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Abstract

Cerebral oximetry is the measurement of tissue oxygen saturation, S0, with near-infrared spec-
troscopy (NIRS). The technique offers a non-invasive assessment of cerebral oxygenation and
has potential to be used as a biomarker in neonatal critical care, particularly hypoxic-ischaemic
encephalopathy (HIE). HIE is a major cause of neonatal mortality and affected neonates need
continuous cerebral monitoring to guide treatment and improve patient outcome.

While multiple algorithms to recover St O, have been published, issues with low measurement
accuracy or extracranial tissue signal contamination remain. This thesis is focused on the explo-
ration of recovering StO; from continuous-wave broadband NIRS measurements with the aim to
develop a novel algorithm to recover StO, with increased dynamic range and depth resolution.
The novel algorithm, broadband multidistance oximetry (BRUNO), recovers StO, from a broad-
band multidistance measurement of the attenuation slope against distance. BRUNO combines and
expands two other St0, algorithms, spatially resolved spectroscopy (SRS) and broadband fitting
(BF).

The evaluation of algorithm performance was done in data obtained in computational sim-
ulations and phantoms. The median error of brain StO; recovered in simulations of brain and
extracerebral tissue oxygenation changes was 1.1% with BRUNO, 2.3% with BF and 3.8% with
SRS. Measurements during full oxygenation-deoxygenation cycles in a homogeneous blood phan-
tom showed differences in the dynamic range of the algorithms; BRUNO recovered StO, over
0-100%, BF over 0-90% and SRS over 40-80%. These results show higher accuracy of BRUNO
St0», higher sensitivity to brain oxygenation and wider dynamic range. Measurements of StO; in
one neonate with HIE showed that the StO, algorithms led to different baseline values. Including
an automated data assessment step in BRUNO to evaluate the suitability of collected spectra for
analysis ensured BRUNO reliability. These findings highlight the effect of StO, algorithm selec-
tion on oxygenation recovery; applying BRUNO in the clinical care setting could reveal further

insight into complex oxygenation processes occurring during neonatal brain injury.






Impact statement

The work described in this thesis contributes knowledge to research within academia, the clinical
environment and the commercial sector.

The project is focused on the development of a novel algorithm to recover oxygenation with
broadband near-infrared spectroscopy (NIRS). The motivation comes from the often inconsistent
study results in the field of oximetry; inspiring an investigation of currently used algorithms, lead-
ing to a new algorithm, BRUNO. The step-by-step description of algorithm development, based
on an evidence-driven approach, identified areas for potential improvement of oximetry; with a
higher focus on data analysis. Measurements in optical phantoms have shown that the practical
application of algorithms often leads to different results than predicted in simulations and highlight
the need for instrument validation. Given the current efforts in the field to introduce standardised
instrument validation protocols, this thesis further proves the urgency. Another academic benefit
of this work lies in the fact that BRUNO is currently the first broadband and multi-distance oxime-
try algorithm used in continuous-wave NIRS, showing that it is possible to recover oxygenation
quickly, with high accuracy and at a low cost. The algorithm will be further used in the research
group; and as BRUNO is available for free online, it will hopefully inspire other research groups
to pursue broadband multi-distance NIRS and implement it in their own systems, further testing
the capabilities of the algorithm.

Achieving a reliable measurement of oxygenation with BRUNO will have significant impact
in the field of neonatal brain injury monitoring and beyond. Hypoxic-ischaemic encephalopathy
treatment is in need of a reliable biomarker of brain health. With the use of an accurate and reli-
able method for tissue oxygenation assessment, neonates could benefit from earlier diagnosis than
with currently used methods (such magnetic resonance spectroscopy), improving patient outcome.
Other clinical applications which could benefit from BRUNO oxygenation measurements include
monitoring of stroke patients, during cardiac surgery or muscle oxygenation assessment. Having a

real-time and low-cost biomarker of tissue oxygenation can guide treatment and prevent negative
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outcome, save lives and decrease the significant financial cost to the NHS.

There are many commercially available oximetry systems used in the intensive care for ap-
plication ranging from paediatric monitoring to management of cardiac surgery. Issues with inter-
instrument comparison are well known in the field and hinder the uniform setting of intervention
ranges, preventing oximetry from becoming a standard clinical tool. Increasing the interest in
instrument validation and algorithm development can help improve the standard of oximetry in
clinical care and gain the trust of healthcare professionals, providing them with a reliable and

simple biomarker of cerebral health.
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Chapter 1

Introduction

The first chapter of this thesis introduces the motivation to this PhD project. A brief summary to
the technical and clinical background is followed by the individual aims and objectives of the work.
The last sections of this chapter outline the subsequent chapters of the thesis and my contribution

to the project.

1.1 Introduction to brain oximetry

In 1977, inspired by the transparency of biological tissue in the near-infrared (NIR) region, Frans
Jobsis developed a novel optical monitoring technique based on the interaction of light with
haemoglobin, the oxygen-carrier in blood. While light is absorbed strongly by haemoglobin and
other chromophores in the visible wavelength range; the interaction weakens in the NIR, let-
ting light travel up to a few centimeters deep in tissue. Additionally, the absorption spectrum
of haemoglobin changes depending on whether the molecule is bound to oxygen or not. Using
near-infrared spectroscopy (NIRS), Jobsis could quantify the difference in absorption properties
of oxygenated haemoglobin HbO, and deoxygenated haemoglobin HHb and link it to the con-
centration changes of these substances in tissue, obtaining a non-invasive measure of the tissue
oxygenation state [1].

Oxygenation monitoring with NIRS is a relatively simple and non-expensive technique. In a
continuous-wave setting, a light source continuously illuminates the tissue underneath and a detec-
tor placed on the surface measures the light that travelled through the tissue. The optical properties
of the tissue are quantified from the recovered spectrum and its changes over time. Most NIRS
systems operate on a few wavelengths selected from the NIR range; broadband NIRS (bNIRS)
utilises a whole broadband spectrum (several tens to hundreds nm of wavelengths) to get a more
thorough assessment of the optical properties of a medium.

The main advantage of NIRS lies in its ability to detect local tissue hypoxia non-invasively
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and in real time. The clinical potential of tissue oxygenation monitoring with NIRS in the neonatal
intensive care unit was demonstrated in 1985 by Jane Brazy and collegues, who measured cerebral
oxygenation in preterm infants [2]. This was followed by a collaboration between University
College London (UCL) and University College London Hospital (UCLH) in 1988, demonstrating
the use of NIRS to derive blood flow in preterm infants [3]. Since then, the field has grown and
NIRS is becoming a valuable tool in the adult and neonatal clinical care; being used for monitoring
during cardiovascular surgery or during the treatment of traumatic brain injury patients [4].

One NIRS measured parameter with a notable clinical interest is tissue oxygen saturation
St0,. Defined as the ratio of the concentration of HbO, (cyp0,) over the sum of total haemoglobin
concentration, the sum of the concentrations of HbO, and HHb (cyup), crHr = CHbO, + CHEHDS
Eq. (1.1), the measurement of StO;, oximetry, reflects the relationship between cerebral oxygen
supply and demand.

C
510, = 1%

x 100%. (1.1)
CTHb

A significant advantage of StO, measurements is the opportunity to quantify absolute oxygenation
levels, in contrast to standard NIRS measurements tracking only oxygenation changes. Driven by
the desire for a real-time, user-friendly and non-invasive tool to measure oxygenation levels in
tissue and hence obtaining an immediate assessment of tissue haemodynamics, many research and
commercial NIRS systems to measure cerebral StO; have been developed.

While the clinical relevance of measuring StO> in the clinic has been demonstrated in various
settings, such as preterm cerebral hypoxia management [5] or traumatic brain injury [6], a lack of
consistent study results and proven clinical advantages is hindering brain oximetry from becoming
a standard tool in the intensive care unit [7]. This lack of clinical evidence is caused by various
issues which are still waiting to be solved, such as the difficulty in comparing readings from differ-
ent NIRS instruments [8], extracranial signal contamination [9], lack of validation protocols [10],
insufficient sensitivity or precision [11, 12]. Improving the measurement of StO, and highlight-
ing its clinical potential requires improvements in the engineering of instruments, data collection
and analysis, as well as performing further clinical studies evaluating the prognostic value of the

parameter.

1.2 Introduction to the clinical background

Adequate oxygen supply to tissue cells is crucial for sustaining aerobic respiration; a series of

chemical reactions responsible for the maintenance of cellular metabolic processes. Oxygen
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reaches tissue from the blood stream, where it is carried bound to haemoglobin, a molecule found
in red blood cells. While the supply of oxygen to tissue exceeds oxygen consumption in normal
conditions; inadequate oxygen supply can lead to hypoxia, tissue oxygen deprivation. Although
processes which can sustain cellular metabolism during hypoxia to a certain degree are present,
such as anaerobic metabolism, prolonged hypoxia can cause tissue damage. The brain is suscepti-
ble to hypoxic damage as it has very high metabolic demands.

The neonatal brain is especially vulnerable during transition, when a lack of oxygen supply
can occur. Severe hypoxia during delivery can lead to hypoxic-ischaemic encephalopathy (HIE); a
neurological disorder occurring in about 1.5 per 1000 live births [13]. The progression of the injury
depends on the severity of the hypoxic insult, mildly injured patients can recover without any
complications; more severe cases of injury can result in disability or death. Injury assessment and
treatment at the neonatal intensive care unit (NICU) relies on brain monitoring. Currently, the most
reliable injury biomarker in infants with HIE is measured with magnetic resonance spectroscopy
(MRS). However, it can only be used after several days following injury. To fill the information gap
within the first few days, electroencephalography (EEG) is used as a predictor of outcome during
the first hours of life, with current research focused on improving its prediction ability during later
days of life [14]. A disadvantage of EEG is the need for trained personnel to apply probes and
interpret results. There is hence an urgent need to establish additional biomarkers which would
help with injury management. These should be measured non-invasively on the cotside, operated
by non-specialist personnel and provide real-time information on brain health with a prognostic
value.

There is an effort to fill this need for a new monitor with NIRS. HIE is caused by insuf-
ficient oxygen delivery and can be accompanied by hyperoxygenation, increased perfusion and
a lack of cerebral autoregulation [15]. NIRS could shine light into HIE treatment by detecting
such pathophysiologies, whether by identifying differences in StO, between injured and healthy
infants, severe or moderate cases, or helping clinicians understand which part of the brain has been
injured. In fact, it has been shown that monitoring metabolism with NIRS during treatment can
help assess injury severity earlier than with MRS [16], and many other studies have measured tis-
sue oxygenation S0, in infants with HIE. It is, however, impossible to draw firm conclusions on
the benefits of oximetry in HIE treatment due to the different results. While some studies report
increased oxygenation during HIE [17], others report a decrease [18] or no difference between

HIE injury and the healthy control group [19]. Improving the reliability of StO, measurements
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could help unify these results and enable the clinicians a deeper understanding of the underlying

physiology of HIE.

1.3 Motivation and aims

The Baby Brain Study is a research collaboration between the Institute of Women’s Health at
UCLH and UCL, aimed at evaluating the relationship between magnetic resonance measured
biomarkers and outcome of neonates with acute brain injury. Additionally, it is also focused
on assessing the use of NIRS monitoring in neonatal brain injury, particularly on monitoring cy-
tochrome c oxidase (CCO), a metabolic enzyme participating in aerobic respiration, and its pre-
dictive value. The measurement of CCO concentrations with NIRS has been performed by the
Multimodal Spectroscopy group from the Biomedical Optics Research Laboratory based at UCL.
Led by Professor Ilias Tachtsidis, the group’s aim is to develop optical biomarkers of physiol-
ogy to improve our understanding of brain health. The potential use of CCO as an indicator of
brain health has been demonstrated by Dr Gemma Bale, who linked neonatal brain injury severity
to CCO concentration changes measured with CYRIL, an in-house developed continuous-wave
broadband NIRS system designed specifically for the use in the NICU [16, 20]. To further inves-
tigate NIRS measured brain injury biomarkers, the focus moved to tissue oxygen saturation StO,
for its ability to assess brain physiology immediately. The question was whether the disparity
found in publications reporting StO, measured in neonates with HIE was caused by the complex
physiological background of HIE varying between subjects, or by the measurement of St0; itself,
influenced by different engineering setups and data analysis algorithms.

The opportunity to start the investigation of the application of tissue oximetry in HIE arose
through participation in the "Brain injury and trauma monitoring using advanced photonics"
(BitMap) project, a Marie Sklodowska-Curie Innovative Training Network [21]. Comprising of a
collaboration between 10 European research institutions, the aim of the project was to develop a
suite of standardised non-invasive devices for brain monitoring in neurocritical care, with a focus
on traumatic brain injury and neonatal hypoxia. Working as an Early Stage Researcher, my task in
BitMap was to implement an accurate measurement of StO; in CYRIL through the development
of a novel StO, measurement algorithm and to investigate the application of tissue oximetry in the
detection of hypoxia in neonates with HIE. The use of an in-house developed broadband NIRS
system in this application was beneficial as it not only gave the opportunity to use a broadband
NIRS system and recover additional information about the optical properties of the tissue but also

ensured transparency of data collection without any instrument calibration assumptions, as present
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in commercial NIRS systems [22], and update the hardware as needed.

The work described in this thesis is focused on investigating the hypothesis that it is possible
to improve the accuracy of continuous-wave NIRS SO, measurements through the combination of
recent engineering solutions with innovative data analysis algorithms, the key focus is on bNIRS

and the application in neonatal care. The main aims of this PhD are:

* To develop a novel algorithm to calculate StO; from continuous-wave, multidistance bNIRS
measurements. The objective is to obtain a measure of SO, sensitive to cerebral tissue, track

oxygenation with high accuracy, dynamic range and precision.

* To evaluate the performance of the algorithm with the use of data obtained in computational
simulations and phantom measurements; and to compare it to other, currently used StO,

calculation algorithms.

* To demonstrate the application of the algorithm to data collected in infants diagnosed with

HIE and assess the relationship between StO, and HIE severity.
These aims were achieved through the completion of the following objectives:

* The CYRIL system was updated to ensure the collection of high quality data. These updates
included the change of the way the computer collects data from CYRIL’s light detector, the

creation of a new user interface and hardware updates.

* NIRS broadband data for StO, algorithm performance assessment was collected through
two means; computational simulations of NIRS spectra using NIRFAST (a software toolbox
for multimodal optical imaging [23, 24]) and performing measurements on tissue simulating

optical phantoms.

* Currently used methods of measuring StO, were used to obtain StO; from broadband NIRS
data. Two different data analysis algorithms, spatially resolved spectroscopy (SRS) [25]
and broadband fitting (BF) [26], were investigated and the influence of algorithm on the

recovered StO, was evaluated.

* The strengths of SRS and BF were used as a basis for the development of the new data
analysis algorithm, broadband multidistance oximetry (BRUNO). The performance of the

novel algorithm was compared to SRS and BF.
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* CYRIL was used in a clinical setting at the NICU. Infants with HIE were monitored on
the cotside with CYRIL and StO, was obtained with different calculation algorithms. The
influence of data analysis algorithms on the prognostic value of in oximetry in HIE was

explored.

1.4 Thesis outline

The work in this thesis is divided into ten chapters. The next three chapters cover the background
to this work. Chapter 2 is focused on respiration, the anatomy of the brain, neonatal brain devel-
opment and the causes, progression and management of HIE.

Chapter 3 introduces the field of NIRS. The means of describing optical properties of tissue
are listed, with a summary of light transport in tissue. These are followed by a short section on
NIRS instrumentation and an outline of the most important data analysis algorithms, including
those for absolute measurements.

Chapter 4 provides a deeper understanding of the application of absolute measurements,
specifically oximetry, with continuous-wave NIRS. The need for a measure of cerebral oxygena-
tion is described, but also the issues surrounding the measurement of cerebral oxygenation. The
second half of the chapter is a review of cerebral oximetry measurements in neonates with HIE.

The next 5 chapters describe the experimental part of this PhD project. Chapter 5 reports the
methods; the instrumentation and the collection of the majority of data used in this work, from
optical phantom measurements and computational simulations, to monitoring in the NICU.

Chapters 6 and 7 are each an investigation of the application of already known oximetry
algorithms, spatially resolved spectroscopy and broadband fitting, respectively. The exploration
of their application points out aspects which are desirable in the measurement of oxygenation.

The key findings of the previous two chapters led to the development of a hybrid oximetry
algorithm in Chapter 8. The first sections describe the design of the algorithm; its performance is
compared to other oximetry algorithms in the second half of the chapter.

The application of BRUNO to data collected in neonates diagnosed with HIE is in Chapter 9;
outlining the methods of the data collection, the data processing and the results.

Chapter 10 is the final chapter, providing a summary of the work done and the key findings.

Suggestions for further work on BRUNO are also outlined.
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1.5 Personal statement

The presented work is a multidisciplinary project covering different areas from the theoretical
development and investigation of data analysis to measurements in the NICU. It can be divided

into multiple parts:

1. Theoretical work on the investigation of current StO, measurement algorithms and the de-

velopment of a novel method.
2. NIRFAST simulations and collection of dynamic optical phantom data.
3. Collection and analysis of NIRS data in the NICU.

The first, theoretical, part of the work was done by myself, with the helpful guidance of my super-
visors Professor Ilias Tachtsidis and Dr Gemma Bale, and other colleagues from the Multimodal
Spectroscopy group.

The second part comprising of data collection was done mostly by me. I created a new Lab-
VIEW environment for CYRIL for data collection and storage; I was responsible for the upkeep
and maintenance of the system. I used NIRFAST to simulate broadband NIRS spectral data and
used CYRIL to collect NIRS data in optical phantoms. Dr Frédéric Lange developed the homo-
geneous optical phantom and helped with all phantom measurements; setting up the phantom and
operating the time-resolved system MAESTROS. Dr Lange also provided me with analysed data
from MAESTROS. The two-layer phantom was designed at and borrowed from the Biomedical
Optics Laboratory at the University of Zurich. The measurements with the two-layer phantom
were performed in UCL with the help of Dr Lange, who was operating the MAESTROS system
and analysing MAESTROS data. The CYRIL system operation and data analysis was performed
by me.

The collection of all NICU data was in collaboration with the team at the NICU at UCLH.
Some of the data used in this work was collected by Dr Gemma Bale during her work on CCO
measurements. The measurements on neonates treated in the NICU were conducted with Dr Sub-
habrata Mitra, a consultant neonatologist at the NICU. He had experience with using CYRIL in
the NICU environment and assisted me with the preparation the system and protocols, approached
the parents of potential study subjects and collected consent, and helped me set up the measure-
ments afterwards. I was responsible for the quality of the collected optical data, data analysis and

data storage. Dr Mitra placed the optodes on the patients and also removed them at the end of the
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measurement. If he was not present, another member of the clinical team (nurses working with

the patient) removed the optodes.



Chapter 2

Oxygen metabolism and neonatal brain injury

The clinical motivation of this work is to monitor oxygenation in the injured neonatal brain. The
beginning of this chapter is focused on explaining the role of oxygen in the healthy brain, covering
respiration, brain anatomy and neonatal brain development. Once the role of oxygen in the func-
tioning of the brain is outlined, the next sections move on to pathological conditions, focusing on
neonatal brain injury caused by a lack of oxygen. In the later sections, the clinical management of

neonatal brain injury is described.

2.1 Oxygen metabolism

Oxygen (O») is crucial for the function of aerobic organisms; cells in biological tissue require it to
synthesise useable energy, adenosine triphosphate (ATP). ATP stores energy in the form of bonds
between phosphate groups, which can be broken up to release energys; it is the main fuel of cellular
metabolic processes. ATP synthesis from oxygen is called aerobic respiration, taking place within
tissue cells. The net turnover of ATP is measured by metabolic rate, which determines overall

oxygen consumption - a person at rest consumes about 250 ml of O, per minute [27].

2.1.1 Cellular respiration
Cellular respiration is a metabolic pathway in which cells produce ATP by breaking down bio-
chemical energy from nutrients. There are two types of respiration, aerobic in the presence of
oxygen, and anaerobic, which does not require oxygen. In normal conditions, cells in the human
body use aerobic respiration. Some cells, such as in skeletal muscle, can utilise anaerobic respi-
ration during high-intensity exercise when oxygen delivery is not sufficient [28]. Other cells can
switch to anaerobic metabolism if there is not enough oxygen present.

Aerobic respiration breaks down glucose into carbon dioxide (CO;) and water (H,O) and

produces ATP. The whole metabolic process consists of 4 main pathways. The first step occurs in
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the cellular cytosol and is called glycolysis, during which glucose breaks down into pyruvate and
generates ATP. Another byproduct of this process is reduced nicotinamide adenine dinucleotide,
NADH. The second stage takes place within the mitochondrial matrix where pyruvate oxidation
turns pyruvate into acetyl-CoA, which is oxidised in the third stage of the process, the Krebs cycle.
Reduced flavine adenine dinucleotide (FADH,) and more ATP is generated in this process. The
last stage, oxidative phoshorylation, is the most ATP efficient. Occuring in the cristae of mitochon-
dria, electrons released from NADH and FADHj; join the electron transport chain. Electrons are
carried across the mitochondrial inner membrane from electron donors to electron acceptors via
redox reactions. Coupled to a transfer of protons, a proton gradient is created across the boundary.
The enzyme ATP synthase transports the protons back into the matrix, generating ATP. The whole
process of aerobic respiration yields 30-32 ATP molecules.

Anaerobic respiration occurs when there is not enough oxygen present. Oxygen cannot accept
electrons in the mitochondrial electron transport chain and NADH instead uses its electrons and
reoxidises by reducing pyruvate to lactate. The ATP yield of this metabolic pathway is much less
than in aerobic respiration, only 2 ATP molecules are produced, and is followed by a build up of

lactate in tissue.

2.1.2 The respiratory system

The respiratory system is responsible for the exchange of O, and CO,, the waste product of cellular
respiration, between the body and the environment during the breathing cycle. The system consists
of the conducting zone, which connects the lungs to the external environment, and the respiratory
zone, where gas exchange occurs in alveoli.

The conducting zone includes the nose, nasophagus, larynx, trachea, bronchi, bronchioles
and terminal bronchioles. These are responsible for the conduction of air into the lungs and also
humidify, filter and warm it. The walls of the airways consist of smooth muscle and can change
their diameter in response to the autonomic nervous system; these dilations/relaxations result in
airflow fluctuations. The respiratory zone comprises of respiratory bronchioles, alveolar ducts and
alveolal sacs lined with alveoli. These pouchlike evaginations of the walls of these structures are
responsible for exchanging O, for CO, between the air and blood. It is a rapid process, the alveolic
walls are very thin and lined with capillaries. Gases are transferred between capillary blood and
alveolar gas via diffusion. Each lung has approximately 300 million alveoli with a diameter of

approximately 200 um [27].
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2.1.3 Gas exchange and transport

Gas exchange refers to the diffusion of O, and CO, between the lungs and other tissue. Once
oxygen enters blood in the pulmonary capillaries, the oxygenated blood becomes systemic blood.
It flows to the left ventricle via pulmonary veins and exits the heart via the aorta, from where it
eventually reaches systemic capillaries. Systemic capillaries provide other tissue with O, from the
bloodstream. O, diffuses through the capillary wall to the cells; at the same time, CO, enters the
blood flow. Deoxygenated venous blood is carried through the superior and inferior venae cavae to
the right side of the heart, where it is pumped into pulmonary arteries which divide into arterioles

and the pulmonary capillaries.

Right heart Left heart

Systemic tissues

Figure 2.1: Schematic diagram of the gas exchange between pulmonary and systemic blood flow. Right
heart = right atrium and ventricle, left heart = left atrium and ventricle.

The diffusion processes between the blood stream and the surrounding environment obey

fundamental gas laws:

» Dalton’s law of partial pressure helps understand the frequently used term partial pressure
of a gas. The partial pressure of a gas in a mixture of gases is the pressure that gas would
exert if it occupied the total volume of the mixture at the same temperature; Dalton’s law
states that the sum of partial pressures of all gases in a mixture equals the total pressure [27].
The partial pressure of oxygen Pp, inside the lungs is hence related to atmospheric pressure
Pym, the partial pressure of water Py,o and carbon dioxide Prp, and the fraction of inspired
oxygen and the respiratory quotient (the ratio of eliminated CO, and consumed O3). Py, is

around 100 mmHg in the alveoli [29, 30].
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* Henry’s law for concentrations of dissolved gases relates the partial pressure of a gas in
equilibrium with a liquid phase (e.g. blood) to the concentration of the gas in the liquid
phase. At equilibrium, the partial pressure of a gas in the liquid phase is equal to the partial
pressure in gas phase. Consequently, the higher the solubility of a gas, the higher its concen-
tration in a solution. The difference in partial pressures of oxygen Pp, drives the diffusion

from the alveoli to the capillaries based on Henry’s law.

* Fick’s law on the diffusion of gases states that the volume of gas transferred per unit time is
directly proportional to the driving force, the diffusion coefficient of the gas, the surface area
and inversely proportional to the membrane barrier thickness. The driving force is the partial

pressure difference of the gas across the membrane, not the difference in concentrations.

O, and CO; are carried in blood in a dissolved, bound or chemically modified form; the total
gas concentration in it is the sum of all these forms. The majority of O, in blood is bound to
haemoglobin, most CO; is carried in a chemically modified version, as bicarbonate [27].

Only dissolved gas molecules contribute to the partial pressure, not bound or chemically
modified (e.g. oxygen bound to haemoglobin). Only 2% of O, is found in the diffused state
and is not sufficient to meet the metabolic needs of the body. The other 98% of O, is reversibly
bound to haemoglobin inside red blood cells. This molecule is a globular protein whose four
haem sites can each bind one oxygen molecule; each gram of haemoglobin can bind up to 1.34 ml
of O, [31]. Oxygenated haemoglobin is called oxyhaemoglobin (HbO,), its deoxygenated form
is deoxyhaemoglobin (HHb). The amount of bound oxygen in blood is quantified by oxygen
saturation SO;, the amount of O, bound to haemoglobin relative to the maximal amount of O,
that can be bound by haemoglobin. SO, is equal to the bound O; content in the blood (excluding
the 2% of dissolved O,) divided by the O, carrying capacity of haemoglobin multiplied by 100%.
Blood saturation can be divided into arterial blood saturation SaO, and venous blood saturation
SvO,. Normal Sa0; values measured by pulse oximetry range from 95 to 100%; SvO, is lower,
with normal values between 65 and 75% [32, 33].

Oxygen delivery to tissue depends not only on the O, content but also on blood flow. There-
fore, the properties of blood vessels and pressure affect oxygenation; blood flow is directly propor-
tional to the pressure difference between the two ends of a vessel and inversely proportional to the
resistance of a blood vessel. Resistance is determined by the viscosity of blood and by the length
and radius of the blood vessel; changing resistance is the main mechanism of changing blood

flood, either by vasodilation (decreased resistance) or vasoconstriction (increased resistance).
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The relationship between haemoglobin saturation and the partial pressure of oxygen Pp, is
described by the O, - haemoglobin dissociation curve (Figure 2.2). The saturation of haem sites
does not increase linearly with Pp,. Saturation increases steeply as Pp, changes from O to about
40 mmHg and levels off between 50 and 100 mmHg. The cause of this shape is the change
of affinity of the haem groups for O, as each oxygen molecule binds; binding of one molecule
increases the affinity for the second molecule and so forth. Affinity for the last, fourth molecule
is the highest and occurs at values of about 60-100 mmHg. The relatively low threshold for
affinity shows that decreases in alveolar Pp, (e.g. due to atmospheric pressure) do not compromise
the ability of haemoglobin to bind oxygen to some degree [27]. Once haemoglobin becomes
fully saturated, oxygenation is no longer influenced by Py, and breathing oxygen at high partial
pressures (hyperoxia) increases the risk of oxygen toxicity [34].

A partial pressure gradient needs to be constantly maintained from blood to tissue to en-
able O, diffusion. It is maintained by tissue consuming oxygen and decreasing Pp,, keeping

haemoglobin affinity to oxygen low, which then ensures that O, will be unloaded, increasing Po, .
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Figure 2.2: The O; - haemoglobin dissociation curve and its shifts during pH and Fcop, changes. An in-
crease in Fco, (hypercapnia), temperature, 2,3-diphosphoglycerate (2,3-DPG) and decrease in
pH (alkylosis) cause a shift to the right. A decrease in Fcp, (hypocapnia), temperature, 2,3-
DPG and increase in pH (acidosis) cause a shift to the left. Taken from [35].

The dissociation curve shows how oxygen can be loaded and unloaded from haemoglobin in
different parts of the body. The high Py, in alveoli corresponds to almost 100% saturation and
high affinity, haemoglobin is tightly bound - as much as possible oxygen should be loaded in the

lungs. Pp, decreases in tissue and oxygen is unloaded in tissue and oxygen saturation decreases.
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A Py, above 35 mmHg in the brain is considered enough to maintain normal oxygenation [30].
Changes in the environmental conditions can cause fluctuations of the affinity of haemoglobin

to oxygen, hence shift the dissociation curve to the left or the right.

« Shift to the right: haemoglobin affinity is decreased (red line in Figure 2.2), caused by an
increase of metabolic activity; which also increases Prp, and decreases pH. This decreases
the affinity of haemoglobin and unloads oxygen to meet metabolic demand. The increase of
temperature has the same effect, as heat produced by metabolism signals the need for more
oxygen. The increases of 2,3-diphosphoglycerate can also cause a shift to the right as it
reduces affinity. This substance is a product of glycolysis in red blood cells, its production

increases under hypoxic conditions and boosts the unloading of O, [27].

* Shift to the left: the affinity of haemoglobin increases (green line in Figure 2.2), in a de-
crease of metabolism (Fcp, and temperature decrease, pH increases) or a decrease of the

concentration of 2,3-diphosphoglycerate [27].

2.1.4 Oxygen delivery and consumption

The main aim of blood flow is to deliver nutrients and O, to cells depending on their metabolic
demand and to remove waste products and CO,. The metabolic demands of cells depend on their
function; while the brain, heart, adrenal glands and renal cortex have persistently high oxygen de-
mands, the spleen or skin have lower requirements. Blood flow towards vital organs is prioritised,
and local vascular mechanisms, such as vasodilation and vasoconstriction, can redistribute blood
flow. Failure of such compensatory mechanisms leads to hypotension, the diminishing of organ
blood flow, causing hypoxia and potential cell death.

Oxygen delivery, DO, is the total amount of oxygen delivered to tissue per minute irre-
spective of blood flow distribution. In normal conditions, it meets the oxygen requirements of
tissue, the oxygen consumption, V O,, and maintains aerobic metabolism. DO; is calculated from
the oxygen content of arterial blood and the cardiac output. In a healthy adult, DO, is around
900 ml/min . In comparison, a patient with anaemia, a low SaO, of 75% and a reduced cardiac
output has a DO, of 288 ml/min [36], highlighting the influence of anemia, oxygen desaturation
and a low cardiac output on DO;.

Oxygen consumption VO, is derived from the cardiac output and the difference between

VO,

arterial and venous oxygen content. The oxygen extraction ratio, OER, defined as OER = DOy

'Normal 75 kg subject at rest with an oxygen content of arterial blood of 170 ml/l and an cardiac output of 5.3 1/min,
Sa0; =96% [36].
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which is about 25% in a healthy normal adult [36] and increases with higher oxygen extraction.
The oxygen not extracted returns to the lungs and is accounted for in venous oxygen saturation
Sv0,. VO, is determined by the cellular metabolic rate related to the net turnover of ATP; a higher

metabolic rate increases VO,.

DO, independent DO, dependent

VO
SvO,
OER

Lactate

Lactate
OER

VO,
SvO

high DO, low DO, critical

Figure 2.3: Relationship between oxygen delivery and oxygen consumption. X-axis shows the gradual
decrease in DO, with the lowest DO, on the right side of the figure. Light grey area: VO, is
DO, independent; dark grey area: VO, is DO, dependent. Taken from [37].

Figure 2.3 shows the relationship between DO, and VO,, OER, SvO; and lactate, a byproduct
of glycolysis. During normal DO; levels, VO, remains independent. When DO, decreases, OER
increases, decreasing SvO,. A critical DO, is reached when OER is maximal, an increase in lactate
is seen from the rise of anaerobic metabolism and a cellular lack of oxygen to metabolise pyruvate
from lactate. A further decline of DO, leads to tissue hypoxia.

Hypoxia occurs when oxygen delivery does not meet the demands of cells to maintain ade-
quate aerobic metabolism. Causing a failure of metabolic cellular processes, it potentially leads to

tissue damage. Four major types of hypoxia occur via different mechanisms [31]:

* The most common type is hypoxic hypoxia, when there is not enough oxygen present in
the lungs, e.g. during an airway blockage or lung diseases causing a decrease in Pp, with a

subsequent decrease of O, delivery to tissue.

* Anemic hypoxia occurs when blood is unable to carry O, due to low haemoglobin levels

(anemia) or carbon monoxide poisoning, when carbon monoxide binds to haemoglobin.
* Circulatory hypoxia is caused by diminished blood flow to an organ due to an obstruction.

* Histologic hypoxia is a result of a block in the electron transport chain preventing the utili-

sation of O,. This can occur in respiratory chain poisoning with cyanide or sodium azide.
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Tissue is tolerant to hypoxia in a certain degree, these strategies include the reduction of metabolic
rate, increased oxygen extraction, enzyme adaptation to low oxygen pressures or anaerobic energy
production [38]. The length of tissue tolerance to hypoxia varies. The most sensitive organ is the
brain, brain cell survival time in hypoxic conditions is below 3 minutes, whereas skeletal muscle
can survive up to 1.5 hours and vascular smooth muscle up to 3 days [38]. This signifies the urgent

need to reestablish oxygen delivery to brain tissue during hypoxia.

2.1.5 Oxygen metabolism: summary

The maintenance of adequate oxygen supply to tissue is crucial as it is necessary for aerobic
respiration and hence energy production. The respiratory system is responsible for the exchange of
oxygen and carbon dioxide between the environment (air in the lungs) and the body; this exchange
occurs in pulmonary capillaries wrapped around alveoli and the rate of diffusion is driven by the
difference in the partial pressures of the gas across the membrane. The majority of oxygen in the
blood flow is bound to haemoglobin, only a small part of it is dissolved and accounts for Pp,.
The binding ability of haemoglobin to oxygen depends on Pp,; this relationship is described by
the O, - haemoglobin dissociation curve. The oxygen requirements of tissue are given by the
metabolic demand; in normal conditions, oxygen delivery exceeds oxygen consumption.

Failure of sufficient oxygen supply can lead to tissue damage due to the inability to meet its
metabolic requirements. Brain cells survive only about 3 minutes in hypoxic conditions. This is
clinically important as it shows the need for real-time monitoring of oxygen supply to the brain

during interventions which can cause hypoxia, such as cardiac surgery, or during brain injury.

2.2 The neonatal brain

The normal function of the brain depends on a continous supply of oxygen through the vascular
system, as it metabolises rapidly. Due to its high oxygen dependency, it is an especially fragile
environment during hypoxic conditions, which can lead to brain injury. This section provides a
description of brain anatomy, its development, the progression of HIE and how it is treated in the

NICU.

