To achieve this main objective, it has been split into several sub-objectives.

(i) Define the importance of aEEG signal in the NICUs, highlighting the importance of a
fast diagnosis, and identify the unmet needs regarding specific electrodes for aEEG.

(ii) Digitally create the aEEG signal, resembling the one seen on the monitor, from the
raw electroencephalogram (EEG) data.

(iii) Determine the criteria to define optimal and non-optimal brain activity.

(iv) Determine the parameters to:
- Test if the electrodes of the two hemispheres capture similar signals when
optimally recording.
- Quantify the performance of each electrode type.

(v) Define a statistical analysis to assess the differences between electrode types.

(vi)Apply the signal processing techniques to the recordings from the subjects of the
clinical investigation conducted at Hospital Universitari Sant Joan de Reus (HUSJR).

1.2 Structure of the project

Below, the structure of the work is detailed, which has allowed us to achieve the
objectives presented in the previous section.

In 2. Introduction a presentation of the basic and essential concepts related to the
project is made, together with its similarities and differences with other existing methods and
its technical aspects. It will help to define some notions that will be used along the work,
providing the necessary knowledge to delve into the topic.

In 3. Methods and Materials the context in which the work was developed is
presented. The new aCUP-E electrodes as well as the clinical research plan are detailed. The
signal processing to convert the raw EEG into aEEG is also included in this section, together
with the chosen parameters to characterize the data and the selected statistical analysis for
each case.

Next, in section 4. Results and discussion, the outcome of the analysis together
with its interpretation is reported. The results compare either the signal acquisition of
different hemispheres (within the same patient) or, between the different subjects of the
clinical trial.

At 5. Conclusion, where an overall assessment of the work is done, commenting on
the general view of the analyses, and on additional work that could be done in the field.

Finally, in Annex, an extension of the results presented during the work can be seen.
Mainly it refers to results from all the patients, since not all of them can be presented within
the results and discussion section for the sake of clarity.
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2 Introduction

Context - Why is it important to improve the techniques to monitor the brain
activity of neonates?

In Neonatal Intensive Care Units (NICUs) neurological emergencies are a concern, both
for clinicians and parents, at a level in which newborn neurocritical care requires dedicated
expertise. Neurological pathologies account for 20% of current admissions to NICUs [1].

In the last years, neonatal monitoring has developed more precise and ergonomic tools
to record functional parameters such as electrocardiogram (ECG), heart rate, blood pressure,
oxygen saturation, and so on. This, along with other advances in the medical field, has led to
an increase in the survival rate of newborns and preterm infants. However, not much has
been done to improve the evaluation of brain function. So, despite the upgrades in other
monitoring techniques, the neurodevelopmental problems that this population faces still
remain [2].

As a result of the aforementioned, both neonatologists and clinical neurophysiologists
agree that there is a need to improve the current techniques used to record brain activity
[3]. Investing in these technologies is important because accurate and reliable monitoring of
brain function can guide clinical decision-making, optimize treatment, and improve the
overall care of critically ill neonates [4]. Early intervention can prevent or minimize
neurological damage, decrease the likelihood of long-term developmental delays, and
enhance outcomes. However, the acquisition must be accurate to allow the neonatologists to
take appropriate decisions based on the data. In this sense, a misinterpretation due to
interferences or disturbances (artifacts) in the recorded signal can have fatal consequences.

Current advances in brain monitoring are not suitable for newborns. Progress in
electroencephalography acquisition has settled video-electroencephalography (VEEG) as a
gold standard to continuously record and analyse brain activity from the cerebral cortex in
real time. However, in NICUs, this method is not optimal due to the complex setting up and
the long-lasting recordings with extended results, which require a 24h availability of
neurophysiologists with special expertise in neonatal EEG [5]. Thus, EEG is more suitable for
intermittent use, with recordings lasting from 20 minutes to several hours.

On the other hand, advances in medical imaging techniques provide a detailed
anatomical evaluation of neonates’ brain function and abnormalities. In spite of the fact that
neuroimaging techniques are not continuous, it may help clinicians detecting injuries [3].
But, some of these techniques are time consuming and are susceptible to the movements of
the neonates which makes them less suitable for infants.

Consequently, the scenario is settled for a new continuous monitoring technique to
appear. In this context is where amplitude-integrated EEG (aEEG) arose. It is a technique
that is nowadays used in NICUs around the world, and it is thought to be a more convenient
method for continuous brain activity monitoring in neonates. Its main advantages rely on the
fact that few electrodes are used, allowing cranial access to the nurses (fontanelles) and a
quick assembly. However, it still has not been completely deployed into the clinics as a gold
standard because there is a controversy between clinical practitioners about its interpretation
[5] as well as some limitations to overcome, which will be discussed in this work.

2.1 Anatomy and physiology of the brain

The human brain is a subject of great fascination, as it holds immense interest due to
its vast complexity and its questioned evolutionary significance. It is a complex organ that
manages almost every body function, such as cognition, memory, emotion, or respiration.
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The inside of the brain is characterized by regions of grey and white matter. These
terms were given to different structures because of their appearance, which is strictly related
to their composition. White matter refers to areas of the Central Nervous System (CNS)
mainly made of myelinated axons, which provide a whitish colour due to the high lipid
content of the myelin. On the other hand, grey matter contains neuronal cell bodies, glial
cells, and non-myelinated axons. So, grey matter’s role is to process and interpret the
information, while white matter transmits that information to other sections of the nervous
system [6].

Myelination is the process in which nerve cell axons are surrounded with myelin, that
speeds up the conduction of the electrical impulses in the nervous system. Once the signal
gets to the end of the neuron (axons), they communicate with each other thanks to
synapses. These junctions can be either electrical or chemical. In the latter, there is a
molecular machinery (neurotransmitters) that links the pre and the postsynaptic neurons [7].
The postsynaptic potential must exceed a threshold to trigger a response. One single
transmission from the presynaptic neuron is too small to trigger the postsynaptic potential.
Therefore, a nerve cell gets inputs from thousands of them, which can cause the activation
of the impulse.

The electrical nature of the brain can be recorded due to the characteristics of the
postsynaptic potentials, which are subject to a temporal and spatial summation of the inputs.
Consequently, the produced signal is of longer duration and higher amplitude, which allows
recording from distance. Due to this limitation with the separation between the electrical
source and the recording electrode, current non-invasive brain monitoring techniques record
the postsynaptic potentials of the cerebral cortex, which is the outer grey matter that covers
the surface of the two cerebral hemispheres.

2.1.1 Neurodevelopment

At birth, the brain is not fully mature. The key period of brain development
encompasses the last trimester of gestation and the early postnatal life. Within this time,
both the cerebral cortex and the myelin sheath (oligodendrocytes) undergo different
changes, giving the fundamental anatomical organization of the brain, and promoting the
emergence of cognitive function. However, it is also at this time when the cortex is more
vulnerable to perturbations, which can lead to cognitive deficits and adverse
neurodevelopment [8].

White matter injury, usually due to inefficient myelination, has been considered the
main pathology associated with preterm infants. So, myelination stands out for being a
marker of maturation. This evidence was already mentioned by Brody et al. in (1987) [9],
considering the state of myelin as a powerful tool to evaluate the maturation of the central
nervous system (CNS) in autopsied infants. Nowadays, to assess it in vivo, magnetic
resonance is the used modality to gain insight into the anatomical structure and growth of
the brain [10]. Figure 1 shows the development at different gestation weeks.

Even though Magnetic Resonance Imaging (MRI) is a good technique to obtain
anatomical information and map variations in tissue composition (myelin, iron,
macromolecular content...) in early brain development [11] it is not optimal for neonates.
Taking advantage of the electrical behavior of the brain, together with the proliferation of
the cerebral cortex during neurodevelopment, electroencephalography techniques have been
used to evaluate the brain activity and assess maturation.
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28 weeks 31 weeks 34 weeks 38 weeks

Figure 1: Growth and development of the preterm human brain. White matter as well as
cerebral cortex maturation is seen. (Top) 3D reconstruction, (Bottom) MRI. [12].

The background pattern is the electrical activity observed in the brain when the subject
is not engaged in any specific task. In newborns, this is the common case, and it is usually
less organized due to the immature state of the nervous system. These activities allow
seeing maturation patterns as well as underlying functional issues. Indeed, there is evidence
of its potential and capabilities for prognosis when assessing the background activity in
neonates [13].

With aEEG, this background activity can be visually evaluated in form of graphic
patterns. These should be symmetrical in both hemispheres for neurologically healthy
neonates due to the simultaneous maturation of the different neuronal populations of the
brain [14]. The most common non-pathological pattern is the sleep-wake cycle, which
presents a fusiform waveform. The narrower regions mean wakefulness or REM sleep, while
the wider bands represent no REM sleep (or quiet sleep) (Figure 2). The proportion of time
in each state depends on the maturation condition of the brain.

1022023 10:00 unes 11100 12022022 12:00 hnes 13100
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Figure 2: Sleep-wake cycle of a neonate (preterm, case 4). Wide band periods correspond to no
REM sleep, while narrow periods correspond to REM sleep or wakefulness.

2.2 International 10-20 system

In order to properly evaluate the electrical activity of the cerebral cortex, the electrode
positioning is an essential factor for both, clinical and research applications.

The 10-20 system is the method that has been internationally recognized by the
American Clinical Neurophysiology Society (ACNS) and the International Federation of Clinical
Neurophysiology (IFCN) as the standard for electrode placement. It was developed in 1958,

Bachelor’s Degree in Biomedical Engineering, Universitat Rovira i Virgili 4



Analysis of aEEG in neonates: Assessing performance of aCUP-E vs liquid gel electrodes

and the aim was to find a reproducible method to accurately place 21 electrodes on the
corresponding underlying brain region [15].

The name of this system refers to the distance between neighbouring electrodes, being
10% or 20% of the measurements taken from the anatomical landmarks of the skull. The
electrode position names are defined as letters, identifying the underlying brain region, and
numbers, identifying the side (Table 1) [16].

Table 1: 10-20 International System nomenclature

Nomenclature Meaning
Fp Pre-frontal/frontopolar
F Frontal
C Central
Lobe
T Temporal
P Parietal
(0] Occipital
Even Right hemisphere
Numbers Odd Left hemisphere
Z (zero) Midline

Figure 3: 10-20 International System. (A) Sagital Plane, (B) Coronal Plane, (C),
Transverse Plane, (D) Electrode Position Scheme [16].

This system works with percentages or proportions (Figure 3), not with defined
lengths. Therefore, it can adapt to different shapes and sizes. However, a defect of this
method would be that a personalized calculation of the electrode positions must be
performed for each patient due to the anatomical differences of the skull. Consequently,
there has been a research line focused on trying to simplify this task.

The most common alternative to use the 10-20 system are electro-caps for
multichannel EEG. These are elastic helmets with built-in electrodes. The elastic behaviour of
the fabric theoretically allows the proportions of the 10-20 system to be respected and adapt
to the cranial morphology of each individual. However, there are some techniques in which
this solution is not suitable, due to the type of electrodes (e.g. needle electrodes), the
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reduced number of electrodes required, the duration of the recording or the cranial size of
the patient (e.g. neonates). In these cases, the nurses with experience still use the metric
tape and calculations to mark the electrode positions, following a tedious and complex
procedure to locate some specific positions from the 10-20 system.

Dr. Viceng Pascual, Clinical Neurophysiologist at the Hospital Universitari Sant Joan de
Reus realized that there was an unmet need related to the procedure of electrode marking
system. Together with Dr. Albert Fabregat, from the Department of Mechanical Engineering
of the Universitat Rovira i Virgilj, created EPlacement, a device that guides the user through
the steps to place the electrodes and simplifies the process. It measures the distance
between skull landmarks with touch sensors and illuminates the points where electrodes
have to be placed.

Despite that the 10-20 system is still the most used to provide guidance in electrode
placing, advances in engineering have allowed EEG hardware to record a much higher
number of channels simultaneously. Now, 10/10 and 10/5 systems are also used, which use
the same skull landmarks but change the traditional proportions to fit more electrodes [15].

2.2.1 Adaptation to neonates

Neonates are fragile and there are more practical and technical limitations than in
adults when placing electrodes on the scalp.

Newborns’ skull is not completely formed, and it has soft membranous gaps between
the cranial bones (fontanelles). This structure allows the deformation of the cranium during
birth and a faster brain growth. Moreover, they are of great clinical significance because their
size, shape, closure times, etc. can be strictly related to some pathologies. Thus, clinicians
must be able to perform a thorough physical examination and get a detailed history [17]. For
this reason, NICU health personnel must have access to the neonate’s head while brain
activity is being monitored, as there are various pathologies that can bulge the fontanelles.
In addition, quality access to the epicranial veins is also required in NICUs, especially for
preterm infants which physiologic and health status is compromised.

For these reasons, it seems obvious that the tendencies seen in adults are
inappropriate for neonates. Smaller electrodes are needed, which do not damage the
neonate fragile skin, and which allow for long-term recordings once precisely placed. A
reduced number of electrodes with a more accurate positioning is required, rather than more
electrodes to monitor. There is a need to adapt the 10-20 system to newborns, using fewer
channels to monitor brain activity. Figure 4 shows the limitations of electrode positioning on
the neonate’s skull.

@@
®®6 )
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Figure 4: Limitations of the 10-20 International System when positioning electrodes on
the neonate’s scalp. It is necessary to avoid the anterior and posterior regions
where the fontanelles are located; and avoid the temporal regions where the major
temporalis muscles are located, which, when activated during suction movements,
cause myoelectric artefact.
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2.3 Amplitude-Integrated electroencephalography (aEEG)

2.3.1 Basis

Amplitude integrated electroencephalography (aEEG) is a method to monitor brain
activity in neonates. The signal is derived from an EEG montage in which fewer electrodes
are used. The number of channels is reduced and depends on the case of study as well as
on the monitor. Some of them use a single-channel biparietal recording (as originally
described) or more usually, two channels with two pairs of symmetric electrodes (P3-P4, C3-
C4). The raw signal goes through a processing (detailed in 2.3.4 Signal Processing) which
results in a compressed representation of the EEG (aEEG) [18].

The resulting trace is time-compressed (6 cm/h)! and represented on a semilogarithmic
scale (linear 0 - 10 mV, logarithmic 10 - 100 mV). The signal’s amplitude defines two bands
that reflect variations of the EEG amplitude. One band is called the lower margin and
corresponds to the low-voltage activity. The other, called the upper margin, is related to the
high-voltage activity.

This evolution of the margins is what will be used to identify pathological patterns. The
semilogarithmic scale allows enhancing changes in low voltages, without giving much
importance to high-amplitude changes. Additionally, the time-compression provides an
overview of the long-term trends of the cerebral activity.

This technique uses fewer electrodes than the conventional ones (EEG), so it has less
sensitivity. One of the ways to overcome these limitations is what current monitors do,
displaying and storing the EEG signal. This allows clinicians to clarify their doubts and
facilitates the artefact recognition. Moreover, in recent equipment, the electrodes’ impedance
is also continuously recorded and can be displayed by switching the EEG signal with easy
touchscreen commands.

What has just been stated above, can be seen in Figure 5. The aEEG (top) represents
more than four hours of recording, while the raw EEG (bottom) corresponds to thirty-four
seconds. The lower and upper margins can be seen above, as well as the effect that the high
and low EEG amplitude have on the trace.

012030 ©1.21.00 01213 012200 012300 01233 020000 02001

A 4 l
| e et

7 Neceatal 4 b, B mevsrec, 30 uVm, 400 Mz, 1 000 M2, tcech Ot

Figure 5: >4 hours aEEG channel (above) with the corresponding 34s of raw EEG of the
selected region of interest (below). Upper on lower margins have been manually
added on the original image. [18]

1 In this work, the x-axis ratio is not conserved, since the images size are limited to the width of
the paper sheet.
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2.3.2 State of the art

The monitoring of neonate’s brain activity is a clinical tool that has been used in NICUs
for several decades, without any consensus protocol. However, recent advances in medicine
and engineering have underlined its importance and increased the interest over the world. In
this section, how aEEG was introduced into the clinics and its current challenges will be
presented, together with the barriers that other techniques present.

The first device for amplitude-integrated electroencephalography, previously called
Cerebral Function Monitorz (CFM), was originally developed in 1969 by D. Maynard and P.F.
Prior [19]. The aim was to use it in patients who had resuscitated from a cardiorespiratory
arrest to accurately diagnose possible brain damage, together with conventional EEG to
assess the probability of survival.

The authors detailed the general principles of cerebral function monitoring, which have
evolved slightly up to now. CFM was described as “a system in which the EEG signal from a
single pair of electrodes is amplified and passed through a special wide-band filter” [19].
Furthermore, emphasis on the importance of good adherence for extended recordings was
already placed by the authors at that time. For this reason, an electrode impedance monitor
was added in parallel to the CFM system (Figure 6). About the brain monitoring path, the
radio frequency trap was used to eliminate the static electricity interference. Then, the signal
was passed through a special EEG filter whose aim was to flatten the spectrum because not
all frequencies are equally attenuated through the scalp. Finally, the signal was compressed
and displayed in a logarithmic scale.

CFM was designed as an analogical equipment, but modern methods are digital. The
original concepts and advantages have been kept as well as the CFM-like signal (currently
called aEEG), which now is digitally built from the EEG trace [20].

RADIO -~ SPECIAL LOGARITHMIC
=] FREQUENCY [ PARRMETRIC > EEC o AMPLITUDE
™ TRAP > ¢ |FLTER g COMPRESSION

SIGNAL FILTER
INJECTION A J
L IMPEDANCE
MONITORING | PEAK-TO-PEAK
I NETWORK DETECTOR
\dd‘ PHASE DEPENDENT
EEG
CEREBRAL >\ | fe
FUNCTION
MONITOR ETER METER
_»] TWO CHANNEL |

X-T RECORDER

Figure 6: Block diagram of cerebral function monitor (right branch) with impedance
monitor (left branch). 1969 [19]

Two vyears later, in 1971, D. Maynard and P.F. Prior [21] performed a clinical
experience recording the electrical activity of the brain, providing information about the state
of cerebral activity for long periods. The aim was to assess the cerebral function monitor
device over conventional EEG, which had some limitations because it was costly in terms of
apparatus and the results were too long, which required the continuous operation of

2 This technology was originally known as Cerebral Function Monitor (CFM), but the later digital
versions are commonly called aEEG [20]. In this section, both words are used interchangeably, but
the chronological order of appearance in the literature is conserved.
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specialized personnel. These obstacles remain nowadays, but when this research was done,
they were still working with paper rolls, which made the task of review and diagnosis even
more difficult. In Table 2, a comparison between conventional EEG and CFM technologies in
the year 1971 is displayed.

Table 2. Comparison of CFM (aEEG) and conventional EEG Apparatus (1971). [21]

EEG CFM (aEEG)

- Costly - Relatively cheap

- Bulky but transportable
- Lengthy: 180 cm/hour
Recording during cardiac

- Small and portable
- Compressed brief record: 2.5-36
cm/hour.

Apparatus operation about 300-600 Recording during cardiac operation

meters long about 1-2 meters long
- Requires expert eye for - Easy to detect sudden or gradual
interpretation trends to increase or decrease of

activity or stable record

Recording techniques Interference a problem Interference automatically excluded

Use

Patients with generalized

disturbances of cerebral Suitable Adequate

function

For determining absence of . Should be used in conjunction with
Satisfactory

cerebral activity intermittent EEG

Patients with localized
cerebral abnormality

Useful for detecting focal
disturbances

Not designed to detect focal
disturbances

Within these clinical trials [21], the CFM device showed to be of value in three
circumstances:

e During open heart surgery, when cerebral circulation is likely to be vulnerable.

e As a measure to follow the evolution of brain damage (e.g. after cardiorespiratory
resuscitation).

e In cases in which information about more physiological changes in cerebral
function is required (e.g. know the depth of anesthesia for a test or in a surgery).

However, all these applications are focused on post-anoxic or post-traumatic coma in
adults. In 1983 I Bjerre, together with L. Hellstrom-Westas (one of the top authors on
newborn aEEG) were the first to adapt this technique for neonatal use [22]. The aim of this
clinical research was to estimate the value of CFM in preterm and term infants who have had
episodes of hypoxia. Its diagnostic and prognostic capabilities in NICUs were shown, having
the potentiality to reduce the number of intermittent EEG recordings, but they were still
necessary.

At that point, the research focused on trying to compare aEEG with conventional EEG
and find evidence regarding its contribution to neonatal neurological disorders. The aim was
to define normal and abnormal patterns for the diagnostic and prognostic accuracy of aEEG.

To do so, some of the few studies relied on subjective visual recognition of patterns,
but A/ Nageeb et al. (1999) [23] focused on defining the normal values and test the
interobserver variability, for which no data was found at that moment. The results showed
that the doctors had no problem in assigning scans to different categories (interobserver
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reliability) and defined a simple scale based on the amplitude margins to evaluate the
severity of the encephalopathy of term infants.

In 2006, Hellstrom-Westas et al. [18] suggested a new classification on aEEG tracings
in order to have a unifying nomenclature that englobes term and preterm infants. The
classification was based on both, amplitude margins and pattern recognition, and it is still
used nowadays (Figure 7).
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Figure 7: Hellstrom-Westas Scale. On the left, the classification by amplitude (voltage)
margins, on the right, the classification by pattern recognition. Both are
complementary and help on clinical decisions.

The current research has not changed much. In recent years, the focus has been set
to compare the use of EEG/aEEG in Hypoxic-ischemic Encephalopathies (HIE), neonatal
seizures, and preterm outcome prediction (prognosis) [20]. The aim is the early detection of
any brain disfunction in order to be able to effectively apply the corresponding treatment,
which will end up in an improvement of the neonate’s neurodevelopment.

For neonates with HIE, candidates for therapeutic hypothermia (TH), time factor is
decisive since it is considered effective when applied in the first 6 hours of life. This recent
treatment (early 2010s in Spain) consists of moderately lowering the patient’'s body
temperature and is crucial to reduce/delay the possible neurological hindrances as well as to
improve the prognosis. Hypothermia treatment is based on putting neurons in a state of
minimal metabolic consumption to minimize neuronal death in neural tissue subjected to
ischemic and/or hypoxic restriction. So, in this field, the main power of aEEG relies on
helping to take rapid decisions in the first hours of life, what would be beneficial for the
infant [20]

L. Hellstrom-Westas et al. already published research about this in 1995 and concluded
that the early use of aEEG monitoring after birth asphyxia (case of HIE) seemed to be
suitable for the identification of the brain damage risk. Their findings indicated that
monitoring during the first 6 postnatal hours has enough good predictive capability to enable
physicians to make invasive decisions (TH still not used).