2.2.1 Anatomy of the brain

The nervous system is the most complicated structure in the human body; the brain is considered
outstanding among mammalian brains and is still a subject of extensive research. It has very
high energy requirements; the brain itself uses about 20% of oxygen and 25% of the glucose

consumed by the human body, yet accounts for only about 2% of body mass. The majority of
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the O, consumption of the brain is used for energy metabolism and only a small fraction is used
for other purposes, such as the synthesis and metabolism of neurotransmitters. The brain has
little energy reserve and is highly dependent upon energy supply, a failure of this soon leads to
perturbation of neurological functions, loss of consciousness and coma [39].

Most energy is used up by neurons, the basic structural and functional unit of the nervous
system. It is currently assumed that the human brain contains around 86 billion neurons [40]. The
function of neurons is to receive, process and transmit stimuli to other neurons or effector organs
through synapses. Neurons vary within the peripheral nervous system and the central nervous

system and are split between three main types:

» Sensory neurons respond to stimuli from receptors in sensory organs and send information

to the brain.

* Motor neurons receive signals from the brain and the spinal cord and send them to effectors,

which are responsible for muscle contraction and glandular outputs.

* Interneurons serve as connections between other neurons in neural networks. They remain

in the central nervous system and have no contact to receptors and effectors.

The basic structure is the same for all three types and consists of a cell body with the nucleus,
dendrites responsible for the receiving of signals and the axon, which conducts the signal to other
neurons. A neuronal axon can be up to one metre long. The signals from axons to dendrites are
transmitted through synaptic terminals and are thus the primary mean of intercommunication in
the nervous system; dendrites and axons can develop side branches to increase the surface area of

the neuron. Figure 2.4 shows the structure of a neuron.
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Figure 2.4: The structure of a neuron. Taken from [41].

The neuron has a resting potential of about -70 mV from inside the membrane to the outside.
Signals are transmitted through an action potential, a reversal of polarity in response to stimuli.
When the impulse reaches presynaptic terminals, calcium channels are opened and calcium ions
enter the terminal, boosting the release of neurotransmitters into the synaptic cleft. The free neuro-
transmitters interact with the receptor molecules of the postsynaptic membrane, open ion-specific
channels and allow the flow of an electric current carried by charged ions through the membrane.
The pumping of ions across the membrane requires the addition of energy, which is supplied in the
form of ATP. Hence, neurons require a steady supply of O, for ATP synthesis to maintain normal
function.

Several other types of cell are necessary to maintain and support the functions of neurons.
These are called neuroglia and they regulate the concentration of ions and participate in the blood-

brain barrier; they cannot transmit electrical impulses.

» Astrocytes are the most common type of neuroglia and also the most numerous cell type
within the central nervous system [42]. They have several functions including synaptic

support, axon guidance, blood-brain barrier and blood flow control.

* QOligodendrocytes create the myelin sheath (Figure 2.4) around the axon and provide support

and insulation.

* Microglia are the resident macrophage cells, respond to injury and are the main form of

central nervous system immune defense.
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The two main types of central nervous system tissue type are grey matter (GM) and white matter
(WM), GM consists of cell bodies and all synapses, WM is made out of axons and provides the
connections between neurons.

The brain is the centre of the nervous system and is responsible for the centralised control
of the whole body. Its three main parts are the cerebrum, the brainstem and the cerebellum.
The largest part, the cerebrum, is divided into the left and right cerebral hemispheres and the
diencephalon. Each hemisphere is divided into four main lobes (Figure 2.5); the frontal lobe is
placed at the front and is responsible for several functions including planning, prediction, speech
and discrete motor movement. The temporal lobe is found on the sides of the brain. Among other
functions, it processes hearing and memory. The parietal lobe is behind the frontal lobe and is
the centre of pain, temperature, touch, taste and pressure. The occipital lobe is at the back and

processes visual information [43].

Frontal lobe Parietal lobe

Occipital

Temporal lobe

Brain stem

Figure 2.5: Cerebral cortex lobes. Adapted from [44].

The cerebellum, placed below the occipital lobe, is responsible for muscle coordination and
balance. Below the surface of the hemispheres are the basal ganglia, which control the execution
of movement. The brain stem consists of several parts, the midbrain, medulla and pons. The
midbrain is a control center for visual, auditory, motor system information and autonomic func-
tions including heart and breathing rate. It sends motor and sensory signals to the cerebral cortex
via the thalamus, a small structure just above the brain stem. The pons regulates breathing and
also transmits signals between other brain structures. The medulla is responsible for reflexes and
involuntarily controls; it is connected to the spinal cord.

The surface of the hemispheres consists of GM; WM forms the deep part of the brain. The

brain is suspended in cerebrospinal fluid (CSF) and protected by the skull. Three layers of mem-
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branes, the meninges, separate the brain from the skull; dura matter, arachnoid matter and pia
matter, closest to the brain. CSF, which has a similar composition to blood plasma, circulates
between arachnoid and pia matter. As a cushioning, it protects the brain from damage by sudden
movement and its own weight. The blood-brain barrier, a semipermeable membrane on the surface
of capillaries, is responsible for separating the brain and CSF from the blood stream and regulates
which substances can enter and exit the brain. Water, some gases and lipid-soluble molecules pass
it by diffusion, glucose and amino acids are transferred by selective transport. The barrier also
allows for the exit of metabolism waste products from the brain.

2.2.2 Cerebral circulation

The brain requires about 750 ml of blood per minute to maintain its oxygen needs at normal
activity. As neurons have a high rate of metabolism, they are more sensitive to oxygen deprivation
than other kinds of cells; 5 to 10 seconds of blood supply interruption are enough to cause changes
in the neuronal activity, a few minutes can cause irreversible neuronal damage [43, 45].

Two main arteries carry blood from the aorta to the brain; the internal carotid arteries and
the vertebral arteries. The internal carotid arteries enter the skull through the temporal bone, the
vertebral arteries through the occipital bone. They are connected in the brain via the Circle of
Willis, a vascular loop on the surface of the upper brain stem. The circle branches into arteries
which provide blood supply. A circular structure is beneficial in the case of the blockage of a
major vessel as it could be compensated by the blood supply from another vessel [45]. Blood
from the hemispheres drains through capillaries into the cerebral veins; superficial, located at the
surface of the cerebrum, and deep, which drain the interior. Blood exits the skull via the internal

jugular veins.

ot
ot
-

Autoregulatory
plateau

Cerebral blood flow

160
Cerebral perfusion pressure [mmHg]

Figure 2.6: The cerebral autoregulation curve. The solid line plots CBF as a function of the cerebral perfu-
sion pressure in a normal state. The dotted line shows the cerebral perfusion pressure to CBF
relationship with impaired autoregulation during situations such as acute stroke.
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Normal functioning of the brain relies on a tight regulation of blood flow and oxygen delivery,
total blood flow to the brain is remarkably constant in a normal physiological state. Autoregula-
tion is the ability to maintain cerebral blood flow despite changes in perfusion pressure; CBF
stays constant with changing pressure in the region of the autoregulatory plateau, Figure 2.6. It
is present in many vascular beds but especially well-functioning in the brain. Autoregulation is
maintained within normal limits, when CBF is at approximately 50 ml per 100 g of brain tissue per
minute at a cerebral perfusion pressure in the range of approximately 60-160 mmHg with consid-
erable individual variation. Autoregulation is lost outside these limits and CBF becomes linearly
dependent on the mean arterial pressure. Ischaemia occurs when cerebral perfusion pressure falls
below the autoregulation limits; an increase of oxygen extraction from the blood compensates for
the reduction of CBF. The maintenance of autoregulation is crucial for the normal function of the
brain as the loss of autoregulation mechanisms causes significant brain injury [46].

The oxygen needs of the brain are often described in terms of the cerebral metabolic rate of

oxygen, CMRO,, related to OER, cerebral blood flow CBF and the arterial oxygen content 05".

CMRO, = CBF x OER x 05" 2.1

CBF and CMRO; can provide an important assessment of brain health and have significant impli-
cations in brain development and neonatal pathological conditions, including HIE, hydrocephalus

or congenital heart disease [47].

2.2.3 Brain development

The age of a foetus is described in terms of gestational age, which is counted from the first day of
the last menstrual period of the mother. The length of an average singleton pregnancy is 40 weeks.
Deliveries from 37 weeks onwards are considered term, deliveries before gestational week (GW)
37 are preterm; infants born before GW 28 are extremely preterm.

The brain starts developing in GW 3, when neural progenitor cells differentiate. Brain devel-
opment lasts until the early twenties, even though small developmental changes occur throughout
the whole lifespan. The brain is a complex and dynamic structure; its development is an adaptive
process during which new neural structures and functions emerge and differentiate. It is affected
both by genes and environment; they support the increasingly complex functions and structures
of the brain - neither is descriptive and determines the outcome. Gene expression is particularly

important in the embryonic period, when interactive cell-cell processes alter the development of



52 Chapter 2. Oxygen metabolism and neonatal brain injury

other cells but the external environment still plays an essential role. The influence of the external
factors rises during the foetal and postnatal period [48].

The basic structures of the brain and the central nervous system are established by the end
of the embryonic period (end of GW 8). The main compartments of the nervous systems are
defined; most cortical neurons are in their position in the neocortex and begin to form essential
brain networks [48]. The brain undergoes striking changes in the foetal period (GW 9 until end
of gestation); the brain begins as a smooth structure and gradually develops the gyral and sulcal
folding pattern. The first sulci form between the cerebral hemispheres, from GW 8 up to 22, other
primary sulci follow up to GW 26. The secondary sulci start forming in GW 30 until GW 35
and the formation of tertiary sulci extends into the postnatal period. This development occurs
simultaneously with dramatic cellular changes; which centre around neuron production, migration
and differentiation. Neuron production starts around GW 5 with primary neural tube formation;
neurons migrate and form different grey matter structures in the brain until midgestation [49].
Neurotransmitters, dendrites and axonal processes form pathways in neural networks, which make
up WM [48]. The number of glial progenitor cells (cells producing neurons and connective tissue)
increases for a long postnatal period, they migrate, differentiate and mature throughout childhood.
The full temporal extent of these processes in humans is still unknown; in vivo brain imaging gives

important information about these age-related alterations and helps link them to behaviour [48].

2.2.3.1 From the neonatal to the adult brain

The work in this thesis is focused on neonates. There are significant differences between the adult
and the neonatal brain, among them skull thickness and the different metabolic requirements.

The human brain is a continuously changing environment; while significant changes develop
during childhood and adolescence, the brain continuously evolves throughout adulthood [50]. The
rapid growth of the brain in early age indicates differences in physiology and anatomy of infant
and adult human heads; the neonatal brain is about 25% of the adult brain size at birth, although
the neonatal body weight is only around 5% of adult body weight [51]. The small neonatal skull
has open sutures and fontanels allowing some buffering of intracranial pressure, which is lower
than in adults [51]. Fontanels are closed by the age of 12—18 months. In the neonate the skull is
much thinner than in the adult; around 1.5-2.5 mm thick [52], compared to 68 mm [53]. In total,
the extracerebral layer of adults, consisting of skin, skull and cerebrospinal fluid is 10-30 mm
thick [54].

The cerebral metabolic rate of oxygen CMRO;, the rate of oxygen consumption by the brain,
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is much lower in the healthy neonatal brain than in adults: 38.3 4= 17.7 ymol/100 g/min in neonates
vs. 150-200 pmol/100 g/min in adults [55]. Cerebral blood flow is also lower in neonates, around
13 ml/100 g/min [55] compared to 60 ml/100 g/min in the adult grey matter [56]. These differences
are likely due to the lower metabolic demands of the neonatal brain. While it has been shown that
the nerve cell density is much higher in the neonate than in the adult, the neonatal brain has less
neuronal processes, synapses, myelination, neurotransmitters and receptors, which leads to fewer

neuronal activities and lower oxygen consumption [55].
2.2.3.2 Foeto-neonatal cardiovascular transition

Foetal gas exchange occurs in the placenta, which receives oxygen rich blood from the mother.
The umbilical cord connects the foetus to the placenta and carries oxygenated, nutrient-rich blood
in the umbilical vein. The most highly oxygenated blood supplies the myocardium and the brain,
only a small portion of blood perfuses the lungs. Deoxygenated blood returns from the foetus
to the placenta via umbilical arteries. The foetal circulation differs from the adult circulation by
function in two parallel circuits with equal left and right ventricle pressures. Most oxygenated
blood travels from the right atrium to the left atrium and ventricle through the foramen ovale, a
small hole between the two heart atria.

Significant cardiovascular changes follow cord clamping at delivery. These changes take sec-
onds to hours, and it takes weeks for the last transition to finalise. Initially after losing pulmonary
blood supply, systemic vascular resistance rises and affects cardiac output. The onset of breathing
leads to the closure of the foramen ovale and completes the transition from a parallel to a serial
circulation.

Intrinsic and external factors can influence the transition process, and difficulties with adap-
tation to the transition process and oxygen delivery can arise particularly in preterm infants, but
also in term infants. A major cause of early neonatal mortality is perinatal asphyxia, defined as
"a lack of blood flow or gas exchange to or from the foetus in the period immediately before, dur-
ing, or after the birth process" [57]. Many processes can lead to perinatal asphyxia, including
insufficient oxygen supply from the mother before and during birth, long and difficult delivery,
infections and problems with the airways of the infant, impaired development or blockage. In
order to decrease mortality and improve patient outcome, cardiovascular monitoring is of critical

importance in infants with impaired oxygen delivery during and after transition.
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2.2.3.3 Cardiovascular monitoring in the neonatal intensive care

Monitoring in the intensive care is focused on the optimisation of haemodynamics and temperature
to maintain adequate organ tissue oxygenation and combat hypoxia, shock, and multiorgan failure.
In the NICU, cardiovascular monitoring is applied in all infants and the aim is to answer three
key questions; whether there is evidence of cardiac dysfunction, whether the tissue perfusion is
adequate and whether there is any indication of tissue hypoxia [58].

Multimodal monitoring is standard in intensive care; the use of multiple tools to measure
different physiological parameters and obtaining a global assessment of the patient’s health. The
main observations of the infant’s wellbeing include heart rate, capillary refill time and measure-
ments of markers of end-organ perfusion, such as skin colour/temperature or urine output. Cardiac
output is one of the major determinants of oxygen delivery and should be regularly/continously
measured. The most used non-invasive technique of measuring cardiac output is neonatologist
performed echocardiography, a non-invasive absolute assessment of the cardiac output and end-
organ perfusion. Transcutaneous doppler technique is used for a rapid measurement of the cardiac
output by measuring blood flow velocity across the aortic and pulmonary valve but is used only as
a trend monitor [37].

Organ perfusion and oxygen delivery are monitored to early detect changes in regional blood
flow, oxygen consumption and extraction. Pulse oximetry non-invasively measures the arterial
oxygen saturation and hence the adequacy of oxygen supply in capillaries [58]. Cerebral monitor-
ing with near-infrared spectroscopy to measure regional tissue oxygenation and fractional tissue
extraction is also spreading among intensive care units [7].

Other invasive monitoring tools are used, such as mixed venous saturation as a measure of
balance between oxygen delivery and tissue oxygen demand, and arterial blood gas analysis, which
measures pH, SaO;, Fco,, Po, and other parameters, such as lactate or glucose levels to quantify

metabolism [58]. However, non-invasive monitoring methods are preferred at the cotside.

2.3 Hypoxic-ischaemic encephalopathy

The immature brain is a very fragile environment; growing and developing quickly. Damage
can arise from various neurodevelopmental disorders which include a broad range of pathologies:
motor disorders, genetic disorders, damage due to neurotoxicants, and others. The following
section is focused on neonatal brain injury caused by metabolic events.

Neonatal encephalopathy (NE) is a disturbance of neurological function apparent in the early

days of a term neonate’s life associated with multi organ dysfunction manifested by abnormal
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levels of alertness, seizures, often respiratory difficulties and depressed tone [59]. The definition
excludes neonates under 35 GW because specific behavioural reactions and reflexes observed for
NE diagnosis can be impossible to test in a premature brain due to brain development [60]. The in-
cidence of NE is estimated at 3 per 1000 live births [13]. There are various causes of NE, including
hypoxic-ischaemic encephalopathy, perinatal infections, placental abnormalities, metabolic disor-
ders, coagulopathy and neonatal vascular stroke, but the cause is often unidentified [59].

The focus of this work is on infants with HIE. The terms NE and HIE are often used inter-
changeably [61]; the use of NE versus HIE can be considered controversial, as it is often difficult
to diagnose hypoxia-ischaemia and to prove that HIE was indeed the cause of NE [62]. However,
the discussion on the suitability of which term to use is outside of the scope of this work and in
the following chapters, HIE is considered a subset of NE caused by ischaemia (insufficient blood
supply to the brain) and hypoxia (deprivation of oxygen).

HIE is the neurological pathology following severe perinatal asphyxia and has an incidence of
1.5 per 1000 live births, the occurrence is higher in developing countries [13, 59, 63]. Up to 60% of
infants with HIE will die or will have severe disabilities including intellectual disability, epilepsy
and cerebral palsy; HIE has a significant psychological and economical impact on families and
society [64].

During perinatal asphyxia, the foetus can survive with insufficient oxygen delivery by reduc-
ing oxygen demand and increasing blood flow to vital organs, such as the heart and the brain, to
maintain oxygen delivery. However, this response diverges depending on the severity of asphyxia;
severe cases lead to apnoea and the neonate will require resuscitation [65]. This prolonged lack of
oxygen supply to the brain leads to HIE, followed by events including acidosis, release of inflam-
matory mediators and the formation of free radicals; which impair the autoregulatory function and
lead to cell death. The most common symptoms are respiratory and feeding difficulties, depression
of tone and reflexes and a low level of consciousness; seizures usually develop within first 24 h of
life [66].

2.3.1 Progression

The underlying events of HIE are the result of impaired cerebral blood flow and oxygen delivery.
The effects are complex and evolve over time; the pathology progresses over multiple stages:
primary insult, latent phase, secondary energy failure and tertiary phase (Figure 2.7).

The primary insult is caused by the initial reduction of cerebral blood flow, followed by abnormal

control of cerebral haemodynamics with a combination of vasodilatation and vasoparalysis [68].
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Figure 2.7: The progression of HIE over time and its effects on cellular energy metabolism and cerebral
blood flow (CBF). The primary insult, a period of ischaemia, is followed by a latent phase,
which is the time to treat. In the secondary phase, a secondary energy failure occurs despite
adequate oxygenation, during which mitochondrial failure leads to delayed cell death. CBF
and metabolism is restored in the tertiary phase, but pathological processes can occur for years
after the insult [67].

The ischaemic insult leads to a reduction of oxygen and glucose and hence a decrease in ATP
production. This causes a failure of many mechanisms maintaining cell integrity, triggering a
cascade of events leading to cerebral edema, ischemia and microvascular damage with resultant
necrosis or apoptosis. The level of damage and cell death depends on the severity of the hypoxic-
ischaemic insult [64].

The initial injury is followed by a latent phase, in which blood flow is restored and the brain
is recovering, cerebral metabolism returns to normal levels. It has been found that the haemody-
namics in term infants with acute HIE are abnormal with an increase in cerebral blood volume and
its response to changes in arterial carbon dioxide tension [68]. The level of cerebral blood volume
abnormality is related to outcome [68] and also the length of the recovery period depends on the
severity of the primary injury; it is shorter for severe injury. It is however difficult to establish
when exactly this latent stage ends and the secondary insult starts. It is mostly 6 to 48 hours fol-
lowing the initial injury; the secondary energy failure is related to oxidative stress, excitotoxicity
and inflammation and leads to further damage to neuronal tissue during a state of hyperperfusion
and impaired autoregulation in severe cases [64, 69]. The severity and length of the secondary
insult varies; it has been shown that clinical neurodevelopmental outcomes at 1 and 4 years of age
are correlated with the severity of the secondary insult at 15 hours [70]. After the secondary en-
ergy failure, the tertiary phase is a stage of persisting pathological processes occurring for weeks,

months and years after the insult [67].
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2.3.2 Diagnosis and treatment

Early diagnosis of HIE is crucial for effective treatment, as the latent phase is considered the
optimal timing for therapeutic intervention and can be quite short. HIE diagnosis is based on
symptoms including abnormal heart rate tracings, low Apgar scores or the need for respiratory
support. A detailed examination of the infant includes: neurological assessment, which may have
to be repeated as the signs change quickly; blood count and clotting, liver function tests, blood
glucose and lactate measurements and other signs of metabolic disorders. Additional investigation
may follow if a diagnosis is not confirmed. The severity of the injury is assessed based on the
Sarnat staging criteria, which divide the injury into mild (stage I), moderate (stage II) and severe
(stage III). Mildly injured infants have normal EEG patterns and muscle tone but are hyperalert
and their sucking reflex is weak/absent [64]. The majority of mildly injured infants have a good
long term outcome without the need for HIE treatment [71].

Moderately injured neonates are lethargic, hypotonic and often suffer from seizure. Severely
injured patients are stuporous, muscle tone is flaccid and autonomous function is absent. The
presence of moderate or severe HIE has a strong association with an adverse neurological out-
come [72]. It is also necessary to keep in mind that the level of severity of the injury may change
over the first few days after birth [73]. Predictors of outcome in HIE include heart rate, Apgar
score, need and duration for resuscitation and the severity of acidaemia, and have a high speci-
ficity and negative predictive value if assessed soon after birth (5 min for Apgar score) [73].

Moderate and severe HIE neonates are treated with therapeutic hypothermia (TH), which is
currently the most common treatment method. The infant is cooled down to a temperature below
homeostasis, providing neuroprotection following an ischaemic neuronal insult [74]. Timing is
crucial for TH, as it is most effective during the latent phase of the injury, also called the "ther-
apeutic window". The therapy has to last until the end of the secondary phase of the injury to
be effective, suggesting that repair occurs over a long period of time [70]. TH is delivered either
through head or whole body cooling of the infant to a temperature between 33°C and 36.5°C for
48 to 72 hours followed by a period of rewarming. Longer or deeper cooling has been shown to be
harmful. Clinical trials compared TH initiated 6 to 24 hours after birth to not cooling, TH reduced
death or disability with a 76% probability [75]. Overall, TH helps some neonates but additional
treatments are needed to improve infant survival with normal developmental outcomes. Addition-
ally, as the outcome depends on detecting the accurate actiology of HIE and assessing the severity

of the injury, accurate imaging and diagnosis could help with developing a more patient-specific
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treatment system [59, 64].

Other types of treatment are currently being investigated in clinical trials; among them is the
use of erythropoietin (EPO), a glycoprotein hormone which acts as a neuroprotective agent. It has
been shown that the administration of EPO to moderate and severe HIE neonates reduced the risk
of cerebral palsy and cognitive impairment. EPO was also used in conjunction with TH, which
reduced the risk of death. More clinical trials are needed to investigate the effectiveness of the
combination of EPO and TH [76]. The transplantation of stem cells is an emerging, promising
HIE therapy. It has been shown that the combination of this therapy with TH improved outcome,
but this treatment is rather new and requires extensive research and more understanding of the
underlying mechanisms [77]. Current research is also looking at the use of xenon to reduce exci-
totoxicity, or melatonin, which could inhibit apoptosis [64, 78].

Additionally to TH, infants with HIE may receive supportive care individually tailored to
the needs of the infants, which aid with the management of potential multiorgan dysfunction.
This includes ventilation or the administration of parenteral fluids [78]. Creating an individual

treatment plan for the infant requires the use of reliable monitoring and injury biomarkers.

2.3.3 Clinical monitoring and imaging of infants with HIE

Infants with HIE are treated and monitored at the NICU. Apart from using monitoring techniques
to help with the diagnosis of HIE or injury severity, it helps with ensuring that oxygen supply is
adequate after the HIE insult and infants are monitored before, throughout and after TH. Com-
monly used for non-invasive, real-time oxygenation monitoring in the intensive care unit is pulse
oximetry. Pulse oximeters work on the basis of light absorption in haemoglobin and as the absorp-
tion properties of oxygenated and deoxygenated blood are different (more in the next chapter), it
is possible to measure oxygenation of the arterial blood, the pulsating component of blood. Oxy-
genation measured with pulse oximetry SpO, is a measure of arterial oxygen saturation SaO3,
which reflects the global oxygenation. Pulse oximeters have an accuracy of 3% [34]. An SpO»
of 95% may represent Sa0, between 92% and 98% in 68% of measurements and even an Sa0»
of 100% in 16% of cases. This is important because high SpO; values can occur during oxy-
gen therapy and as seen on the oxygen dissociation curve in Figure 2.2, a high SaO, corresponds
to high Py, values which can lead to oxygen toxicity. Additional measurements of tissue oxy-
genation are desirable; one alternative is the direct measurement of SaO, with co-oximetry which
requires samples of blood and is hence invasive. Nevertheless, monitoring SaO» is a measure of

the global oxygenation of tissue and is not an indicator of local oxygenation which is desirable for
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the management of hypoxic brain injury (the relationship between SaO; and StO; is discussed in
section 4.1.2.1).

Other monitoring techniques can be combined with pulse oximetry to obtain additional in-
formation about perfusion, including measurements of CO; levels by means of capnography or
transcutaneous monitoring [34]. Arterial blood pressure and blood glucose levels, temperature
and heart rate are also monitored. Imaging is used to assess the adequacy of treatment and to help

with diagnosis; several imaging tools are available in clinical care to aid with diagnosis.

2.3.3.1 EEG & aEEG

Multichannel EEG is a measure of neuronal electrical activity. Spontaneous electrical activity
of the brain can be affected by conditions such as oedema, inflammation, lesions or metabolic
imbalance [79] and abnormalities in signal indicate the presence of a pathology. EEG signal
characteristics such as amplitude, presence of discontinuity, length of inter-burst interval, absence
of sleep-wave cycling and presence of seizures are related to HIE severity and can help predict
outcome [79]. EEG monitoring is standard in HIE care; abnormalities in the reading are part of
the NHS criteria for the enrolment of neonates in TH treatment and is used for diagnosis of severe
HIE [80].
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Figure 2.8: Ideal examples of graded EEG recordings taken in during the first day of life in neonates with
HIE. Each grade corresponds to a level of abnormality in the signal, this grading correlates
with the Sarnat score of HIE and outcome (grade 1 = good outcome, grade 4 = worst outcome).
Taken from [81], reproduced with permission of Elsevier.

An example of different EEG patterns during HIE is in Figure 2.8. The grading of the signal quality
corresponds to the level of abnormality, with 1 being only mildly abnormal and 4 inactive; this
grading correlates with Sarnat grading and the outcome [81]. Amplitude integrated EEG (aEEG)

can help detect seizures, unless they are short (< 30 s), but is still superior to other detection
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methods of seizures. The optimal time to assess aEEG for prognosis is 48 hours. Return to normal
voltage is associated with good outcome [82]. The disadvantage of EEG and aEEG is the need
for experienced staff to perform and interpret the measurements, decreased prognostic values in
the early hours of life [80] and lack of standardised EEG signal classification methods for HIE
assessment [81]. EEG measurements would also benefit by measures of cerebral haemodynamics

CMRO, changes, which precede or accompany the secondary energy failure during HIE [83, 84].

2.3.3.2 Magnetic resonance imaging and spectroscopy

Magnetic resonance imaging (MRI) is the leading modality for assessing injury severity. It can be
used to measure the cerebral metabolic rate of oxygen or blood flow and it detects the pattern of
injury. HIE affects various regions of the brain. The visualisation of the brain injury depends on the
severity, the timing and the abruptness of the initial events. There are two main patterns observed in
MRI; watershed and basal ganglia/thalamic. The watershed patterns affect areas between the main
arterial supplies and deep in the sulci, leading to oedema, cerebral cortex necrosis and infarction.
The second pattern, basal ganglia/thalamic, occurs more often in acute, profound injury. Deep
grey matter and active regions of the cerebral cortex are damaged first. Both injury patterns are
predictors of outcome; watershed patterns lead to cognitive impairment, basal ganglia/thalamic
lesions are associated with severe motor and cognitive disability [85]. Examples of both types of
injury patterns are in Figure 2.9. Brain changes consistent with HIE take time to evolve and the
extend of the injury can be underestimated if imaged too early. It is thus recommended to perform
MRI between 5 and 14 days of age. T1 and T2 imaging has high specificity and sensitivity as
a predictor of long-term outcome, diffusion weighted MRI can detect findings earlier but has a
lower prognostic value [78]. The disadvantages of MRI are its limited access, need for sedation,
price, need for specialist staff and having to wait several days for the injury to develop.

MRS is increasingly used for the diagnosis and prediction of outcome through the measure-
ment of the ratio of lactate and n acetyl aspartate (Lac/NAA). Increased lactate levels in the injured
brain are caused by impaired mitochondrial function and oxidative phosphorylation and can per-
sist for months in brains of infants with adverse outcome [86]. Recent work has shown that a ratio
of 0.39 as a threshold had a high specificity and sensitivity to motor, cognitive and language out-
come [86]. Figure 2.10 shows Lac/NAA for neonates with normal and poor outcome. A weakness
of this measurement is that the value is taken from a single voxel and might not correspond to
the location of the biggest damage, so combining MRS with MRI can increase specificity while

maintaining sensitivity [87].
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(a) T2 image of HIE injury with a watershed pat-
tern with loss of grey white differentiation
(arrows). Taken from [88], reproduced with
permission of Elsevier.

(b) Diffusion-weighted image of HIE injury
with a basal ganglia and thalamus pattern.
Taken from [89].

Figure 2.9: Examples of MRI from neonates with HIE.
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Figure 2.10: A,B: position of the voxel for spectral acquisition (A: saggital, B: axial). C: neonate with
normal outcome, Lac/NAA = 0.19. D: neonate with poor outcome, Lac/NAA = 0.62. Taken
from [86], reproduced with permission of BMJ Publishing Group Ltd.

2.3.3.3 Ultrasonography

Transcranial ultrasound can detect intracerebral lesions and oedema and the benefits of the tech-
nique include wide availability, ease of repetition and no need for sedation. As HIE progresses,
ultrasound can be used for assessment of the evolution of the injury and for prognosis [90]. How-
ever, drawbacks of the technique include operator dependency or low sensitivity for detecting
cortical lesions [66].

Transcranial Doppler ultrasound measures the velocity of blood flow; changes in blood flow
are related to the occurrence of asphyxia. Analysis of blood flow curves during systole and diastole
allows calculation of the resistive index, which is a measurement of cerebral vascular dynamics
and the integrity of cerebral autoregulation. Abnormalities in the resistive index are correlated

with HIE prognosis but its prognostic value is decreased during TH [90].
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2.3.3.4 Computed tomography

Computed tomography is useful for screening intracranial haemorrhage in very sick infants with-
out the need for sedation, however, its sensitivity and specificity is lower than MRI. CT underesti-
mates the severity of white matter and cerebral cortex injury, another major disadvantage of CT is

the radiation exposure [66, 85].

2.3.3.5 Near-infrared spectroscopy

The use of NIRS in the management of HIE is becoming increasingly popular as it is a real-time as-
sessment of cerebral haemodynamics, and, in contrast to pulse oximetry, measures regional trends.
It has several advantages in comparison to the other monitoring methods: it can be used within the
first minutes of life, it does not require specialist staff, is non-invasive and can provide information
in real time. While some devices are trend monitors, absolute oxygenation measurements would
let the clinician obtain an immediate assessment of tissue oxygenation, informing on brain health.
The potential of NIRS in HIE treatment is for use in diagnosis and injury progression monitoring,
but also on assessing the HIE injury pattern, e.g. if StO; readings differ in infants with a watershed
pattern or basal ganglia/thalamic pattern of injury.

Several different parameters can be measured with NIRS, such as changes in the concen-
tration of haemoglobin and CCO or StO; (defined in (Eq. 1.1)), and others. Measurements of
haemoglobin concentration changes can detect regional hypoxia, and combining the measurement
with CCO monitoring can help with diagnosing moderate and severe brain injury within the first
days of life [16]. The potential of monitoring StO, non-invasively during HIE as a means of im-
mediate oxygenation assessment is a subject of research and will be further discussed in Chapter 3.

Cerebral blood flow can be measured with NIRS by measuring the concentration of a tracer,
indocyanine green (ICG) [91]. When combined with a measure of arterial oxygen saturation (e.g.
pulse oximetry), NIRS can also be used to obtain an estimate of cerebral metabolic rate of oxygen,
CMRO; [91, 92].

The combination of NIRS with diffuse correlation spectroscopy is used in research to measure
cerebral blood flood and oxidative metabolism simultaneously [16, 93, 94, 95]. Diffuse correla-
tion spectroscopy is an optical technique to measure blood flow by injecting light into tissue and
quantifying the temporal change of the light reflected back, these changes are due to scattering on
moving red blood cells, which relates to the speed of the moving cells [96].

Commercial systems are also used to measure tissue oxygenation StO» and fractional tissue
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oxygen extraction FTOE [97],

SpO, — StO
FTOE = P22~ 2172 2.2)
SpO;

An increase in FTOE shows an increase of oxygen extraction by brain tissue and hence higher
oxygen consumption in relation to oxygen delivery [84].

The application of NIRS in the neonatal care is still subject to extensive research and not yet
widely available [98], driven by the need for non-invasive and simple measurements of cerebral

haemodynamics.

2.3.4 The neonatal brain and HIE: summary

The brain is a complex system evolving throughout the whole life. It is particularly vulnerable
to hypoxic damage during prenatal development and in the neonatal period. Hypoxic-ischaemic
encephalopathy is brain injury caused by hypoxic and ischaemic events in term infants leading to
metabolic energy failure and cell death. Severe cases of the injury can lead to irreversible damage
(e.g. cerebral palsy) or neonatal death. Infants with moderate or severe HIE are treated with TH,
which provides neuroprotection by cooling to a temperature below homeostasis. Early diagnosis
is crucial for effective treatment of the injury. Currently, several imaging modalities are used in
the clinic, among them MRI or EEG. However, as these modalities require specialist staff and can
be often unavailable, NIRS could fill the gap for a low-cost, non-invasive and easy to use monitor

of oxygen delivery and metabolism in the neonatal intensive care.






Chapter 3

Cerebral oximetry: optical techniques

Oxygenation monitoring with NIRS is of clinical importance as it can detect local tissue hypoxia in
real time and non-invasively. The following chapter describes how NIRS is based on the absorption
of light by biological tissue and what makes oxygenation measurable. Further sections provide
a deeper look into different quantities we can measure with NIRS, in particular tissue oxygen
saturation, St0», an absolute measurement of tissue oxygenation. The description of this quantity
is accompanied by an introduction to theory of light transport in tissue and a summary of different

algorithms applied to measure this clinically desirable measure of tissue oxygenation.

3.1 Light transport in tissue

The use of visible and near-infrared light has huge potential for use in medical care for both imag-
ing and treatment, as it has several advantages: it is non-ionising, most methods are non-invasive,
light can yield biochemical information and can be controlled easily. The measurement of arterial
oxygenation SpO, with pulse oximetry has proven that optical modalities can play an important
role in treatment. Nevertheless, one drawback of using light in imaging and therapy is the limited
transparency of biological tissue in the visible range of wavelengths, caused by the strong attenu-
ation of light by tissue. Two interactions contribute to this process: absorption and scattering. The
level of attenuation depends on the light wavelength, the size of the scattering particle, present
chromophores and the structure of the medium. The attenuation of light in biological tissue is a
complex process comprising of multiple scattering events and the absorption by various types of

molecules.

3.1.1 Absorption

In light absorption, light energy is absorbed by matter and converted into another type of energy

(heat). This only occurs if the frequency of the light matches the absorption frequency of the
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matter. Absorption properties of a medium are quantified with the absorption coefficient u, (with
the unit reciprocal centimetre [cm~!]) which describes the probability of a photon being absorbed
over an infinitesimal path. The absorption cross section for a single absorber indicates the absorb-
ing capability; the absorption coefficient is the total cross-sectional area for absorption per unit
volume. In the case of multiple absorbing compounds, the total absorption coefficient is the sum
of the individual absorption coefficients.

Absorption properties are often expressed in terms of the concentration of the absorber ¢ and
the specific absorption coefficient o:

T 3.1)

The specific absorption coefficient o describes the probability of absorption for a unit concentra-
tion of a compound over unit length. Absorption can be also measured in log base 10, using the
extinction coefficient &:

1y = In(10)k, (3.2)

or using the log base 10 of the specific absorption coefficient, obtaining the specific extinction

coefficient €:

o Ba Kk 3.3)

7 n(10) ~ (10)c ¢

Each absorbing molecule, a chromophore, has a distinct absorption spectrum which illustrates the
wavelength-specificity of absorption. The main absorbers of light in tissue include melanin, water,
lipid and haemoglobin. Due to their absorption properties in the range of visible wavelengths,
visible light does not penetrate skin deeper than a few mm [99].

Figure 3.1 shows the absorption spectra of main tissue chromophores. Water is a strong ab-
sorber in wavelengths below 200 nm and beyond 900 nm. This low, but not negligible, absorption
makes tissue relatively transparent in the visible/near-infrared wavelength range. The most im-
portant chromophore for NIRS is haemoglobin, whose four haem sites can bind to oxygen. The
presence of oxygen changes its optical properties - the difference in the absorption properties of
these two states, oxygenated and deoxygenated haemoglobin is significant in the "optical window"
(= the near-infrared range 650—-1000 nm); the point of equal absorption at 798 nm is known as the
isosbestic point. Tissue is the most transparent in this range and it has been shown that light of
these wavelengths can travel as far as 8 cm deep in tissue [101]. NIRS uses the optical window to
achieve maximal depth of light penetration. The absorption by other chromophores, such as fat,

collagen etc. can be assumed negligible for most NIRS applications, as their concentration does
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Figure 3.1: Absorption spectra of main tissue chromophores. Taken from [100], reproduced with permis-
sion of Elsevier.

not change rapidly during the measurement period or the absorption is very weak.

NIRS can also be used to track the concentration of other chromophores with lower concen-
trations, such as CCO, which participates in the electron transport chain during ATP production
in the mitochondria. Through the measurement of this enzyme, is it possible to quantify cell
metabolism [102]. Optical contrast agents can be also used in NIRS - ICG can be injected into the
bloodstream to study cerebral perfusion [103]. While the absorption of light by water in the NIR
region is quite weak compared to haemoglobin, as it is present in high concentrations, it can be
also a chromophore of interest, especially when NIRS is used for absolute concentration measure-
ments [104]. As this work is focused on haemoglobin concentration measurements, haemoglobin

is the main chromophore of interest in the methods further described, unless stated otherwise.

3.1.2 Scattering

Scattering is caused by medium inhomogeneities and is the main source of attenuation in tis-
sue. For example, in brain tissue, scattering is approximately 50 times more likely than absorp-
tion [105]. Such a medium is called a diffuse medium. Photons are mostly scattered by structures
whose size matches the wavelength and with a different refractive index from the surrounding
medium. The volume-averaged refractive index in most biological tissue n is around 1.34-1.62,

and 1.33 for water [106]. The scattering properties of a medium are described by the scattering
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coefficient u; [cm™']; the probability of a photon being scattered over an infinitesimal path. Sim-
ilarly to the absorption coefficient L, the scattering coefficient is the total cross-sectional area for
scattering per unit volume.

When light is scattered in tissue with multiple scattering events and random orientations of
scattering structures, the individual scattering angles 0 are ignored and the direction of scattering
is described using the anisotropy factor g, g = (cos6), which characterises scattering in terms of
the relative forward versus backward direction of scatter [104]. For most tissue, g is high, as the
majority of light is scattered forward.

Light travelling through a diffuse medium loses all of its original directionality after a certain
distance due to multiple scattering events; the scatter can be assumed to be isotropic. A reduced
scattering coefficient is used to describe isotropic scattering; the transport scattering coefficient

(!, which describes the average pathlength between isotropic scattering events given by 1/11;,

= ug(1—g). (3.4)

In biological tissue, light is mostly scattered on cells and their membranes. Scattering on a sphere
of any size is described by Mie theory, and Rayleigh scattering is used for Mie scattering on
particles much smaller than the wavelength of light. In tissue, both Mie and Rayleigh theory
are used to describe scattering; the dependence of scattering on wavelength is summarised by a

combination of both:

500(m) )0 i) (L) . (3.5)

(2) = [ i 500(nm)

Equation (3.5) describes the wavelength dependence of scattering in terms of the separate con-
tributions of each type of scattering at the reference wavelength 500 nm. «' is just a scaling
factor, @’ = ! (500 nm). The first part of the equation, @’ fray(1/500 nm)~* accounts for Rayleigh
scattering and the second part, a’'(1 — fRay)(A/SOO nm)~2ie accounts for Mie scattering, by, is
scattering power describing the wavelength dependence of the process. fray, @’ and bye can be
experimentally measured and vary for different tissue types [104].

The wavelength dependence of scattering can be described by a simpler exponential relation-
ship:

w(a) = a(s()())(“m))b (3.6)

where a is a scaling factor and is equal to p, at the normalising reference wavelength, which is
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500 nm, but can be arbitrary. b, the scattering power, describes the wavelength dependence. As
both Eq. (3.5) & (3.6) are equally good for routine prediction of tissue scattering for use in pre-
dicting light diffusion behaviour withing 400—1300 nm, either can be used [104]. Additionally, as
the relationship between A and p) visually appears linear in the NIR [107], a linear approximation

can be used as an alternative to Eq. (3.6):

W) =dA+b. 3.7)

Figure 3.2 shows the comparison of the linear and exponential models of the wavelength depen-
dence of scattering based on measurements of p, at 690 nm and 820 nm. Both models give a

similar estimate and start diverging at longer wavelengths past 850 nm.
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Figure 3.2: The comparison of a linear, Eq. (3.7), and exponential model, Eq. (3.6), of scattering. The two
pink data points are {1] measured in a neonate [108].

3.1.3 Beer-Lambert law

NIRS is based on quantifying the intensity change of light travelling through tissue which is caused
both by absorption and scattering. Attenuation is defined as the ratio of the incident I to transmit-

ted / intensity of a light beam travelling a distance d through an attenuating medium:

I
A =log,, (;’) : (3.8)

where Iy = I(d = 0). Reflectance R is used to describe the fraction of the incident light that has

been reflected :

R=—. 3.9)
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If the beam travels through a purely scattering medium, the intensity loss is described by an expo-
nential decrease:

I = Iyexp(—ud). (3.10)

In the case of absorption, a similar relationship to Eq. (3.10) is used to describe the attenuation
due to absorption of light with intensity /Iy travelling through a purely absorbing medium, the
Lambert-Bouguer law:

I = Ipexp(—uqd). 3.11)

The Lambert-Bouguer law can be also expressed in terms of k, Eq. (3.2) as:
[=1107%, (3.12)

For a non-scattering medium, the combination of attenuation, Eq. (3.8), with Eq. (3.12) and (3.3)
gives the Beer-Lambert law:

I
A=log,, (10> = kd = gcd. (3.13)

This law states that attenuation is directly proportional to chromophore concentration in the
medium. It can be applied to a non-scattering medium containing several different chromophores,

their contributions can be summed:

A=Y gicud, (3.14)
n

where g, and ¢, are the specific extinction coefficient and the chromophore concentration of the

nth chromophore [109].

3.2 Differential spectroscopy with CW NIRS

The aim of NIRS is to measure concentrations, or concentration changes over time, of HbO, and
HHb as a way of assessing tissue oxygenation through illumination of the tissue with near-infrared
light. The work described in this thesis is focused on measurements in which light with a non-
changing intensity constantly illuminates tissue and light that travels through the tissue is detector
on the surface. These measurements are called continuous-wave, CW NIRS. Other modes of
illumination and detection will be described in later sections.

CW systems use a modified version of the Beer-Lambert law, Eq. (3.14), to link light intensity
to chromophore concentration. In contrast to the Beer-Lambert law, which does not account for

scattering, the modified Beer-Lambert law (MBLL) (Eq. 3.15) includes two extra terms: G, an
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unknown wavelength-dependent term representing light losses due to scattering, and DPF, the
dimensionless differential pathlength factor that accounts for pathlength increases due to multiple

scattering in a diffuse medium. DPF has been measured for many different tissue types [110].
A=Y €, dDPF +G (3.15)
n

The MBLL assumes homogeneous tissue and no time variations in the scattering properties of the
medium and concentrations of other chromophores so that detected light intensity fluctuations can
be attributed solely to haemoglobin concentration changes.

The unknown term G prevents calculating absolute chromophore concentrations from light
attenuation using MBLL. Therefore, most CW systems measure only temporal concentration
changes Ac from attenuation changes AA during the measurement period and assume that G at
all wavelengths stays constant : Gy, (1) = Gy (%2) [109].

In order to resolve for absorption by HbO, and HHb, measurements at at least two wave-
lengths A; are necessary. The wavelengths to recover haemoglobin are in the NIR range and

typically chosen either side of the isosbestic point (Figure 3.1). The aim is to solve Eq. 3.16:

I

J

Io;..
Ay, =logyg <j> = €yyp 2, CHH 1, ADPF + €410, 3,CHp0, 2,dDPF + Gy . (3.16)
Measurements at two times 71 and 5; AAy = A; j(12) - A ;(t1) give:
AA;, = egnp 2, Ay 2, dDPF + €410, 4,M¢Hb0,,dDPF + G, (12) — Gy, (1h). (3.17)

Looking at only the change of concentrations allows to not account for other tissue chromophores,
as their concentrations are assumed constant. In the case of two wavelengths and assuming no

change in scattering losses over time (G, (t1) = Gy (12)) yields:

AA;, Eunba  EHLOL A | | ACHHD
'"| =dDPF o > , (3.18)
AA,, EHHbA  EHPOL A | | ACHDO,
with the solution
1
Achmp 1 EHHbA,  EHDOY A AA,,
= , (3.19)
AcHpo, EHHb A EHDOL A AA,,
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which gives the concentration changes of oxyhaemoglobin cpp0, and deoxyhaemoglobin cypy

between #; and 1,.

3.2.1 Broadband CW NIRS

The use of only two wavelengths is sufficient to resolve changes in HbO, and HHb, as their
absorption spectra are distinct and the concentrations of these chromophores are high in tissue.
In theory, adding a third wavelength would enable monitoring of a third chromophore, denoted
as X. However, some chromophores of interest are present at much lower concentrations than
haemoglobin and can lack distinct spectral features, which makes them difficult to detect. Exam-
ples are ICG or CCO, tracking its oxidised state (0xCCO) is used as a marker of cell metabolism.
The absorption spectrum features a broad peak and it is difficult to resolve for its concentration
changes using only a small number of wavelengths; however, if a broadband spectrum is used
in NIRS, the spectral changes due to this third, less concentrated chromophore can be accurately
resolved [20, 111, 112]. The matrix representation of bNIRS applying n wavelengths to measure
chromophores HbO,, HHb and X is a variation of Eq. 3.19 :

- 4 -1 - -

EgHp A, EHPOL A, EX.M AAy,
Achmp
1 |€uHbpe €HDOL2,  EX o AA,,
Achvo, | = 4p , . . . (3.20)
ACX
|EnmbA,  EHVO A, Ex2.|  [AAa,

bNIRS is not only used for the measurement of chromophore concentration changes through
the MBLL. The main advantage of bNIRS is that the collection of broadband spectra yields more
information about tissue as one can observe absorption peaks of individual chromophores, giving
the option to measure additional quantities. Absolute measurements with bNIRS will be further

discussed later in this chapter.

3.3 NIRS instrumentation

The main components of a basic NIRS system are a light source and a detector; the system can
have several source-detector pairs to cover multiple brain regions at once. The light source and
detector can be either small and be placed directly on the skin or can be connected to the skin
using optical fibers. The systems usually operate in reflectance mode; with the probes holding
light sources and detectors placed on the examined tissue. Monitoring of the frontal lobe through

the forehead is a popular solution as it avoids signal loss due to hair in the way. Systems with
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many measurement channels (light source-detector pairs) are also available for the imaging of
the whole head. The distance between the source and detector is related to the depth of light
penetration; the light that reaches the detector travels an elliptical path, increasing source-detector
distances enables deeper light penetration but bigger intensity losses. It is key to find a compromise
between required detected intensity, preventing tissue damage from optical power and sufficient
depth penetration. For adults, commonly used source-detector distances are around 3 cm, which
enable imaging up to a depth of 2 cm and can provide information about the oxygenation of grey
matter [102]. The light source of choice depends on the applied wavelengths; some instruments
use only a few wavelengths, other use broadband sources with tens to hundreds of wavelengths.
The sources can be laser diodes, lasers, light-emitting diodes (LEDs) or white light sources, such
as halogen lamps. The emitted light is delivered to the tissue, travels through the skull and is
collected by the detector or detector fibres. It is then measured by a charge-coupled device (CCD)
camera or photodiode [111].

The attenuation of the light travelling through tissue depends on the optical properties of the
illuminated tissue. The Beer-Lambert law, Eq. (3.14), presents a way of quantifying chromophore
concentration changes by measuring the attenuation of light over time. However, as it holds only
in a non-scattering medium, it cannot be directly used in NIRS; more complex techniques have
been developed to measure optical properties of a diffuse medium. NIRS systems are divided into
three main categories based on the length of illumination of the monitored tissue, detection mode
and the data analysis.

Time resolved (TR) NIRS (Figure 3.3a) is a complex method able to measure optical proper-
ties of a medium and use these to obtain absolute values of chromophore concentrations, generally
HbO; and HHb. An ultrashort (= 100 ps) pulse of light is emitted into tissue and is attenuated
by absorption and broadened by scattering. The distribution of the photon arrival times (the time
point spread function of the light passed through the tissue) is measured and saved in the form
of a histogram of number of photons and their arrival time [113]. The optical properties of the
medium (the transport scattering coefficient p!, the absorption coefficient i, and also the length
of the photon path) are calculated from the time response function. It is also possible to selectively
target different depths of tissue by time gating the signal, only collecting photons arriving after
a certain time, as photons travelling through deeper tissue take longer to arrive [114]. TR NIRS
is the most informative NIRS technology but also the most complex one [115], its commercial

availability is limited.
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Frequency domain (FD) (Figure 3.3b) NIRS, also called phase modulation/intensity modu-
lated spectroscopy is a Fourier domain equivalent of TR measurements. An intensity modulated
(50 MHz to 1 GHz) light wave passes through tissue and emerges with a phase shift caused by
light attenuation in tissue. The phase shift contains information about the time of flight. Scan-
ning through all frequencies is required to obtain the same information as from TR NIRS. If a
system measures at only one frequency, the use of a multidistance setup with two or more light
source-detector separations (SDS) can yield information about the tissue oxygenation [114, 115].

CW (Figure 3.3c) systems emit light at a constant intensity and measure only the intensity
change of the light emerging from tissue. The systems are thus simpler than FD and TR systems
and do not generally measure absolute optical properties of tissue, most applications measure
only changes of chromophore concentrations using the MBLL. The simplicity of CW systems
makes them desirable for commercial application and several data analysis techniques have been
developed to allow absolute quantification of optical properties. These will be discussed in the

next section.
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Figure 3.3: Schematic of the three NIRS detection modes. (a) TD NIRS mode, an ultra-short light impulse
is shined onto the tissue and the broadened and attenuated re-emitted pulse is measured after
passing through the tissue. (b) FD NIRS, a modulated continuous light source is shined onto
the tissues and phase shift A¢ of the emerging attenuated light is measured. (c) CW NIRS, a
continuous light is shined onto the tissues and the attenuated re-emitted light is measured. (d)
Representation of the photon path in tissues for each technique. S: source, D: detector. Taken
from [114].
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3.4 Absolute measurements with continuous-wave NIRS

The primary application of CW NIRS is the measurement of chromophore concentration changes
with differential spectroscopy; these starts from an arbitrary zero baseline and are used for trend
monitoring. Absolute NIRS measurements allow a quantification of absolute optical properties
and an immediate assessment of the monitored tissue haemodynamics.

Absolute optical measurements are more complicated requiring complex NIRS setups. Two
main problems need to be taken into account when designing instrumentation for absolute mea-

surements [112]:

» Multiple scattering events in biological tissue makes estimation of u, more difficult than
similar measurements in a non-scattering medium in a standard analytical spectroscopy set-

ting.

* Tissue contains other chromophores than just haemoglobin and those contribute to the over-
all absorption. While their concentrations are assumed constant during NIRS trend mea-

surements, this is no longer relevant when quantifying absolute absorption.

The means of dealing with these problems differ among systems. FD and TR NIRS apply ad-
vanced engineering solutions to separate scattering and absorption directly and often account for
additional chromophores, mostly water [104]. In CW NIRS, separation of scattering and ab-
sorption is challenging and many different algorithms have been developed to obtain an absolute
assessment of tissue optical properties.

Data analysis algorithms are based on diffusion theory, which models the propagation of
light in biological tissue. The next section of this chapter provides a brief introduction to diffusion

theory followed by an overview of methods of absolute CW NIRS measurements.

3.4.1 Radiative transfer equation and the diffusion equation
The radiative transfer equation, RTE, is an analytical model of the propagation of electromagnetic
waves in an attenuating medium. It is essentially an expression of the conservation of energy,
describing the changes of radiance L(7, §,) due to attenuation, and its simplified versions are used
to model light propagation in tissue in NIRS.

Spectral radiance L, is the energy flow per unit normal area per unit solid angle per unit time
per unit temporal frequency bandwidth, where the normal area is perpendicular to the direction

of the flow. Radiance L(7,$,t) is the spectral radiance integrated over a narrow frequency range
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(v, v+ Av), where 7 is the position, § is the unit direction vector,  is time;
L(7,8,t) = L,(¥,$,t)Av. (3.21)
Fluence rate @ is the energy flow per unit area per unit time regardless of the direction of the flow:

(F,t) = 47rL(?, 5,1)dQ, (3.22)

where dQ is a differential solid angle element. Current density J is the net energy flow per unit

area per unit time:

J(7,1) = / SL(7,5,1)dQ. (3.23)
4r
Based on these quantities, the RTE for L(7,$,) travelling through an infinitesimal volume at the
speed of light c is:

10L(7,$,¢ N N
(;;S’) = —8§-VL(7,8,1) = WL(7,3,1) + S(7,8,1) + ks | L(7,s',0)P(s'-§)dQ'.  (3.24)
c 4

P is a phase function describing the probability of light travelling with direction s being scattered
in the direction §. S is additional power injected into the volume and L, is the total attenuation
coefficient equal to the sum of the absorption coefficient u, and the scattering coefficient i, [116].

The RTE consists of 5 main terms:

. %aLgt’SA’I) is the change in radiance in a short time ¢ caused by the following events:

* —§-VL(7) is the net inflow of light entering or leaving the volume.

o —u,L(7,$,1) is the intensity loss due to attenuation.

* S(7,8,1) is additional light being injected into the volume.

W [ L(7,8',1)P(s - §)dQ’ is light scattered into direction § from direction s'.

Solving the RTE analytically is complicated; it can be simplified by applying the diffusion ap-
proximation, which assumes that the radiance in a medium with much stronger scattering than
absorption, W) > u,, is nearly isotropic after sufficient scattering [106]. The probability of scat-
tering in biological tissue is much higher than absorption and diffusion theory is used to model

light propagation.
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3.4.1.1 Derivation of the diffusion equation
Functions defined over the sphere can be represented on the basis of spherical harmonics, an infi-
nite set of harmonic functions [117]. Expanding radiance through first order spherical harmonics

Yo.m» Eq. (3.25), leads to the diffusion equation.

1 n

LFESO~ Y Y Lim(F1)Yam(3), (3.25)

n=0m=—n

where L, ,, are the expansion coefficients and the term for n = 0 and m = O represents the isotropic
component of radiance, the term for n = 1 and m = 0,%1 represent the anisotropic component [106].
Approximating radiance as almost isotropic with one isotropic and one first-order anisotropic term
yields

1 3

L(7,§,1) = @) + Ef(?,t)f. (3.26)

Substituting Eq. (3.26) into the RTE, Eq. (3.24), assuming an isotropic light source and integrating

over the full 47 gives
dD(7,1)
cot

+ 1, ®(7,1) + VI (1) = S(7,1). (3.27)

Fluence rate can be regarded as a measure of concentration and the diffusion of photons in a
scattering medium as the movement of photons down concentration gradients [118]. Fick’s law,

Eq. (3.28) states that the current density J| (7,¢) down a concentration gradient is:
J(#,1) = —DV®(7,1). (3.28)

The constant D is the diffusion coefficient,

1
D=— . (3.29)
3(Ua + 1)

Applying Fick’s law; substituting Eq.(3.28) in Eq. (3.27) yields the diffusion equation

dP(#1)

o T Ha®(F, 1)~ VDYE(F. 1) = S(7.1). (3.30)

Two approximations were made: radiance was approximated only in first order harmonics and
that the fractional change in current density in one transport mean free path is small. Both can be
translated into a single condition u; > u, to achieve a diffuse medium.

When light enters a medium, the fluence rate does not peak on the surface, but at a distance
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slightly beneath it, due to photons being backscattered at the boundary and contributing to the
fluence rate. This region is of the order of about two to three transport mean free paths (~ 3 mm in

biological tissue with g/ =~ 1 mm~!) and the diffusion equation does not apply in this region [119].

3.4.1.2 Solutions to the diffusion equation

The solution to the diffusion equations depends on the type of medium the light is travelling
through. For the majority of applications in NIRS, biological tissue is considered a homogeneous,
semi-infinite slab. Taking the layered structure of the human head into account, with tissue, skull,
cerebrospinal fluid and then the layers of the brain itself, this assumption could lead to inaccura-
cies. Tissue inhomogenities become particularly important when they occur on a greater spatial
scale than the distance over which the photon direction is randomised (given by the transport mean
free path, around 1 mm in most tissue). Measurements at SDS of 15-40 mm have shown that if
the shallow layer is thin, ~ 4 mm, the optical properties recovered with homogeneous models
are representative of the deeper layer, whereas they are representative of the shallow layer if it is
thicker than ~ 13 mm [120]. As the extracerebral layers in neonates are thin (the skull thickness
is 1.5-2.5 mm [52]), the use of a homogeneous model is sufficient. However, the thickness of
adult extracerebral layers often exceeds 1 cm [121], heterogenenous models can be considered for
a more precise measurement. The use of models applying two- [122, 123, 124, 125, 126] or three-
layer [127] geometries has been demonstrated but the practical application remains challenging, as
some a-priori information about the layers is required. The work described in this thesis is focused
on neonatal application, the model applied is the semi-infinite homogeneous medium slab model.
While the layered structure can be simplified, the homogeneous slab model introduces a
different type of error in neonatal NIRS measurements - the curvature of the neonatal skull is the
dominant source of errors when recovering absorption [121]. Fortunately, the effect of the head
curvature have been found to be minimal when recovering tissue oxygenation StO; [128].
Solving the diffusion equation requires a selection of boundary conditions, which constrain
the possible distribution of photons in the medium. The aim is to obtain a solution to the diffusion
equation that is equal to the solution to the RTE in the asymptotic region. While different types
of boundary conditions with varying complexity can be used [129, 130], two particular types are
used most commonly in NIRS: the zero boundary (ZBC) and extrapolated boundary conditions
(EBO).
Zero boundary conditions

ZBC are the most simple and approximate conditions, used in many NIRS applications [25]. The
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average fluence rate is set equal to zero at the physical boundary, ¢(p,z = 0) = 0 [130, 131].
While not physically correct as this situation does not account for the reflection of photons at the
boundary, it is a simple expression that can be rapidly evaluated. Zero fluence rate at the boundary
is achieved by placing the light source inside the medium, at a distance zo = (t, + /)~ and by
placing a negative image source at —zg, Figure 3.4. Solving the diffusion equation for a semi-
infinite homogeneous medium with these boundary conditions illuminated by a continuous-wave

light source leads to a reflectance Rzp at a distance from the light source p [109, 132]:

20 1
Rzpc(p) = W(;‘f’.ﬂeff)e)q’(_“eff”l)y (3.31)
1

where 17 = z5 + p? and .7y is the effective attenuation coefficient; iers = v/3ta(la + 1L)-
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Figure 3.4: Source and image configuration for two types of boundary conditions, ZBC and EBC. In the
case of ZBC, the negative image source is placed at a distance -z, z; is zero. For EBC, z;, is
given by Eq. (3.32).

Extrapolated boundary conditions

EBC state that the fluence rate equals zero at a point outside of the medium, the extrapolated
boundary, placed at —z;. This provides much more accurate estimates of the fluence in the medium
near a boundary than ZBC [130]. A point source is placed at zy and a negative source at —zg — 2z,
where 7, is:

“JIap, (3.32)

ip = T———
1 —Reyy
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where R,y is the fraction of photons that is diffusely reflected at the boundary. It was calculated
that for the refractive index of biological tissue n = 1.4, R,y = 0.493 [116, 133]. D is the diffusion
coefficient; D = 1/[3(u, + 1!)]. Solving the diffusion equation for a semi-infinite, homogeneous

medium yields reflectance Rgp from a continuous-wave light source:

1 1\ exp(—Hersry) 1\ exp(—Hesra)
Repe(p) = pp [zo (Hefer ;)—rz LEALYANE (ZO+21b)(Neff+ E)irz i }, (3.33)
1 2

where r% = z% +p?and r% = (20 +22)% +p? [134].
For most applications, using ZBC is sufficiently precise; it introduces large errors close to the
light source but is a sufficiently good approximation for biological tissues. Using EBC improves

the model of light transport for a more precise measurement [116, 131, 134].

3.4.2 Broadband spectral analysis with CW NIRS

One of the earliest absolute measurements obtained with CW NIRS was the measurement of
DPF with the use of broadband spectra and evaluating the features corresponding to tissue chro-
mophores.

Water is an important tissue chromophore, its absorption is much weaker than haemoglobin
within 650-900 nm but it does contribute to the overall attenuation as it is present at high concen-
trations. Water lacks any significant spectral features in the optical window, but it is possible to
emphasise them through obtaining a second spectral derivative of the spectrum. Figure 3.5 shows
how features in the absorption spectra of the chromophores become much more apparent through
differentiation.

The use of the water absorption spectrum to quantify the differential pathlength factor DPF,
defined in Eq. (3.15), was introduced by Matcher and colleagues [135]. The method is based on
measuring the amplitude of water spectral absorption features and relating them to DPF': as DPF
exceeds d (the distance travelled through a absorbing medium) by a factor of three to six, also
the amplitudes of the spectral features of absorbers increase by the same factor [135]. It is hence
possible to relate the amplitude of water features to DPF' thanks to the concentrations of water in
tissue being generally stable and known [136]. An issue in measuring the amplitude of spectral
features is that an in vivo spectrum has an arbitrary baseline offset caused by scattering losses
and also system photometry. It can be overcome by performing a differential analysis; the use of
spectral derivatives removes optode surface-tissue contact artifacts and baseline offsets [135, 137,

138].
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Figure 3.5: The extinction spectra of haemoglobin and water and their second spectral derivative. The spe-
cific extinction coefficient of water was multiplied by 10° to make its features more apparent.
Extinction spectra measured by Wray et al. (1998) [136].

As seen in Figure 3.5, the second derivative water spectrum for water has three distinctive
features which can be used for the estimation of DPF: a large 950 nm feature and smaller, yet for
high DPF visible, features at 730 nm and 820 nm. The 820 nm H,O feature is most suitable for
analysis, as the 730 nm feature is hidden by the larger HHb features in that region and the 950 nm
feature does not show water concentration accurately as absorption is higher and scattering lower
at this wavelength. To obtain the DPF, the height of the water peak at 820 nm is measured and
compared to the size of the water peak in a non-scattering medium. Combining the ratio of these
amplitudes with the concentration of water in the solutions gives the DPF [135].

The method was further developed to also calculate the absolute concentrations on
HHb [137]. Next to the amplitude of the water feature, the amplitude of the 760 nm Hb fea-

ture is also measured. As the concentration of water is known, one can calculate the concentration
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of HHb from the amplitude ratio. HbO, is not included in the analysis as the second spectral
differential spectrum has no significant features (Figure 3.5). Additionally, if the method is com-
bined with another measurement of blood volume (total haemoglobin HbT concentration), one
can calculate oxyhaemoglobin concentrations. The main drawback of this method is that it is
based on a homogeneous medium, the accuracy relies on the knowledge of water concentration

and wavelength-dependent effects of scattering are not accounted for.

3.4.3 Tissue oxygen saturation measurements
Measurements of chromophore concentration changes in a clinical setting is used for regional
oxygenation trend monitoring. A desirable improvement of NIRS monitoring is the addition of an
absolute measurement of the oxygenation of tissue.

NIRS systems to measure absolute cypp and cupp, require advanced engineering solutions
to account for scattering and absorption. Therefore, an index which does not require knowledge

of absolute 1, and ! is used, StO,, defined as the ratio of cypo, and crpp.

CHbOy o 100% = 292 5 100%, (3.34)

StO, =
CHHb + CHbO, CTHb

where crp) 1s total haemoglobin concentration. St0; is a measurement of oxygen saturation SO»,
the amount of O, bound to haemoglobin relative to the maximal amount of O, that can be bound
to haemoglobin. It is of great clinical interest, as it can inform on the balance between oxygen
supply and demand.

Several different methods to measure StO, have been developed. Two different engineering

setups are mostly used for the measurement:

 Single-distance measurements: these methods apply one light source-detector pair (as in a
standard MBLL setup) to obtain a measure of StO,. They can benefit from a broadband
approach, similarly to the absolute measurements of DPF and cyp;, described previously,
the individual features of chromophores visible in a broadband spectrum can be identified.
The measured spectra can be directly compared to a theoretical model of the spectrum from

diffusion theory, leading to the quantification of St0;.

* Multidistance measurement: instead of using just one detector, at least two light source-
detector pairs are used. The detectors are placed at different SDS from the light source.
Attenuation or reflectance is measured at each distance; the multidistance setup allows for

the quantification of the change of the quantity over distance; the slope. The benefit of this
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approach is that it decreases the contamination of the signal from extracerebral layer contri-
butions [100]. As light travels through tissue from the light source towards the detectors at
multiple distances p, it shines through the superficial (extracerebral) layers and the deeper
tissue layers (brain), before emerging at the surface and being detected. The depth of pen-
etration increases with p, the contribution of the extracerebral tissue signal is considered
equal at all separations. The contribution of the extracerebral layers can be cancelled out,
leaving a measurement of the attenuation slope with signal from the deep tissue, Figure 3.6.

This slope is then used to calculate StO;.
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Figure 3.6: Diagram of a multidistance NIRS approach. Light emitted from the light source (left) travels
through the outer layer and the inner layer in tissue before reaching the two detectors (right).
The contribution of the outer layer is considered equal at both distances, hence cancels out
when measuring the slope of light attenuation/reflectance against distance.

Table 3.1 shows a summary of different CW NIRS measurement methods developed for the mea-
surement of St0,. While a few algorithms used in commercial systems are included, most manu-
facturer’s algorithms are not published. Out of the main published algorithms to recover StO,, two
have been selected to be used in this work, spatially resolved spectroscopy (SRS) and broadband

fitting (BF). The application of the algorithms to multidistance broadband NIRS data is explored
in Chapters 6 and 7.
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3.4.4 Spatially resolved spectroscopy

SRS is a multidistance approach based on the solution to the diffusion equation with ZBC. ZBC

reflectance is defined in Eq. (3.31); and for large detectors spacings, where p? >> Z%, is equal to:

exp(_.ueffp)

R = ZoMe .
srs(P) = 20Meff 2702 (3.35)
Attenuation A can be calculated from Eq. (3.35) and Eq. (3.8):
1
A=-1 R =— In(R .
0g0(R(p)) In(10) n(R(p)), (3.36)
leading to
Asps = — [Wﬁp+2mp—m‘m”f (3.37)
In(10) 2n

By making the assumption that p, + u! & p, (typically valid in human tissue [108]) and differen-

tiating Eq. (3.37) with respect to p, we obtain the slope of attenuation against distance:

A 1 2
55_m0®<3wm+5) (3.38)

The attenuation derivative is measured through the multidistance approach. First, attenuation for
each detector is calculated as the logarithm of the ratio of the initial intensity /y and the measured
intensity I:

=logg IIO (3.39)

8A

Secondly, the slope of attenuation with respect to distance 4~ is approximated by fitting the rela-

tionship between SDS and attenuation with a linear relationshlp.
To quantify u!, the linear dependence of scattering on wavelength, u! = alA + b, is used
and written in the form of u, = ksgs(1 —hA). h is the normalised slope of u; along A and was

1

experimentally measured to be 2 = 0.00063 mm~'nm~" in the adult head [112, 25]. The scattering

assumption applied to Eq. (3.38) introduces a scaled ksgs i,

2
dA(L) 2)) (3.40)

ksrsta(A) = (l—lhk)< (10)7—5

leading to a scaled concentration of oxy- and deoxyhaemoglobin obtained by measuring attenua-
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tion at at least two wavelengths;

ksrsta a, €HHbA  EHLOL A | | KSRSCHED

—In(10) , (3.41)
ksrsHa,z, EHHbA  EHLOL A, | | KSRSCHDO,
with the solution
~1
ksrscHHD :1 (110) €gnb,  €HLO, M ki, 2, ‘ (3.42)
ksrscrbo, n €4Hb ),  EHDO> N ki 2,

The authors of SRS refer to their measure of StO; as the tissue oxygenation index, TOI, which is

equal to StO; [25]:

ksrscHpo CHbO
S T 100% = /22

TOI =
ksrsCHpT CHT

x 100% = St0,. (3.43)

3.4.5 Broadband fitting

The broadband, single distance algorithm to measure StO; has no official name yet; it has been
referred to as "hyperspectral NIRS" [139]. Such terminology can lead to confusion with other
hyperspectral imaging methods [140], it is hence referred to as broadband fitting (BF) in this
work.