Nevertheless, more recent studies in HIE are focused on gaining insight into
therapeutic hypothermia: the evolution of the background activity for prognosis as well as
the optimal temporal window of the treatment.
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Del Rio et al. [24] performed a study comparing different aEEG recording epochs and
concluded that monitoring during the first 72 hours of life of infants with HIE treated or not
with hypothermia has a strong predictive value, and that a longer lasting recording won't
significantly improve the prognosis. Also, this study demonstrated that applying TH slowed
down the evolution of brain damage. A more recent review (2020) conducted by Ouwehand
et al. [25] comparing the most currently used neurophysiologic and neuroimaging techniques
for the prediction of neurodevelopmental outcomes following TH on HIE infants, states that
among all methods, aEEG at 36 h has the highest Diagnostics Odds Ratio (DOR, equation

(1)).

TruePositives * TrueNegatives (1)

DOR = FalsePositives x FalseNegatives

Emphasis has also been placed on Neonatal Seizures (NS), particularly in critically ill
neonates because it has poor clinical or motor manifestations and needs a prompt treatment.
Usually, NS are caused or related to other severe conditions such as hypoxia-ischemia,
cerebral hemorrhage, metabolic disturbance, and infection. Therefore, continuous monitoring
of brain activity is necessary to be able to detect them.

In 2009 it was estimated that only half of the clinical seizures were correctly classified
and that NS diagnosis methods vary among centers [20]. So, it seems that there is an urgent
need to reach a consensus to guide seizure detection in newborn infants.

A systematic review of the previous literature conducted by Rakshasbhuvankar et al.
[26] concluded that the aEEG specificity (true negatives ratio) and the sensitivity (true
positives ratio) from the selected seizure studies were relatively low and variable. This is due
to the reduced number of electrodes that facilitate the handling of ill neonates. This aEEG
advantage is also what can cause focal seizures to go unnoticed, because fewer channels
means that the brain activity can not be precisely located [27]. This may be one of the main
reasons why conventional EEG is still the gold standard for seizure detection. However, two
channel cerebral function monitoring with a simultaneous display of the raw EEG can be
used as a screening tool, using multichannel EEG to clarify any doubts [20], [27].

To solve the problem of seizures going unnoticed, automated seizure detection
algorithms (SDAs) for neonates have been developed during the last years. These methods
aim to reduce the amount of necessary EEG electrodes and recording time. First generation
methods, already in 1992, were developed as an adaptation of adult’'s SDAs. The second
generation (1998 to 2012) involved more advanced methods to extract features from the
EEG. Finally, the third generation used modern techniques such as wavelet analysis or
machine learning algorithms, trained using large databases [27].

However, the implementation of SDAs into the clinic is slow because of the uncertainty
regarding the collected information and the overall assessment of SDAs on common data
[27]. To develop these techniques, it is necessary to identify on the data what constitutes a
seizure and what does not, using the neurologist's or clinical neurophysiologist's visual
interpretation of the EEG. Even so, to overcome the limitations that aEEG has in seizure
detection some modern monitors incorporate SDAs to assist in seizure detection, yet
supervision by clinicians is always needed [20].

Another topic that is causing concern in neonates’ brain monitoring is the electrodes. A
proper electrode could help improve the acquired signal, reduce noise, and help both EEG
and aEEG to overcome some of its limitations. Moreover, neonates are fragile, and they will
be subjected to long-lasting recordings. Therefore, the electrodes should adapt to these
particularities of the test. To do so, parameters such as skin preparation, risk of skin
damage, speed of placement, electrode replacement, longevity of the electrode, etc. should
be evaluated [28]. Nowadays, the most suitable ones are self-adhesive electrodes with
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liquid gel because of their quick placement and non-invasiveness. Nevertheless, there are
still several challenges to overcome, which are of interest for this study.

2.3.3 Research trends

To analyse the different trends of amplitude integrated EEG research, 7he Lens — Free
& Open Patent and Scholarly Search (/ens.org) has been used as a scholarly and patent
discovery tool. It is a recent service owned by non-profit Cambia, that goes beyond other
citation tools by allowing us to perform a deep analysis with user-friendly visualizations. It
has a large database of scholarly records from other sources such as Pubmed or Microsoft
Academic together with patent records.

These characteristics, make this tool suitable for the purpose of this research: study
the trends related to aEEG.

With the query: (aEEG) OR (amplitude integrated EEG) OR (cerebral function
monitoring) on the fields Title, abstract, Keyword and Field of study a wide search is done, in
which 5766 scholarly works are obtained. The evolution (Figure 8) corresponds to what has
been seen in the state of the art. In 1969, the CFM device is published. Since then, the
tendency has grown exponentially, having the turning point between the years 2000 and
2010, when therapeutic hypothermia first began to be used in clinics.

ument Coun

Date Published

Figure 8: Number of scholarly works over time (/ens.org)

To perform further analysis, only the ones published after 2010 will be selected. This date is
not arbitrary since it is when therapeutic hypothermia was introduced (in Spain) and
changed the aEEG paradigm. With this filter, 3257 articles are obtained.

The top institutions by Document count since 2010 are the ones detailed in Figure 9.
The Boston Children’s Hospital is the institution that is investing in further research on this
field, doubling the number of works published by the following organization (Harvard
University).
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Figure 9: Top institutions by document count (/ens.org)
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It should be noted that this search is very broad. If we reduce only to neonates: ((@EEG) OR
(amplitude integrated EEG) OR (cerebral function monitoring)) AND (newborns OR neonates)
we get 683 scholarly works after 2010.

Lena-Hellstron Westas is the top author for neonatal aEEG. She was one of the first
scientists to bring this technology to neonates already in 1983. She has dedicated his life to
understanding and improving the limitations that it has in the clinics. To do so, she has
published more than 45 articles, which have a significant number of citations. Also, G.B
Boylan, M.C Toet, F. Gronendaal, are other authors that have done research regarding aEEG
in specific applications. Its contribution to the field is also notorious.

2.3.4 Signal Processing

The aEEG signal processing has not changed much from what D. Maynard and P.F.
Prior defined in 1969 [19]. Even so, the digitalization process affected the amplitude
integrated EEG instrument in such a way that the aEEG signal is nowadays digitally derived
from the raw EEG. However, this transformation has only been well described in pure analog
prototypes and information about the digital models has not been disclosed. Yet, the
principles must be the same ones [29].

The human brain activity is composed of waves that attenuate at a different rate while
being transferred through the skull and scalp. This loss of signal depends on the frequency
of oscillation and is due to the capacitive behavior of the biological structures between the
electrode and the brain. To give an equal weight to all frequency components the aEEG
signal processing uses an asymmetrical filter with a slope of 12 dB per decade in the range
of 2-15 Hz, which is the one of interest. A 60 dB/decade is used between 0-2 Hz and a -120
dB/decade is used to attenuate frequencies > 15 Hz (Figure 10) [30].
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Figure 10: Frequency response of the analog filter [30]

To detect the amplitude trends of the brain activity, first the signal has to be rectified
in order to detect the amplitude of the positive and negative peaks, since the EEG is a
biphasic signal. In the analog mode, a full-wave rectifier is used, which is similar to the
absolute value of the signal.

The las step is detecting the envelope. It is the one in which more discrepancy is
found, because the definition of envelope is ambiguous and without exact mathematical
description. The envelope is an estimation that follows closely sudden variations in
amplitude and avoids ripples in more stable regions’[29]. Different algorithms are proposed
to smooth the amplitude of the rectified signal, such as low-pass filtering, moving average or
the Hilbert transform (mathematical function to compute the analytical signal).

Figure 11 sums up the process to obtain the aEEG signal.
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Figure 11: Workflow to obtain the aEEG signal. (a) Asymmetrical filtering, (b) Rectifying,
(c) Envelope detection, (d) time-compression, (e€) Semi-logarithmic scale [30].

To have a wider view of the brain activity, the obtained signal is now time-compressed
(x-axis). The compression procedure of the time follows a reference scale of 6 cm/h. This
strategy reduces the longitude of the recording to evaluate in comparison with the gold
standard, in which the reference scale is between 15-30 mm/sec (5400 -10800 cm/h). At
last, the signal is compressed in a semilogarithmic scale (y-axis), in which the voltage
between 0-10 pV is linearly displayed and between 10-100 pV is logarithmically displayed.
This procedure allows enhancing the changes in low-voltage activity and reduce the range of
fluctuation of high amplitudes, allowing a better recognition of the variations of interest [29].
Figure 12 shows a fragment of an aEEG signal, in which this features can be seen.
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Figure 12: aEEG signal of one hemisphere from the CFM Olympic Brainz Monitor.
Semilogarithmic scale is observed, as well as time-compression. The distance
between each white vertical line is 10 minutes.

2.3.5 Impedance concept

The concept of impedance is the opposition to alternating current presented by the
combination of resistance, inductance, and capacitance. When translating it into clinical
neurophysiology techniques, it is highly related to the skin-electrode contact. Scalp or skin
impedance depends on different factors such as hydration, epidermis fat layer, amount of
hair... In neonates, the impedance of the skin has been presumed to be lower due to a
higher hydration of immature skin. However, skin preparation is still needed to obtain a good
recording [4].

The characteristics of the surface electrodes for bipotential recordings has been
already modelled by a non-linear RC circuit, whose components are frequency and current
dependent [31]. Figure 13 shows the skin-electrode interface. To improve the impedance,
we can only manipulate the outer layers, hence, cleaning of the epidermis to avoid sweat
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and fat as well as a good contact between the electrode and the surface are sought when
talking about skin preparation. Needle electrodes skip this scheme, going directly to deeper
tissues and therefore having better impedance. On the other hand, they are invasive and not
recommended in neonates.

Electrode -{

Sweat/
Electrolyte

Stratum Cornenm/
Epidermis

i A .4 4

Dermis
Subcutaneous Layer -— 2R
Deeper Tissues

Figure 13: Generalized model of the electrode-skin interface. From Rs above is what is
called electrode-skin contact.[31]

When analyzing the previous circuit (Figure 13), various layers are observed to hinder
the flow of the electric current generated by the brain. From the bottom to the top, the
dermis and deeper layers are first found, which in general are pure resistance (R,), not
changing with the frequency. The epidermis is frequency dependent. At higher frequencies,
1/(wC, ) < R,, there will be a short-circuit and the impedance will be almost neglected due
to the low resistance that the capacitor-like behavior gives. However, at lower frequencies
1/(wC,) > R, (open circuit), where the impedance of this phase will be constant at R, [31].
Frequencies between these two extremes will make this impedance to be frequency
dependent (Figure 14).

The skin surface is considered a semipermeable membrane (such as the cellular
membrane), in which a potential difference exists. In the previous image this is represented
with Eg.. The electrolyte also supposes a constant resistance Rg, while the electrode-
electrolyte interface is frequency dependent. E,. is the half-cell potential, which is a
characteristic of the electrodes when subject to an electrochemical reaction (Redox).
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Figure 14: Variation of electrode impedance with frequencies [31].

Once the electrical scheme of the electrodes has been introduced, a closer examination
can be conducted regarding the impact it has on aEEG. This technique is based on a bipolar
montage where the difference between the signals captured by the electrodes in one
hemisphere is amplified thanks to a differential amplifier (usually instrumentation amplifier)
[32]. In Figure 15, the differential amplifier output is the difference between the signal
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detected in A” minus the signal detected in B”. In the extreme where just one electrode
detaches (A), this point won't receive brain activity and the output of the differential
amplifier will be -B” (neglecting noise capture). So, the resultant signal, which is the raw
EEG, is more relevant as more similar are the impedances of both electrodes. This is because
when they differ, the two captured magnitudes (A” & B”) are not equally related (different
attenuation) to the brain activity, and the difference may be influenced by impedance bias.