BF uses a model of light propagation in a semi-infinite homogeneous medium. Such model
selection is suitable for the use of BF to recover StO, from measurements in the neonatal head,
where signal contamination from extracerebral tissue is small at SDS of 3 cm and above [121].
Reflectance obtained from the solution to the diffusion equation obtained with EBC, Rgpc, is in
Eq. (3.33) and is characterised in terms of p, and p!. The aim of the algorithm is to recover
the optical properties of the illuminated tissue through the comparison of the model Rgpc to the
measured broadband reflectance Rj;. The measured reflectance is calculated from the measured

signal, the reference spectrum and dark noise:

( signal, — dark;, )

Ry = (3.44)

reference) — dark)

The dependence of the model on the optical properties of the medium is described in terms of the
effective attenuation coefficient Lo rr, Uerr = \/3Ma(la + 1}). The comparison of the model to the
measured data is obtained through least-squares fitting, where u, and p, are iteratively updated

until the difference between the two data sets is minimised.
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The updates of p, and p, are achieved through the optimisation of 5 different fitting parame-
ters: water fraction WF, cypo,, Crup, @ and b, originating from the definitions of y; and p,.

U, is calculated from the concentrations of the chromophores HHb, HbO, and water. While
additional compounds absorb light in the BF wavelength range (650-850 nm), their contribution

is weaker than the absorption by water and haemoglobin [141].

Ha(A) = cHbo, b0, (A) + cpCmp(A) + WF lay () (3.45)

where « is the specific absorption coefficient. The relationship between u, and wavelengths A is
described by the exponential approximation to Mie scattering normalised at a selected wavelength,

usually 500 nm, 800 nm or 1000 nm [104]:

b
i) =a( ) (3.46)

wavelength

where a is the scattering amplitude and equal to p at the selected normalisation wavelength,
wavelength; b is scattering power.

The optimisation routine is performed in the first and second spectral derivative space to
emphasise absorption features of the individual chromophores. The fitting procedure is split into

three steps to target individual spectral features of the chromophores [142]:

%R

1. WF is found by fitting the second derivative of R, 573,

between 825 and 850 nm, in the

range of prominent water absorption features.

2. After fixing the found water fraction WF, cyyp is found by fitting % between 700 and

800 nm, as this range has a distinct 760 nm HHb feature.

3. For the last step, cypp is also set constant and cyp0,, a and b are determined from fitting the

first spectral derivative of R, g—f, 680 to 845 nm.

Oxygenation is then expressed in terms of tissue oxygen saturation StO;:

CHbO,

StOy = x 100%. (3.47)

CHHb + CHbO,
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3.5 Summary

Near-infrared spectroscopy measurements of haemoglobin concentration are based on the relative
transparency of light in the near-infrared region. Continuous-wave systems emit light continuously
into tissue, and the reflected light is collected in a detector on the tissue surface. The fluctuations
in the signal are attributed to the changes in the concentrations of oxygenated and deoxygenated
haemoglobin, or other chromophores of interest, offering a simple and non-invasive way of real-
time measurements of oxygen delivery.

Absolute measurements of tissue oxygenation are the subject of cerebral oximetry. It mea-
sures an indicator of tissue saturation, StO;, a relative measurement of oxygenated haemoglobin
concentration and informs on the balance between cerebral oxygen supply and demand. Many
different algorithms to measure StO, with CW NIRS have been developed. They are based on the
approximation of light transport in tissue with the diffusion equation, and are able to account for
scattering losses. A popular setup is the use of multidistance measurements of light attenuation to

decrease the influence of superficial tissue layers on the measurement, and quantify StO;.
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Chapter 4

Cerebral oximetry: application in neonatal care

The measurement of oxygenation StO; in the brain with NIRS, cerebral oximetry, is used in the
clinical care to detect hypoxia. The following chapter describes the establishment of StO, in
intensive care and the various challenges which hinder its spread among units; later sections focus
on the application in the NICU. The last section includes a review of clinical SO, measurements

in neonates with brain injury.

4.1 Cerebral oximetry in the intensive care

Brain oximetry is used in the critical care for the detection of hypoxia and hyperoxia; the aim is
to deepen the clinician’s understanding of brain physiology and pathophysiology and guide the
development of injury management strategies to prevent severe brain injury. Brain injury can
occur during surgery or in the postoperative period; cerebral oximetry has been applied in cardiac
surgery, pediatric surgery, traumatic brain injury, carotid endarterectomy and other situations [4,
149]. Cerebral oximetry is also suitable for the use in the NICU for monitoring of preterm and full
term infants; several complications can lead to issues with cerebral oxygen supply in the neonatal
brain, such as birth injuries and congenital malformation [103]. Cerebral oximetry in term infants
with brain injury is the focus of this work.

Standard methods currently used to assess cerebral haemodynamics include jugular venous
oximetry, trans-cranial Doppler or EEG. However, jugular venous oximetry is invasive and can
miss regional pathologies and trans-cranial Doppler and EEG are difficult to operate. Thus, cere-
bral oximetry is currently the only simple to use, non-invasive method of cerebral oxygenation
monitoring and has the potential to be the answer to the demand for a real-time bedside cerebral
haemodynamic monitoring tool providing data from several brain regions simultaneously [150].
Another advantage is its portability and relatively low cost. Neonates are a particularly interesting

subject for NIRS as light attenuation in the thin skull is weaker and there are fewer issues with
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probe/tissue contact due to hair.

4.1.1 Establishing cerebral oximetry in the neonatal care

Cerebral oximetry can be used as a trend monitor in neonatal brain injury and can provide clinically
important information to guide treatment [5]. It is still far from being a perfect monitoring tool - the
development of all physiological monitors is driven by the need for an "ideal" clinical tool, which
would be a monitor that provides a continuous or easily repeatable measurement of reliable and
reproducible regional and global functional data in real-time and non-invasively [151]. Cerebral
oximetry does not fulfil all these needs, neither does any other currently used neurological monitor.
However, the main reason why cerebral oximetry is suitable for neonatal monitoring is that it
allows measurement for extended periods of time without disturbing the infants and can be easily
combined with other monitoring modalities.

The application of near-infrared spectroscopy in neonates has been first published in 1985
in a study by Brazy et al., who demonstrated bedside monitoring of haemoglobin and CCO con-
centration changes in preterm infants [2]. Significant correlation between central venous oxygen
saturation and StO; in children has been shown in a study by Nagdyman et al. [152], who also com-
pared StO; to jugular bulb oxygenation SO, in children a year later and found significant corre-
lation [153]. In a different study, NIRS was used to monitor venous oxygen saturation in mechani-
cally ventilated paediatric patients and validated against invasively measured blood samples [154].
These studies demonstrate that even though there are still many issues in cerebral oximetry waiting
to be resolved; using StO, trend monitors can yield important clinical information and cerebral
oximetry is being nowadays used in the neonatal intensive care, e.g. in preterm care, neonatal
surgery, during respiratory support, ductal surgery or red blood cell transfusion [155, 156, 157].

A recent (2018) worldwide survey conducted across 235 NICUs showed that only 85 (36%)
owned a NIRS device for research or clinical application. The majority of those units did not
use NIRS on a regular basis. The main reasons for not using/purchasing NIRS was the lack of
research evidence, cost and no clinical advantages. Most units without access to NIRS did not
plan to obtain a system [7]. The survey shows that more clinical evidence showing benefits of
NIRS is needed and that there are many challenges facing cerebral oximetry and hindering it from

spreading among clinics.
4.1.2 Challenges

Cerebral oximetry techniques have been in development since the 1990s; some challenges remain

unsolved and prevent it from reaching its potential as a self-sufficient clinical monitor. These
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include a lack of standardisation leading to differences in readings of different oximeters, setting
reference ranges and poor precision and sensitivity of the measurements.

4.1.2.1 Physiological background of StO,

Cerebral oximetry measures the oxygenation of a unknown mixture of venules, arterioles and
capillaries (mostly under 100 um, rarely above 200 tum in diameter [158, 159]) in the tissue un-
derneath the sensor, the measured value of StO; is an average of the oxygenation of the illuminated
tissue. St0, is a simple assessment of the complex underlying physiology influenced by various
physiological processes, such as changes in pressure, partial pressure of carbon dioxide, cerebral
blood flow or oxygen extraction. For a simplified illustration of the volume interrogated by tissue
oximetry, St0; is determined by SaO,, volumes of arterial and venous blood V, and V,, CBF,
CMRO,, the oxygen capacity of blood defined by haemoglobin concentration cy;, and the oxygen

binding capacity of haemoglobin ky;, (1.306 mL of oxygen/g of haemoglobin) [10]:

v, CMRO,
St05 = Sa0s — 100% 4.1
2T T X CBE ek “.D

The arterial:venous volume ratio is not known. During instrument validation, an assumption of the
arterial:venous volume ratio to approximate the influence of the saturations of the individual com-
partments is used. However, given the various layers of different tissue types illuminated; the ratio
varies by measurement location, inter-subject and also during pathology and other physiological
processes [4, 10].

Multiple studies have explored whether StO, can be used as a surrogate measurement of
Sv0,. While the correlation is usually statistically significant due to the oximeter calibration and
the venous drainage anatomy and physiology, the slope of the relationship has been repeatedly
shown to be below 0.5 with wide limits of agreement [159].

The relationship between SaO; and cerebral StO; is affected by the presence of autoregula-
tion. The main difference between the two quantities is that SaO, captures global oxygenation,
while St0, measures regional oxygenation. If changes in SaO, occur, the corresponding fluctu-
ations of cerebral StO; are reduced because of autoregulation [98]. Wolf et al. [160] measured
SpO; and StO, in preterm neonates while repeatedly inducing SpO;, changes in the range 99—
85%. StO, correlated with SpO» but the change in StO, was by mean 3.3% smaller [160]. Hunter
et al. [98] evaluated the correlation between StO, and SaO; measured with a blood gas analyser
in stable preterm infants and found no correlation. It is likely that no correlation was found as the

infants have likely developed cerebral autoregulation by the time the study was conducted [98]
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and the small changes in SaO, did not affect StO;.

The complex physiological background of the StO, signal illustrates the difficulty of using
StO, as a standalone description of cerebral haemodynamics and it is up to the clinician to interpret
the value. Different processes can lead to the same response in St0;. An example can be arterial
vasodilation or venous passive contraction, which both result in an increase in StO;. The response
of the signal to these events can however differ at the limits of cerebral autoregulation (described
in section 2.2.1). In some cases, pathophysiologies might occur and yet be invisible to the StO,
signal; e.g. during cerebral blood flow interruption in brain cell death, metabolism decreases
but the venous compartment can be supplied with oxygenated blood from extracerebral tissue,
thus maintaining StO, within the normal range [103]. Pathologies can lead to change in optical
properties of the medium and assumptions in algorithms calculating StO; may no longer hold; it is
unclear how stable the SRS algorithm is during processes such as hypothermia or hypovolemia [4].

The use of an in-house developed broadband NIRS system in this application was beneficial
as it not only gave the opportunity to use a broadband NIRS system and recover additional infor-
mation about the optical properties of the tissue but also ensured transparency of data collection
without any instrument calibration assumptions, as present in commercial NIRS systems [22], and
update the hardware as needed. As various physiological and pathological processes can lead to
a change in St0;, it is common in research to compare the measurement to a different, standard
cardiovascular dynamics monitoring technique. StO; is often compared to perfusion CT or xenon
enhanced CT, cerebral perfusion pressure, partial pressure of oxygen in extracellular fluid in the
brain, transcranial Doppler or Lac/NAA [103, 161]. Nevertheless, more information is needed

about the sensitivity and specificity in detecting true alterations in the oxygenation of the tissue.
4.1.2.2 Validation

Many studies have explored the potential of tissue oximetry to be used in the intensive care and
help with diagnosis or treatment planning [4]. The disadvantage of these studies is a lack of
uniformity regarding protocol, site and devices, leading to inhomogeneous results. As the St0»
signal is an average of the oxygenation of the illuminated tissue and the individual components
are unknown, validation of the measurement is challenging. The use of a validation technique is
crucial for standardisation of different instruments and measurement techniques. Currently, there
are two proposed means of validation: phantom measurements and in vivo validation.

Optical phantoms are objects that mimic the optical properties of biological tissue and are

used for evaluating the performance of NIRS devices, their advantages are adjustable optical prop-
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erties and low variation [162, 163]. Phantoms can be either solid (e.g. out of resin) or liquid (e.g.
filled with blood) and can match the scattering and absorption properties of tissue over broad
wavelength ranges. Dynamic phantoms have the advantage of changing optical properties, they
can simulate saturation/desaturation of tissue [164, 165]. Another alternative to dynamic phantoms
is the use of 3D printed phantoms for the performance assessment of oximeters [166].

In an effort to standardise instrument performance assessments and allow for reliable system
comparison, three measurement protocols, which use solid phantoms as standardised assessment
tools, have been developed. The basic instrumental performance (BIP) protocol [167] is focused
on the characterisation of an instrument without a measuring object. It has been primarily de-
veloped for use in TR NIRS and assesses parameters not used in CW systems, such as shape of
the response function or nonlinearity of timing electronics. The MEDPHOT protocol [168] has
been designed to define procedures applicable to all NIRS instruments and to characterise them
in terms of measurement results and key features. The measurements use 32 optical phantoms
with different p, and pu, and evaluates the accuracy, linearity, noise, stability and reproducibil-
ity of the system. The nEUROPt protocol [169] has been designed to assess the ability of the
systems to detect, localise and quantify changes in optical properties in tissue. Using a solid phan-
tom with a movable inclusion with different optical properties allows to test the depth sensitivity
and resolution of the systems. It has been primarily designed for the use in TR systems but can
be applied with other modalities too. To show the advantage of using the three protocols and to
demonstrate the need for standardisation, a recent study of 10 different NIRS instruments from
7 institutions applied the BIP, MEDPHOT and nEUROPt protocols to TR, FD and CW systems,
including CYRIL [170].

The comparison of instruments can be also achieved through simultaneous measurements
with different devices on one phantom, as demonstrated with a homogeneous blood-lipid phantom
with changeable oxygenation [163], also in two-layer blood phantoms, where the first, solid layer
simulates the optical properties of the neonatal skin and skull, and the second layer is liquid,
simulates the brain and has adjustable optical properties [8, 165]. The studies also present linear
conversions from the readings of one oximeter to a different one for comparison and suggest the
use of such phantoms for the characterisation of oximeters [165].

The use of phantoms as a mean of direct validation of the quality of the StO, measure is not
standardised yet; phantoms can not be used as direct validation of the quality of the StO, measure

as oximeters can respond differently to phantom measurements than to in vivo human studies due
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to background optical properties [171]. A different approach is to use a weighted blood reference;
taking invasive samples of arterial blood and venous blood (arterial blood can be taken from the
radial artery, venous blood from the jugular bulb) and measuring their saturation while the sub-
ject is being monitored with an oximeter. These studies are generally performed in healthy adults
or patients requiring a jugular catheter. Such measurements are challenging in neonates and are
hence not representative of the whole population. StO, measures combined oxygenation from
arteries, veins and capillaries, instruments use an arterial-venous ratio to account for the different
influence of each component, Eq. (4.1). Various ratios of jugular bulb saturation SjO; and arterial
oxygen saturation SaO; are used for the calculation of St0, as commercial systems use different
assumptions. INVOS (Medtronic, USA) studies use a 75:25 Sj0,:Sa0;, ratio [172, 173, 174];
other studies use a 70:30 Sj0,:Sa0, ratio [171, 175, 176, 177]. Many in vivo NIRS validation
studies have been performed but it is not possible to draw any firm conclusions, as the studies
are very heterogeneous and apply different protocols. They showed poor measurement precision,
suggesting that NIRS estimates local tissue oxygenation, whereas the blood samples reflect re-
gional oxygenation. The studies also showed an oxygenation level-dependent bias, the difference
between StO, and the reference increased with decrease of saturation [10]. The invasiveness of
the measurement and the uncertainty of the arterial-venous ratio, which can also change with lo-
cation, pathology and over time and does not account for the differences between subjects, are
among the disadvantages of in vivo validation [165, 178]. Additionally, as it is not possible to
induce deep hypoxia in healthy adults (SaO, below ~ 50-70% can be dangerous), the validity of
pathological StO, readings cannot be assessed, in contrast to liquid phantoms, which can be fully

oxy- or deoxygenated (S0, reference ranges are discussed later in this chapter).

4.1.2.3 Inhomogeneous oximeter readings

A major concern is the difference in the readings of various oximeters due to the lack in standardi-
sation protocols. Multiple studies demonstrated disparities in studies collected in vivo: Komiyama
et al. [179] compared the performance of two SRS oximeters, NIRO 300 (Hamamatsu, Japan)
and OM-200 (Shimadzu Corporation, Japan) during arterial occlusion and found significant cor-
relation between muscle oxygen saturation measurements at rest but significant differences during
arterial occlusion. Oxygen saturation measured with NIRO 300 was compared to regional cerebral
oxygen saturation measured with INVOS 5100 (Medtronic, USA) during hyperoxia and hypoxia
in Thavasothy et al. [180], showing similar values, but large inter- and intra-individual differences

between the readings of the two monitors. Differences caused by using sensors either for adult
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or neonatal/paediatric use from the same manufacturer in the same subject were found in other
studies, with the neonatal readings being 10—15% higher [181, 182]. Hessel et al. [183] used two
different oximeters in their study in term infants, INVOS 5100C with the OxyAlert neonatal sen-
sor and FORE-SIGHT (Casmed, USA) with the Small Dual sensor. The authors report difference
between the readings, up to 20% in the area of low oxygenation. Schneider et al. [184] compared
the performance of 4 different oximeters in measurements in preterm infants, concluding that there
are significant differences between readings of NIRO 200 (Hamamatsu, Japan), INVOS 5100C,
FORE-SIGHT and SenSmart X-100 (Nonin, USA).

Vascular occlusions of the human arm offer an uncomplicated mean of performing a con-
trolled rapid tissue oxygenation changes. Hyttel-Sorensen et al. [185] used the NIRO 300 and
200NX, the INVOS 5100 and OxyPrem systems and used them simultaneously on the forearm
during a cuff occlusion. The results showed similar StO, between NIRO 200NX and the INVOS
system, and a different NIRO 300 reading. The OxyPrem had a significantly lower dynamic range
and a lower mean StO;. Another cuff occlusion study used the INVOS 5100C, FORE-SIGHT
and Nonin EQUANOX (Nonin, USA); INVOS gave significantly higher steady state results than
FORE-SIGHT and EQUANOX had a steep decline in StO,. The results indicated that good re-
peatability came at the expense of low oxygenation sensitivity [186]. Steenhaut et al. [187] com-
pared NIRO 200NX, INVOS 5100C and FORE-SIGHT systems in a vascular occlusion test and
concluded that the speed of response between the instruments varied. Additionally, the instruments
were used in a MBLL mode and a StO, mode, and it has been shown that MBLL responded to
oxygenation changes more promptly than SrO, measurements. Such inter-instrument differences
highlight that inhomogeneous readings are also caused by the algorithms used to analyse the raw
data.

The use of phantoms offers a more controlled environment and is suitable for the comparison
of systems. Hyttel-Sorensen et al. [163] compared multiple oximetry systems on a dynamic phan-
tom and showed differences between the INVOS 5100C with an adult and an paediatric sensor,
the NIRO 300 and the OxyPrem, an in-house designed system. Bigger differences were observed
in lower saturations, pair-wise comparison showed simple linear relations. A similar study has
been conducted by Kleiser et al. [8, 165]: 5 different systems were tested on a two-layer phantom
in two different studies (OxyPrem, NIRO 200NX, FORE-SIGHT ELITE, SenSmart X-100 and
OxiplexTS (ISS, USA) as reference). The differences particularly in low saturation regions and

the presence of linear relationships between the instrument readings were confirmed.
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The potential causes for the disparities are different engineering techniques of the devices,
signal processing and algorithms. It has been shown that the assumptions of brain water content
affect StO, [188], the selection of extinction spectra [189], and the selection of how to account for
absorption in StO; measurements affects the results too [190]. Other causes of bias and variability
can be partially caused by assumptions of tissue homogeneity and layer thickness, unaccounted
chromophores, the impact of venous and arterial blood volume, and systemic bias such as skin
pigmentation or gender [8, 112, 178, 180, 191]. To conclude, the studies suggest that the abso-
lute measurements are currently not sufficiently precise for oximetry to be used as a stand-alone

assessment of tissue oxygenation but that the devices can be used as trend monitors.

4.1.2.4 Influence of extracerebral layers

One of the most important challenges in NIRS is that emitted light travels through several extrac-
erebral layers before it eventually reaches the tissue of interest, the brain. Figure 4.1 shows the
different tissue layers illuminated in a multidistance cerebral oximetry setup; in adults, light has
to travel through more than 1 cm of extracerebral tissue before reaching the brain. All these layers

contribute to the measured StO, signal.

Light Emitter

Frontal Sinus

Light Detector (Near/Shallow)

Superior Sagittal Sinus

Meninges and Cerebrospinal Fluid
(dura mater, arachnoid mater, and pia mater)

Cerebral Cortex

Scalp

(skin, connective tissue, epicranial
aponeurosis, loose areolar tissue,
and pericranium)

Figure 4.1: Axial cross-section diagram of a multidistance oximetry measurement. Emitted light travels in
a curvilinear path and travels through different tissue layers before reaching the brain; StO; is
the average oxygenation of the illuminated area. Taken from [159], reproduced with permission
of Elsevier.

FD and TR systems are capable of distinguishing between extracerebral and brain signal
components [192, 193] and CW systems can use multidistance setups to obtain a more brain-
specific signal. The multidistance approach to CW oximetry measurements has been developed
to minimise the impact of the extra-cerebral layer by using a detector close to the light source
and at least one further away [100]. The light reaching the detector further away travels through

deeper layers than the proximal detector while the extra-cerebral signal component is the same;
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the influence of the extra-cerebral layer can be subtracted from the distal measurement. Several
variations of this technique are commercially used with different SDS. However, studies in healthy
adult volunteers have shown that the extra-cerebral signal reduces the brain-signal specificity of
multidistance NIRS measurements [9, 194]. Commercial systems use other algorithms that should
decrease the impact of extracranial signal components but a study conducted with INVOS 5100C,
FORE-SIGHT and the Nonin EQUANOX on healthy adult volunteers showed that all systems
were affected by the extracranial signal component to different extents [9].

Some StO, calculation algorithms do not apply any superficial signal subtraction so a strong
influence of the superficial layer is expected. To overcome this, light transport models can be
extended to the solution of the diffusion equation for a semi-infinite two-layer medium [125].
However, this is not necessary in the case of monitoring infants: the neonatal skin and skull
are very thin (around 5 mm [108]) and the influence of the extra-cranial signal component is
small [120, 121].

Another way of overcoming the contamination of the signal with extracranial components is
removal of superficial signals in post-processing, which is common in differential spectroscopy. A
short separation channel (~ 5-10 mm) collects data only from superficial layers, while light from
a long separation channel (~ 30-50 mm) travels deeper in tissue. The haemoglobin concentration
changes collected with the short separation channel can be removed from the long separation
channel in post-processing [195]. The optimal short separation distance is 8.4 mm in a typical
adult and only 2.15 mm in a neonate [196]. The short separation for neonates poses an engineering
challenge because of the high collected light intensity and the required miniaturisation of the

patient-end of the system.

4.1.2.5 Precision

Precision refers to the agreement between repeated measurements and consists both of repeata-
bility and reproducibility. Repeatability is the variability in repeated measurements in identical
circumstances, reproducibility accounts for repeated measurements with changed circumstances,
for example, change of observer or instrument. While results in research come from measure-
ment averages, treatment decisions in clinical practise are often based on single measurements,
hence, high precision is desired in clinical care. A reasonable precision to aim for is 2-3%, which
corresponds to the spontaneous variability over time in stable patients [197].

Dullenkopf et al. [181] measured the precision of the NIRO 300 and the INVOS 5100 in

anaesthetised children; the precision of NIRO 300 was 6.1% for 4 cm interoptode distance and
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7.8% for 5 cm. Precision of INVOS 5100 of a paediatric sensor was worse than with the adult
sensor, 4.7% and 6.1%, respectively. Sorensen et al. [198] investigated the precision of NIRO
300 in premature infants and measured the precision of a single measurement of StO; to be 5.2%,
insufficient for clinical use. Arri et al. [199] found that the precision of StO, measurements with
the OxiplexTS decreased with the increase of tissue homogeneity from 11% to 2% in term infants
and also in preterm infants, from 5.6% to 4.6%. Hyttel-Sorensen et al. [185] measured the repro-
ducibility of 4 devices, INVOS 5100, 5.4%; NIRO 200NX, 4.4%, NIRO 300, 4.1% and OxyPrem,
2.7%. The precision of OxyPrem was improved to 1.85% in Kleiser et al. [12] study through the
removal of systemic physiological fluctuations, which could be the major cause of variation be-
tween repeated StO0, measurements [12, 200]. Hyttel-Sorensen and colleagues account the lack
of reproducibility of cerebral oximetry to optical heterogeneity. They have also pointed out that
studies, where sensors are repositioned at different sites show similar results to studies where the
probes are placed on the same site [185]. More research is needed to understand the true reason
for the variation in SO, measurements, which can also be subject-dependent. Until precision is
improved in all clinical oximeters, it is suggested that in order to compensate for the lack of pre-
cision in cerebral oximetry measurements, StO; should be used mainly as a trend monitor and the

absolute value should not be a standalone indicator of the patient’s haemodynamics [197].
4.1.2.6 Reference ranges

The advantage of having a reading that gives an absolute value of regional oxygenation is that
it would give a immediate assessment of the wellbeing of the patient. However, inter-individual
differences in oxygen saturation and the dynamic error of readings are a major limitation of present
cerebral oximetry as it is difficult to set SO, intervention thresholds, which would guide the
treatment.

Reference ranges allow for an immediate assessment of the patients health by comparing
the measured value to the published ranges. StO, reference ranges for healthy full term neonates
immediately after birth were measured in 354 term infants with an INVOS 5100 [201] and also in a
smaller cohort of 140 term infants with a NIRO 200NX [202]. Reference ranges are also available
for preterm infants, measured in a large cohort (999 infants) with the INVOS 4100/5100 [203].
Intervention thresholds are used to assess the severity of hypoxia and to warn the clinician. These
can vary among systems. The INVOS 7100 intervention guidelines by the manufacturer suggest
that a normal range is 58-82%, the intervention threshold occurs at a 20% change from baseline

or when St0; is below 50%, critical thresholds are at 25% difference from baseline or absolute
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values below 40% [204].

Tomlin et al. [11] used three different oximeters on 10 healthy adult volunteers and induced
hypoxia: when SpO; measured with pulse oximetry showed a reading of 70%. Subjects were
simultaneously monitored with the INVOS 5100C and EQUANOX 7600, or INVOS 5100C and
FORE-SIGHT. The percentage change in INVOS readings was more similar to changes in SpO;
than what was measured with FORE-SIGHT and EQUANOX. The threshold of a 10% change
from baseline, considered an early indicator of hypoxia, was reached by all systems in all subjects,
but at different times. While INVOS detected the intervention threshold of 20% in all subjects,
EQUANOX detected it only in one and FORE-SIGHT in none. These results highlight the need
for different intervention thresholds for different instruments and also the differences between
oximeters related to speed of response and sensitivity. The SafeBoosC III clinical trial focused on
demonstrating the feasibility of measuring tissue oximetry in preterm infants used an intervention
threshold of 55% in the INVOS 5100, with normal ranges 55-85% [205]. These values were
linearly transformed to corresponding threshold values for different instrument using the linear
relationships measured in lipid phantoms [8]; e.g. 66% for the FORE-SIGHT system or 61% for
a NIRO [206].

Overall, several aspects of oximetry need to be improved to reliably use reference ranges.
First, reference ranges need to be set for different subject groups based on sufficient sample sizes.
Secondly, while linear transformations can be useful for inter-instrument comparison in a research
setting, it can cause complications in a clinical environment. Additionally, the dynamic response
of all systems should be validated in terms of the instrument range and temporal sensitivity.

Despite the challenges outlined, cerebral oximetry has the potential to become a monitor to
predict outcomes and guide therapy to prevent poor outcomes, as shown in many studies measuring
StO; in a clinical setting to test whether it is a useful indicator of patient wellbeing (described in
following sections). An initiative to demonstrate the potential of cerebral oximetry in neonatal
care are the SafeBoosC clinical trials, focused on the outcomes of NIRS monitoring combined
with a treatment guideline in premature infants. SafeBoosC phase II was a multicentre randomised
clinical trial which enrolled 166 extremely preterm infants. NIRS cerebral monitoring was started
at 3 hours after birth and lasted until 72 hours, the experimental group had visible StO, readings
while the control group was blinded. The experimental group was treated with dedicated treatment
guidelines related to cerebral oximetry readings [205]. The trial has shown that with cerebral

monitoring and a treatment guideline, cerebral oxygenation can be stabilised and the burden of
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hypoxia was reduced to less than half [207]. By the end of 2019, the third phase of the trial
started, aiming to involve 1000+ international patients. The objective is to examine whether it is
possible to reduce the risk of death or severe brain injury at 36 weeks of age from 34% in the
control group to 26% in the patients in the experimental group [208]. If the outcome of these trials
is successful, a combination with the introduction of more validation and standardisation in the

field will hopefully lead to an increased interest in cerebral oximetry in the clinical care.

4.2 Cerebral oximetry in hypoxic-ischaemic encephalopathy

Infants diagnosed with HIE could benefit from cerebral monitoring as this type of neonatal en-
cephalopathy is caused by a failure of sufficient oxygen delivery. Severe cases of HIE can be
accompanied by cerebral hyperoxygenation, abnormally increased perfusion and a lack of cere-
bral autoregulation [15]. In 2004, cerebral oximetry was first applied in HIE patients, the aim was
to evaluate whether StO, is different in healthy neonates compared to injured ones. The authors,
Huang and colleagues [17], found lower oxygenation in HIE infants and a different response to
inhaling oxygen and an abnormal decrease of deoxyhaemoglobin concentration when inhaling
oxygen due to slow blood flow. More studies exploring the potential of cerebral oximetry in HIE
monitoring followed - this section provides an overview of cerebral oximetry measurements in
HIE. Additionally, in order to understand the value of StO, measurements in infants with HIE, a

short summary of cerebral oximetry measurements in healthy neonates is presented first.

4.2.1 StO; in healthy newborns

Measurements in healthy infants are mostly focused on the period following transition and start
very shortly after birth, some follow up the progression of oxygenation during the first days of life.
This timescale matches up with the monitoring of infants with HIE, where the aim is to measure
StO, as soon as possible after birth to catch the therapeutic window.

Most publications report an increase of StO, within the first 10 minutes of life. INVOS
5100 system was the system of choice in most publications, reaching similar values at 2 minutes
of life, between 39% and 42% [201, 209, 210]. This is followed by a steep increase - a higher
StO, at 3 minutes was reported; reaching 44% [211] or 53% [183]. The increase continues over
time, to 69% (5 min) [209], 76% (7 min) [211] and 77% (15 min) [201]. The trend agrees with
studies performed with other oximeters. A value of 77% at 7 minutes was also measured with an
EQUANOX system [212]; and Almaazmi et al. [210] reported a median StO, of 73% at 8 min

with a FORE-SIGHT system. These measurements are similar to StO; collected in healthy adults
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[213].

Some cerebral oximetry studies were performed with multiple oximeters to compare their
results. Simultaneous measurements with an INVOS and FORE-SIGHT report a higher reading
with FORE-SIGHT by 9% at 3 minutes, but only of 4% at 8 minutes [183], highlighting the need
for instrument validation. Ziehenberger et al. [214] measured different values with the NIRO
200NX from the INVOS 5100 in the first minutes of life, 35%, and 50%, respectively. Given the
dramatic increase of oxygenation within a few minutes of life, such a difference could be due to
the differences in the temporal dynamic response of the systems.

Oxygenation keeps evolving even after the first few minutes of life. A change in oxygenation
between 10 and 15 minutes was also reported by Bernal et al. [215], followed by a decrease of
StO, during the first 120 hours after birth. While Hessel et al. [183] measured a decrease in
St0, between day 1 and 2 from 86% to 78% with an INVOS 5100C, FORE-SIGHT measured an
increase of 4% from 82% to 86%.

Franceschini [216] reported no change in oxygenation over a large time window of up to
one year. Reference measurements were collected by Spinelli et al. [108] who measured optical
properties in healthy term neonates with a TR system in a range 6875 % (25th—75th percentile).
The StO, = 75% collected by Arri et al. [199] on day 1 falls within the same range and is a little
lower than St0, = 78% measured by Bailey et al. [217] in healthy term infants within the first two
days. Another reason for different readings might be differences in gestational age of the patients;
Farzam et al. [191] reported an increase of StO, with gestational age.

Overall, oxygenation increases during the first few minutes in healthy term infants. This could
be caused either by an increase in cerebral oxygen delivery or a decrease in oxygen consumption
following transition (section 2.2.3.2); it seems that oxygen supply to the brain is established very
quickly and plateaus after a few minutes. It has been shown that the increase in SpO, takes longer,
suggesting a preference of oxygen supply to the brain compared to the rest of tissue [209].

Oxygenation starts decreasing after around 15 minutes of life, eventually reaching values
reported in adult subjects. The overall decrease of oxygenation in the few days after birth can
be caused by further development of the cerebrovascular tone and changes in chemoreceptor and

baroreceptor control of breathing [215].

4.2.2 StO, in newborns with HIE

HIE is an injury with the speed of progression depending on the severity of the primary hypoxic

insult. It has been the aim of many cerebral oximetry research studies to capture the development
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of the injury and to evaluate whether it is possible to obtain an understanding of the complex un-
derlying pathophysiology just from a brief StO, measurement. This section provides an overview
of published cerebral oximetry measurements in HIE; the aim is to summarise the measurement
conditions and results and to obtain an understanding of the relationship between StO, and the
physiology of HIE.

The literature search was focused on cerebral measurements in term infants diagnosed with
hypoxic brain injury. Different combinations of terms were used for a search in the PubMed

database and gave the following number of results:
* "NIRS" AND "neonatal encephalopathy": 11 articles
* "oxygen saturation" AND "neonate": 260 articles
* "oxygen saturation" AND "therapeutic hypothermia": 46 articles
* "NIRS" AND "therapeutic hypothermia": 23 articles

More studies were found through the references of the articles. Studies that monitored infants
diagnosed with HIE, measured cerebral StO;, used it as a individual biomarker and reported StO;
were included. Studies that enrolled only preterm infants were excluded as the response to brain
injury differs in the immature brain and so were studies monitoring infants with brain injury fol-
lowing surgery. Overall, 28 cerebral oximetry studies in term infants with HIE were included in
this review. Table 4.1 is a summary of all found studies including the patient size, age, time of the
study, used instrument and study result.

The use of oximetry in monitoring of asphyxiated/hypoxic infants has been demonstrated
in several studies. However, the relationship between StO, and severity of brain injury seems

inconsistent.

StO; lower in adverse outcome (1 study)

Huang et al. [17] monitored 16 term infants with HIE within the first few days of life with a
TR system. 16 HIE patients were monitored on day 2, 25 infants in the healthy control group
on days 2 or 3. StO, was significantly lower in HIE infants - 53% in sick infants versus 62% in
healthy subjects. The authors suggest that StO, was lower because all HIE infants had a cerebral
oedema causing intracranial hypertension decreasing the blood flow and increasing the degree of

hypoxia [17].
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StO; higher in adverse outcome (10 studies)

Toet et al. [84] monitored 18 asphyxiated infants and found that SO, increased within 6 to 48
hours of life in infants with an adverse outcome and was also higher than in the favourable outcome
group. St0; did not change significantly in favourable outcome patients. While no difference in
StO, was detected between the two groups within the first 24 hours, StO; of the sick patients
increased on day 2, while it remained stable in the positive outcome group; eventually being
almost 20% lower than in the negative outcome group. A similar pattern in StO, was discovered
by Zaramella et al. [218]. Dehaes et al. [95] monitored 10 term infants with moderate/severe HIE
treated with TH and found a higher StO; in patients undergoing TH than in the control group.
Cerebral oximetry was performed during TH, during rewarming and post-TH, covering a time
range from 6 to 305 hours. Healthy infants were monitored from 13 to 77 hours of life. However,
the authors concluded that StO; is less sensitive to therapy and metabolic disturbances during the
first days of life than other parameters, such as CMRO, [95].

Ancora et al. [219] did not have a healthy control group but measured SO, in infants
with moderate/severe HIE treated with therapeutic hypothermia and found higher StO; values
in neonates with an negative outcome. These findings were similar to Lemmers et al. [220], who
found differences in StO, between adverse and a favourable outcome after day 1.

Higher StO» in moderate/severe HIE was also measured by Jain et al. [18]. The authors
measured StO, for at least 48 hours until 54 hours after birth during TH. The rate of the rise in
St0, increased with injury severity during the first 24-26 hours of life. Higher StO; (over 90%)
in severely injured patients was reported by Arriaga-Redondo et al. [221] compared to moderate
HIE.

A significant increase in St O, within the first days of life was found by Peng et al. [222], who
measured an increase in StO; both in infants with a favourable and an adverse outcome, the latter
group, however, had higher baseline values. The authors suggest that the increase represents the
evolution of brain perfusion and metabolism in asphyxiated newborns during hypothermia, that
the extraction of oxygen is maximal during day 1 and then decreases. Niezen et al. [223] reported
adverse outcome in infants with higher StO, values but only after 48 hours of life.

StO, measured in 11 HIE infants by Nakamura et al. [224] suggest that the timing of mon-
itoring has a significant effect on the prognostic value of StO; - a significantly higher StO, was

found in adverse outcome only at 24 h and 48 h, but not at 6 h and 72 h.
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No difference in StO, (7 studies)

Goeral et al. [225] measured StO; from the onset of TH for 102 hours. The study reports no
difference between favourable and negative outcome; they did find an increase of StO, during
cooling but it was not significantly different from a healthy control StO,. The increase of StO,
shows the influence of hypothermia on cerebral perfusion and metabolism [225]. Similar findings
were reported by Wintermark et al. [226], who found no difference in StO, between moderate and
severe injury, but the increase in StO; over time was more pronounced in severe injury. StO, was
also not related to outcome by Burton et al. [227], Lee et al. [19], Shellhaas et al. [228] and Grant
et al. [229].
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Figure 4.2: Average StO, values reported in neonates with HIE compared to a healthy control or favourable

outcome group. For studies where StO, was reported on multiple days, values measured at 24

h were included. The "=" symbol indicates that there is no difference in StO, between both
groups.

Figure 4.2 shows the average StO, values reported in studies focused on assessing the prog-
nostic value of StO,. Most studies that identified a higher StO, in the adverse outcome group
than in the control/favourable outcome group reached similar baseline values. The StO, in con-
trol/favourable outcome infants are similar to the ranges obtained in healthy subjects, described in
section 4.2.1.

Overall, most studies suggest that StO; is higher in severe HIE and that this difference is more

significant over time [220, 223], an increase in StO, and abnormally high values could be caused
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by a mismatch between perfusion and metabolism; as secondary neuronal injury progresses, cere-
bral metabolism gradually declines and causes an increase of StO;. Such hypothesis agrees with
the findings of Forman [230], who reported an increase of oxygenation during therapeutic hy-
pothermia, but did not compare the sick infants to a control group. Their values measured with
an INVOS system are higher than StO, measurements with the same system in different studies
(e.g. [215, 211]).

Higher StO, in the negative outcome group might be due to the severe injury of the neurons
and consequently a decrease in oxygen utilisation, and to the phenomenon of luxury perfusion,
when perfusion exceeds metabolic demands, increasing cerebral oxygen delivery [222]. The in-
crease of §tO; during treatment in severe HIE has prognostic value but might limit the significance
of cerebral oximetry for diagnosis in the first days of life, as it is not observable until later [223].

Given the contradictory results of other studies, drawing firm conclusions in the patterns of
St0, during HIE is difficult. Many factors affect cerebral haemodynamics creating a variability
in StO, results, including the administration of TH or sedative and anti-epileptic drugs, seizures,
changes in oxygen supply, hypo/hyperventilation and fluctuations in haemoglobin levels [227].

Another contributing factor is the pattern of the injury - MRI has shown that most HIE cases
develop one of two types of injury patterns; watershed injury or basal ganglia/thalamic, the second
pattern leads to a more severe injury [85]. It is possible that the sensitivity of oximetry monitoring
with probe placement on the forehead is affected by injury patterns. A recent study by Tian et
al. [231] has shown that NIRS measurements are sensitive to tissue heterogeneity amongst brain
regions caused by lesions. Cerebral haemodynamics in mild HIE was shown to be heterogeneous
across different brain regions, while cerebral autoregulation remained intact [231].

While some of these factors are outside of the control of the researchers, a certain level of
standardisation could aid the creation of HIE StO, reference ranges. An important step would be
the unification of measurement times, as many studies have shown a change in StO, over time and
the predictive value of cerebral NIRS is time-dependent [223, 225]. Additionally, differences in
the oxygenation of the left and right hemisphere can arise during arterial desaturations [232] or
due to the injury pattern, probe placement should also be unified. Whole-head coverage would be
ideal, but is often not possible due to simultaneous EEG measurements. The differences in cerebral
oximeter readings were already discussed and also highlighted in section 4.2.1, standardisation of
the instruments could improve comparability of study results. However, one has to keep in mind

that HIE is a highly complex injury with different patterns of progression. Using just one mea-
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surement number to understand the intricate patterns of oxygen delivery and metabolism in such
a fragile environment will be prone to misjudgement and more information about the pathology is
required before drawing conclusions. Such steps are supported by multiple studies which looked at
the relationship between SO, and other clinical variables, such as blood pressure, cerebral blood

flow or EEG patterns [233].

4.2.3 Summary

Cerebral oximetry with continuous wave NIRS offers a real time, non-invasive assessment of the
balance between cerebral oxygen supply and demand. While its ability to detect local hypoxia in
the clinical setting has been shown in many studies, the overall benefit of cerebral oximetry in the
clinical care is still subject to thorough scrutiny, particularly due to a lack of standardisation and
reference & intervention ranges.

Cerebral oximetry can be found in the neonatal intensive care and offers an insight into the
patterns of oxygen consumption shortly after birth. In healthy infants, an increase is observed
immediately after delivery as oxygen supply to the brain is established; this plateaus after a few
minutes and does not change significantly in the first few days of life. This progression has been
found to be different in infants with HIE. Many studies have shown an increase of oxygenation
in patients with severe brain injury, as the metabolic demand of neurons during secondary brain
injury decreases. However, the timing of StO, measurements plays a significant role as differences
between the healthy and the injured brain are time-dependent. Additionally, the complex patho-
physiological background of the injury makes interpretation of results challenging; some studies
offer contradictory results regarding the prognostic value of StO; in HIE. The establishment of
cerebral oximetry in neonatal care is hindered by a lack of clinical evidence, oximeter precision

and a standardisation, leading to poor comparison between different instruments and algorithms.
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Chapter 5

Instrumentation and data acquisition

Throughout this project, NIRS data obtained with various means have been used, including data
from computational simulations, optical phantoms and data collected in human subjects. The
following chapter describes the collection methodology for the majority of data in this work and

the NIRS instruments used.

5.1 Instrumentation

All CW NIRS data used in this work was collected with CYRIL, CYtochrome Research Instrument
and appLication, developed by Dr Gemma Bale during her PhD [20]. Designed for the monitoring
of CCO in the neonatal intensive care, CYRIL is a unique imaging system, as it applies a broad-
band wavelength range and allows for a multidistance setup by using 8 different detector optodes,
which are all simultaneously processed on a 2D charge-coupled device (CCD) chip.

The CYRIL system was built in 2013 and some changes to the setup have been introduced
since then. To simplify the timeline of these updates and differentiate between work that was done
before the start of this project and that which was done by me, the system will be mostly referred
to as either CYRIL 1 or CYRIL 2, with the differences outlined below. The setup CYRIL 1 was
designed by Dr Gemma Bale; CYRIL 2 is the updated version to fulfil the requirements of this
PhD project.

5.1.1 CYRIL1

The specific application of CYRIL in the NICU for CCO monitoring placed several requirements

on the design of the instrument, related to safety or practicality:

» Use of a broadband light source to capture the broad spectral peak of oxidised CCO, which

is otherwise difficult to distinguish from haemoglobin, due to the low concentration of CCO.

* The use of low and high-pass light filters either side of the NIR region to minimise heat
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deposition on the fragile neonatal skin and avoid tissue damage from heat.

* Optional second light source to monitor both hemispheres independently by using one light

source with 4 optodes each.

* A multidistance detector set up to measure tissue oxygenation or to allow for the separation
of shallow tissue layer signals. Additionally, the detectors were not in a fixed configuration

to be placed in any desired setup by creating custom probe holders.

* Measurements at 1 Hz for real-time imaging achieved through the use of fibre bundles with

a high numerical aperture and a spectrometer with a high light throughput.

* To make the device MRI compatible, fibre probes were made out of MRI safe plastic. The
fibres were 3 m long to place the device far from the cotside, out of the way of the clinical

staff.

* Electrical safety was assured through the use of an uninterruptible power supply and the use

of an isolation transformer.

The whole setup of CYRIL 1 can be seen in Figure 5.5. The standard set-up of CYRIL 1 was
one light source and 4 detectors per brain hemisphere. The broadband light source was the ORIEL
Fibre Optic [lluminator 77501 (Newport, USA) with a halogen white light bulb. Light filtered with
a 610 nm long-pass and a 950 nm short-pass filter was collected into a custom made 3 m long fibre
bundle (Loptek, Germany) and branched into two fibre heads with a diameter of 2.8 mm. Light
from the tissue surface was collected by 8 detector fibre heads holding fibres of 1 mm diameter
which transported it to the light detection system. The patient end of the detector fibres and the
two light fibres held in a probe holder are shown in Figure 5.1.

At the spectrometer end, the 8 detector fibres were bundled in a metal ferrule in a vertical
arrangement, Figure 5.2. This was coupled to the spectrometer slit, from which light travelled
to the spectrograph, Acton LS785 (Princeton Instruments, USA) which diffracted light with a
grating; spectral range of 136 nm. The wavelength range was selected to be 770-906 nm to
capture the broad CCO peak. The diffracted light was focused at the CCD, a PIXIS 512f camera
(Princeton Instruments, USA), which had a two-dimensional array of 512x512 detector pixels.
The light from the 8 detectors arrived at the CCD in 8 distinct strips and allowed recording data
from all detector fibres simultaneously. The surface of the camera chip was divided into 8 regions

by binning, the counts within the binned regions were summed into individual spectra.
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Figure 5.1: Patient end of CYRIL 1 with 4 detector fibres held in a probe holder and two source fibre heads.
Taken from [111].

Figure 5.2: Input ferrule of the detector fibres at the spectrometer end. Taken from [111].

The patient-end part of the system was designed to be small to comfortably fit on the neonatal
forehead. The light fibre bundle head was 10 mm in diameter and the detector bundle heads
only 5 mm. The design of the light source and detector heads allowed for a custom detector
setup. Depending on the requirements, probe holders were designed and 3D printed. The typically

used detector arrangement was 4 detectors per light source, with the first detector 15 mm from
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the light source and the other detectors placed consecutively, resulting in a setup with 15, 20,
25 and 30 mm SDS (measured from the centre of the fibres). A diagram of the optode setup
on the patient end, with the probe heads held in place in a probe holder, is in Figure 5.3. The
probe holder was designed in AutoDesk Inventor and 3D printed with a rubber-like black material,
TangoBlack FLLX973 combined with VeroWhitePlus. The material was selected to be flexible
to allow for the curvature of the small neonatal head. The probe holder could be redesigned
depending on the needs of the patient; the diagram in Figure 5.3 shows 1 light source with 4
detectors, different probe holders were designed for neonates with smaller heads, with one light
source for all 8 detectors, as seen in Figure 5.4. The probe holder was attached to the skin using
transparent double-sided tape. Figure 5.5 shows the system and the patient end of the system

placed on an HIE patient.

/ 2.8mm 1.0mm \

Light source

Detector 1 (15 mm)
Detector 2 (20 mm)
Detector 3 (25 mm)
Detector 4 (30 mm)

Figure 5.3: Patient end fibre arrangement in the probe holder. Taken from [111], edited.

Figure 5.4: 3D design of the probe holder. This probe holder is designed for the use of one central light
source head with 4 detectors on each side.

The CYRIL 1 system was operated through an interface (a VI, Virtual Instrument) developed in
LabVIEW (National Instruments, USA). The aim was to make the software easy to use so that

clinical personnel could operate the system. The user could change various settings, such as
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Laptop PC

Spectrograph
CCcD
Optical fibres

NIR light source

Uninterruptable
Power Supply
(UPS)

Source fibre

Optode holder

Figure 5.5: CYRIL 1 in the NICU. a) shows the setup with all individual components. b) shows the patient
end, the patient is being monitored with both channels simultaneously. Taken from [111].

exposure and detector separation. The CCD binning was also operated by the LabVIEW interface,
as that changed depending on the camera exposure and placement of the detectors. Figure 5.6
shows the binning region selection interface in LabVIEW. The VI displayed the collected spectra

in real time for immediate quality assessment and calculated concentration changes real-time with
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Figure 5.6: Setting CCD binning on CYRIL 1 in the LabVIEW user environment. The plot shows the
CCD intensity map when only detector 8 is illuminated. Amplitude is in counts per pixel.
The coloured lines, strips, divide the CCD area into discrete regions assigned to individual
detectors. The user selects these strips by moving the lines up or down. Taken from [111].

MBLL and displayed the results; the user could send comments to be saved with a measurement
timing file. The data were saved as spectra of counts against wavelength summed across the
region specified by the binning; the output of the measurement would be a file for each detector
with spectra collected at each exposition. The VI also saved a file with HbO,, HHb, CCO and
THb concentration changes. All files were saved in a .csv format.

The CYRIL 1 setup was used for data collection in UCLH for several years. In early 2018,

the system returned to UCL for maintenance and further development.



5.1. Instrumentation 121

light source detectors

black out fabric poster tube

Figure 5.7: Measurement of reference spectra in a customised poster tube. Taken from [111].

5.1.1.1 Reference spectra collection

A reference spectrum is the measurement of the output spectrum of the light source and is used to
account for the different bin widths of the CCD and as a measure of Iy. The intensity of the light
source through free space with no attenuating medium is recorded. While the reference spectrum
measurement is normally performed in a dark room, a poster tube lined with blackout rubberised
fabric was created to be used as a simulation of a dark room in the hospital. Figure 5.7 shows the
reference spectrum acquisition, in which the light source is placed at one end of the tube, with a
set of 4 detectors from the same channel (1234 or 5678) placed opposite. The reference spectra
were collected at a decreased exposure to prevent saturation of the CCD. The LabVIEW VI had
a button which started a reference spectra measurement and saved the reference spectra in a .csv

format.

5.1.2 CYRIL2

The CYRIL 1 setup was designed for the use in the neonatal intensive care for the measurement
of CCO changes. Once the purpose of the system shifted towards measuring oxygenation with
broadband NIRS, some changes were introduced both to the hardware and software components.
Some improvements to the CYRIL 1 setup were performed already throughout the first placement

in UCLH, other were done for the purposes of this work; indicated where relevant.

5.1.2.1 Hardware changes

One of the difficulties encountered during the clinical measurements at UCLH performed by Dr
Gemma Bale was that while asleep, neonates were often laying on their side and light source

optodes could not be placed on either side of the forehead. Both optodes placed centrally were
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causing crosstalk!, so the light source fibre with two fibre heads was replaced with a optical fibre
with a single head, which was placed centrally between two pairs of 4 detectors (probe holder for
such setup is in Figure 5.4). The original light source was replaced with a more compact source, a
white light source HL-2000-HP (Ocean Optics, USA) with a long 20 W lifetime tungsten halogen
lamp. The broadband spectral range was reduced with a 650 nm long-pass NIR filter. Both the
change to the light fibres and the light source were introduced before the start of this project.

CYRIL 1 was moved back to UCL for preparations for the next session of the Baby Brain
Study, the measurement session performed for the purposes of this work. The new system setup
will be referred to as CYRIL 2. I amended some of the system hardware: a new trolley, a new
probe holder and new hard disk drives for storage were added. All work described from now on
was done by me for the purposes of this project, unless specified.

The system was moved to a new, lockable storage unit. This allowed CYRIL 2 to be left
unattended in the hospital for hours without the need of securing individual components to the
trolley. The tidy appearance also improved the visual impact of the system.

The curvature of the head of the neonates caused the probe holder to lift off on the edges
where the 30 mm detectors were placed. The probe holder design was amended to improve the
contact between the skin and the fibre heads. The sides of the probe holder were widened; allowing
more space for the placement of double sided tape. While keeping the probe holder small enough
to fit on a neonatal forehead, tape could be placed on all four sides of the holder without covering
any of the fibres, improving contact. The separation between the light source and the detectors
remained unchanged; 15, 20, 25 and 30 mm on each side. The probe holders were 3D printed out
of the materials TangoBlack+ and VeroClear. Figure 5.8 shows the new probe holder.

CYRIL 1 data was automatically stored in real time on the laptop PC used to operate the
system. To protect the data in the case of a computer failure, the data collection procedure was
changed. Two external 2 TB hard disk drives were connected to the laptop PC, and data was saved
on both simultaneously during the measurement. This setup would protect the data even in the
case of the failure of one data storage location. The updated system setup CYRIL 2 is displayed

in Figure 5.9. Not all components are visible.

ILight from one channel reaching detectors from the other channel.
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Figure 5.8: CYRIL 2 probe holder with widened sides. The light source is in the middle, with four detectors
on each side.

Laptop PC

External storage

Optical fibres

CCD

Light source

Power supply

Figure 5.9: The CYRIL 2 setup. Note that not all components (e.g. the isolation transformer) are visible.
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5.1.2.2 CCD calibration

The detection range of CYRIL 1, 770-906 nm, was specifically selected to capture the wide CCO
peak with high resolution. However, there are other interesting spectral features of haemoglobin
just outside this range, which could be useful for the measurement of St0,. As seen on the spectra
and their derivatives in Figure 3.5, additional spectral features which could be used in a broadband

measurement of StO, are:
* The 730 nm water peak.
* The 760 nm HHb peak.
» Water features around 900 nm.

Therefore, to use the full potential of the broadband CCD, a new diffractive grating with a wider
spectral range was installed in the spectrograph. The new grating had a spectral range of 207 nm,
and the new spectral range was calibrated to 704-911 nm.

The CCD camera was calibrated to the new wavelength range 704-911 nm in 2016, before
the work on this project started. Once CYRIL returned from the hospital in early 2018, I evaluated
the calibration of the system to ensure that the system’s performance was satisfactory. During
calibration, the relationship between the pixels on the CCD chip in the x-axis and a corresponding
wavelength is assessed. Calibration light sources that emit light at distinct wavelengths are used
for this procedure.

The wavelength resolution of CYRIL 2 was tested by finding the minimum peak-to-peak
separation of the calibration spectra that can be resolved. A calibration neon-argon lamp was used
for the measurement, CAL-2000 (Ocean Optics, USA). The spectral lines of argon cover 704—
911 nm, as seen in Figure 5.10; the length of the lines corresponds to the relative intensity at that
wavelength. Figure 5.11 shows the calibration spectra at two different strips as measured with
CYRIL 2. One strip is measured by detector 2, strip 71, the other by detector 6, strip 334. The
grey lines are the spectral lines of argon. The calibration spectra were taken at an exposure of 1 s
at a slit width of 15 um, the different heights of the peaks correspond to the different intensity of
the argon spectral lines.

The offset between the peaks measured by detector 2 and 6 was likely caused by chromatic
aberation of light passing through the spectrometer lenses and reaching the CCD. The offset be-

tween detector 2 and argon is more prominent than between detector 6 and argon because detector
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Figure 5.10: Spectral lines of argon emitted by a CAL-2000 calibration light source.
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Figure 5.11: Argon spectrum measured with CYRIL. Depicted are spectra measured on strip 71, collected
by detector 2, and strip 334, collected by detector 6.
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6 illuminated pixels closer to the centre of the CCD. The difference in the height of the detectors
2 and 6 peaks was caused by the individual properties of the optical fibres and illumination angle.

As the CCD showed a distinct difference between the 794.82 and 800.62 nm peaks (argon
emission lines in the CYRIL range closest to each other), the wavelength resolution of the system
was below 5.8 nm. To further quantify the wavelength resolution, the full width at half maximum
(FWHM) was calculated for three peaks: 763.51 nm, 794.82 nm and 826.45 nm. FWHM was
calculated by subtracting the noise floor from the measurement and fitting the selected peaks with
a Gaussian curve, which gave the standard deviation o, FWHM = 2v/21n2 o [244]. Results are
in Table 5.1. The resolution is wavelength and CCD strip dependent due to the relative position of

the fibres to the CCD and the intensities of the emitted light.

Table 5.1: The wavelength resolution of CYRIL 2 calculated as the full width at half maximum (FWHM)
of spectra with three different argon peaks. The resolution was measured with two different
detectors, detector 2 (CCD strip 71) and detector 6 (CCD strip 334).

FWHM at wavelength [nm]
Detector | 763.51 | 794.82 826.46
2 3.73 3.66 3.83
6 3.82 3.85 4.19

Additionally, the optical resolution of the system was calculated; it is limited by the resolution
of the individual components and is dependent on the groove density of the diffracting grating, the

width of the spectrograph entrance slit and the size of the CCD chip pixels [111]:

: : spectral range 207 .
D = = —— = 0.40 nm/pixel
ISPErSIOn = imber of pixels 512 HIVPIXES

Resolution = slit width x grating groove density = 0.015 x 600 = 9 pixels, G.D

Optical resolution = dispersion x resolution = 0.40 x 9 = 3.6 nm

The optical resolution of 3.6 nm is smaller than the wavelength resolutions in Table 5.1 because
of the coupling of the fibres to the spectrograph and the alignment of the CCD to the diffracted
light beam. The resolution of the system was considered sufficient as spectral features of the

chromophores of interest (HHb, HbO, and water) occur at a scale larger than 5 nm.
5.1.2.3 CCD data collection
Another issue identified during hospital data collection with CYRIL 1 was the setting of the bin-

ning of the CCD. Correct setting of the binning was important for the collection of high quality

data, as that ensured that even detectors far away from the light source were measuring data with a
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high signal-to-noise ratio (SNR); the sensitivity of a CCD detector strip was increased by widen-
ing the detection area. Widening the detection area too much lead to detector crosstalk. Detector
crosstalk occurred when an area illuminated by light from one detector was covered by a binning
region assigned to a different detector.

In the clinical environment, the setting was often changed as signal was differently attenuated
in individual study subjects and one binning setting could not fit all. One problem that arose rather
often was the saturation of the CCD camera, which was caused by a binning region detecting too
much light, and either the binning strip had to be narrowed or exposure had to be decreased.

The saturation limit of the CCD was determined by the way the CCD was reading the data.
In the CYRIL 1 setup, the data that the CCD sent to LabVIEW were 8 spectra collected at each
time point. The CCD automatically summed the counts in the binning region (wavelength-wise)
into spectra, which were sent to the computer. During readout of the detected counts, all pixels
of the same wavelength within one region were read at once. The benefit was that it caused little
noise, adding readout noise only once per wavelength. However, this batch data acquisition also
meant that the sum of all counts detected by all pixels at the same wavelength in the binned region
could not exceed 65535. This limit was determined by the data storage capabilities of the CCD
and corresponds to the maximum value represented by an unsigned 16-bit binary number. It was
often difficult to set the binning/exposure so that the detectors closest to the light source were
not saturated and the detectors further away had sufficient signal without any crosstalk from other
detectors.

A new CCD data collection approach was proposed for CYRIL 2; instead of collecting the
summed spectra, the individual counts at each pixel were saved at each time point in form of a
CCD snapshot. The spectra were binned and summed manually. The main advantages of such

approach were:
1. No need to set binning individually for each patient.

2. As the CCD read out each pixel individually, the saturation limit applied only pixel wise,

significantly decreasing the probability of detector saturation.
Potential drawbacks had to be addressed; further discussed in the next sections:
1. Need to manually select binning for each subject retrospectively.

2. Significant increase of the amount of data sent to the computer from the CCD, requiring

more storage and potentially creating a bottleneck.
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3. Readout noise added to each pixel.

Readout noise

The background noise levels were much higher in the manual summing spectra approach. In
CYRIL 1, the readout of the CCD followed the direction of the x-axis (wavelength) and per each
step, all pixels in the corresponding binning region (y-axis) were read simultaneously, adding only
one readout noise component per step. In CYRIL 2, each pixel was read individually, hence the
noise component increased with binning width. To overcome this, a background noise measure-
ment was added to the measurement protocol to subtract it from each individual CCD capture.
The measurement was performed with the spectrometer shutter closed for at least ten acquisi-
tions, which were then averaged. Figure 5.12 shows the temporal stability of the background
measurement in one pixel over time. The background noise could be summarised only in a short
measurement; the mean noise value at pixel (250, 250) over 1000 acquisitions was 582.7 counts
with a standard deviation of 3.3 counts. As the signal intensities collected in a tissue simulating
solid phantom with CYRIL 2 at 30 mm exceeded 55 000 counts at maximum (771 nm), the error

caused by averaging the background noise over a shorter period was negligible.
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Figure 5.12: CCD background noise collected in pixel (250, 250) over 1000 acquisitions with the shutter
closed. The solid line is the mean value.

The SNR of the measurement after removing the background level was measured using a
solid tissue phantom (t, = 0.02 mm~! and g/ = 0.9 mm~!). 1000 measurements, 1 s exposure,
with all 8 detectors in a standard setup (4 detectors on each side of the light source, 30-15 mm

SDS) were averaged, noise was given by the standard deviation of the measurements. SNR in
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dB at each pixel was calculated as 10xlog of the fraction of the mean signal and the standard
deviation; the SNR across the whole CCD for each pixel is shown in Figure 5.13. The SNR in the
centre was lower as the detectors were placed further away from the light source, SNR increased
towards the edges of the CCD as SDS decreased.

Summing the spectra further improved the SNR; when binning of a width of 20 across the
pixels with the highest counts for each detector was used, SNR increased up to 1300 for detectors
closest to the light source and to 350 for detectors furthest away. The improvement of the spectra
is shown in Figure 5.14, the spectra are normalised to show the smoothing effect of binning.

Figure 5.15 shows a comparison of spectra of the broadband light source collected with both
CYRIL 1 and CYRIL 2 (binned, post noise-removal). Normalising the spectra with the MATLAB
(MathWorks, MA, USA) function normalize shows that changing the data readout methodology

did not decrease the quality of the spectra.
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Figure 5.13: The pixel-wise SNR across the whole CYRIL CCD measured in a solid tissue phantom over
1000 acquisitions with all 8 detectors.
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Figure 5.14: Spectra collected with Detector 4 at 30 mm separation in a solid tissue phantom with one
individual pixel strip and when 20 strips are binned.
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Figure 5.15: Broadband light source spectra collected with the CYRIL 1 and CYRIL 2 setups at binning
width = 16 with detector 1.

5.1.2.4 New LabVIEW software

A new LabVIEW VI for CYRIL 2 was created to facilitate the CCD data collection change. The
front panel for the user to interact with was similar to the front panel design for CYRIL 1 for ease
of use. The block diagram (the back end of the software) was designed to be readable, easy to
follow and debug. The main difference between the new VI and the old CYRIL 1 VI was how the
CCD sent data to the PC. With the new approach, the CCD sent to the computer snapshots of the
CCD at each time point in the form of a 512 x 512 matrix, where the x-axis was calibrated for

wavelength and the y-axis was used to select detector regions. The VI saved these snapshots in
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the form of .csv files and it also automatically summed pixels in the regions of interest according
to the binning to obtain spectra for a real-time MBLL calculation and display of spectra and
concentrations.

The VI was built for two different uses; for the collection of data, and also for the displaying
of data stored on the PC. When starting the VI, the data collection main setup window appeared,
shown in Figure 5.16. The top section of the window was allocated for the measurement set
up; changing the acquisition rate, file name or sending comments. The user could start and stop
measurements or take individual snapshots of the CCD, which were displayed in the bottom left
plot, amplitude was measured in counts per pixel. The CCD plot was divided into binning regions
in an analogous manner as in the CYRIL 1 VI; the binning could be changed either by dragging
the coloured lines or by rewriting the values in the bottom right table. This binning selection was
only for the MBLL calculations performed real-time within the V1.

The plot on the right side was a y-axis view of the CCD, showing intensity peaks detected
from 8 different fibres and allowing the user to check for detector crosstalk. Important indicators
on the front panel included "Temperature Set?" and "Current Temperature". These checked the
temperature of the CCD as soon as the user started the VI and initiated the cooling, the "Tem-
perature Set?" indicator was red if the CCD was not cool enough. The user could not start mea-
surements until the CCD was cooled down to -70 °C, the VI informed the user of the CCD status
by opening a pop-up window with the text "System ready" and the "Temperature Set?" indicator
turning green.

Once the measurement started, the user could see the spectra in real time in the "Spectra”
tab, Figure 5.17. Concentration changes of HHb, HbO,, CCO and THb at 30 mm SDS across the
whole duration of the measurement were displayed in the "Concentrations: both sides, 30 mm"
tab, shown in Figure 5.18. Concentration changes collected with other detectors were displayed
in the "Channel 1 3", "Channel 2 7", "Channel 3 6" and "Channel 4 5" tabs, where a custom
number of data points was displayed.

The CYRIL 2 measurement could be stopped any time with the "Stop measurement" button.
For each measurement, a folder was created at the beginning of the measurement, called what
the user specified in the field "File name". CCD snapshots, summed spectra for each detector,
calculated concentration changes and a time file with measurement timings and comments were
saved in real time in the form of .csv files.

The VI could also be used for the displaying of data collected with CYRIL. The measurement
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Figure 5.16: The data collection window of the CYRIL 2 VI. The VI informed the user that CYRIL was
ready by changing the "Temperature Set?" indicator from red to green. The front panel was
used to start/stop the measurement, collect CCD snapshots (single capture), set the file name,
the DPF, the acquisition rate of the measurement and SDS. Comments could be also sent to
be saved real-time. The CCD tab showed the default binning setting, which could be adjusted
either by dragging the lines on the plot of the CCD or by updating the values in the table. An
y-axis view of the CCD at 760 nm was shown to assess detector crosstalk.

of intensity was shown as counts over time at one wavelength. To see more than just the time trend
over one wavelength, hovering the cursor over the plot showed the broadband spectrum at each

time point; as seen in Figure 5.19.
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Figure 5.17: CYRIL 2 VI spectra display. Spectra summed according to the default binning setting were
displayed for each detector. These spectra included readout noise for each pixel row.
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Figure 5.18: CYRIL 2 VI concentration calculated from data collected at 30 mm with detectors 4 and 5.
MBLL was applied to spectra summed according to the default binning selection. In this tab,
concentration changes from the start of the measurement were displayed.
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Figure 5.19: Example intensity data collected with CYRIL retrospectively viewed in the CYRIL 2 VL
Moving the cursor across the plot of counts against time displayed the corresponding spectrum
below.

Binning selection

Predefined CCD binning values were used in the VI. These were selected to have the least
crosstalk from other detectors. To evaluate detectors crosstalk and find suitable binning settings,
images of the CCD were taken when illuminated by each detector individually. The detectors

were placed on a tissue-mimicking phantom 15 mm apart from the light source, exposure was
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set to 0.1 s. The phantom was a homogeneous slab with the optical properties t, = 0.02 mm~!

and u/ = 0.9 mm~!. The 8 different CCD snapshots were then displayed in one plot of counts at
750 nm against pixel number, Figure 5.20. The 8 coloured peaks correspond to 8 detectors. Bin-

ning was then set to cover a region 20 pixels wide on the maximum of the peak, where crosstalk

was minimal.
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Figure 5.20: Detected counts against y-axis pixels for all 8 detectors when each detector illuminated indi-
vidually placed on a tissue-mimicking phantom.

Data storage

A disadvantage of the new CCD data storage approach was the immense increase of data stored.
While the size of 1000 measurements at an acquisition rate of 1 s with the old setup was only
3 MB, the equivalent measurement with the CCD snapshot approach was ~ 1 GB. To deal with
this amount of data, measurements were saved in real time on external hard disk drives with a
memory of 2 TB each. While a USB 3.1 connection was fast enough to write data on the disks in
real time, the bottleneck of the setup was the data readout, slightly increasing the acquisition rate
specified by the user, a 1 Hz measurement was collected at about 0.95 Hz.

The differences between the VI used in CYRIL 1 and the new VI used in CYRIL 2 are

summarised in Table 5.2. Figure 5.21 shows the steps of CYRIL 2 data collection with the new

VL
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Figure 5.21: Flowchart summarising the process of CYRIL 2 data collection with the new VI.
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Table 5.2: Differences between the original VI used in CYRIL 1 and a new version developed for the use

in CYRIL 2.
CYRIL 1VI CYRIL 2 VI
Temperature check No Before measurement start
Data readout Across binning region, saves spectra Pixel-wise, saves whole CCD
Noise reduction Less readout noise No

Real-time data display Spectra and conc. changes Spectra and conc. changes

Load data No Display saved .csv files

Data storage On PC, one folder 2 external storage drives
Storage requirements Faster readout, less data Slower readout, more data

5.1.2.5 Reference spectra

The collection of reference spectra with CYRIL 2 was performed in the same manner as for
CYRIL 1. A benefit of measuring the reference across the whole CCD was that it could be used
for any binning setting and the clinical team did not have to collect a reference spectrum for each
binning setup.

The use of a reference tube for the collection of reference spectra was validated with a dark
room measurement. Spectra collected at an exposure of 0.1 s in a dark room and with the cus-
tomised reference tube are in Figure 5.22. All spectra were normalised at 750 nm. 5 measurements
were repeated for each mode; for the dark room, the position of the detector relative to the light
source was changed. The detector was taken out of the detector holder in the tube measurements
and put back in place in the holder. Figure 5.22a shows a slight offset between the two averaged
spectra. This offset could be caused by the lower repeatability of the dark room measurement.

Comparing Figure 5.22b to Figure 5.22¢ shows that the repeatability of the poster tube mea-
surement was higher; small differences between the 5 spectra collected in the dark room are vis-
ible, particularly in the 850 nm region. The dark room measurement was less repeatable because
the positioning of the detectors to the light source was not fixed, which can cause uneven illumi-
nation. Overall, the customised poster tube was considered suitable for the collection of reference

spectra and was used throughout this work.
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(c) 5 repeated measurements of reference spectra in a customised poster tube, normalised at 750 nm.