Moreover, high electrode impedances increase the susceptibility of the measurement
system to capture noise typical from the clinical environment such as lighting, ventilation,
computers... Ideally, electromagnetic interferences (EMIs) should not have any effect
because of the nature of the instrumentation amplifier, that cancels out same input’s
voltages in both entries. This is known as Common Mode Rejection Ratio (CMRR) and
depends on the quality of the amplifier (usually above 100 dB for EEG) [32]. Nevertheless,
when the montage presents different impedances the amount of noise detected by each
electrode won't be the same, hence the CMRR won't work efficiently, leaking some undesired
artifacts in the bipolar raw EEG.

In Figure 15, the difference in potential between A or B and A" or B” is what must be
reduced in order to achieve the two described requirements: lower and stable impedance in
both electrodes of the hemisphere. To achieve it, skin preparation, electroconductive gel and
electrode design are key factors.

Ideally, the impedances should be equal in all the electrodes in an aEEG montage to
efficiently compare both hemispheres. However, since this is a difficult task, nowadays
monitors continuously record the impedances so that clinicians can assess the differences
between the signals taking this into account.
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Figure 15: Scheme of electric dipole, ionic currents, and the measurement of the brain
activity by the electrodes together with the differential amplifier [32].

2.3.5.1 Epilepsy simulation

Epilepsy simulation is one of the main clinical concerns when using aEEG in the NICUs.
As stated above, this technique aims to quickly diagnose different encephalopathies in which
time is a decisive factor. In this context, the methods should be precise enough to not lead
to any false positive, where the treatments are applied to healthy subjects.
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In neonates, doctors seek for seizure signs that may lead to the diagnosis of HIE or
epilepsy. Figure 16 shows a real case of epilepsy, in which an increase on the voltage is seen
in the aEEG, together with characteristic discharge pattern [2].

On the other hand, Figure 17 shows a simulated case of epilepsy on the left
hemisphere (top row of aEEG and EEG). If clinicians only had the aEEG, they could easily be
confused due to the increase of the voltage, which is similar to the one in the previous
figure. However, when assessing the corresponding EEG no epilepsy patterns are found,
being considered as artifact.
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Figure 16: Shows a real case of epilepsy at the point where the cursor is placed on the
left hemisphere aEEG. Top and bottom signals of both aEEG and EEG relate to the
left hemisphere, while the bottom ones are the right hemisphere.
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Figure 17: Simulation of an epilepsy at the point where the cursor is placed on the left
hemisphere of the aEEG. Top signals of both aEEG (above) and EEG (below) relate
to the left hemisphere, while the bottom ones are the right hemisphere.
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This epilepsy simulation is strongly linked to impedance stability. As shown in 2.3.5
Impedance concept, when only one of the electrodes has a poor contact, the output of the
differential amplifier will be larger, because the signal coming from both electrodes is not
evenly related to the brain activity (more different). In the aEEG, this is translated into an
increase of the voltage (lower and upper margin), which is not due to brain activity [32].
Therefore, it can simulate epilepsy even though the subject is in healthy conditions. Figure
18 illustrates the effect of impedance variability (electrode detachment, gel drying, wire
movements ...) in the aEEG. The impedance (bottom) graph is the maximum value between
the two electrodes of the hemisphere; hence an increase may be related to just one bad
skin-electrode contact.
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Figure 18: Red circles show the effect of an impedance spike, which leads to an increase
of the aEEG voltage, which could simulate a seizure. (Top) aEEG, (Bottom)
Impedance.

As demonstrated, these variabilities of the impedance between electrodes of the same
hemisphere may cause voltage changes or a reduction of the sensitivity, which may lead
clinicians to make an error with bad consequences for the healthy neonates (false positive).
Consequently, electrodes are a key factor for this technique, and there are still some
challenges to overcome, such as impedance stability [4].
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3 Methods and Materials

3.1 Electrodes

3.1.1 aCUP-E

Dr. Viceng Pascual, clinical neurophysiologist at the Hospital Universitari Sant Joan de
Reus recognized the shortcomings and issues that adult electrodes present when applied to
neonates: primarily big dimensions and poor adhesion. Moreover, none were found that
fulfilled the desired requirements, such as adapting to the curvature of the head or having a
good attachment. Hence, together with Dr. Albert Fabregat from the Department of
Mechanical Engineering of the Universitat Rovira i Virgilj, developed an electrode that met
the needs and adapted to the specific situation of newbors.

Advanced Cup electrode (aCUP-E) is the new electrode designed specifically to fit the
necessities of neonates long-lasting monitoring in the NICUs. It is flexible, with a firm
adhesion and safe for the fragile skin of the neonatal scalp. Its use is indicated for cases in
which long studies are required, as it shows good adhesion, easy replacement of the
electroconductive gel, keeps a stable impedance, and allows a comfortable manipulation of
the newborn by the healthcare personnel (Figure 19).

Specific details of aCUP-E electrode are not explained because of the intellectual
protection, although they are not relevant for this study either. However, Figure 19 shows
and scheme or the aCUP-E electrodes.

| 4
N

Figure 19: a-CUP electrode scheme. (1) Universal connector, able to connect to all EEG
devices. (2) Coil of wire to facilitate movement without detachment. (3) Opening
to introduce the gel, with its cover to avoid electroconductive gel spill. (4) Adhesive
for delicate skins, long recordings, and good adherence.

3.1.2 Neuroline720

Neuroline720™ electrode from Ambu® have been used as the commercial type in this
study. They are liquid gel electrodes, which are considered to be the best for neonatal
monitoring [28], [33]. They are self-adhesive and have already embedded the
electroconductive gel in a sponge. It has a size of 30x22 mm and the area of measurement
is 95 mm?. The electrode plate is covered with Ag/AgCl (Figure 20).

In the images as well as in the text, these electrodes will be referred to as
commercials.
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Figure 20: Neuroline720 electrode from Ambu®. [Ambu® Neuroline™ 720. Ambu Forever Forward.
Available at: https://www.ambu.es/neurologia/electrodos-emg/producto/ambu-neuroline-720]

3.2 Clinical research plan

This work has been performed in the framework of a clinical investigation that was
being conducted at Hospital Universitari San Joan de Reus by Dr. Viceng Pascual Rubio. This
work and the clinical trial developed simultaneously, which allowed a better understanding of
the process and the data obtained. The protocol of the clinical investigation plan was already
designed at the start of this project, but it is detailed in the following sections to better
understand and contextualize this work.

3.2.1 Objective

Compare the new electrode, aCUP-E (advanced cup electrode), specifically designed to
perform amplitude-integrated electroencephalography (aEEG) in the neonatal intensive care
unit (NICU); with the liquid gel electrodes currently used in Hospital Universitari Sant Joan
de Reus and recommended by the centres with more experience in aEEG. These commercial
electrodes are Neuroline 720, from Ambu®,

3.2.2 Hypothesis

The new aCUP-E electrode has the same safety and quality of the bioelectric signal
compared to liquid gel electrodes. It has the advantages of good adhesion, a stable
impedance (reducing the number of artefacts), a more comfortable handling of the newborn
by healthcare personnel, and the ability to replace the electroconductive gel, that allows
long-lasting recordings without removing the electrode.

3.2.3 Description of the study

A clinical and diagnostic trial will be carried out on 20 newborns at the Hospita/
Universitari Sant Joan de Reus, classified into two groups: 10 term and 10 preterm.

An aEEG analysis during the time the neonates are in the NICU will be performed. The
two different types of electrodes will simultaneously be used in the recording sessions. Thus,
one hemisphere will be recorded with liquid gel electrodes and the other with the aCUP-E.
Data on ease of placement, removal and convenience will be collected for each type of
electrode; the comfort in handling the newborn by healthcare personnel; the number of
relocations of the electrode during recording; the number of times electroconductive gel is
applied to aCUP-E, the quality of the recording and the safety of the newborn's skin.

The recording will only be performed to those subjects that meet the inclusion criteria,
in which no suggestive signs of neurological damage can be seen.
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3.2.4 Electrode placement

Electrodes have been placed following a bipolar montage with 5 electrodes that
considers the constraints of neonatal brain monitoring. The used positions, regarding the 10-
20 system, are C4 and P4 (right hemisphere), C3 and P3 (left hemisphere) and Cz as the
reference electrode.

A pair of each type of electrodes (aCUP-E and liquid gel) have been placed on each
hemisphere. For the reference, an aCUP-E electrode has also been used. The latter does not
record any activity and acts as a ground. This image has been removed for confidentiality
reasons.

Figure 21 shows the montage of a case study.

This image has been removed for confidentiality reasons.

Figure 21: Electrode montage used in the clinical research in which two electrodes of each type are
used to record the brain activity of one hemisphere. The subject is in supine position. (Left
hemisphere) Liquid gel electrodes, (Right hemisphere) aCUP-E and (central electrode-
reference) aCUP-E. (Case 2).

3.2.5 Skin preparation

Before starting the recording and attaching the electrodes, the neonate’s scalp must be
prepared. The aim is to remove sweat, grease and dead skin cells that can interfere with the
transmission of the electrical activity, increasing the impedance. Also, it is more likely that
electrodes attach to a clean scalp.

The process consisted mainly in cleaning the scalp with soap and alcohol, by gently
doing circles with cotton swabs. In a few cases, more abrasive methods were used, but
there was no evidence of a relevant enhance of the recording. Then the electrodes were
attached.

In the commercial case, it is not necessary to add electroconductive gel, as they are
already embedded with liquid gel at the factory. Instead, for aCUP-E the gel must be added
after placement in the specified hole.

The new electrodes allow easy addition of more electroconductive gel avoiding its
drying. So, nurses should add more gel to the aCUP-E every 8 hours. At this step,
commercial electrodes should remain untouched since the manufacturer does not ensure a
good adhesion after removing them, what would be necessary to add more gel.

3.3 Data acquisition and processing

The CFM Olympic Brainz Monitor (Natus Medical Incorporated) has been used to
acquire the aEEG signals. The European Data Format (EDF) files containing the raw EEG and
the continuous impedances have been extracted from the monitor. There is no option to
download the aEEG files in this device.

The signal processing has been mainly performed using 7he MathWorks, Inc. (2022)
MATLAB, but the files have been converted to CSV (Comma-Separated Values) using Python
MNE package, which handled the extracted EDF files better. The files of interest as well as
the sampling frequencies are detailed in Table 3.

Moreover, the nurses had some buttons on the monitor's screen to easily indicate
events on-board, such as manipulation, cures, electrode replacements... These have been
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used to clarify and gain insight about what is happening in specific cases when performing
the analysis.

Table 3: Characteristics of the files of interest extracted from the monitor for each acquisition,
together with the electrodes (Channels) that record that signal.

File Name Channel Sampling frequency (Hz)
LeftEeg C3-P3 bipolar signal 200
RightEeg C4-P4 bipolar signal 200
LogicallmpedanceC3 C3 impedance 100
LogicallmpedanceC4 C4 impedance 100
LogicallmpedanceP3 P3 impedance 100
LogicallmpedanceP4 P4 impedance 100

After each recording, the involved nurses filled a survey (part of the research plan)
regarding some specific parameters of the case, such as ease of placement and removal,
skin safety or subject’s specifications. In Annex 1 the survey can be seen, while on following
sections these results will be discussed.

3.4 Study population

In the context of this work, the sample was reduced to 15 neonates (11 preterm and 4
term) because at the time this project has finalized the clinical trial was still not completed.

Table 4: Sum up of the subjects of the study. GA = Gestational Age, PCA = Post
Conceptional Age at the day of the study , PNA= Post Natal Age at the day of the
study. GB = GigaBytes of data.

This table has been removed for confidentiality reasons.

3.5 CFM Olympic Brainz Monitor

The Cerebral Function Monitoring used in this study is the CFM Olympic Brainz Monitor
from Natus Medical Incorporated (Natus). This business offers medical equipment, software,
supplies and services for the diagnosis, monitoring, and treatment of disorders affecting the
brain or neural pathways.

This specific monitor (Figure 22) allows recording the raw EEG, the continuous
impedance (without stopping the recording) and the aEEG, which is always displayed in the
upper part of the screen. Below, the user can easily switch between the raw EEG and the
impedance signals by means of an on-screen button.
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Figure 22: CFM Olympic Brainz Monitor from Natus® [Natus Medical Incorporated.
Available at: https://natus.com/products-services/cfm-olympic-brainz-monitor].

While the analog prototype is available, the digital procedures that are used nowadays
are not public. This makes it difficult for clinicians and researchers to choose between
different brands, because no aEEG standard has been established so far [34]. Figure 23
shows the frequency response curves of different aEEG monitors.
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Figure 23:Frequency-response curves from a sample of some digital cerebral function
monitors used to generate the aEEG in 2009 [35].

It is likely that companies consider the EEG processing part of their intellectual property (IP)
and something with which to put them ahead of their competitors. Therefore, Natus must be
using the trade secret strategy, in which valuable information is not known by the public and
reasonable efforts are done to keep it secret. Indeed, when contacting with them in order to
gain insight about the hardware/software used the answer was “the requested information is
proprietary”.

Hence, reverse engineering is what has had to be done to understand how the monitor
works or how it was made. The aim was to display the same aEEG signal on the computer to
be able to work with it, as well as to overcome some limitations found by clinicians.

Figure 24 shows the interface and images that can be extracted from the used monitor.
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Figure 24: Snapshot of the Olympic Brainz Monitor from Natus. On the very top of the

image, the events noted by the healthcare staff. The top section

exhibits the aEEG

signal (4h 15 mins, starting the 19/01/2023 at 21:00), the middle one shows the
impedance maximum from the two electrodes of that hemisphere, and the bottom
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3.5.1 aEEG signal display on a computer

The aim of this section was to be able to evaluate aEEG signals on the computer, and
not only be restricted to see and evaluate them in the clinical monitor, which was a
drawback of this project. Hence, the accessible and user-friendly interface from the medical
equipment should be mimicked, in order to start developing a program that could be used
for both, researchers and clinicians. It was thought that developing a User Interface (UI)
figure that respected the x-axis ratio would be beneficial for the purpose.

3.5.1.1 Digitally obtain the aEEG signal

To replicate the signal that clinicians can see in the Olympic Brainz Monitor, the steps
described in 2.3.4 Signal Processing have to be computed, adjusting the parameters to
optimize the processing.

When building it, there is three main questions to assess. What filter to use (Figure
23)? How to rectify the signal? How to detect the envelope?

The code of the following sections has been adapted from Washington University-
Neonatal EEG Analysis Toolbox (WU-NEAT), a clinically validated, open-source MATLAB
toolbox for limited-channel neonatal EEG analysis [36], and mainly inspired from Zhang D. et
al. [30] and Chen C. et al. [29]

To compensate for the skull and scalp attenuation (previously seen in Figure 14), the
raw EEG is first passed through an asymmetrical filter which strongly attenuates the signal
below 2 Hz (low frequency physiological artifact) and above 15 Hz (respiratory, muscle
activity, power line hum ...).

The well-known Parks-McClellan algorithm has been used for this purpose, which finds
the optimal finite impulse response (FIR) filter coefficients. A high order of 1,100 has been
found to perform well, allowing to replicate the signal from the monitor. Other orders were
tried, but lower ones failed to follow the aEEG signal from the monitor (next section) while
higher orders did not show much improvement regardless the higher computation time
(Annex 2). The 12 dB/decade slope in the frequencies of interest is conserved, as well as a
strong attenuation in the other bands (Figure 25).
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Figure 25: Magnitude of the Designed filter using the Parks-McClellan algorithm with
order 1100. Strong attenuation of the <2Hz band, as well as >15 Hz band. 12
dB/decade are approximately conserved between 2-15 Hz. The frequencies on the
axis are normalized, where 1 corresponds to the Nyquist frequency (fs/2 = 100
Hz).

The filtered signal must be rectified converting the negative values into positive
voltages. Digitally, there are two main ways to achieve this: absolute value evaluation or
squaring the signal, with a posterior square root of the detected envelope (aEEG). However,
not much difference has been detected in the output, and the first option seems to work well
for this specific case.
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Next, the envelope must be detected, with the aim of getting the amplitude trends of
the brain activity. In this work, it is generated by using a Butterworth low pass filter of first
order and a strict cut-off frequency of 0.375 Hz (Figure 26).
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Figure 26: Envelope detection of the signal with a Butterworth filter (fs = 0.375 Hz). The
segment is 80 seconds long (16000 samples). Blue: Rectified filtered signal. Red:
Envelope or raw aEEG"

The final step would be to represent the obtained raw aEEG”. It must be represented
in a semilogarithmic scale (y-axis) and with a ratio of 6 cm/hour for the x-axis.

In the program, the y scale is achieved by performing the logarithm with base 10 to
the voltages above 10 uV, obtaining a semilogarithmic voltage. Then, y ticks are changed to
display them in accordance with the graph. Moreover, the dimensions of the window have
been settled to respect the x-axis ratio (25.5 cm for 4 h and 15 min, which equals
6cm/hour).

3.5.1.2 Comparison of the obtained signal

The monitor used doesn’t have the option to extract the aEEG signal in any format,
only the raw EEG. Hence, there is no way to statistically compare both data (e.g. Spearman
Rank Correlation) and a visual assessment must be performed. In Figure 27 the computed
signal is represented in blue, superimposed to an image from the monitor. In Figure 28, a
different segment is shown without overlapping.

With the constructed algorithm, the obtained signals are almost identical to what can
be seen in the screen of the monitor, reinforcing its validity. Annex 2 shows the fitting of
signals built with different filter orders.

Figure 27: Case 3 (19/01/2023). Blue: aEEG built signal. Background: Image from CFM
Olympic Brainz Monitor, Natus.

Bachelor’s Degree in Biomedical Engineering, Universitat Rovira i Virgili 26



Analysis of aEEG in neonates: Assessing performance of aCUP-E vs liquid gel electrodes

21/12/2022 _ 0:00 miércoles _ 1:00 21/12/2022 _ 2:00 miércoles _ 3:00 21/12/2022

. ;:‘_mmi”. e e

‘ T

HTTTT

1 1 1 1 1 1 1 1 o

Figure 28: Case 1 (20/12/2022). Fragment of aEEG recording. (Above) Signal from the
CFM Olympic Brainz Monitor, (Bottom) Digitally obtained signal.

3.5.1.3 User Interface

The aim of this approach is to mimic the used aEEG monitor on a computer. Then,
users must be able to evaluate both hemispheres at the same time and should have same
characteristics as the medical monitor. Moreover, the variables are saved in the workspace
for further mathematical analysis. The code to reproduce this interface can be seen in Annex
3.

As the x-axis ratio is settled and the screen size is limited, not the whole recording can
be seen at once. Because of this reason, a slider is used to allow the user to navigate and
explore different time segments, always conserving the 6 cm/h.

The upper and lower margins of the aEEG seem to be of big importance to take clinical
decisions, and it is a differential feature for some classification analysis of the aEEG
(Burdjalov or Hellstrom-Welltas). These envelopes allow to clearly see the brain activity
tendencies and differentiate between different phases and states. Since the aEEG signal is
compressed in time, to detect the envelope the data is largely downsampled, keeping the
97t and 6™ percentile (upper and lower margin respectively) from epochs of 8 seconds.
Finally, the median amplitude of 20 consecutive points, previously computed (8
seconds/point * 20 points = 2 min and 40 s) is again performed to obtain a smooth
representative margin [30]. These edges can't be seen in the used monitor. Since it is a plus,
there is a button on the UI to enable this feature or not (Figure 29).

Finally, the detection of electrical activity not coming from the brain has also been
computed, indicating to the observer which time segments contain non-optimal electrical
activity (contaminated) by electromagnetic interferences (EMIs), moving artifacts or
impedance instability. There are many artifact detection and recognition algorithms focused
on adult multichannel EEG, but none are focused on neonatal aEEG. Therefore, the aim
would be to compute a first approach to allow the observer to identify regions of optimal
brain activity to be more accurate in the diagnosis, as well as to be able to restrict the signal
analysis to regions of interest.
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Figure 29: User Interface with the built aEEG signals. Both hemispheres can be seen, as
well as the computed margins. Button Env. allows displaying or not the margins,

while the slider moves and navigate through the signal (Case 2).

To achieve this objective, we have worked hand by hand with Dr. Vicen¢ Pascual, who
first posed the problem and visually validated that the algorithm detected the appropriate
fragments. Two restrictive neurophysiologic parameters were defined to characterize waves

not coming from the brain.

1. EEG waves of more than 150 pV and of more than 2 seconds long are unlikely to

come from brain activity (Figure 30).

2. Low aEEG peak-to-peak amplitudes are due to other factors rather than brain

activity( Figure 31).
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Figure 30: 1st restriction, in which high amplitude waves more than 2 seconds long can

be seen in the EEG. In this case, the abnormal activity recorded is due to
impedance variations. (Top) aEEG with the timescale on the top. The red cursor
restricts the area of the EEG. (Middle) Impedances, with same x-axis scale as the
aEEG. (Bottom) The EEG belonging to the 18s indicated by the previous red cursor,
each vertical white line corresponds to a second. (Case 11)
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Figure 31: 2nd restriction, in which the aEEG presents narrow bands (red line). Rather
than brain activity, this is attributed to a conductive bridge between the electrodes
of the same hemisphere, obtaining the same input. (Case 1)
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Therefore, the non-cerebral activity is going to be filtered out in the aEEG processing.
However, since the first condition is based on the raw EEG, there is the possibility, that it has
no big effects on the displayed aEEG signal. But the aim is to quantify the number of
artifacts detected that can potentially interfere with the processed aEEG, warning the
observers about it, but leaving it to their own judgment. Also, some artifacts may be leaked
because they are confounded with brain activity that comes from the brain (dont meet the
restrictions), so critical knowledge is still needed.

The steps followed to achieve the identification of non-cerebral activity are detailed
next:

e For the first condition:
Detect the points that are above 150 pV in the raw EEG.
Focusing on just one point, get a 18s segment (like the monitor) around it.

3. Smooth the signal (symmetric moving average) to be able to detect the peaks of
interest, not the small signal variations. Correct the filter delay. Any symmetric filter
of length N has a delay of (N-1)/2 samples. (Figure 32).

4. Check if within this segment there are any peaks (maximums or minimums), that are
at least 2 s apart.

5. Now, it must be checked that the two features relate to the same wave. Since some
amplitude resolution is lost with the moving average, we check if the first condition is
fulfilled within the original signal.

6. If step 5 is true, reject the whole 18s segment because it is affected, and such a little
time won't have any effect on the aEEG time compressed visualization.

N

e Check for the second condition using the margins. If the width is lower than the
threshold (2 pV), reject the segment around the margin point (1 min and 20
second to each side, half of the sampling period of the margins).