Figure 5.22: Reference spectra collected in a dark room and a customised poster tube.
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5.1.3 TR NIRS MAESTROS

The second NIRS system used in this work was a TR system. As TR systems can measure L,
and p! directly, it was used during phantom studies to obtain a reference to compare CYRIL
to. MAESTROS (Metabolism and hAemoglobin Evaluation via a Spectroscopic Time Resolved
Optical System) was developed in-house at UCL [245, 113] and operated by Dr Frédéric Lange,
who also analysed the data and provided g/, chromophore concentrations and St0,. MAESTROS
(shown in Figure 5.23) was designed to monitor cypp, Capo, and coxccos; its performance was
assessed using the BIP and nEUROPt protocols and in optical phantoms [113].

The MAESTROS light source was a supercontinuum laser with 16 wavelengths. The individ-
ual wavelengths (selected between 780 and 900 nm) were tuned using a dual acousto-optic filter,
splitting the initial light pulse into two beams. The light travelled via optical fibres to the sample
(tissue). The reflected light was collected by up to four detectors placed at the desired SDS, which
was 3 cm for phantom measurements in this work. The beam travelled through optical attenuators
which adjusted the signal dynamics, and then reached a photomultiplier tube. The signal from
the photomultiplier tube continued to a time correlated photon counting card, which measured the
temporal point spread function of the detected pulse.

The acousto-optic filter wavelength selection was very fast; signal at each wavelength was
acquired sequentially for 20 to 50 ms. The measurement was repeated several times and summed
to obtain a good photon count. The fast switching enabled MAESTROS to run at a speed from 0.5

to 2 Hz depending on the number of wavelengths used [113].

5.2 NIRFAST simulations

NIRFAST (Near Infrared Fluorescence and Spectral Tomography) [23, 24] is an open-source soft-
ware toolbox for MATLAB for multimodal optical imaging. It simulates the propagation of light
in biological tissue; originally designed for the modelling of breast tissue with diffuse optical
tomography, it can be used for single and multiwavelength spectral modelling and image recon-
struction. NIRFAST also has the capability to combine measured data with 3D models to recover
chromophore concentrations. In this work, NIRFAST was used to generate multiwavelength spec-
tral data from CW NIRS multidistance measurements in a neonate. The aim was to obtain data
simulating various NIRS measurement situations and to use this data to assess the performance
of different StO, calculation algorithms. The benefits of using NIRFAST for performance assess-
ment include the knowledge of the true value of the optical properties and the possibility to test

the influence of ECT on the recovered StO>.
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Figure 5.23: The MAESTROS system from the front (left) and the rear (right) side. Taken from [113].

NIRFAST uses a model of light transport in a turbid medium, the diffusion equation
(Eq. (3.30)) applied with an air-tissue boundary represented by a index-mismatched type III con-
dition (called Robin or mixed boundary condition), which assumes there are no photons coming
into the object through the boundary unless they enter at the source position? [129]. NIRFAST
applies the model in the volume (mesh) using the finite element method (FEM). In FEM, the mesh
is subdivided into small elements connected at nodes. The diffusion equation is expressed as a
system of linear algebraic equations, the fluence is approximated in each point. The light source is
a Gaussian distributed source, assumed to be spherically isotropic and when centred one transport
scattering distance (1/u}) within the outer boundary, the simulation accurately reflects experimen-
tal data [24]. In a generalised forward model, when used for CW NIRS, the user provides NIR-
FAST with a mesh with nodes and elements, assigns optical properties and light source/detector
placements. The output of the forward model is intensity spectra with counts at each wavelength

detected at each detector.

2Type 11l boundary conditions are more general than zero/extrapolated boundary conditions (both are type I, Dirich-
let), but also more complex [132, 246].
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5.2.1 Mesh

The mesh used for the simulation was created by Brigadoi et al. [247], who generated a series of
meshes from MRI images of neonates of different gestational ages. The benefit of the models is
that the MRI images were segmented and the resulting meshes have several tissue layers, giving the
user the option to define optical properties individually for each layer: extracerebral tissue (ECT),
cerebrospinal fluid (CSF), grey matter (GM), white matter (WM), cerebellum and brainstem. The
layered structure of the mesh is shown in Figure 5.24. The 40-week GA model was selected as
a representation of a full term neonate’s head. The composition of the model was 26.5% ECT,
24.8% CSF, 25.7% GM, 18.9% WM, 0.8% brainstem and 3.3% cerebellum. (The majority of
ECT is in the bottom part of the model and was not illuminated during the simulation.)

The meshes were in a mesh-based Monte Carlo (MMC) format, different from the mesh
structure required for NIRFAST. A MMC mesh is saved in three different files; a mesh with the
element and nodes, a data file containing the individual optical properties of the layers, and an
input file specifying the properties of the light source and the detectors. NIRFAST works with a
mesh structure, with all the needed information saved in one file. A custom MATLAB R2019a
script was written to convert the MMC model into a NIRFAST mesh structure. The placement
of the light source and the detectors was selected to mimic a clinical frontal lobe measurement
(right hemisphere) with 5 detectors with separations 10, 15, 20, 25 and 30 mm [111], shown in
Figure 5.25.
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Figure 5.24: Multilayered tetrahedral meshes for example gestational ages (29, 35 and 44 weeks). The first
row shows a coronal view of the mesh, the second row shows a sagittal view and the third
show an axial view. In grey is displayed ECT, in purple CSF, in yellow GM, in cyan WM, in
red the cerebellum and in violet the brainstem. Taken from [247], reproduced with permission
of Elsevier.

While the high resolution of the mesh - maximal element size of 1 mm? [247] - is an ad-
vantage in terms of how accurately the mesh represents a neonatal head, the amount of nodes
(805,537) is a considerable burden for the computational requirements of the simulation. Addi-
tionally, generating broadband spectra at hundreds of wavelengths increases these requirements as
the fluence in the whole mesh is calculated for each wavelength separately. On a standard com-
puter, generating spectra for one single broadband measurement could take several hours, up to
days. The team behind NIRFAST have been developing a faster version of the toolbox, which uses
the GPU architecture of the computer to parallelize the problem [248]. Although the NIRFAST
GPU toolbox is not yet publicly available (as by October 2019), it was kindly provided for use
on this project by the University of Birmingham NIRFAST team lead by Prof. Hamid Dehghani.
With the upgraded toolbox, the generation of one data set with 301 wavelengths then took around
2.5 hours on a PC with a Intel(R) Core(TM) 17-8700 CPU @ 3.20, 32 GB RAM and a NVIDIA
GeForce GTX 1080 Ti GPU.
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Figure 5.25: Detector and light source setup on the 40-week neonatal head mesh for NIRFAST simulations.
The light source is on the right, next to the five detectors with separations 30, 25, 20, 15 and
10 mm, from left. The mesh is taken from [247].

5.2.2 Simulated models

NIRFAST was used to generate data from 650 to 950 nm at 1 nm steps. Optical properties were set
either for a homogeneous model, where all layers were identical, or a heterogeneous model. In the
heterogeneous case, the optical properties of the cerebellum and brainstem regions were set iden-
tical to white matter. The scattering model used in all simulations was gt/ = a x (1 /1000(nm))~?,
where a is scattering amplitude and b is scattering power. Five different models were used in NIR-
FAST to obtain broadband data, the optical properties of each are in Table 5.3. Optical properties
of the individual tissue layers were taken from [249], the refractive indices from [133]. Example
spectra from models A, B, C and D1 are shown in Figure 5.26, where the difference between the

models is the addition of water absorption or layered structure.
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Table 5.3: The optical properties set in five different models of the neonatal head used for the generation
of broadband spectra in NIRFAST. Models A and B are homogeneous models with and without
water absorption; model C is a layered structure without water absorption. Models D1 and D2
are both layered with water absorption, the optical properties are different by 10%.

WF CHbLO, CHHb a b StOz n

Model | Layer | 1o [uM]  [uM] [mm 'gm '] [ (%) []
A all 0 55.0 29.5 0.51 1.74 65.1 1.33
B all 80 55.0 29.5 0.51 1.74 65.1 1.33
ECT 0 43.8 15.7 0.73 090 73.6 1.33
C CSF 0 0 0 0.30 ~0 0 1.33
GM 0 55.0 29.5 0.51 1.74 65.1 1.40
WM 0 67.0 20.9 0.82 1.31 76.2 141
ECT 30 43.8 15.7 0.73 090 73.6 1.33
DI CSF 99 0 0 0.30 ~0 0 1.33
GM 80 55.0 29.5 0.51 1.74 65.1 1.40

WM 80 67.0 20.9 0.82 1.31 762 1.41
ECT 30 48.2 17.3 0.66 081 73.6 1.33
D2 CSF 99 0 0 0.27 ~0 0 1.33
GM 80 60.5 32.5 0.46 1.57 65.1 1.40

WM 80 73.7 23.0 0.74 1.18 762 1.41
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Figure 5.26: Spectra simulated with NIRFAST in models A (homogeneous, no water), B (homogeneous,
with water), C (heterogeneous, no water) and D1 (heterogeneous, with water) at 30 mm SDS.

5.2.2.1 Tissue layer desaturations

Further work with NIRFAST was focused on the generation of data simulating tissue saturation
and desaturation. The first desaturation model, referred to as model E, was performed similarly to

the work described in [148].

Two head models were used, a homogeneous and a two layer model, where one layer was
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considered ECT and the second layer, brain, was CSF, GM, WM, brainstem and cerebellum com-
bined. The baseline optical properties were taken from [148], using the values of the brain for the
second layer and the average of the skin and skull values for the first layer. The oxygenation of the
homogeneous model was changed in 5 steps. During the desaturation, StO, was changed and total
haemoglobin, crpp, remained constant. In the heterogeneous case, the oxygenation of the sec-
ond, deeper layer was changed while the first, surface layer remained constant. Ten simulations
were performed in each step with scattering changed by up to +/- 30% to account for inter-subject
variability.

The second desaturation model was focused on investigating simultaneous oxygenation
changes in different tissue layers. In model F, both ECT and brain were oxygenated in a range
StOy = 10-90 %. The baseline optical properties were the same as in model E. Model F involved
23 different combinations of ECT and brain oxygenations. Scattering remained the same in all

simulations. Table 5.4 shows the used optical properties for both models, inspired by [148].

Table 5.4: The optical properties used in models E and F, simulating layer desaturations. The scattering
properties in model E were changed 10 times by up to 30% for each of the five brain desaturation
steps, resulting in 10 spectra for each step. In model F, scattering properties remained at the
baseline values and 23 different combinations of ECT and brain oxygenation were used.

Layer | crmp a b Model E Model F
StO, StO,
[uM]  [mm~'um™'] ] [%] [%]
ECT 59.5 1.56 1.07 80 10-90
Brain | 76.0 0.80 1.61 50-80 10-90

5.3 Phantom measurements

Optical phantoms are tissue mimicking objects used for the evaluation of optical system perfor-
mance used throughout system development and for the validation of systems (see section 4.1.2.2
for a description of the validation of brain oximetry measurements in phantoms). An ideal phan-
tom medium is non-diffusive and transparent in the whole optical spectrum of interest. Scattering
and absorbing centres can be added in a desired ratio to achieve the optical properties (1, and )
of biological tissue [250]. Optical phantoms used in NIRS can be solid or liquid. Solid phantom
can be made out of epoxy resin, silicon rubber or 3D printed. Liquid phantoms are made of water
and small fat droplets. Optical phantoms can be dynamic with changeable optical properties; solid
phantoms can have an movable inclusion with different optical properties [169], liquid phantoms

are filled with a medium with changeable optical properties. Phantoms can also be a combination
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of both types of medium to obtain a better simulation of the optical properties of the human head;
e.g. by using a two layer phantom with a top solid layer and a liquid phantom underneath [165].

Two different phantoms were used for acquiring data in this work; a homogeneous liquid
phantom and a two-layer liquid phantom with solid windows. Both phantoms gave the user the
option to use multiple NIRS systems simultaneously for system comparison.

The objective for using dynamic phantoms in this work was to simulate the measurement
of $tO, in biological tissue with the impact of instrumentation. The presence of a solid layer in
the two-layer phantom was a closer approximation of the neonatal head than the homogeneous
phantom. Both phantoms were used because if the homogeneous phantom was not used, it would
be impossible to assess whether the source of St0, measurement errors in the two-layer phantom

arose from the presence of solid layers or from the instrumentation.

5.3.1 Homogeneous phantom

The recipe for this liquid phantom was developed in-house motivated by the need for a optical
phantom suitable for the quantification of CCO with NIRS [113] and is also suitable for StO»
measurements. The phantom was filled with liquid that could be oxygenated and deoxygenated
in cycles by blood and yeast; yeast consumes O, for aerobic respiration and also contains CCO.
The phantom was oxygenated by bubbling O, gas through the liquid until it was fully oxygenated,
yeast then deoxygenated the liquid. Typically, the oxygenation of the phantom was 100% at
the beginning of the measurement due to the exposure to air; deoxygenation occured once yeast
was added. Once the phantom was doexygenated, bubbling oxygen increased it again and the

deoxygenation process started as soon as the bubbling of O, was stopped.

5.3.1.1 Measurement setup

An advantage of this phantom was its simplicity and quick preparation. A schematic of the phan-
tom measurement setup is in Figure 5.27. The container was a metallic box (27 x 15 x 16 cm)
with inner walls covered in black absorbing material to satisfy the semi-infinite boundary ap-
proximation. It was filled with 1425 ml of water mixed with phosphate-buffer (2 bags of PBS,
P3813, Sigma-Aldrich, Germany) to maintain the pH of the solution at physiological values of
pH = 7.4. Scattering centres were incorporated by adding 75 g of 20% Intralipid (Fresenius Kabi
Italia, Italy); 15 ml of blood were added to the mixture for light absorption. After the initiation of
the measurement 15 g of yeast were added. The container was placed on a hot stirring plate and
kept at a temperature of 37 + 1 °C with constant temperature monitoring using a sensor immersed

into the liquid. The liquid was continuously stirred with a magnetic stirrer. An industrial O, tank
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Optode holders

Temperature Probe

Air Stone

Container

Stirrer Liquid Phantom

Figure 5.27: Schematic of the homogeneous phantom measurement setup. Optical fibres are not shown.
Taken from [113].

was used for adding the gas; an air stone connected to the gas tank was placed at the bottom of the
phantom. The O, content in the liquid was measured with a diffuse oxygen content probe. The
data from the sensor was logged manually; when it was 0%, total deoxygenation was assumed, and
values over 100% occurred when the phantom was fully oxygenated. The phantom was covered
with plastic film to prevent gas exchange with the surrounding air. The oxygenation status of the
solution was also tracked real-time with CYRIL, as it displayed concentration changes of HbO,
and HHb calculated with MBLL and oxygenation/deoxygenation of the phantom would eventually

reach plateaus. The protocol of the measurement is in Table 5.5.

Table 5.5: Liquid phantom measurement protocol.

Step
1 Baseline
2 Add 15 g of yeast
3 Wait for plateau
4 Turn on O,
5 Wait for plateau
6 Turn off O,
7 Repeat step 3to 6
8 Stop

Two NIRS instruments were used on the phantom simultaneously; the liquid surface area was

big enough to ensure the individual system optodes would be far apart not to be affected by the
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other device. Optode holders were 3D printed out of a rigid, black material and held the detector
fibre heads in place. The SDS was 3 cm for each of the 4 MAESTROS detectors and 15, 20,
25 and 30 mm for each of the 4 CYRIL detectors used. The optode holders were placed on the
surface of the liquid and slightly submerged to ensure no gas bubbles would be trapped below
the optodes. The measurements were performed in a dark room to avoid interference by ambient
light. The exposure was set to 1 s. After the measurements, the optode holders and the fibres were

thoroughly cleaned with clinical sanitiser to prevent contamination.

5.3.2 Two-layer phantom

A two-layer phantom is a better replication of the human head than the homogeneous phantom
as it can simulate the skull by introducing a solid layer on top of the liquid medium. A two-
layer phantom with thin windows with the optical properties of the neonatal skull was developed
at the Biomedical Optics Research Laboratory at the University Hospital Zurich, Switzerland,
for simultaneous measurements of different NIRS systems and their comparison [165]. As the
phantom setup is more complex than the homogeneous phantom, replication was not possible and
the original phantom container was generously lent to our research group for a month in June
2018.

The design of the phantom was focused on simultaneous measurements with 4 different NIRS
systems; an irregular octagonal shape with four wide and four narrow side faces enabled such
setup. The container was 3D printed out of absorbing material to satisfy semi-infinite boundary
conditions and each long side featured a window, which was covered with 2.5 mm thick silicone
slabs with optical properties of the neonatal head [165]. The phantom was covered with a cap to
isolate the phantom from ambient air; the cap featured slots for the placement of temperature and

diffuse oxygen sensors and a tube to add O,.

5.3.2.1 Measurement setup
The use of the phantom was equivalent to the homogeneous phantom, it was filled with a liquid
solution which was deoxygenated and oxygenated in cycles. The recipe followed the instructions
of the phantom authors [165]; it was filled with 2500 ml of water, 5 bags of phosphate-buffer, 74
ml of Intralipid, 20 ml of blood and 20 g of yeast. Temperature and diffuse oxygen content were
monitored throughout the study, the phantom was kept at 37 4= 1 °C and continuously stirred with
a magnetic stirrer. The measurement protocol was identical to the protocol in Table 5.5.

CYRIL and MAESTROS probes were placed on opposite sides of the phantom; the optodes

were held by black rigid optode holders and attached to the silicon windows. The measurements
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were performed in the dark to avoid contamination with ambient light. The setup of the phantom

with the NIRS optodes and sensors attached is in Figure 5.28.

Figure 5.28: Two-layer phantom with sensors and NIRS optodes attached. DO2 sensor stands for diffuse
oxygen content sensor.

5.4 Neonatal studies

The clinical application of this work is focused on the use in neonates diagnosed with HIE. NIRS
data from this patient group have been collected through a collaboration with the Institute of
Women’s Health at UCLH and UCL, the Baby Brain Study. Data collection was performed at the
NICU at UCLH, ethical approval for the Baby Brain Study at UCLH, London was obtained from
the North West Research Ethics Centre (REC reference: 13/L0O/0106).

The data analysed in this work was collected in two different study sessions; one set of mea-
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surements was collected primarily for the monitoring of CCO ("session 1"), the study was set up
by Dr Gemma Bale. The instrument used was CYRIL 1 and the data was collected between De-
cember 2013 to November 2015. The second set of the measurements ("session 2") was conducted
for the purposes of this work. The instrument used was CYRIL 2 and the study lasted throughout
2019.

5.4.1 Monitoring neonates with HIE: session 1

The objective of the first session of the data collection in infants with HIE was to measure changes
in CCO concentration with bNIRS at the NICU cotside in the first days of life. Parents of term or
preterm infants born or transferred to UCLH for acute brain injury treatment were approached for
the study. Children with congenital malformations were excluded. Written, informed consent was
obtained from parents before each study.

Treatment and monitoring at the NICU included continuous 10 channel EEG monitoring with
a Nicolet monitor (Natus Medical Incorporated, USA). Intellivue monitors (Philips Healthcare,
UK) collected physiological data, saved in real time in the CYRIL 1 computer using the ixTrend
software (ixitos GmbH, Germany). The monitor collected SpO, measurements with pulse oxime-
try from the foot or hand, heart rate by ECG, respiratory rate, mean arterial blood pressure from an
intra-arterial catheter and the partial pressures of O, and CO, measured transcutaneously. Infants
with HIE were treated with TH, their temperature was lowered to to 33.5°C using a cooling mat-
tress beginning as soon as possible in the first 6 hours of life for 72 hours, followed by a 16 hour
rewarming period in which their temperature was raised by 0.5°C every 2 hours. The patients were
intubated and ventilated during hypothermia. After rewarming, MRS was performed to measure
the Lac/NAA ratio. The infants were sedated either intravenously with morphine or orally with
chloral hydrate.

The CYRIL 1 NIRS optodes were placed on each side of the forehead, each channel with
four detectors was monitoring haemodynamics in one hemisphere. The forehead placement was
selected as it was free from EEG electrodes and hair. The probe holder was attached to the skin
with double-sided tape. The probes were tucked underneath the EEG cap and covered with black-
out fabric to reduce interference from ambient light. The infants were positioned in the supine
position throughout the study. NIRS data was collected during hypothermia or during the rewarm-
ing period, the studies started as soon as possible after birth. Enrolled infants which were not
diagnosed with HIE were monitored with NIRS as soon as possible after birth. The aim was to

collect data for 4-6 hours each day during hypothermia and rewarming (day 1-4) and before and
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after MRS. Data was collected at with exposure 1 s at sampling frequency of approximately 1 Hz
(exposure + processing time).
The data was later used in this project to calculate StO;; the methodology and results are

discussed in Chapter 6.

5.4.2 Monitoring neonates with HIE: session 2

The second measurement session at the UCLH NICU was performed with CYRIL 2 for the pur-
poses of this project. The measurements were also part of the Baby Brain Study; the aim was to
measure StO; in infants with HIE as soon as possible after birth, for at least one hour daily. As the
use of CYRIL in the NICU was already well established thanks to the work of Dr Gemma Bale
and the clinical team, little changes were introduced to the measurement protocol. The details the

motivation for the work, the protocol and results are discussed in Chapter 9.

5.5 Summary

This chapter described the data collection for the majority of work described in this thesis. Com-
putational simulations were performed with NIRFAST, a software toolbox for MATLAB. It was
used to generate broadband spectra in a model of a neonatal head. A broadband multidistance
NIRS system CYRIL collected data in dynamic tissue mimicking phantoms during oxygena-
tion/deoxygenation cycles. The system was also used in the clinic to collect data in neonates.

The motivation for the use of simulated spectra was the controllability of the environment:
the user provides NIRFAST with a model with defined optical properties and a desired NIRS
measurement setup. The result of the simulations are spectra at selected wavelengths. Several
different measurements in a 40-week old neonatal head mesh were simulated with NIRFAST;
including homogeneous and heterogeneous mesh models with or without absorption by water. To
evaluate the sensitivity of SO, measurements, desaturations in the brain or extracerebral tissue
were also simulated.

Hardware and software changes were introduced to the system for the purposes of this project,
including a new LabVIEW user environment and amendments to the data storage methods to
simplify the use of the system in the clinic and obtain more information about the measurement.
CYRIL 2 was used to collect data in tissue-simulating phantoms; a homogeneous phantom and
and also a two-layered phantom. The benefit of work with phantoms was the ability to assess the
system performance in a controlled environment. The data described will be further used for the

assessment of various NIRS algorithms in the following chapters.
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Broadband multidistance intensity spectra were collected with CYRIL, an in-house built CW
NIRS system. Before the start of this project, infants with HIE in the NICU at UCLH were

monitored from as soon as possible after birth and during TH for several hours. The analysis of

this data is described in the next chapter.






Chapter 6

Application of spatially resolved spectroscopy in

broadband NIRS

Spatially resolved spectroscopy is a commonly applied StO, measurement algorithm thanks to its
simple implementation and the ability to decrease the influence of superficial layers. It is applied
both commercially and in research and it was the first choice for an algorithm to calculate tissue
oxygenation from broadband data collected with CYRIL 1. In this chapter, the algorithm is applied

to data collected in the NICU with the aim of exploring its application to CYRIL data.

6.1 Motivation

The main goal of this work was to develop a novel algorithm to measure StO,, BRUNO, which
would recover StO, with high precision and accuracy and track brain signals with minimal ECT
signal contamination. The development of BRUNO started with prior knowledge about SrO, mea-
surements - multiple SO, algorithms have already been described (see Table 3.1). Among those
are two algorithms, spatially resolved spectroscopy (SRS) and broadband fitting (BF), which are
of particular interest for BRUNO development. The idea for the novel algorithm was to combine
SRS and BF, benefiting from both the multidistance approach in SRS and the use of broadband
spectra in BE. The initial step of BRUNO development was to thoroughly explore these algorithms
to identify their strengths, weaknesses and applicability to CYRIL data. The first algorithm to be
explored was SRS.

SRS is a multidistance approach to measure tissue oxygen saturation commonly applied in
commercial NIRO systems and research systems [251], also in a broadband NIRS setting [213].
The data collected with CYRIL 1 in the NICU (described in section 5.4.1) had not yet been used
to calculate oxygenation and this gave the opportunity to explore the application of SRS to bNIRS

data and obtain tissue oxygenation values for infants with HIE in the first days of life.
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The summary of StO, measurements in HIE patients in Table 4.1 shows that the findings
are inconsistent - most studies report an increase in HIE with poor outcome but some also found
no difference between the subject groups or a lower StO; in HIE. While the subject-dependent
physiological background of HIE progression contributes to the disagreement in study results,
drawing firm conclusions on the prognostic value of oximetry in HIE is burdened by the causes
facing all cerebral oximetry applications, discussed in section 4.1.2, including poor accuracy and
inter-instrument comparability. The presence of different data analysis algorithms implemented in
instrumentation (which are often not published) could contribute to the disparities. The aim of the
work described in this chapter was to investigate how much SRS algorithm implementation affects
the recovered StO;. The algorithm gives the NIRS instrument developer the freedom of choice of
which wavelengths to use, for example, or how to account for scattering. The specific setting of
the algorithm could have an impact on the use of tissue oximetry as a prognostic tool in HIE.

Preliminary work on this topic was published by Kovacsova et al. [252]; the authors sug-
gest that changing the SRS approach can cause different results. To explore this further, more
approaches were included in this study, the data analysis method was updated and relationships

between SO, and HIE severity were scrutinised.

6.2 Confounding factors in SRS

The SRS algorithm, described in section 3.4.4, can be implemented with slightly different settings;
it does not assume any "fixed" light-source detector separations or wavelengths. There are several

aspects of the algorithm that were investigated for the purposes of this study:

Wavelength selection : The SRS algorithm is typically applied with only a few wavelengths; when
it was introduced in the NIRO 300, the wavelengths 775, 8§10, 850 and 905 nm were used [25].
The current NIRO system, NIRO 200NX, applies three wavelengths: 735, 810, 850 nm [253].
Several other NIRO wavelength combinations were reported, such as 775, 810, 847 and 919 nm
(NIRO 300) [254] or 775, 825, 850 and 904 nm (NIRO 300) [181]. The choice of wavelengths is
determined by the effort of spreading the wavelengths evenly across the near-infrared range and the
availability of light sources. With the growth of interest in bNIRS, broadband systems have been
used for the recovery of oxygenation with broadband SRS: Steimers et al. [255] used broadband
SRS (720-860 nm) to measure oxygenation in the calf and thigh during exercise. Tachtsidis et
al. [256] used a hybrid multidistance FD and broadband system and combined absolute scattering
measurements with broadband SRS. Phan et al. [213] developed a multidistance broadband system

that measures tissue oxygen saturation with broadband SRS (740-900 nm). The studies did not
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investigate how changing the wavelength selection would affect the results.

Chromophores : The number of chromophores that can be accounted for in NIRS is limited by
the number of wavelengths used. The main chromophores of interest in differential NIRS are HHb
and HbO,, background absorption is subtracted during data analysis. In SRS, the main absorbers
of interest are also HHb and HbO, [25]. However, background absorption is no longer subtracted
and other chromophores contribute to light absorption, mainly water and melanin [141]. If these
chromophores are not accounted for, absorption by these compounds is then incorrectly assigned
to haemoglobin absorption and can lead to errors [257, 258]. Using a broadband spectrum gives
the opportunity to include the absorption by additional chromophores and increase the accuracy
of StO, measurements. Eq. (6.1) shows how water can be added to SRS and accounted for, or
any other chromophore of interest. However, adding chromophores increases the computational
burden and in the case of water, creating a pseudo-inverse of the extinction matrix can cause erro-
neous negative concentrations of water due to the ill-conditioning of the linear system [258]. The
relative contribution of additional chromophores to the total absorption depends on the wavelength
range; melanin and CCO absorption is very weak in CYRIL wavelengths (770-906 nm) [141]. In

the work in this chapter, the effect of water absorption was investigated.
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Scattering : SRS uses an estimate of the scattering coefficient p, to account for scattering losses;
assuming a linear decrease of scattering with wavelength: p) = kggs % (1 — h4). NIRO systems

"'nm~', which was measured by Matcher [112] in the adult head

use the value 4 = 6.3x 10~ *mm™
(7 subjects). It was calculated by measuring p, at different wavelengths, approximating the rela-
tionship with p! = aA + b and taking & as the ratio of the slope of the regression to its intercept
5 [112]. Scattering changes following brain injury [259] which raises the question whether a uni-
versal value of / can be applied in different situations. To test this, one can calculate / by using

published values of scattering in the human head shown in Table 6.1. The studies were selected
because they all feature different subject groups.

SDS : SRS is based on measurements from at least two SDS to measure the attenuation slope,
a higher number theoretically improves the accuracy, as it can correct for non-linearity, which

could arise, for example, due to coupling issues (Figure 6.1). The selection of separation is a
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Table 6.1: & calculated from published p] measurements by calculating the ratio of the slope a and the
intercept b in the approximation ) = aA +b.

Study Subjects h[x 107*mm 'nm™"]
Matcher (1997) [107] 7 healthy adults 4.5
Highton (2016) [259] | 21 brain injured adults 54
Kurata (2016) [260] 60 neonates at NICU 3.5
Spinelli (2017) [108] 33 healthy neonates 4.6
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Figure 6.1: The increase of attenuation over distance and the improvement of the estimation of g—’; by
increasing the number of light source-detector distances.

compromise between collecting enough light while reaching deep tissue; NIRO systems have a
separation between the light source and the detectors of an average 3-5 cm; two detectors are

placed very close to each other [185].

6.3 Method

The data used for this chapter was collected during the first session of the Baby Brain Study at
the NICU at UCLH, published by Bale [16]. The measurement system CYRIL 1 and the data

collection protocol are described in sections 5.1.1 and 5.4.1.

6.3.1 Patients
NIRS spectral data were acquired from 47 (15 female) neonates born or transferred to the NICU
at UCLH for treatment of acute brain injury, all data were collected between November 2013
and December 2015. The patients were monitored during the first days of life. Out of the 47
subjects, 41 neonates were diagnosed with moderate (n = 27) or severe (n = 14) HIE, 3 infants
with stroke, 2 were preterm and 1 infant was diagnosed with intraventricular haemorrhage. The
average gestational age was 39 weeks £ 19 days, birth weight 3.2 £+ 0.7 kg.

At least one NIRS measurement was obtained for each infant from day 1 to day 11, duration

from 10 min to 18 h. Some infants were monitored on only one day, others on several different
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occasions during the first 11 days of life.
Reference spectra were collected irregularly on the occasion of changing the binning setting;

it was noted which reference spectrum belonged to which patient.

6.3.2 Data selection

Intensity spectral data were analysed in MATLAB R2019a. For the purposes of this study, only
600 s long parts of the measurement were analysed to decrease computational burden. The sections
were selected manually by visual inspection of the intensity data; Figure 6.2 shows an example of
data selection process. Intensity values at 820 nm, collected with all 4 detectors, were normalised
to the maximum and plotted over time. The user moved a cursor to select a section to analyse. The
selection criteria for data analysis were for the region to be flat with constant intensity and minimal
artefacts. If a measurement did not have a noise-free region, it was excluded. If a measurement
had many flat sections that could potentially be used, only one was chosen. In total, 121 data
sets were selected for analysis, treated as independent samples. Only one measurement from one

infant per day was used.
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Figure 6.2: Example of data selection for the SRS investigation. Intensity collected with 4 detectors at
820 nm was normalised to the maximum and plotted over time. The user selected a flat region
with little artefacts with the cursor (highlighted in light blue).

6.3.3 Data analysis

For the investigation of effects of changing different aspects of SRS, all 121 data sets were anal-

ysed with different versions of SRS. These are further referred to as "approaches" and are described
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below:

Approach 1, Broadband : The first version is SRS applied to the standard CYRIL 1 setup; using
broadband 770-906 nm data collected with all 4 detectors at 15, 20, 25 and 30 mm SDS, describing
the wavelength dependence of the scattering coefficient with & = 0.00063 mm~'nm~'. Only oxy-

and deoxy-haemoglobin absorption was assumed.

Approach 2, Water : This approach accounted for the concentration of water additionally to oxy-
and deoxy-haemoglobin. To assure that non-negative water concentrations would be not calculated
during the pseudo-inversion of the extinction matrix, a least-squares solver with a MATLAB non-

negative constraint was used, /sqgnonneg.

Approach 3, Scattering : Different values of & can be obtained depending on the mea-
surement of u!. For this approach, the following values were used, taken from Table 6.1:
hy = 0.00054 mm~'nm~!, hx = 0.00035 mm~!'nm~! and kg = 0.00046 mm~'nm~!. The mea-

surement by Matcher was excluded as the result was similar to the Spinelli value Ag.

Approach 4, Wavelength : Instead of the whole broadband spectrum, only a few discrete wave-
lengths were used in this approach to resolve the concentrations of oxy- and deoxy- haemoglobin.
Those were selected to be 775, 810, 850 and 905 nm as used by Suzuki et al. [25], 775, 825, 850
and 904 nm as used by Dullenkopf et al. [181] and 775, 810 and 850 nm to see the impact of adding
the fourth wavelength 905 nm. Other combinations of wavelengths mentioned in section 6.2 were
not included as they are outside of the CYRIL 1 wavelength range.

Approach 5, Distance : The SDS and the number of detectors used on the estimation of the slope

JdA

of attenuation against distance, ap» were changed. CYRIL 1 measured data with 4 detectors 30,

25, 20 and 15 mm far from the light source. Due to the design of the instrument, it was not
possible to decrease the inter-detector spacing below 5 mm, which would resemble the standard

NIRO setup. The additional combinations of 3 or 2 detectors applied in this approach were:

2 detectors 3 detectors
20and 15 mm 25,20 and 15 mm
25and 15 mm 30, 20 and 15 mm
30and 15 mm 30, 25 and 15 mm
25 and 20 mm 30, 25 and 20 mm
30 and 20 mm
30 and 25 mm

Each approach was investigated independently from the others; the other parameters remained as

in the Broadband SRS approach. Approaches Scattering, Distance and Wavelength had several
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sub-approaches. In total, there were 18 approaches resulting in 18 different StO, measurements
for each data set. Figure 6.3 shows a summary of the data analysis with SRS in form of a flow

chart.

6.3.4 Data classification

StO, obtained for each section with each approach were averaged over the time window. They
were rated as "valid", if the mean was between 40—-100%. The lower threshold of 40% was selected
based on available StO; in HIE from literature, Figure 4.2, and the upper threshold of 100% was
determined by the definition of St0».

Next to rating the validity of StO,, the quality of the slope was also evaluated. The linearity of
the slope informs on the homogeneity of tissue; a linear slope suggests that tissue is homogeneous.
It is assumed that attenuation increases linearly with short SDS; that A(p;,A) < A(p2,4), where
p1 < p2 (Figure 6.1). If this was the case for all p, the slope was labelled "regular”, otherwise, it
was "irregular”. Additionally, in the case of large inhomogeneities, the slope can become negative;
g—g(l) < 0 between two SDS, indicating a decrease of attenuation with distance. The slope
was assessed at three wavelengths; 775, 810 and 850 nm during the first time-point in the 600 s

measurement and was rated as "irregular” or "negative" if it was decreasing or negative at any of

the wavelengths, between any two SDS combinations.

6.3.5 Relationship between HIE severity and StO,

Out of each approach, the sub-approach with the most "valid" StO, was used as a representation
to obtain StO, for neonates with HIE. Measurements in infants with HIE, who had "valid" StO»,
"regular" and "positive" slopes for all 5 approaches, were used. The StO, were grouped according
to severity, moderate and severe, and by the day of measurement. Firstly, it was assessed whether
there are differences in StO, measurements depending on the severity of injury for each approach.

Secondly, the change of StO, over time was evaluated.

6.3.6 Statistical analysis

Statistical analysis was performed in MATLAB 2019a. The mean, median, standard deviation,
25th and 75th percentile were calculated out of all averaged StO, values for each approach. After
testing the data for normality, the non-parametric, distribution-free Sign test was used to assess
differences between the individual approaches. The Sign test evaluates the hypothesis that the dis-
tribution of the differences between two data sets has a zero median to assess consistent differences
between the approaches [261]. An approach was considered different if p < 0.05. Correlation be-

tween the approaches was measured using Spearman’s rho (p;), a non-parametric test measuring
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Figure 6.3: The steps taken in analysing measurements with SRS. The SRS section is repeated for each
time point and for each approach (18 approaches in total). The interpolation of spectra was
performed to transform CYRIL 1 wavelengths corresponding to each pixel to integer wave-
lengths.
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the strength of association; where p; = 1 is perfect positive correlation, p; = —1 is perfect negative
correlation, there is no correlation if p; = 0.

The StO, of neonates with HIE are reported as the mean + standard deviation. To assess the
difference between StO, in the HIE severity groups, a Mann-Whitney U test was used. The test is
a non-parametric test assessing whether two independent samples were selected from populations

having the same distribution. The StO; grouped by severity were considered different if p < 0.05.

6.4 Results

121 sets 600 s long were selected and used in the analysis, resulting in 2178 average StO, val-
ues; shown in Table 6.2. Using only a few wavelengths and resolving for haemoglobin across
4 detectors gave the most "valid" SO, values: approach Wavelengths (775, 810, 850 nm) gave
115 out of 121 StO, between 40 and 100%. On the contrary, using only two detectors, Distance
(25,30 mm), gave 23 "valid" measurements, with many StO; below 0%. The amount of "valid"
StO, of the other approaches was between 61 and 107, with approaches using only 2 SDS in the
lower-scoring half. The different distributions of SO, are also notable - while using only three
wavelengths (Wavelengths (775, 810, 850 nm)) gave quite a narrow distribution of StO, with an
interquartile range of 15%, the approach Distance (15, 20, 30 mm) resulted in a broader distribu-
tion with an interquartile range of 26%. Figure 6.4 shows StO; acquired in one subject with a few
approaches. The measurement had "valid" and "regular” attenuation slopes; the range of StO, ob-
tained with different approaches was wide, including results with negative StO; or an StO, above

100%.

200

150%

100 |

50

StO, [%]

— Broadband

Scatt. 0.00035

Wave. [775, 810, 850]
Distance [2 3 4]
Distance [1 2]
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-100

150 1 I 1 1 I
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Figure 6.4: StO, acquired using 7 different approaches in a measurement which had "positive" and "regu-
lar" attenuation slopes. Distance [2 3 4] corresponds to SDS 20, 25, 30 mm; [1 2] to 15, 20 mm,
[13]to 15,25 mm and [3 4] to 25, 30 mm.
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As testing the data for normality showed that neither of the approaches resulted in a normal
distribution of StO,, the non-parametric Sign test was used to find differences between two ap-
proaches by assessing whether the difference between them has a zero median. The results are
shown in Figure 6.5, where a dark spot indicates no difference (p > 0.05), a light spot shows
differences (p < 0.05). Most of the approaches gave different results.

Additionally to looking at similarity, the correlation between approaches was measured with
the Spearman’s Rho p,. The size of the dots in Figure 6.5 corresponds to the strength of correlation.

The two Wavelength approaches (775, 810, 850 nm) and (775, 825, 850, 904 nm) had a
higher amount of "valid" SO, than Broadband but the mean and median StO, were very similar.
Both of the Wavelength approaches had a wider distribution, and, in particular, p; was lower
between (775, 810, 820 nm) and Broadband, (ps; = 0.7, than when comparing Broadband to (775,
825, 850, 904 nm), p; = 0.9. Low correlation and differences were also found between Broadband
and Distances.

h is a constant used to account for scattering and changing it affects the relative contribution
of scattering to attenuation, Eq. (3.40). Changing the value of % in Scattering acted as a constant
offset; all correlated highly with Broadband but changed the median and mean StO,, while the
interquartile range was maintained. The higher & was, the higher StO;. A difference in 4 of
0.0001 mm~'nm~" led to a difference in StO; of ~ 4%, hence the possible change of "valid" St0,
with A.

Adding a wavelength to the Wavelength approach, from (775, 810, 850 nm) to (775, 810,
850, 905 nm) significantly changed the result, with a correlation of p; = 0.75. The correlation
between (775, 810, 850, 805 nm) and (775, 825, 850, 905 nm) was higher, p; = 0.99. Even though
the mean and median of the approaches were identical, the Sign test rejected the hypothesis of a
zero median of differences with p = 0.02.

Changing the SDS led to the weakest correlation with other approaches, particularly in de-
tector combinations with just two detectors or combinations which excluded the nearest detec-
tor at 15 mm. The approach Distance using just 25, 30 mm correlated the least with other ap-
proaches. The Sign test showed no difference between Distance (20, 30 mm) and Scattering
(0.00035 mm~'nm~1), p = 0.86, the mean StO, were very similar, even though correlation was
weak, p; = 0.44.

The quality of the attenuation slope was assessed through testing whether it was "regular”

and "positive". Example of a measurement with a "positive" and "regular" slope is in Figure 6.6,
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a measurement with a "irregular" and "positive" slope is in Figure 6.7 and a measurement with a

"negative" and "irregular” slope is in Figure 6.8.
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Figure 6.6: Attenuation leading to a "regular”, "positive" slope.
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Table 6.3 shows the amount of "regular” and "positive" slopes grouped by light-source detec-
tor separation, summarising a total of 1331 measurements. For 15, 20, 25, 30, the results shown
are from the approach Broadband. Using all four detectors had the highest rate of non-linearities
(102 were "regular"). The lowest number of positive slopes was found using only the furthest away
detectors, 25 & 30 mm, which led to 9% of the slopes to be negative. The measurement at 20,
30 mm had all slopes "regular” and "positive". As expected, the amount of "positive" slopes was
always higher than or equal to the amount of "regular" slopes. The relationship between "valid"
StO; and the slope is further explored in Table 6.4. The total amount indicates the amount of StO;
measurements obtained with all combinations of SDS. It shows that the majority (790 out of 1331)
of "valid" St0, come from a "positive", "regular" slope. However, in 435 cases, even though the

slope was "regular”, StO; was still not "valid". In 36 cases was a "valid" StO, without a "regular"

and "negative" slope.

Table 6.3: The regularity and positivity of the slope calculated across different light-source detector sepa-

rations.
Separation Regular slope % Regular Positive slope % Positive
15, 20, 25, 30 mm 102 84 115 95
15, 20, 25 mm 109 90 116 96
15, 20, 30 mm 110 91 115 95
15, 25, 30 mm 108 89 115 95
20, 25, 30 mm 107 88 121 100
15, 20 mm 110 91 111 92
15,25 mm 115 95 116 96
15, 30 mm 115 95 115 95
20, 30 mm 121 100 121 100
20, 25 mm 120 99 120 99
25, 30 mm 108 89 110 91

6.4.1 StO; in neonates with HIE

Out of the 18 SRS versions, the sub-approaches with the highest amount of "valid" StO, were
selected for each approach. These 5 sub-approaches were: Broadband, Water, Scattering
(0.00054 mm~'nm™), Wavelength (775, 810, 850 nm) and Distance (15, 20, 30 mm). In this
subsection, the sub-approaches will be referred to only with the name of the approach they repre-

sent.
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Table 6.4: StO, "validity" corresponding to the regularity and positivity of the slope.

Valid StO, | Regular slope | Positive slope | Total
v v v 790
v X v 15
v v X 0
v X X 36
X v v 435
X X v 35
X v X 0
X X X 20

Out of the 121 measurements in total, 68 were collected in 32 infants with HIE on different
days and gave "valid" StO, for all of the five sub-approaches. The slopes were "positive" and
"regular". Out of 68, 23 analysed data sets were from 11 severely injured patients, 45 from 21
moderately injured patients; mean gestational age of the neonates was 39 weeks. Measurements
were collected on different days of life ranging from day 1 to day 12. Each neonate was monitored
at least once, one infant was monitored on 5 different days. Due to the small amount of measure-
ments taken at days 8—12, they were added to the group of measurements at day 7. Table 6.5 shows
average St0O, for each approach for both severity groups and also the p-values obtained with the
Mann-Whitney U test. Significant differences in the mean SrO; depending on severity were found
in 3 approaches: Broadband, Scattering and Distance; StO, was higher in moderate injury than
in severe injury. Figure 6.9 shows the StO, values recovered for the severe and moderate groups

with different SRS approaches.

Table 6.5: Mean StO; [%] (standard deviation [%]) in HIE grouped by severity for 5 different approaches.
The Mann-Whitney U-test was used to find differences between severities, the null hypothesis
of both distributions being equal was rejected if p < 0.05.

Severity/Approach | Broadband Water Scattering Wavelength Distance
Severe (n = 23) 60 (12) 58 (11) 56 (11) 65 (9) 58 (13)
Moderate (n = 45) 66 (11) 60 (11) 62 (11) 67 (9) 65 (11)
p-value 0.02 0.23 0.02 0.39 0.01

Table 6.6 shows the mean StO, values for each day, the change of StO, over time can be seen
in Figure 6.10. There is an indication of a rise in StO, throughout the first days of life. Grouping

the data by HIE severity shows that a rise in StO, during the first 5 days is more prominent in



168

infants with severe HIE, Figure 6.11.

Chapter 6. Application of spatially resolved spectroscopy in broadband NIRS
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Figure 6.9: StO; recovered in severe and moderate HIE with different SRS approaches. Significant differ-
ence (p < 0.05) was found between severe and moderate groups in the approach Broadband,
Scattering and Distance.

Table 6.6: Mean StO, [%] (standard deviation [%]) in HIE grouped by day of life for 5 different ap-
proaches. Measurements are the number of measurements for each group: severe (S) and mod-
erate (M) HIE.

Approach

Day Sample | Broadband Water Scattering Wavelength Distance
1 25,6 M 65 (13) 60 (10) 61 (13) 67 (7) 62 (13)
2 8S,13M 58 (7) 54 (7) 54 (8) 63 (7) 55 (8)
3 4S,12M 69 (11) 63 (13) 65 (11) 69 (10) 68 (12)
4 4S,7M 68 (10) 63 (11) 64 (10) 70 (8) 65 (9)
5 2S,4M 72 (15) 67 (15) 68 (15) 71 (8) 73 (19)
6 0S,1M 71 (-) 64 (-) 68 (-) 67 (-) 70 (-)
7+ 3S,2M 56 (7) 52 (5) 52 (7) 57 (3) 54 (6)
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Figure 6.11: Change of SO, in HIE neonates during the first days of life calculated with 5 different SRS
approaches and grouped by HIE severity, n = 68.

6.5 Discussion

Analysis with 18 different implementations of SRS, called approaches, of 121 sets of broadband
NIRS data collected in neonates with HIE during the first days of life evaluated the impact of
SRS implementation on the measured St0;. The resolved chromophores, wavelengths, scattering
assumptions and SDS were changed and the resulting StO; was averaged across all 121 measure-
ments. These StO; values were labelled as "valid", if they were in the region between 40—100%.

The length of the original data collected varied; to improve computational burden and to
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exclude errors due to artefacts, a 600 s long section was manually selected from each data set.
The aim was to select a stable region; the study was not focused on quantifying the dynamics
of changes in oxygenation. During the data selection, the collected intensity measurement was
normalised to compare it to the values from other detectors with different intensity counts. The
process of normalisation could have made some smaller artefacts less visible. To overcome this,
the selection process had two stages, in the first, the whole measurement was shown to the user
who then selected a region that looked suitable for analysis, had little noise and was stable. In the
second stage, this region was zoomed into and the user confirmed their selection.

In most neonates, more than one data set was collected. Attenuation was calculated from the
data and reference spectra. The measurements were considered independent even though some
bias was introduced by the use of reference spectra, which were only collected when the binning
of the CCD was changed. The same reference spectrum was then used for all neonates monitored
with the same binning setting. Hence, if an error occur ed in the reference spectrum measurement,
multiple data sets were affected.

The StO; calculated with different approaches was averaged, it summarised the whole 600 s
measurement. As it has been shown that the dynamic responses of oximeters to changes in satu-
ration are different [11]; the regions for analysis were selected to be as flat as possible to reduce
errors in comparison. The selection of "valid" boundaries was based on published StO; values in
neonates. The lowest reported StO; in Figure 4.2 is 53%, and 40% was selected as a boundary to
allow for outliers.

Statistical analysis of the approaches showed that most gave different results. One has to
keep in mind that the non-parametric test used for this analysis is the Sign test, which compares
the median of the differences between the paired measurements. This omits information on the
magnitude of the observations. Other statistical tests might be more suitable, such as the Wilcoxon
Signed-Rank test, or Passing-Bablok regression [262], which has been specifically designed for
method comparison. Nevertheless, the distributions of StO, did not fulfil the assumptions of
either of these test: the Wilcoxon test requires symmetry, whereas the Passing-Bablock regression
assumes linearity. As the sample of 121 values was relatively small, the Sign test had rather less
power than other non-parametric methods, or a parametric equivalent (e.g. a paired t-test), and
had less chance of detecting a true effect where one exists [263].

Measurements of correlation inform on how similar the trends in StO, among different meth-

ods are. Combining the information from the Sign test with Spearman’s Rho p; in Figure 6.5 and
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the statistics in Table 6.2 show that most approaches behaved differently, resulting in many StO»

for each measurement. The main findings can be summarised as followed:

* It was not uncommon for StO; to be be outside the 0-100% interval, as seen in Figure6.4.
An StO; below 0% occurred either when cpp, was negative and larger than cgp0,, or when
CHbo, Was negative. A negative cypyp, smaller than cppo,, led to StO; above 100%. Neg-
ative concentrations are physiologically impossible and were hence caused by errors in the
measurement. To further explore the impact of measurement error on negative/too large
StO, values, the StO; grading system should expanded beyond "valid", also classify StO»
specifically below 0% or above 100%.

* The addition of water as an absorbing chromophore significantly changed the St0O,. One
source of error in the Water approach is the pseudo-inversion of the extinction matrix. Due
to a large difference between the extinction coefficient of water and haemoglobin (&g, 0 is ~
10° smaller than &0, in the selected wavelength range), the condition number of the matrix
is very large, 2.3 x 107 for 771-906 nm, compared to the condition number when resolv-
ing just for haemoglobin, 7. To improve the solution of the equation [ksgsc] = [€7!] - [kit],
a non-negativity constraint can be applied to exclude solutions with negative concentra-
tions. However, the water concentrations resolved were often very small, sometimes it was
zero and the resulting StO, was equal to the StO, calculated with Broadband. Perhaps a
more robust way of accounting for water would be assuming a constant water concentration,
however, as brain water content differs between adults, term and preterm infants and also
during brain injury, a fixed concentration assumption can lead to additional measurement
errors [188, 264]. It has been shown that also the way water absorption is accounted for in
the calculation of u, affects StO, [190]. A limitation of the exploration of the impact of wa-
ter absorption in this work is that it was only used with broadband wavelengths, specifically
applied to CYRIL. Given the weaker absorption by water in shorter wavelengths, up to ~

850 nm, it is possible that the impact of water on SRS would be less at those wavelengths.

* The & values used in this analysis were measured in several patient groups (healthy adults,
brain injured adults, healthy neonates and neonates at the NICU) and led to different results;
scattering assumptions caused a shift in the SrO,. Even though the offset was relatively
small, around 3% in StO, if h changed by 10~*, it significantly affects the accuracy of the

measurement and makes the use of reference ranges and intervention thresholds difficult.
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In order to improve the measurement of StO, with SRS, it would be useful to change &
depending on which patient is being monitored, or even emit this prior assumption on tissue
scattering, as demonstrated by Deepak Veesa and Dehghani [148]. Removing the depen-

dence of SO, on h improved the accuracy of StO; recovery in NIRFAST simulations [148].

* The selection of wavelengths significantly affected the result, even excluding just one wave-
length, 905 nm, changed the amount of "valid" StO,. The potential causes for this include
that 905 nm is at the end of CYRIL’s CCD detection region and the counts at those pixels
are very low. Also water absorption is much stronger at 905 nm than at lower wavelengths,
combining the Wavelength (775, 810, 850 nm) approach with Water could obtain a more
robust measure of StO; at those wavelengths. It is important to note that using a broadband
light source and selecting only specific wavelengths in CYRIL is not equivalent to using a
light source that emits at only specific wavelengths, such as LEDs or laser diodes used in
commercial systems. The results of this analysis might be different if instead of just select-
ing wavelengths out of the broadband spectrum during SRS, a different light source with

specific wavelengths was used.

* Changing which detectors were used had an impact on the calculated slope. The combina-
tions of detectors that used the closest and furthest away detector had the highest amount of
"valid" StO;. They also had high correlation with 4 other detector approaches. This shows
that most of the information about the slope of attenuation comes from the edge detectors.
The sub-approach with the lowest success rate is 25, 30 mm. These detectors suffer from
more measurement noise as they receive less signal than detectors closer to the light source,
additionally, they are also more likely to suffer from poor tissue contact due to the curvature
of the neonatal forehead. Most calculated StO, values include an error arising from the fact
that the distance between the detectors was not negligible compared to the spacing between
the light source and the detectors, one of the assumptions made when using p in Eq. (3.40).
A more suitable version of the equation can be found in [251], later used in this work in

Chapter 9.

Most of these findings, such as the offset introduced by 4, the effect of SDS and the absorption
by water, are relevant for any application of SRS. The selection of wavelengths and its impact on
StO, is only relevant to CYRIL 1 in this investigation as it is instrumentation-dependent.

Assessments of the slope helped explain why some of the StO, were outside of the "valid"
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range. "Positivity" informed on whether attenuation is increasing with distance, as expected. If it
was not "positive", it implied significant measurement errors, such as issues with coupling, leading
to a decrease in counts. The lowest amount of "positive" slopes in Table 6.3 was with SDS 25,
30 mm, 91%. This is also visible in Figures 6.7 and 6.8; the trend of the slope flattens with detector
separation. Using additional SDS can improve the slope measurement; it increases the linearity of
the attenuation slope, as seen on the diagram in Figure 6.1. SRS can benefit from more than two
SDS as one can detect faulty SDS and exclude them from the measurement.

The assessment of "regularity" informs on the trend of the attenuation, as incorrect coupling
canleadto A(p1,A) <A(p2,A), where p; < py. If this is not large, the slope will remain "positive".
Using all 4 SDS led to the lowest amount of "regular” slopes, 84%, because a slope was labelled
as "not-regular" even when just one SD in the whole set had incorrect counts. A small offset
from "regularity" can still maintain linearity and the measurement is not affected. Hence the
amount of "regular” slopes increased when excluding the faulty SDS. Perhaps a better way of
assessing this trend would be the measurement of linearity through R> (measure the goodness of fit
of linear regression models) and using it to assess how well the linear fit matches to the data. That
would require a selection of threshold R? values. A similar assessment of tissue homogeneity was
used by Arri et al. [199], who looked at the correlation between the SDS and the mean intensity,
modulation amplitude and phase shift measured with a FD NIRS system. High values of the
correlation coefficient indicated high tissue homogeneity.

As seen in Table 6.4, 15 "valid" StO, had a "irregular” slope, which was "positive". In 36
cases, even a "non-positive" slope did not lead to a StO; outside the 40-100%, suggesting that an
error in the measurement can still give a "valid" StO, measurement.

Slope characteristics which can be described by the selected metrics, however, do not ex-
plain all errors in the measurement: 435 StO, values were not "valid" even though the slope was
"regular" and "positive". This was caused by many different issues, such as issues with the ref-
erence spectra (which led to the wrong quantification of attenuation), measurement noise or poor
coupling to tissue.

Looking at the StO; values measured in neonates and relating them to severity of measure-
ment showed different results depending on the selected approach. Grouping the StO, from 5
different approaches (Broadband, Water, Scattering (0.00054 mm~'nm~"), Wavelength (775,
810, 850 nm) and Distance (15, 20, 30 mm)) according to HIE severity has shown that de-

pending on which approach is used, the relationship between severity and StO, changes. While
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Water and Wavelength showed no difference in StO, with severity, Broadband, Scattering and
Distance do, giving higher StO, values for moderate injury. These findings agree with Huang
et al. [17], who measured lower oxygenation in HIE injury than in the control group, explain-
ing that this is due to intracranial hypertension. The reported HIE StO, was 53%, the control
group’s StO, was 62%, values similar to the StO, reported in Table 6.6. On the contrary, no
difference found between severity with the approaches Warer and Wavelength agrees with other
studies [19, 95, 225, 226, 227]

Contrasting results of assessing HIE severity with StO, measurements suggest that inconsis-
tencies among studies focused on measuring brain oxygenation in HIE could be caused by more
factors than the pathologies in the individual subjects, which vary and lead to different physio-
logical responses, but also the different NIRS systems used and the application of individual data
processing algorithms. Huang et al. [17] measured oxygenation with an in-house built CW system
based on a multidistance approach, Dehaes et al. [95] used a hybrid FD-DCS system; Goeral et
al. [225], Lee et al. [19] and Burton et al. [227] used INVOS systems and Wintermark et al. [226]
monitored with the FORE-SIGHT device. All these systems use different engineering solutions
and algorithms to calculate oxygenation from the raw data, which makes comparison difficult.
Additionally, algorithms in systems produces by the same manufacturers can change over time,
for example, the current NIRO 200NX uses different wavelengths than used in older NIRO ver-
sions [25, 253]. As this can possibly lead to different results, the comparability and suitability of
such measurements for HIE severity assessment needs to be investigated.

While the use of linear transformation to shift StO collected in one device to make it equiv-
alent to a different system’s reading is possible [165], it does not fix the problem of different
instrument sensitivities [11]. In order to use StO; as a reliable biomarker in HIE, it is firstly cru-
cial to ensure that the measurements are validated and it is possible to assume that the reading of
one machine is comparable to a different machine. A study focused on measuring the relation-
ship between StO, and HIE severity in term infants using different oximeters in the same subjects
could help establish whether the sensitivity to severity is an issue among many oximetry systems,
or whether it is only a problem of the device used in this study, CYRIL 1.

While the results suggest a small increase of StO; over the first 5 days of life, Figure 6.10,
particularly in severely injured neonates, Figure 6.11, it is difficult to assess the trend. Due to the
inconsistent sample size of measurements on different days, statistical significance of the findings

was not investigated. The trend of StO, over time was also influenced by the approach selected
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for the data analysis, approach Wavelength gave a flatter, more stable response. An increase
of oxygenation over time in studies focused on SO, in infants treated with TH was reported in
multiple studies [18, 222, 226, 225, 221], but no difference in StO;, during and after rewarming
was also found [240]. These differences could be because of the different sample sizes and rates
of severe/moderate injury. As the progression of oxygenation could vary with injury severity, an
increase of oxygenation over time in more severe HIE cases could be due to the worsening of
the perfusion-metabolism mismatch, which can be related to an increase of luxury perfusion or
worsening of cortical injury. Secondary injury leads to a decline in metabolism, which increases
St0O, [18]. StO» is more stable in milder injury, as perfusion matches the metabolic needs of the
brain, an increase of oxygenation has not been shown in healthy infants [217].

A more thorough investigation of the relationship between severity/StO, and StO, develop-
ment over time requires a large sample size and the collection of data in a consistent manner.
NIRS measurements should be performed on the same days for all neonates, continuously. In this
retrospective study, the reason why data was not collected on the same days for all infants was that
neonates were monitored depending on the availability of the measurement device and the primary
focus of the data collection was to collect NIRS data continuously for several hours.

Nevertheless, this investigation highlights that one of the reasons leading to inconsistent re-
ported results in brain oximetry studies might not only be the engineering of instruments, but also
the algorithms applied. There is a need to avoid contradictory results obtained just by amending
the SRS algorithm used, as this could potentially lead to incorrect diagnosis and severity assess-

ments in patients with HIE.

6.6 Conclusion

The purpose of this study was to investigate the SRS algorithm to identify how it could be im-
plemented in the novel algorithm BRUNO and how it can be best applied to data collected with
CYRIL 1. The exploration of SRS also led to a demonstration of how data collected with one
instrument can lead to different StO0, by implementing SRS with different settings. Various inputs
have been changed - the wavelengths used, how scattering is accounted for, SDS and whether the
absorption by water is accounted for. All these amendments led to different StO; values, mostly
significantly different. Correlation between the approaches was also low, suggesting there was
straightforward linear relationship explaining the differences. The approach with the highest rate
of "valid" StO, values was Wavelength (775, 810, 850 nm). However, as no true values of StO;

were available, it was not possible to say whether that implementation of SRS in CYRIL 1 really
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was the best option. SRS will be compared to a known truth later in this work in Chapter 8.

SRS assessment

Overall, the strengths of the SRS algorithm are:

* Superficial layer removal: one of the main advantages of the SRS approach is the removal of
the influence of a superficial layer through the calculation of the attenuation slope g—ﬁ. This
ability of the SRS algorithm will be addressed later in section 8.7.1. The novel algorithm,

BRUNO, should also be based on an attenuation slope measurement.

* Low computational requirements is a desirable property as it allows real-time measure-
ments. Keeping the computational burden minimal will be crucial when developing a new

StO, algorithm.

* Multidistance setup: if more than two detectors are applied, the multidistance setup can
decrease the impact of errors arising from coupling issues from a single detector as demon-
strated through the increase of "valid" StO, values when using more detectors. Measure-

ments with 4 detectors will hence be also implemented when designing BRUNO.

Limitations identified when applied to data collected with CYRIL 1:

» Scattering assumption: the use of the scattering scaling factor A simplifies the calculation
but also introduces an offset if it is not correct for the tissue monitored. It is desired that the

new algorithm, BRUNO, does not assume any fixed scattering properties.

» Wavelength selection: the application of the algorithm to CYRIL 1 data has shown incon-
sistencies of results when the wavelengths are changed. To explore the implications of
wavelength selection on SRS further, two versions of SRS are used later in this work; one,
where the whole broadband spectrum is used, and one, where only selected wavelengths are
used (775, 810, 850 nm). BRUNO will be also based on a broadband measurement, the

advantages of this will be presented in the next chapter.

* Resolving water: the algorithm has been shown not to be very robust when accounting
for the concentration of water when used with broadband wavelengths. The absorption
of water will not be assumed when using SRS further in this work. However, as water
absorbs strongly in the longer wavelengths, the ability to account for water absorption will

be implemented in BRUNO.



6.6. Conclusion 177

StO, in neonates with HIE
The data was collected in infants with HIE undergoing treatment at the NICU and the obtained
St0, values were linked to the severity of brain injury using 5 different SRS approaches. It has
been shown that the relationship of StO, HIE injury severity was inconsistent among the different
approaches - while the approaches Broadband, Scattering and Distance showed differences in
StO, between patients with severe and moderate HIE, the approaches Warer and Wavelengths did
not. This agrees with current research - most published research suggests a difference in StO»
depending on severity, but not all. However, a higher SO, is usually reported in the severe HIE
group, in contrast to this work, where moderate HIE lead to higher StO,. The change of StO; over
time was also studied, but no strong conclusions were drawn due to the inconsistent sample size.
In order to establish reference values for the use of StO; as a quick assessment of cerebral
haemodynamics and for HIE diagnosis, results published from different studies must be com-
parable. This investigation suggests that the differences between StO; values and relations to
HIE severity among published studies do not have to be caused only by the different patholo-
gies, oximeters or timings of the measurement, but also the different algorithms applied. The
introduction of standardisation of oximeters and protocols describing validation and measurement

execution would increase the reliability of oxygenation measurements.






Chapter 7

Measuring tissue saturation with single-distance

broadband NIRS

A multidistance approach is not the only way of measuring StO, with CW NIRS - it can be
achieved with single-distance NIRS measurement by use of broadband spectra. The aim of this
chapter is to explore the broadband fitting algorithm; the focus is on the application of the al-
gorithm to broadband NIRS data obtained in NIRFAST simulations to identify the strengths and

limitations of using single-distance bNIRS to quantify StO,.

7.1 Motivation

Broadband fitting is a CW NIRS technique in which a spectrum is collected with a single de-
tector. Instead of using a multidistance approach, this method applies broadband measurements
to recover a full spectrum with various absorption features corresponding to the attenuating sub-
stances. These features are amplified through spectral differentiation and the measured reflectance
spectra are compared to their corresponding models from diffusion theory. As the fitting is per-
formed through an iterative recovery of chromophore concentrations and scattering amplitude
and power, the main strength of the method is the recovery of absolute y, and p. values to ob-
tain SrO, [26, 139]. BF has been used in many applications; to measure cerebral blood flow
and cerebral tissue oxygenation in infants [142], cerebral oxygenation and optical properties in
piglets [139, 147] and phantoms [26]. The measured StO, in infants agrees with reference ranges
introduced in Chapter 4 and validating the method in Monte Carlo simulations showed high accu-
racy when recovering optical properties [139].

One of the advantages of BF is that it does not rely on an assumption of tissue scattering,
in contrast to SRS. This property is one example of how the design of BRUNO can benefit by

implementing similar methods as used in BF, the absence of a fixed 7 when describing u! (like
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in SRS) could increase the accuracy of StO, recovery. The aim of this chapter is to explore the
application of BF as an algorithm to calculate StO, with bNIRS data and to scrutinise its properties
and implementation on bNIRS data. This step is crucial in finding the best way of combining BF

with SRS in the development of BRUNO.

7.2 Implementation of broadband fitting

The BF algorithm is described in section 3.4.5; some properties of BF originating in the algorithm

design are:

* BF uses a broadband spectrum (~ 650-850 nm), allowing for the monitoring of more chro-

mophores than just haemoglobin and for a quantification of scattering.

* A single-distance CW NIRS measurement does not allow the separation of the extracranial

signal components. This contamination is weak for thin neonatal skulls [139].

* The spectral differentiation removes baseline-offset artefacts originating from poor fibre-

tissue coupling [26, 138].

Figure 7.1 shows a reflectance spectrum Ry, and the model Rgpc fitted to the reflectance deriva-
tives IRy /IA, d°Ry/dA*. The data was collected in a liquid phantom. The process of BF is

summarised in a diagram in Figure 7.2.
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Figure 7.1: BF applied to a reflectance measurement in a liquid phantom. The measured reflectance Ry, (a)
is twice differentiated (b,c) and compared to the theoretical model Rgpc.

Strengths and limitations of BF will be identified through the implementation of the algorithm
in bNIRS data obtained in NIRFAST simulations. The CYRIL 1 data collected in infants used
for the exploration of SRS was not suitable due to the insufficient wavelength range. The use
of NIRFAST enables a direct assessment of accuracy of StO, recovery. Unless specified, the

algorithm was applied as described in section 3.4.5 using a custom MATLAB script.
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Figure 7.2: Flowchart describing the process of recovering StO, with BF. The theoretical model is loaded
once but evaluated with different optical properties in each iteration during the least-squares
minimisation.

One of the main aspects of BF is the process of fitting the theoretical model Rgpc to the
measured data Ry, in the least-squares minimisation routine (highlighted in green in Figure 7.2).
A close fit of the model to the data is crucial for correct results. The aim of the optimisation routine
performing the fitting is to minimise the difference between the model and the measured data. This
can be achieved through least squares fitting; a method of minimising the sum of the squares of

the offsets between the fitted curve and the data points, the residuals. The use of solvers that allow
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for the setting of boundary conditions for the fitting parameters improves speed and accuracy. The
authors of BF suggest the use of fminsearchbnd, a bound nonlinear programming solver available
online [147, 265]. This solver offered fast and repeatable results and used throughout this work

for all model fitting.

7.2.1 Coupling of u, and p!

One of the main challenges in measuring absolute quantities with CW NIRS is the difficulty in
separating the effect of scattering and absorption on light in tissue. The dependence of reflectance
on wavelength in the definition of the BF reflectance model in Eq. (3.33) is given by U.ry,
Uerr=+/3Ua(la + 1]). A change in .y at a single wavelength can be attributed to changes in ei-
ther u, or ] (1), and an infinite amount of combinations of p, or y1] can lead to the same . s. The
algorithm itself can also contribute to the crosstalk, the limits set on the amount of function eval-
uations and function tolerance determine which result is already deemed "good" enough. Using
broadband data constraints the amount of solutions to the least-squares problem, as the conditions
need to be satisfied at each wavelength. Boundary conditions also help guide the optimisation
closer to the correct solution.

A coupling between f, and u! is a common issue in CW NIRS measurements [266] and
it is important to quantify its effect on StO,. To measure this impact, 81 reflectance models
were generated by evaluating the reflectance model (Eq. (3.33)) at a constant i, but different
.. Chromophore concentrations were the same in all models; WF = 0, cypp = 29.5 UM, cmpo,
= 55 uM. The different values of p! for each model were obtained by changing the scattering
parameters a and b; they ranged 0.26-0.77 mm~'um~! and 0.87-2.61, respectively. Examples of
a few ! used when generating different reflectance models are shown in Figure 7.3.

The generated models were used as input data for BF and only p, was recovered with BF;
(! remained fixed by setting all boundary conditions for a, b equal to the true value. The lower
boundary condition for ¢y and cypo, was O uM; upper boundary were 200 M. The recovered
cuHp and cypo, obtained from combinations of nine a and nine b values are in Figure 7.4a and
Figure 7.4b.

The recovered concentrations cypp and cypo, increased with the decrease of a and b. As
(! decreased, the light attenuation was attributed to higher p,. While the fixed scattering values
were changed by 50% from the true value, the change in the recovered concentrations was wider:
10.7-86.5 uM (36 - 293% of the true value) for cypp and 25.6-133.4 uM (47-243% of the true

value) for cgpon.
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This shows that despite L, being identical in all 81 models, the recovered haemoglobin con-
centrations varied significantly with the change in u/, suggesting that BF is not suitable for the
recovery of cypp and cypo, individually.

The next step was to assess the robustness of StO, towards these scattering changes. The
change of St0, with a and b is shown in Figure 7.4c. The change in StO, was lower than in cyyp,
and cypo,. All StO; values were between 59.7% and 70.5%, the true value was 65.1%. Even
though the changes in cypnj, and cypor were very large, the relative content of cypo, in crpmp did
not change and kept StO, mostly stable, suggesting a resistance of StO; towards crosstalk.

An increase of residuals of the fit with increased mismatch between the truth and the recov-
ered parameters was observed. Figure 7.5 shows the residuals when recovering StO,. The sum
of residuals is the lowest for the true value setting of @ and b. The banana-like shape of the low
residual region corresponds to similar (. values.