Finally, everything is integrated into the UI which has allowed seeing the recordings in
the computer as well as evaluate some differences and characteristics. Since the optimal
brain activity is also a plus, there is a button to enable this feature were green means
optimal and red means non-optimal. Figure 33 shows the final interface in segment in which
the left hemisphere was not properly recording due to a detached electrode that had to be
replaced later on. For the right hemisphere, the patterns are detected with some artifact.

Bachelor’s Degree in Biomedical Engineering, Universitat Rovira i Virgili 29



Analysis of aEEG in neonates: Assessing performance of aCUP-E vs liquid gel electrodes

raw EEG
500 -
|---% 150 pV threshold| f\ X roms
Siaem| | gt
777777777777 r‘ﬁfff/*\/:—\ }‘“’\K\/JJ'\'**\\\‘A‘
5T 0 \ A o
> ‘ | \
=t 0 ‘X //N \\ // \f\\ J \ J/‘ f/J \\ / \ J( ’v\ f \N. /\/V »—A/\/\
-\\-/-»:7/- ------- A \"f-" 1’"""-3*\-7/ -------- \ i “v# --------------------
\/ |4 Y eiiuse
B="
_500 | | | | o | | | |
100 102 104 106 108 110 112 114 116 118
time (s)
smoothed EEG
400 I T T il T T
Smoothed signal [ Yarasts
* Maximum
200 + wiimam /‘ s / \ -
i | v g
o / /
N AN \ / VAL |
-200 - - \ / X 111.815 il
400 | | | | \ T I I I
100 102 104 106 108 110 112 114 116 118
time (s)

Figure 32: Peak detection to assess non-cerebral electrical activity. The smoothing
corresponds to a moving average, which changes the amplitude resolution. Red
square indicates a region of abnormal activity, where peaks are separated more
than 2s and higher than the threshold (18 seconds extract of Case 1)
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Figure 33: UI program built in MATLAB, simulating an aEEG monitor. The aEEG (blue),
the envelope (red line) and the parts where non-cerebral brain activity has been
detected (straight line at the bottom of each hemisphere. Green: Cerebral activity,
Red: Artifacts detected) can been seen. The signal in the top is the left
hemisphere, while the one in the bottom is the right hemisphere (Casel). Button
Env enables the margins while Opt enables the optimal/non-optimal line.
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3.6 Methodology for the analysis

The aEEG signal created in the previous section, together with the impedance values
and the raw EEG, permitted to focus on an analysis, which is detailed in this chapter.

3.6.1 Parameters

Different parameters have been computed to try to characterize some features of the
recordings and be able to compare both electrodes, aCUP-E and Neuroline 720. Signal
quality, electrode life, impedance stability among others.

To reduce the artifacts and obtain the signal, Independent Component Analysis (ICA)
techniques are widely used in EEG, obtaining results from brain activity signal, location, and
interferences [37], [38] . Due to the limited number of channels in aEEG, this technique
cannot be used.

In the analysis, some characteristics are time dependent. In this cases, same-time
different location approach has been used, in which comparisons between hemispheres
(different location) are made within the same time frame of the recording. This allows to
avoid inter-patient differences due to electrode positioning or attachment [39].

For frequency domain features, the raw EEG is the subject of study. Frequential
components of interest, together with noise are quantified for different epochs before the
aEEG filtering. The aim would be to characterize the signal-to-noise ratio (SNR) of each
electrode. Higher and more stable SNR would allow for a more accurate postprocessing [39],
[40].

Regarding impedance features, the kQ extracted from the monitor for each channel are
used. It is known that when lower and more stable, the better the recording [35], [40].

The code with the functions used to obtain these features can be found in Annex 3.

3.6.1.1 Interhemispheric signal comparison

In this section, the aim is to delve into a comprehensive analysis of the brain activity
dynamics between the two hemispheres, aiming to test a specific hypothesis that will let us
use the data for further investigation.

The neonates brain activity should be alike in both hemispheres for healthy subjects
due to the symmetrical development of the neuronal population. This interhemispheric
comparison is crucial to test this hypothesis and make sure that both electrodes capture the
same signal when optimally recording. As a result, the following signal differences could be
attributed to electrode design [14].

To do this, the recordings of the clinical trial must be filtered. Hence, 2 parameters
have been defined to assess how representative or useful they are. Even so, these 2
variables also help to gain insight into the data.

3.6.1.1.1 Optimal brain activity

To compare interhemispheric electrode capture, we must ensure that we are
comparing a time frame in which both electrodes are capturing the signal without artifacts
and, guarantee that the impedances are low and stable. If not, the differences found in the
aEEG signal may be due to these defects.

Therefore, this parameter is based on the previously detected optimal brain activity in
order to see how both electrodes capture the signal and, assess if there is enough time (at
least 2 hours) in which both hemispheres have optimally recorded. If this last requirement is
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not fulfilled, these recordings won't be selected for further signal analysis, since there won't
be enough time to perform the following amplitude analysis (same-time different location).

Two hours of good recording in both hemispheres has been considered to be
representative enough to evaluate at least one sleep-wake cycle (Figure 34), which is the
expected pattern in our population (healthy neonates). With this, all the amplitude features
as well as all the frequential components that can differ from vigil/REM sleep (narrow) and
no REM sleep (wide) can be assessed.

100
50
25

Right

Figure 34: 2 hours segment. REM / vigil (narrow, orange) and no REM sleep (wide,
yellow) segments can be seen and assessed this time. (Case 3)

3.6.1.1.2 Amplitude features

Separately positioned electrodes record different bioelectrical activities, while closely
located capture more similar signals coming from the brain (even there is the possibility of
causing a conductive bridge). This positioning has an effect in the amplitude of the bipolar
signal, which is built with a differential amplifier. Hence, electrode location is a crucial factor
in aEEG [39].

Several studies comparing wet and dry electrodes assess the resemblance of the
captured signal in a near position (within 10 mm) of an adult EEG [39], [41]. In the aEEG
montage used, the electrodes are not closely positioned. However, both hemispheres should
develop at the same time (same brain activity) in healthy neonates [14]. If during optimal
impedance times significant differences in aEEG amplitude are found between the signal
captured in both hemispheres, these should be attributed to the placement of the electrodes.
In these cases, comparing the two hemispheres would not be relevant in terms of signal
analysis.

Therefore, to avoid other interferences, this hypothesis is tested in the previously
computed 2 hours segment with optimal brain activity, together with low (ideally <5 kQ) and
stable impedance for the four electrodes. These 2 conditions are usually simultaneous and
allow to evaluate the amplitudes of a whole sleep-wake cycle. It would be expected to see a
similarity between both hemispheres, since ideal conditions are selected and there should be
no distortions.

To perform this analysis, from the obtained segments, the Root Mean Square Deviation
(RMSD), the maximum and minimum, as well as the correlation (Pearson Correlation
Coefficient) of the margins has been computed to evaluate the interhemispheric signal
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similarity in a time-domain analysis. The first one, assesses the direct differences between
the signal, the second assesses the extreme values of the margins of both hemispheres,
while the latter evaluates the brain activity tendencies in both hemispheres.

This analysis will be used to check if the two hemispheres resemble each other in
optimal conditions for each case and, therefore, the found differences in other signal
segments can be attributed to the electrodes design rather than the montage. Different
width of the trace, which is related to the peak to peak amplitude, can lead into differences
in signal power even if the trace is correlated (similar brain activity tendencies).

3.6.1.2 Preliminary assessment

In this section, we embark on a comprehensive evaluation of the recorded data, aiming
to assess the fundamental characteristics of the acquired signals before entering an in-depth
analysis. Some characteristics of each record are assessed in order to have an overview of
how they have gone, and which factors make them behave like that. Recognizable
frequential components and impedances are assessed.

3.6.1.2.1 Impedance summary

Each hemisphere has two impedance values, one for each of the four recording
electrodes (not the reference). In order to simplify the data into just one representative
value for each hemisphere, the same criteria as the monitor (CFM Olympic Brainz Monitor) is
used: The maximum between the two impedances of each hemisphere is computed over
time. This ensures that both electrodes of the same type (one hemisphere) are under the
defined thresholds on a specific moment.

Within this section the aim is to visually assess the quality of the adhesion and gel
drying (impedances) in the recording. To do so, two main parameters are computed.

Firstly, the percentage of time that the two electrodes of the hemisphere have been
between certain thresholds. The bands are: <5 k2, >5 & <10 k2, >10 & <15 k2, >15 &
<20 k2, >20 kS2. A traffic light colour palette has been used to easily identify which records
have had a better impedance value and compare between hemispheres.

Secondly, turns count, which consists in recording the number of times a signal is
above a certain threshold [42], is computed. In this sense, the rising edges were detected in
the cases that the maximum impedance of each hemisphere exceeded 20 kQ. The time that
the impedances stayed above the threshold was also calculated. The results are presented
normalized by the length of the recording in hours (counts/hour).

This parameter has been displayed in 3 graphs of interest. The amount of variability of
the impedance (turns count lower than 10 seconds), which can lead to misinterpretations of
the aEEG signal and is highly related to the quality of the adhesion. More impedance spikes
mean that the electrode adhesion was poor and more susceptible to cable movement
artifacts. If these impedance oscillations last longer they may produce an increase on the
aEEG voltage, which can be confused with a neonatal seizure (10 s to 1-2 min), being more
critical for the diagnosis. To have this effect, the spikes do not necessarily have to overcome
the set threshold. However, little to none of the variations remain lower than 20 kQ because
they are usually related to an act that totally cancels the contact between the electrode and
the scalp. So, this limit is kept.

Also, the number of times that the electrode ceased to function well for a long time
(>20 kQ for more than 30 mins) for each hemisphere. The latter is also a clinical concern
because not recording the signal may hinder the fast diagnosis of neonates.
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3.6.1.2.2 Frequential domain summary

A Fast Fourier Transform (FFT) is a mathematical technique that allows to analyse
signals and understand their frequential components. It's a powerful tool that converts
complex signals into individual frequencies.

This method is widely used for the characterisation of EEG signals and feature
extraction [40], [43]. In this work, it is computed for each record, to evaluate the frequency
domain of the signal. The aim is to see frequential components of interest in the neonatal
bipolar raw EEG, as well as assess if there is any strange frequency in some of the cases,
which may be due to the brain activity (no problem) or to the electrically hostile environment
of the NICU (influencing the signal).

Ideally, electromagnetic interferences (EMIs) should not have any effect because of
the nature of the instrumentation amplifier, that cancels out same input’s voltages in both
entries. However, the antenna-like behaviour of the electrodes opposes to it.

Three different FFT are computed to completely evaluate the spectrum:

e The entire recording: Overall assessment of the adherence by the voltage of the 50
Hz noise [41].

e Notch filtering the 50 Hz noise: Evaluate other frequencies that appear in the whole
recording, that were before hidden by the electric hum [44].

e 2 hours of optimal brain activity together with low (ideally < 5 kQ) and stable
impedance is for the four electrodes: The aim is to differentiate between the
frequencies that appear in the whole recording, but do not appear when the
impedance is optimal. These different amplitude voltages, that may be due to
impedance influence, are candidates to induce artifacts. Recordings in which these
conditions are not able (not selected), won't display this last graph.

3.6.1.3 Survival analysis (Electrode life)

The time in which each electrode stopped working was computed thanks to the
impedance continuous monitoring that the monitor provides. In this sense, a cease of the
functioning (detachment or gel drying) is considered when an electrode exceeds 20 kQ for at
least 15 minutes, which is more than the average time that it takes for the nurses to provide
the care (assessed in the monitor annotations). When this impedance lowers, it is considered
that the electrode has been manipulated/replaced and the count is restarted for this new
electrode.

Another assumption is that based on the analysis that £/ Ters et al. [33] conducted on
electrode survival, all of them are considered to last at least 45 minutes. Detachments before
this time will be considered as a procedure error when adhering them to the scalp and won't
be considered for the analysis. These 2 assumptions will be used to build the algorithm.

Kaplan-Meier curves have been used to estimate the survival function and allows
accounting for censored data [45]. In this analysis, only the first 24 hours have been
considered, because having recordings of different lengths affected the approximation of
probability function. Hence, all records will be trimmed. If after 24 hours the electrode is not
deteriorated, the time since its last replacement will be right censored.

Censoring means that the measurement is only partially known. Hence, the previous
case is considered as if ‘the track of the electrode was lost’ Since the algorithm detects the
events, there is certainty about it (exact time of failure is known), therefore, they are not left
censored[45]. Figure 35 shows a scheme of the censorship.

Bachelor’s Degree in Biomedical Engineering, Universitat Rovira i Virgili 34



Analysis of aEEG in neonates: Assessing performance of aCUP-E vs liquid gel electrodes

Testing round

o o
Left / o O Right
censored/ 0O O / censored
O
o Not censored
Time
3 Electrode failed = event 3 Not failed
O Failure

Figure 35: Example of tests, where the testing is performed at a discrete time. Two left censored, two
right censored and one non-censored. No censorship means that the exact time of failure is
known, left censorship means at that time it had already failed, right censorship means at that
time it has still not failed. Modified from: [46].

3.6.1.4 Impedance stability

The variability of the impedance along the recording is an important factor. What's
more, it may be even more crucial than its actual value (k). Figure 36 shows a segment of
a high but ‘stable’ impedance recording in which the acquired signal is good. It can harden
the diagnosis, but there are still some recognizable patterns and a decent raw EEG. Indeed,
unfirm impedances (marked in red) is what induces the variabilities in the signal detected by
the electrode, which are not due to the brain activity. Hence it can simulate an epilepsy and
cause a clinical error.

Figure 36: High impedance recording of the right hemisphere, in which a high but stable impedance
(>10 kQ) is seen in the segment, but still recognizable patterns (aEEG) and a decent EEG signal
can be seen. Red circles show the effect of an impedance spike, which leads to an increase of
the aEEG voltage.(Top) aEEG, (Bottom) Impedance. (Case 9)

To characterize this variability, a moving standard deviation has been computed for
each electrode of each recording [42]. Thirty minutes segments have been taken, with an
overlap of 50%. From the obtained value (SD) for the segments of each recording, the mean
as well as the standard deviation will be computed, to assess any statistical difference.

3.6.1.5 Susceptibility to different frequency ranges

As a general rule, the power around the line noise frequency tends to increase with
increasing electrode impedance values. Several research has been conducted in order to
compare the impact of 50 Hz noise power across different impedance ranges [41]. By
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leveraging the continuous monitoring capabilities offered by the device employed in this
research, an in-depth investigation can be conducted to explore the susceptibility of various
frequency ranges within more specific impedance values. The primary goal of this
experiment is to see if both electrodes behave similarly when examining the frequency
components collected by them.

This analysis is performed in the framework of aEEG, hence the frequencies between 2
and 15 Hz will be considered the signal. For the noise, there is more controversy. Its proper
definition would be: Any unwanted signal, random or deterministic. This is a not very
specific, since in EEG signals, we have two sources of noise. The first one is the natural
physiological noises such as breathing, cardiac pulse, muscle contraction... The second is the
noise that comes from outside of the brain, which is the one of clinical concern.

However, in this specific case there are some frequency bands that are of more
interest than others:

e 0-2 Hz: Should be no difference between electrodes when there is a good
impedance, both would capture. (Physiological artifact).

e 15-46 Hz: May be some difference between electrodes, due to the movements
related to these artifacts. (Respiratory and Muscle activity).

e 50 Hz: Mains Hum Noise. Less noise is going to be captured with a good electrode
performance.

e 51-100 Hz: There is little probability to have physiological artifacts of this
frequencies.

The power of the different frequency bands for the different segments will be
characterized in order to assess any significant differences in the recording.

The intention would be to compare the frequency components that appear in small
time frames that allow to not consider impedance variability. In this sense, one-minute
fragments seem to be a good trade-off between enough frequency resolution and little time
to neglect the changes that impedance variability induces on the signal. However, this,
together with the electrode positioning and the changes in brain activity will induce some
variance in the results.

This analysis will shed light on the extent to which electrode impedance affects the
evaluation of frequential components.

3.6.1.6 Signal quality

Signal quality is also a feature widely studied for EEG characterisation, but that has
had to adapt to this work. Usually, the Signal to Noise Ratio is computed on short segments
of interest where de adult is performing a specific task, not on long recordings such as the
ones on this clinical trial [47].

To be able to assess the signal quality within the same recording, several fragments
have to be extracted. The aim is to compare which type of electrodes had a better signal
quality for that specific recording. In this sense, it can be evaluated if the improvements of
aCUP-E actually translate in a better signal acquisition. To avoid considering whole
recordings with all the assumptions that this entails, we'll focus the signal quality analysis
only to fragments in which none of the electrodes is detached. The signal will be split in one
minute segments, as defined in the previous section.

It must be contemplated that when detached, an electrode has an antenna-like behaviour,
amplifying different EMI's. This may influence the capture of the signal or the SNR. Hence,
the 50 Hz noise is going to be used as an ‘approximation’ of the capture of noise from
outside of the brain.
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Equation (2) describes the computed signal to noise ratio in dB, from which the power of the
frequency bands has been obtained using pspectrum function.

SignalPower(qu)) (dB) (2)

SNR =101
’ OglO(NoiseSOHZ Power (uV?2)

3.6.2 Statistical analysis

To compare and characterize the difference between hemispheres for each subject
(impedance stability and signal quality), a statistical test has to be performed to evaluate if
the variations are significant. Since normality is not achieved in most of the data collected
(condition of 7-student test) because of fluctuations along the recording due to different
factors. Hence, the non-parametric Mann-Whitney U test has been used for this purpose.
Nevertheless, the statistical tests have also been computed using T-Student to assess any
major difference.

The test has been performed one sided, in which the alternative hypothesis is that
aCUP-E performs better (higher or lower depending on the case), not just assessing the
differences. The equations (3), are the null (Ho) and alternative hypothesis (Ha) of the
different cases. In the Mann-Whitney U test, M corresponds to the median of each statistical
population: aCUP-E or Commercial data.

Ho: Macup — Mcommerciat = 0 3)

HA: MaCUP - MCommercial > 0or MaCUP - MCommercial <00

The result of the tests is a p-value (p,4;), Which indicates the significance level of the
obtained result, which allow us to reject the null hypothesis with a certain confidence. Since
we are performing a clinical investigation, a p,, < 0.05 = « is used to indicate statistical
significance.

In the sections in which comparisons are made for each subject, a Bonferroni
correction is then performed. The objective is to avoid type I error in which something is
selected significant while it is not [37]. As an example, if « = 0.05 and the test is performed
for 20 different cases, 20 = 0.05 =1, it should be expected to wrongly analyse one case.
This multiple test problem scales as more analysis are performed. Hence, to avoid further
statistical errors:

a 0.5 4
——=—=10.033 =
noof tests 15 *Bon

When assessing electrode survival, a log rank test has been used to test the null hypothesis
that there is no difference between the two electrodes to observe an event (cease of
functioning) at any time. All calculations should have the same weight, using Tarone-Ware
test for this purpose (p, < a) [33].

For the susceptibility, since there is enough resolution for the two axes, a curve fitting
relating the SNR in logarithmic scale (dB) and the impedance in kQ (imp) will be performed
for each electrode (f(imp) = SNR, where f is the regression). In order to select the most
appropriate method two parameters describing the goodness of the fit will be evaluated. In
this case, adjusted R-square (Equation (5)) and Root Mean Square Error (RMSE) are used.
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—R2 -
RZAdjusted = 1 — a-rR)W-1 ,

N-p-1

—.)2

where p = n2of predictors, N = sample size and R = 1 — M,‘ )
Y-
where 3, = predicted y value and y = mean of y values
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4 Results and discussion

This section has been removed for confidentiality reasons.
4.1 Recordings overview
4.2 Interhemispheric signal comparison

4.2.1 Optimal brain activity
Table 5: Sum up of the different percentages of the recording in which optimal a non-
optimal electrical activity has been detected. Longest segment in hours.

Figure 37: Summary of the optimal brain activity captured for each electrode along the
different cases. (Purple) Commercial electrodes, (Orange) aCUP-E, (Grey) Both
electrode optimally recording simultaneously.

4.2.2 Amplitude analysis

Table 6: RMSD of the two hours segment. Max, min and correlation analysis (Pearson

Coefficient) of the upper and lower margin in 2h segments.

Figure 38: 2 h optimal segments (green line at the bottom) for the first 5 recordings, in
which the same tendencies can be seen in both hemispheres. (Top) Left
hemisphere, (Bottom) Right hemisphere.

4.3 Preliminary assessment
4.3.1 Impedance

4.3.1.1.1 Impedances percentage
Figure 39: Traffic light graph summarizing the percentage of time that both electrodes of
each hemisphere have been under a certain impedance threshold.

4.3.1.2 Turns count of impedance values over 20 kQ

Figure 40: Turns Count of fast impedance oscillations, remaining less than 10 seconds
over 20 kQ.

Figure 41: Turns Count of Impedance oscillations (over 20 kQ) lasting the same as the
average Neonatal Seizure time

Figure 42: Turns Count of Impedance oscillations (over 20 kQ) lasting more than 30
minutes, which can be related to deadhesion.

4.3.2 Frequential domain

Figure 43: Case 1 Fourier transforms. (Top) Commercial electrodes, (Bottom) aCUP-E.
(Left) FFT of the entire recording, (Middle) FFT of the entire EEG with Notch
filtering the 50 Hz noise, (Right) Transform of 2 hour of ideal recording in which
the impedance is under 5 kQ for the four electrodes.
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Table 7: Sum up of the observations seen in the different cases in which that specific
hemisphere (electrode type) has had a higher frequential component. The Higher
50 Hz noise as well as Higher Signal are obtained from the entire recording.

4.4 Survival analysis

4.4.1 Entire clinical trial

Figure 44: Plot for longevity curves of each electrode type, no matter their position.
(Tarone-Ware: X =, py =)

Figure 45: Plot for longevity curves for each electrode type. (Left) Electrodes on the
central (C3-C4) positions (Tarone-Ware: X = , p,o =), (Right) Electrodes on the
parietal (P3-P4) positions (Tarone-Ware: X =, p,a =)

4.4.2 Refined data

Figure 46: Corrected survival analysis (Kaplan-Meier curve) in which manipulations and
breaches of the protocol are not considered as a cease of the functioning. (Tarone-
Ware: X = 11.38 , p,y = 7.42e —4)

Figure 47: Corrected survival analysis (Kaplan-Meier curve) in which manipulations and
breaches of the protocol are not considered as a cease of the functioning. (Left)
Electrodes on the central (C3-C4) positions (Tarone-Ware: X = , p,o; =), (Right)
Electrodes on the parietal (P3-P4) positions (Tarone-Ware: X =, p,a =))

4.4.3 Only first failure

Figure 48: Corrected survival analysis (Kaplan-Meier curve) only considering the first
detachments. (Tarone-Ware: X = , pyu =)

Figure 49: Corrected survival analysis (Kaplan-Meier curve) only considering the first
detachments. (Left) Electrodes on the central position (Tarone-Ware: X =,
pva =), (Right) Electrodes on the parietal position (Tarone-Ware: X =, pyu =)

4.5 Impedance stability

Figure 50: Example of case 7 impedance for the different positions (left) as well as for
the different electrodes (right). Red points are outliers.

Table 8: Moving Standard Deviation results. Segments of 30 minutes with 50% overlap.
The mean and SD sum up the distribution of the computed SDs for each recording.

Figure 51: Average of the standard deviation of each segment for each record.
impedance variability among segments (SD) of each recording. (Left) Mean
variability value of each electrode type and position for every recording, (Right)
Variability value of each electrode type (mean between locations) for every
recording. Red points are outliers while black diamonds are the mean for all the
patients.

Bachelor’s Degree in Biomedical Engineering, Universitat Rovira i Virgili

40



Analysis of aEEG in neonates: Assessing performance of aCUP-E vs liquid gel electrodes

4.6 Susceptibility to different frequency ranges

Figure 52: Signal (dBuV) captured for aCUP-E (left) and commercial (right) electrodes at
different impedance (k) values.

Figure 53: 50 Hz noise (dBpV) captured for aCUP-E (left) and commercial (right)
electrodes at different impedance (kQ) levels.

Figure 54: Signal to Noise Ratio (SNR) captured for aCUP-E (left) and commercial (right)
electrodes in dB at different impedances (kQ). Black dashed line represents the
regression line (2" order polynomial) from the data, which estimates the natural
behaviour of the electrode.

Table 9: Different types of curve fitting for the aCUP-E and Commercial SNR depending on the
impedance. R?= Coefficient of determination, RMSE= Root Mean Square error. For the equations:
a,b,c,d = coefficients of the regressions, x = impedance in kQ, y = SNR in dB.

Figure 55: Regression Lines with its equations and coefficients. Colour code is respected,
being orange aCUP-E and purple commercial. (Top left) 2" order polynomial, (Top
right) Power equation, (Bottom) Sum of two exponentials

4.7 Signal quality
Table 10: Signal to Noise Ratio (dB) of 4 recordings. Segments of 1 minute for each
recording are evaluated to compute the statistics.

Figure 56: Extract of the recording of Case 1 of a decent segment for both hemispheres.
However, aCUP-E (right) has a cleaner trace, in which brain activity can be better
observed. On the other hand, commercial electrodes show more susceptibility to
artifacts (spikes) hardening the evaluation of the brain activity tendencies and
patterns.

4.8 Opinion Survey

4.8.1 Ease of electrode placement and removal
Figure 57: Results of the ease of electrode placement survey answered after each
recording.

4.8.2 Skin safety
Figure 58: Results of the skin safety survey answered after each recording.
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5 Conclusions

The results of the present study show that aCUP-E electrodes exhibit better adhesion
and higher impedance stability than the ones used nowadays in clinical practice. This
translates into a better signal quality of the recordings together with an enhanced electrode
life, which results into a better interpretation of the aEEG signal to better diagnose/treat the
newborns. These outcomes are very important to highlight the deficiencies that current
electrodes suppose, stating that aCUP-E is a viable alternative.

Through the conducted bibliographic investigation, it has been seen how EEG eclipses
a great part of the research, putting less efforts on aEEG. For this reason, it is not a fully
developed field, where there is room for improvement. Neonates need a fast diagnosis, in
which electrodes play a crucial role. Ensuring low impedance levels as well as its stability are
essential.

In this study a code has been developed to create the aEEG signal from raw EEG
exported from the CFM. This program can be useful for clinicians and researchers to obtain
the aEEG signal and be able to process it in a computer, with expanded capabilities. Still, this
tool should be further developed integrating more aspects of interests for researchers, and
an easier access for clinicians. Moreover, a standardized procedure is required, where the
filters and techniques used to process the raw EEG should not be something with which
companies compete.

The proposed neurophysiology criteria have made it possible to achieve the goal of
determining optimal and non-optimal brain activity. It has been observed that aCUP-E
records larger optimal brain activity compared to the commercial ones, indicating their lower
sensitivity to various artifacts. These results show potential to enable clinicians to rapidly
diagnose and perform long aEEG recordings.

The hypothesis that the signal obtained from both hemispheres should be very similar
was verified in segments in which an optimal brain bioelectric activity was recorded for two
consecutive hours. The findings have reinforced the idea that both brain hemispheres
develop simultaneously in neonates and rejected that under ideal conditions both electrodes
capture a different signal. Moreover, the importance of electrode positioning, which is related
with the trace width, was highlighted, showing that along the clinical trial an accurate placing
of the electrodes was achieved. Thus, it has been reasonable to make interhemispheric
comparisons, and state that the differences observed in the signal are due to the improved
characteristics of aCUP-E.

The previous feature made it possible to quantify the signal quality of each electrode
type, in which aCUP-E showed better SNR than commercial electrodes. However, differences
were not found regarding susceptibility to noise, since this is a characteristic of the sensor
material and it is not an innovative feature of aCUP-E (Ag/AgCl plate for both).

The new electrodes (aCUP-E) stood out for their improved adhesion, which has been
the main factor causing the previous signal differences. Lower impedance levels and lower
variability have been observed compared to commercial electrodes. Also, the gel refilling
feature of aCUP-E is a key factor to obtain a longer electrode life.

For central positions, aCUP-E performed better in terms of impedance stability and
electrode life. Still, not significant differences are seen in the parietal locations. This may be
due to the fact that aCUP-E electrodes have a high body, which makes them more vulnerable
to friction forces. Also, the position of the wire exiting vertically from the electrode is
convenient for centrals as it reduces the torque by stretching that the commercials
experience but may be counterproductive in parietal electrodes since the wire may increase
the effect of the contact with the mattress.
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It should be noted that these results come from a clinical trial with neonates, in which
different conditions for each newborn are included. So, the differences found in which aCUP-
E performs better, are actually significant for their introduction into the clinical practice.
These results confirm the previous laboratory tests, which were performed by doing long
recordings in an aEEG test bench.

Importantly, the NICU staff survey showed that aCUP-E relieves the workload of the
NICUs, where up to now the nurses had to be on the lookout for the impedance level of the
electrodes to obtain good recordings. Moreover, the aCUP-E adaptations allow for the
kangaroo care method which promotes skin-to-skin contact and is widely used in the NICUs
to support physiological well-being of premature neonates. For these reasons, the survey
showed a clear willingness of the NICUs personnel to use the new device in aEEG recordings.

Thanks to aCUP-E enhanced performance, in the future, NICUs around the world will
be able to perform high quality aEEG recordings, allowing neonatologists to diagnose and
treat newborns more efficiently.

5.1 Future work

To improve the performance of the aCUP-E electrodes in parietal positions, several
solutions for future projects are proposed to lower the torque that drives them useless.
Considering that being able to rest the head in neonates is mandatory:

e Try to improve the material of adhesion. This can be a difficult task, since it has
already been studied, and can be controversial because it should not harden the
task of removal.

e Lower the heigh. Lowering the heigh of the cup would bring the tangential force
closer to the center of mass, reducing the torque.

e Increase the diameter of the ring that is touching the skin, bringing the adhesion
force farther and hence increasing the adhesion.

There are different conditions that can produce epilepsy simulations, leading to
misinterpretations of the aEEG by the clinicians. Understanding the causes and building a
robust aEEG seizure detection algorithm that is able to detect real epilepsy and check if it is
not an artifact, would help clinicians to better interpret the traces which is one of the main
concerns.

Moreover, assessing the specificity and sensibility of the aCUP-E electrodes could be
useful to see whether some specific patterns are better detected, as well as to assess the
effect of electrode positioning. For this reason, the sleep-wake cycles could be detected with
an algorithm and validated thorough clinical experts. Then we could reconstruct if they allow
a better detection by means of a statistical test.

Finally, the created aEEG visualization to display the signal on a computer could add
additional features of interest, such as the seizure detection/rejection algorithm and
implement it as a MATLAB Toolbox, to enable researchers to construct the aEEG signals from
the raw EEG. This would allow research to be carried out from studies in which only neonatal
EEG was performed, breaking barriers, and helping researchers to investigate in aEEG.
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Annex

Annex 1 — NICU Staff Survey

Name of the clinical research

CRD version number

CRD_aCUP-E_v1

Research Centre

Hospital Universitari Sant Joan de

Reus
Subject identification number #
CRD number or date of consultation or 001
consultation number
Date of inclusion DD/MM/AA
Variable de estudio Metodologia Standard aCUP-E
Likert scale:
Indicates ease of Vew much: 4
electrode placement Qu_lte alos S
A little: 2
Not at all: 1
Ease of ' Likert scale:
electrode Indlgates the coqurt of Very much: 4
handling the baby with the|Quite a lot: 3
placement o
and removal electrode A little: 2
Not at all: 1
Likert scale:
Indicates ease of Very much.: 4
electrode removal Qu_lte alae s
A little: 2
Not at all: 1
Dryness

Skin safety

The scalp should be
examined at least twice a
day to evaluate the
presence of skin irritation.
The NSCS (Neonatal Skin
Condition Score) scale
should be used.

1 = Normal, no signs of dry skin
2 = Dry skin, visible flaking
3 = Very dry skin, cracking or fissures

Erythema

1 = No erythema

2 = Visible erythema <50% of skin surface
area

3 = Visible erythema =50% of skin surface
area

Breakage/deterioration of the skin
1= No breakage

2= Small, in localized areas

3= Extensive

Perfect score: 3
\Worst score: 9
Total score

NOTES

In the notes section, any data to be collected that the clinical staff identifies and considers to be

of special relevance should be added. On the other hand, any extra documentation that is

considered appropriate can be added, as well as additional aspects.
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Annex 2 — aEEG reconstruction filter

For the same segment (case 1 commercials), different examples of aEEG fitting with
filters of different orders. This segment has been chosen because it has decent as well as
bad (detached) signal capture. Also, the asymmetric filter is shown where the attenuation of
the frequencies changes with different orders.

e Order 300: Does not follow the aEEG model when not properly recording.
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e Order 900: Performs better than the previous one but fails when following the
aEEG model when not properly recording.
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e Order 1100 (Optimal fit): Follows the aEEG in both states, good and bad signal
capture.
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e Order 1200: It works well, but the longer processing time do not compensate for
the little improvements in signal reconstruction.
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e Order 1300: Also follows the aEEG, but the computation time was too long for the
little improvements regarding order 1100.
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e Order 1400: Very similar to 1300, but more computation time to perform the
filtering of the signal.
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Annex 3 — Source Code
GitHub repository: https://github.com/anrodriba/TFG. Private access.

e create_aFEG.m: Code with the functions to build the aEEG and the interface from
the raw EEG. The data has to be previously extracted from the CFM and converted
to CSV.

e ParameterfFunctions.m: Code with the functions to get the main parameters from
the signals (impedance curves, raw EEG and created aEEG).

e Results code.mix: Code to see how the data obtained with the functions in
ParameterFunctions.m was used to generate graphs and obtain the statistics.
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Annex 4 — Impedance curves for case 1
Annex 5 - Table of optimal brain activity with hours
Annex 6 - Additional graphs

Annex 6.1 - Frequency domain

Annex 6.2 - Moving Standard Deviation

Annex 6.3 - Susceptibility
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