In conclusion, p! and u, are connected; if BF is to be used for the estimation of absolute
optical properties, both u, and p; need to be found accurately. Crosstalk between the fit param-
eters can be reduced by setting adequate boundary conditions. While the recovered haemoglobin
concentrations can by vastly overestimated by incorrectly measuring the scattering parameters; the
measurement of S0, is less sensitive to crosstalk and can be measured with higher precision than
Hg and .
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Figure 7.3: Examples of u! used when generating models of reflectance used for the recovery of u, with
BF. a is reported in mm~'yum~!. The range of a was 0.26-0.77 mm~!um~! and the range of
b was 0.87-2.61.
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Figure 7.4: cypyp, chpo, and StO; recovered with BF while scattering parameters a, amplitude, and b,
power, were fixed at constant values.
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Figure 7.5: Sum of residuals when using fminsearchbnd in BF to recover StO, when keeping the ampli-
tude a and power b of scattering fixed.

7.2.2 Wavelength selection

Wavelength selection is a property that strongly influences the accuracy of an algorithm, as shown
already in the exploration of SRS. In BF, the fitting process is divided into three different steps
across specific wavelength ranges across 680-845 nm. While the wavelength selection in BRUNO
will be different than BF due to the CYRIL 2 system measuring across 704-911 nm, similar
steps can be undertaken when designing the BRUNO fitting to ensure maximal accuracy of StO;
recovery.

The wavelength intervals in BF were selected according to chromophore’s spectral features.
The previous section has shown the significant effect of crosstalk between absorption and scatter-
ing when fitting the reflectance data to the model. While using a broadband spectrum and setting
adequate boundary conditions reduces the amount of possible solutions, targeting specific features
of the reflectance spectrum for the recovery of specific parameters is an additional way of guiding
the least-squares fitting algorithm to the right solution.

BF is designed to recover also the concentrations of water. Water was not discussed in the
previous sections; from now on, a water content of 80% is assumed.

Differentiation is used in other NIRS algorithms to improve the visibility of spectral fea-
tures [137, 135]. An important feature is the 760 nm HHbD feature seen both in the 1st and 2nd
derivative spectra, Figure 7.6. When cyp; is recovered with BF, data measured at wavelengths
around this feature, at 700-800 nm, are used to decrease the potential for crosstalk with other

chromophores.
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Figure 7.6: Spectral derivatives of HHb, HbO, and H,O extinction spectra. Measured by [136].

The HHb peak of interest overlaps with a water feature at 740 nm in the 2nd spectral deriva-
tive. To overcome this potential for crosstalk when recovering both chromophores, BF first fits for
water in a region of another significant water feature, 840 nm. Once the fitting algorithm finds a
suitable value of WF, BF sets this as a constant and fits for only cyg;, and the other 3 parameters
across the 760 nm feature in the second step. Recovering cyp0, is more difficult, as it lacks any
significant spectral features. To estimate cypo,, a and b; cyyp and WE are set as constant and BF
fits over the rest of the spectrum in the 1st derivative. This approach does not completely eliminate
the effect of crosstalk as p! is sought for simultaneously with u, in all steps.

The wavelength region to use for the fitting of individual parameters can be identified by

differentiating g%, where m = 1,2, with respect to each of the five parameters. This shows how
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Figure 7.7: The 1st and 2nd spectral derivatives of apaalfam (cont.). The function was evaluated at WF = 0.8,

cump =29.5 UM, cppo, =55 UM, a=0.5mm ™ 'ym and b= 1.7.

The patterns in Figure 7.7 indicate the impact of changing a parameter on ng; and gi,;;. The
similarity to the spectral features seen in Figure 7.6 is expected. For example, if WF is changed,
g—ﬁ changes the most around 950 nm as that is where water absorption is the strongest. Bga% still
contains the spectral features of other chromophores HHb and HbO, in the 700-900 nm range,
they are smaller relative to the 950 nm peak as changing WF does not affect g—ﬁ much in that

. . . 3R
wavelength region. A strong water spectral feature is also seen in aptowr At 825 nm but the same

feature is much smaller in 2‘9 3‘? and 293R . Hence, if the 825 nm peak is used in BF for the
dp?deymy ap 361{1;02
recovery of WF, crosstalk from other chromophores will be minimal. Fixing WF at the recovered
value during the next step in BE, where cypg), is estimated by fitting between 700-800 nm; this
process accounts for the absorption by water and decreases parameter crosstalk.
The derivative spectra of a, b and HbO, were very similar, showing that the last fitting step

is particularly sensitive to crosstalk between scattering and absorption. U, is by then, however,

limited by the fixed values of WF and cypyp.
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To explore how beneficial it is to split the fitting process into three steps instead of doing
just one, data from model B (homogeneous with water absorption) was analysed with BF across
680-850 nm either a one-step process or a three-step process. The boundary conditions used are

in Table 7.1; the results are reported in Table 7.2.

Table 7.1: Boundary conditions for the analysis of model B with BF.

WF CHHb CHbOZ a b
(%] [uM] [uM] [mm'um™'] [-]
start | 64 23.6 66.0 0.61 1.39
LB 40 14.8 27.5 0.26 0.87
UB | 100 443 110.0 0.76 2.61

Table 7.2: Fitting spectra from simulation B with BF either across the whole spectrum at once or with first
fitting for WF, then cyp;, and other parameters. W F was fitted for over 825-850 nm, cyg;, over
700-800 and the other parameters were recovered across 680—845 nm.

Fitting WF  cunp  cupo, StO> a b Duration

[%] [uM] [uM] [%] [mm 'um™'] [ [s]
Istep | 582 17.5 275 612 0.36 2.57 4.28
3steps | 423 163 294 644 0.72 1.46 6.84
Truth | 80.0 29.5 550 65.1 0.51 1.73

The comparison of performing BF over 3 steps or 1 step is in Table 7.2. StO, was more
accurate when found in three steps but crosstalk was not eliminated, as seen in Figure 7.8. Target-
ing the water peak by fitting across 825—850 nm did not lead to a correct evaluation of the water
concentration, instead, scattering was overestimated, as seen in Figure 7.8a. Figure 7.8b shows
that the absorption coefficient recovered both in 1-step process and 3-step process were very sim-
ilar; the main difference was in the recovery of p/. While the underestimation of 1, in the 3-step
process was balanced by an overestimated g/, the 1-step fitting also underestimated g, causing an
underestimation of U, s and StO>.

Fitting over the whole spectrum at once did not lead to an advantage except for a decrease
in execution time; hence, the 3-step fitting was considered suitable as suggested by the authors of

BE

7.2.3 Absorption by water

It is possible that the decrease addition of a third chromophore, water, could decrease the accu-
racy of StO, recovery with BF, as some absorption by haemoglobin might be attributed to the

absorption by water instead, or opposite.
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Figure 7.8: Scattering and absorption recovered with BF in fitting in 1 or 3 steps in data from model B
compared to the truth.

To see how StO; is affected by the assumed water fraction, all boundary conditions of WF
were set to a constant value, fixing the output WF (the true WF in the input model was 80%). The
other 4 parameters were recovered from model B spectra. The fitting was performed over 3 steps
with fminsearchbnd. The effect of not allowing the optimisation routine to change W F is shown

in Figure 7.9.
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Figure 7.9: The effect of WF set to a specific value (x-axis) on the recovery of cynyp, capo,, a, b and StO
with BF. The true WF in the used model was 80%. The ground truth of ¢y, capo, and StO;
at 80% WF are indicated with crosses, the ground truth of a, b are indicated with stars.

Both cypp and cpgpp, increased with the increase of water concentration, leading to a rise
of St0,. It is likely that the strong absorption features of water were incorrectly assigned to
haemoglobin absorption instead, a crosstalk could be present not only between {1, and (!, but also

between the individual chromophores due to the overlapping spectral features. The maximal error
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in St0, estimation occurred at 100% W F and was 4.8%. The accuracy of StO; recovery was much
higher than the accuracy of other parameters recovery.

An overestimation of p, was balanced by a decrease in y!; visible when plotting p, and g,
for the different values of WF', Figure 7.10. The stabilising of u.rs when absorption increased
as scattering decreased is shown in Figure 7.11. In Figure 7.11a, U.rr was calculated from the
individual optical properties recovered in Table 7.9; in Figure 7.11b only u, was changed while p;
remained at the same value, calculated from parameters at WF = 80%. The change in p, ¢ with

WF was much larger.
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7.3 Discussion

The aim of this chapter was to explore the application of the BF algorithm to broadband NIRS data
obtained in NIRFAST simulations. The application of BF to NIRFAST data highlighted properties
of the algorithm, which will be relevant when combining BF with SRS in the development of
the novel algorithm, BRUNO, such as the crosstalk between scattering and absorption or fitting
wavelength selection.

The crosstalk between 1, and u. is present in CW measurements of attenuation data. It is
impossible to separate the impact of scattering and absorption in with BF, as attenuation of the
signal can be attributed to either. In theory, there is an infinite amount of combinations of (i,
and p, which would lead to the same p,¢s. In BF, the amount of possible solutions is restricted
through the use of broadband spectra and the setting of boundary conditions. It this work, bound-
ary conditions were derived from the true values of concentrations and scattering. In a real NIRS
measurement, the user can guide the setting of boundary conditions from reference values of tissue
optical properties.

Although the sample size of spectra was too small for algorithm validation, the results show
that StO, can be recovered with high precision using BF. The accuracy of the individual fitting
parameters (WF, cuup, CHpo,, a, b) was lower, because u, was often overestimated, leading to a
reduced u,. However, as the reduced absorption led to a decrease in both cypp, and cypo,, StO2
remained close to the correct value. While an impact of water absorption on the estimation of
haemoglobin absorption was found, the effect on StO, was small.

The lack of accuracy when estimating u; and y, identified in this work has been reported
elsewhere. The performance of the BF algorithm was recently validated in a study by Kewin
and colleagues [139]. An animal model was simultaneously monitored with a broadband system
and a TR system. Additionally, Monte Carlo simulations were used to acquire 500 spectra at
different StO; values. The authors found that the precision of estimating StO, was higher than the
precision of cyyyp and cypo,, showing that the algorithm can converge to the correct StO; even if
U, is inaccurate. Similar results were reported in another study where spectra were simulated with
NIRFAST; optical parameters were recovered with a higher error than StO; [267].

The potential increase of the accuracy of BF by using different fitting algorithms or changing
the fit options was not explored in this work, fminsearchbnd was used in BF. Using a different
optimisation routine could potentially improve the result, particularly using solvers which find

a global solution. It is however possible that the improvement achieved through a better fitting
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process would be negligible compared to the measurement errors present in NIRS measurements,

such as noise or coupling artefacts. Nevertheless, a better performing least-squares algorithm

would also increase the duration of the fitting, which is not desired for real-time measurements.
The work in this chapter is not a complete exploration of the behaviour of BF. Additional

aspects which could affect the accuracy of the method include:

* The selection of correct haemoglobin specific extinction coefficient spectra is important for
when recovering absolute concentrations with NIRS [268, 269]. To avoid issues related to
incorrect extinction coefficients, default NIRFAST extinction spectra, which are part of the

properties of the mesh, were used in this study for both data generation and analysis.

* The effect of the mismatch of the refractive index n on the boundaries of different tissue
types in the mesh was not investigated as the absolute true values of parameters are not
known in the heterogeneous NIRFAST simulations. To be able to assess the accuracy of
BF, mostly homogeneous mesh data was used, where the refractive index was identical in

all nodes.

* The presence of noise in the data was briefly explored when comparing different least-
squares fitting methods. Noise did decrease the accuracy of the method, particularly because
it gets amplified through the differentiation. The use of smoothing filters is hence necessary.
A five-step moving average filter was used in this work, as used by the authors of BF [139].
The use of de-noising algorithms for BF was also suggested in other work [270] but was
not implemented here. It is not assumed that the absence of de-noising is the cause of
discrepancies between the results presented here and in literature [147, 139] because the

majority of the analysed spectra was noise-free.

* BF uses a EBC model as it is a more precise estimation of light propagation in tissue than

ZBC used in SRS. Using ZBC in BF was not investigated.

» The sensitivity of the algorithm to ECT is likely increased due to the absence of multiple
detectors. This will be further investigated in the next chapter.

All the findings of this chapter were important when developing BRUNO, which is a combination

of SRS and BF by measuring a broadband attenuation slope against distance g—g. Fitting this

measurement to a theoretical model of this slope means that the BRUNO algorithm should have

similar properties to BF: crosstalk is present, water absorption has to be accounted for and the

computational burden is increased compared to SRS.
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7.4 Conclusion

The use of BF to recover StO, from bNIRS data was demonstrated. The design of the algorithm
was investigated and how the individual selection of aspects, such as wavelength selection, affect

the final result. Several properties of BF were highlighted:

* BF has the ability to recover StO, with high accuracy even if the other fitting parameters are
incorrect. The inability to recover U, and p, accurately is attributed to parameter crosstalk.
StO; is more robust to crosstalk than p,. This crosstalk is independent of the measurement

algorithm and is a property of the reflectance model used.

* BF benefits from bNIRS measurements by targeting different spectral features of chro-
mophores to improve the precision of the measurement. The fitting of the theoretical model

to the data in three steps improves the accuracy of StO, recovery.
Limitations of BF include:

* If incorrect boundary conditions are set, the algorithm will not lead to the desired results
and will converge at the boundary. If StO, was recovered with a large error, it is likely that
the parameters converged at the boundaries. In such case, adjusting the boundary conditions

should always be guided by a visual assessment of the fit.

* The computational requirements of the algorithm are much higher than SRS and could po-
tentially hinder BF from being used in real-time. The aim in BRUNO development will be

to decrease this, perhaps by using simpler light transport in tissue models.

* Applicable only in infants as it does not include any means of removing extracerebral layer

contamination.



Chapter 8

Development of a novel brain oximetry

algorithm

The investigation of the application of SRS and BF to NIRS data to understand the behaviour of the
algorithms created a basis for the development of the novel StO; algorithm BRUNO. The follow-
ing chapter guides the reader from the initial algorithm proposal through the development process
and evaluation using NIRFAST and phantom data up to the last section, where the performance of

the novel algorithm is compared to BF and SRS.

8.1 Requirements

The aim of this PhD project was to develop a novel algorithm to measure StO, with multidistance
CW NIRS; to obtain a measure of StO; sensitive to cerebral tissue and track oxygenation with
high accuracy, dynamic range and precision. The result was BRoadband mUlItidistaNce Oximetry;

BRUNO. Overall, two main requirements guided the development:

1. The algorithm had to be compatible with the measurement device CYRIL, with the broad-
band wavelength range (704-911 nm, resolution < 4 nm) and a multidistance light detection

setup with minimal separation of 5 mm between optodes.

2. A requirement was set by the desired application of the algorithm; in the NICU for the
monitoring of infants with HIE. The size of the neonatal head impacts the assumptions of

light transport in tissue.

The idea was for the algorithm to benefit from both SRS and BF: obtain a brain-specific measure-
ment through a multidistance setup and use the broadband spectrum for a measure of StO, free

from SRS scattering assumptions. A brief comparison of SRS and BF is in Table 8.1.
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Table 8.1: Comparison of spatially resolved spectroscopy (SRS) and broadband fitting (BF). ZBC: zero
boundary conditions, EBC: extrapolated boundary conditions, SD: single-distance, BB: broad-
band, MD: multidistance.

SRS BF
Diffusion equation boundary conditions ZBC EBC
Set up SD BB
Accounting for water absorption

Broadband spectrum

Homogeneous tissue model

Low computational requirements

Lower noise amplification

No boundary conditions needed

No prior scattering assumption

Reduction of superficial layer signal contamination
Unique solution

<
O

NN X NSNS x X
X X X X X NS

Both SRS and BF are based on modelling tissue as a homogeneous medium. Keeping this assump-
tion for neonates is sufficient as the extracerebral tissue layer in the neonatal head is very thin and
errors arising from using such models are small [121]. However, while SRS uses the ZBC when
modelling light transport in the tissue, BF uses EBC. EBC provide a more precise model of light
transport but also increases the computational requirements.

An important advantage of SRS is the multidistance set up, which reduces the signal con-
tamination from extracerebral layers. The single-distance BF measurement is influenced by the
extracranial signal contamination more than SRS and the three-step fitting process adds to com-
putational requirements of the algorithms. The advantages of BF lie in the reduction of coupling
errors through differentiation [138] and the ability to account for attenuation by water absorp-
tion and scattering. While SRS does account for scattering as well, the use of the fixed # is a
disadvantage.

Another difference between SRS and BF lies in the number of unique solutions. While SRS
has one solution, the fitting routine in BF tries to find the optimum solution within the given
boundary conditions. Boundary conditions are used to constrain the amount of possible solutions,
as the optimisation has no unique solution. This is why the computational burden of SRS is much
lower.

Most weaknesses of either algorithm can be addressed by the other. For example, one of the
main drawbacks of BF, the use of only one SDS, can be solved by implementing a multidistance
measurement. This could be applied to BF by measuring a slope of reflectance against distance

instead of reflectance. If a broadband attenuation slope was measured in SRS, the algorithm would
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no longer have to rely on h. It is likely that these improvements would increase the accuracy
of St0, calculation and perhaps also affect other performance indicators, such as sensitivity or
dynamic range.

Such combination of SRS and BF led to BRUNO. It combined the strengths of both methods:
the brain-specificity and efficiency of SRS and the ability to account for u, with BF, while keeping

the computational requirements low to allow for real-time measurements.

8.2 Proposed algorithm

Combining the goals set in the previous section, the novel algorithm should:

» Use a multidistance setup to measure the slope of attenuation over distance and reduce the

impact of extracranial signal components.

» Use broadband spectra to obtain a complete assessment of attenuation in the selected NIR

wavelength range.
* Apply differentiation to correct for coupling errors and highlight spectral features.

» Use a model of light transport that can be solved in real-time over a broad range of wave-

lengths.

Combining these criteria led to the proposed algorithm BRUNO. The idea was to retrieve StO;
with broadband CW NIRS based on a multidistance measurement of the slope of light attenuation
A against distance p, 3—3, dependent on the optical properties of the medium (L,r). One can then
obtain a measure of scattering and absorption in the interrogated tissue by fitting the measured
slope to a theoretical model over a broadband wavelength range. The fitting is performed in a
manner similar to BF; the attenuation slope depends on s (ia, 1), the fitting parameters are ab-
sorption and scattering described in terms of chromophore concentrations and scattering amplitude

a and power b:

A b
Hy(A) =a (1000<nm>> , (8.1)
Ka(A) = ctpo, @b0, (A) + i Opirn(A) + WF gy, 0 () (8.2)

The fitting is performed in the spectral derivative space to decrease the influence of coupling errors,
other baseline offsets and highlight spectral features.
The individual steps in BRUNO’s design, such as wavelength or model selection, will be

discussed further. The aim was to create a novel algorithm to obtain an as accurate measurement
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of St0, as possible. The algorithm development was data driven, guided by evaluating the accu-
racy of StO, recovery from data collected in NIRFAST simulations and phantom measurements
described in Chapter 5.

While in theory the algorithm could be used for the individual recovery of u, and p,, the
accuracy of estimating these parameters was not considered a criterion of BRUNO performance

due to the presence of crosstalk between (! and p,, already identified in the previous chapter.

8.3 Data preparation

Before the algorithm started being developed, NIRS data had to be prepared for analysis. While
the broadband spectra obtained with NIRFAST did not need any pre-processing, the data from
dynamic phantom measurements had to be synchronised with the TR data collected with MAE-
STROS and the attenuation slopes were calculated. All TR data analysis was performed by Dr
Frederic Lange and will not be described here (details can be found in [113]), the provided StO»

was used.

8.3.1 Homogeneous phantom data preparation

The protocol for phantom data collection is introduced in section 5.3.1. The phantom data analysed
in this chapter was collected with detectors 3, 4, 5 and 6 at 30—15 mm SDS; CYRIL 2 data collec-
tion protocols were used. The phantom measurement consisted of 4 oxygenation-deoxygenation
cycles within 45 minutes. The pre-processing of the data were performed in MATLAB and in-
cluded background noise subtraction, summing spectra across the CCD according to binning,
interpolation and attenuation/reflectance calculation.

The CCD binning for the summing of spectra was selected to cover the peaks of the detection
areas as described in Chapter 5. The effect of changing the binning width on a spectrum collected
with the furthest away detector, detector 3, is shown in Figure 8.1; increasing the bin width reduced
the noise and increased the number of counts. A bin of width 20 pixels was used for all spectra as

it is a compromise between maximal counts and minimal detector crosstalk.
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Figure 8.1: The effect of CCD bin width on the quality of a spectrum collected at 30 mm separation,
exposure 1 s.
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The spectra shown in Figure 8.1 were collected during a deoxygenated phase of the phantom,
note the dip at 760 nm corresponding to strong HHb absorption. The change of the spectral shape
throughout several cycles of the phantom measurement is shown in Figure 8.2, which follows
counts at 763 nm where absorption with HHb dominates, hence an increase in counts is observed
when the oxygenation of the phantom increases. The intensity plot does not show the beginning
of the measurement where blood and yeast were added to the mixture. The sections highlighted in
red show when oxygen was being added into the mixture; oxygenation plateaued for a few minutes
following the oxygenation before yeast started consuming the oxygen.

Note that throughout this chapter, even though the CCD of CYRIL was calibrated to 704—
911 nm, spectra are shown from 710-900 nm and data is also analysed in that range. This is
because the output of the light source peaks at ~ 760 nm and the count rate is much lower at the
edges of the spectral range; there are no spectral features of interest (HHb, HbO,, water) in the
excluded wavelengths. Attenuation and reflectance at two different stages of the phantom cycle

are shown in Figure 8.3, calculated using the reference spectra.
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Figure 8.3: Reflectance and attenuation collected at 20 mm SDS during complete oxygenation and deoxy-
genation of the homogeneous phantom. Both quantities were normalised with the MATLAB
function normalize.

Oxygenation measured with the MAESTROS system was used as a reference. Figure 8.4
shows the change in SO, during the four oxygenation-deoxygenation cycles compared to counts
measured with CYRIL. The synchronisation of both systems was performed manually by starting

data collection in both systems simultaneously.
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Figure 8.4: The oxygenation of the homogeneous phantom measured with the TR system MAESTROS
compared to CYRIL counts at 763 nm during 4 phantom cycles.

8.3.1.1 Slope calculation & differentiation
The algorithms to calculate StO, used either spectral derivatives of the reflectance (BF) or the
slope of attenuation against distance (SRS and BRUNO).

Reflectance differentiated with respect to wavelength is shown in Figure 8.5, the reflectance

spectra were smoothed with a 5-step averaging filter smooth in MATLAB before differentiation.
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Figure 8.5: The first and second spectral derivatives of reflectance during complete oxygenation and de-
oxygenation of the homogeneous phantom at 30 mm.

The linearity of the increase of attenuation with distance was assessed at three wavelengths;
750 nm, 800 nm and 850 nm by finding R?. The increase of attenuation with distance remained
linear throughout the whole measurement with R%so = 0.98, Ry, = 0.99 and R%so = 0.99. High
linearity of the change of attenuation over distance indicated that the medium was homogeneous.

In the case of heterogeneity in the path, the change in optical properties would affect the increase
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in attenuation at the affected separation.

g—g was calculated across all four detectors. The data were smoothed with a 5-step averaging
filter before differentiation. The slopes collected in an oxygenated and deoxygenated phantom and
their corresponding spectral derivatives are shown in Figure 8.6.
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Figure 8.6: The attenuation slope and the derivative of the attenuation slope with respect to wavelength
during complete oxygenation and deoxygenation of the homogeneous phantom.

8.3.2 Two-layer phantom data preparation

Analogously to the homogeneous phantom; data were collected at 15-30 mm SDS in the two-
layer phantom. The data analysis followed the same steps as before. The only difference was in
the binning of the data. At the time of the two-layer study (July 2018), the data acquisition based
on capturing the whole CCD was not yet used and spectra were summed during CCD data readout.
The spectra were summed according to the binning selected during the measurement setup. (In
the homogeneous phantom, in January 2019, the whole CCD readout data processing was already
applied. The two data acquisition methods are described in detail in section 5.1.2.3.)

Due to the two-layer nature of the phantom, the sensitivity of the measurement to the liquid
part of the phantom increased with SDS; higher SDS improved the visibility of haemoglobin
spectral features. Figure 8.7 shows the difference between spectra collected during oxygenation
and deoxygenation of the phantom at 15 and 30 mm SDS; the deoxyhaemoglobin absorption
feature at 760 nm is more pronounced at 30 mm SDS.

SDS also affected attenuation, Figure 8.8, and reflectance, Figure 8.9. The data collected
at 15 mm were noisier than in the homogeneous phantom. Decreased SNR at short separations,

15 mm, was not observed in the homogeneous phantom data. The difference is caused by the
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two CCD readout methods used; whole CCD readout (homogeneous phantom) or binned CCD

readout (two-layer phantom). The two-layer phantom measurement had very narrow binning at

15 mm SDS not to saturate the CCD. The bin width remained the same for reference measurement,

where care has to be taken not to saturate the CCD at the furthest SDS with the widest bins.

As all detectors were illuminated equally during the reference measurement, the signal intensity

was much lower with narrow bins, hence the decrease of SNR when calculating attenuation and

reflectance at 15 mm SDS.
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Figure 8.7: Spectra collected in a two-layer phantom at 15 and 30 mm SDS during phantom oxygenation

and deoxygenation.
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Figure 8.8: Attenuation collected at 15 and 30 mm SDS during complete oxygenation and deoxygena-
tion of the two-layer phantom. The quantities were normalised with the MATLAB function

normalize.

MAESTROS was used simultaneously with CYRIL and measured StO,, Figure 8.10 shows

the change of counts at 20 mm measured with CYRIL at 763 nm and the change of MAESTROS-
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Figure 8.9: Reflectance collected at 15 and 30 mm SDS during complete oxygenation and deoxygenation of
the two-layer phantom. The quantities were normalised with the MATLAB function normalize.

measured S0, throughout two deoxygenation/oxygenation cycles.
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Figure 8.10: The oxygenation of the two-layer phantom measured with the TR system MAESTROS com-
pared to CYRIL counts at 763 nm during 2 phantom deoxygenation cycles.

8.3.2.1 Slope calculation & differentiation
The decrease of attenuation with distance was linear with an average R2s, = 0.98, R%,, = 0.99 and

R%so = 0.98, not different from the homogeneous phantom. The presence of heterogeneity was

A
dp

and its derivative with respect to wavelength in the two-layer phantom are shown in Figure 8.11.

barely reflected in the slope as the contribution of the superficial layer was equal at all SDS.

Compared to the homogeneous phantom, Figure 8.6, the spectral feature at 730 nm is less obvious.

The first and second spectral derivatives of reflectance at 30 mm are shown in Figure 8.12
and look very similar to the reflectance spectra in the homogeneous phantom, Figure 8.5, as the
impact of the thin layer absorption was negligible at 30 mm SDS and the detector collected signal

mainly from the liquid part of the phantom.
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Figure 8.11: The attenuation slope and the derivative of the attenuation slope with respect to wavelength
during complete oxygenation and deoxygenation of the two-layer phantom.
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Figure 8.12: The first and second spectral derivatives of reflectance during complete oxygenation and de-
oxygenation of the two-layer phantom at 30 mm.

The phantom data will be further explored later in this chapter: it will be used for the demon-
stration of the performance throughout the development of BRUNO and it will be analysed with
BF and SRS to compare their performance to BRUNO.

The boundary conditions in Table 8.2 will be used for BF and BRUNO analysis of both data
sets. The optical properties were set from MAESTROS results and the concentration of water in

the phantom recipes.
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Table 8.2: Boundary conditions for analysing phantom data with BRUNO.

WF [%] cumb [UM]  cmpo, [UM] a[mm 'pgm~!] b[-]
Start 100 20 20 1 3
LB 97 0 0 0 0
UB 100 40 40 2 4

8.4 Model selection

The first step of developing BRUNO was the selection of a model of light transport in tissue. As
mentioned in section 3.4, different models can be used to approximate the behaviour of light in
tissue. The description of the neonatal head as a homogeneous slab model is sufficient; a differ-
ence, however, lies in the selection of boundary conditions when solving the diffusion equation,
as they led to different models of reflectance R. In this application, the choice is between using
zero boundary conditions reflectance, Rzpc, (used in SRS) or the reflectance obtained with extrap-
olated boundary conditions, Rgpc (used in BF). Once a reflectance model is defined, the model of
the slope of attenuation against distance is obtained from R using the relation
JA 0

Fr —%(loglo(R(p)). (8.3)

In the following section, different solutions to the diffusion equation will be examined in order
to find a suitable model of the slope of light attenuation for the new algorithm BRUNO. The
requirements for the model were that it should lead to accurate results at speeds suitable for real-

time execution.

8.4.1 ZBC model

The solution to the diffusion equation with zero boundary conditions is

1
Rzpc(p) = Z;Or% <; + !ieff> exp(— Mepsri), (8.4)

where 17 = 73+ p? and W s is the effective attenuation coefficient when scattering is much

stronger than absorption [, < [: Uefs = \/W Assuming large detector spacing, p2 > Z%,

20/p ~ 0, leads to

exp(—HUesrP)

i (8.5)

Rzc(P) = 2olesf

The assumption of 1, < i was not utilised in the definition of 1. ¢¢ of BF, section 3.4.5, but can be found in the
derivation of SRS equations and is typically valid in tissue [109].



208 Chapter 8. Development of a novel brain oximetry algorithm

Attenuation Azpc is then equal to

_ln(Rzgc) _ 1
In10 In10

A = —logo(Rzpc) = [(Heffp) +2Inp —In ZO;‘ - ] . (8.6)

If the detectors measuring the attenuation are close together with respect to the distance from the

source p, 3—3 is obtained by differentiation:

J0A 1 2
Z2LE = ( 3uau;+p>, 8.7)

dp Inlo

where Azpc ¢ stands for the attenuation measured at close separation between detectors relative
to p.

However, CYRIL can use a light source-detector set up where the closest detector is 15 mm
far from the light source and the furthest detector 30 mm, hence, the assumption of small inter-
detector spacing (close, C) no longer applies. In that case, the slope of attenuation is approximated

by evaluating g—g at the long distance, dy, and the short distance, ds [251]:

op dy—d;,  Inl0

A _ 21n 4
dAzscr _ A(d) —A(ds) 1 ( S+ s ) (8.8)
dy — ds

where Azpc r stands for the attenuation measured at far separation between detectors relative to
p, (far, F).
8.4.2 EBC model

Solutions to the diffusion equation with EBC are a more precise approximation of light transport

in tissue than those with ZBC. The reflectance obtained with EBC is

1 1 exp(—ueffrl) 1 exp(—/.teffrz)
R = — |: ) e 2 - ; ) 8‘9
ec(P) = 7 |20 (Hesr + . ) 2 + (20 +22p) (Hegr + r2> 2 (8.9)
where D = ﬁ is the diffusion coefficient and the effective attenuation coefficient is given by

Perr = r/3Ualtl. It is also assumed that z3 < p?, hence r} = p? and 13 = (20 +225)* + p>. For

biological tissue, z; is given by [134]:

1+40.493
_ 1404 2D (8.10)

b= 1204937
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Attenuation Agpc can be obtained from Rgpc in the same manner as shown in Eq. 8.6, and two

different models of the slope of light attenuation can be calculated for detector spacing smaller

dAgpc.r
dp

models from Rgpc was performed in MATLAB. In total, 4 different models of the attenuation

9dAEpcc

than p, —p and detector spacing similar to p, . The derivation of Agpc and the slope

JdA JdA JdA JdA
ZBC.C ZBC.F EBCC and ZAEBCE

slope were tested: ap > dp > dp ap

The optical properties of GM, as used in NIRFAST mesh model B (homogeneous with water

absorption, described in Table 5.3) were used in the analysis.

8.4.3 Impact of light source-detector separation

The first assessed attenuation slope model aspect was the impact of SDS. Figure 8.13a shows the
4 different attenuation slope models evaluated at different SDS. The decrease of the separation
between the detectors made the model ‘%‘" identical to % both for ZBC and EBC. The difference
between EBC and ZBC models increased at short SDS because the EBC models were better at
approximating behaviour of light closer to the light source.

As the proposed algorithm should fit the model to the data in the spectral derivative space, the
behaviour of the differentiated models % was investigated; they are shown in Figure 8.13b. All
3 ZBC models are overlapping because the distance terms in Eq. (8.6) and (8.7) are independent of
wavelength. On the other hand, the spectral derivatives of ‘93% do not overlap, because distance

p is included in the r; and r, terms in Eq. (8.9) and these are not removed through differentiation.

AZBCC &AZBC F
ZBC.C

used to calculate StO,. Hence, only one model will be investigated further in this section, ’MT,

As the spectral derivatives of ? are identical; both models are the same when
and will be compared to both versions of the ag% models.

The independence of a%‘*c can be beneficial when applied to NIRS data, as, due to the
curvature of the neonatal head, the input SDS (SDS set in the probe holder) can be different than
the "real" separation between the detectors. A mismatch could decrease the accuracy of 8‘3%

model’s prediction. The effect of head curvature on slope models was not explored in this work.
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overlapping.

Figure 8.13: Comparison of the slope of attenuation obtained with models utilising EBC or ZBC. The

. . . JdA
models are evaluated with optical properties of grey matter. For ZBC, % was evaluated

at 30 mm and (Mg# was evaluated at 15, 30 mm and 25, 30 mm. For EBC, MS% was

evaluated at 30 mm and 8143# was evaluated at 15, 30 mm and 25, 30 mm.
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8.4.4 Scattering & absorption crosstalk

The presence of crosstalk between u, and p, was already shown in BF in Chapter 7. As the
source of crosstalk is the dependence of reflectance on Ly, it is also expected to be present when

recovering StO, from aApic or %.

To demonstrate the relationship between p; and p, and its effect on StO,, 81 attenuation

JA JdA
slope models were generated for ‘M;BC , ZBC'C and —EEEL

in all and was based on WF = 80%, cyup = 29.5 and cypo, = S5uUM, StO; = 65.1%. The

. The absorption remained the same

scattering parameters a and b were different in each of the 81 models. 9 different values of a were
used, 0.26-0.77 mm~'um~", and 9 values of b, 0.87-2.61. The used y are shown in Figure 7.3.
The generated models were used as input data for BRUNO and only u, was recovered. The
optimisation routine fminsearchbnd was used in BRUNO.

Figure 8.14 shows how StO, changed with the selection of amplitude a and power b for &AEBC
and aAE’# (the result was identical to %). The black dots indicate the true value of StO5; the

recovered values diverged from the truth with increased mismatch of the amplitude a, but remained

quite stable for different b, highlighting a weaker effect of b on St0>.

a‘gﬁ” and aAEBC followed the same trend of dependence of StO, on a and b, however, the
range of StO, was narrower for 2 %BC suggesting that the crosstalk between scattering and ab-

sorption was weaker. This is likely due to the increased complexity of 2 ';BC compared to aAZBC

These results suggest that crosstalk between p! and p, does not automatically prevent the
recovery of an accurate SO, but it can lead to errors when looking for the individual fitting pa-
rameters. Similar findings were observed when investigating crosstalk in BF. The offset from the

truth caused by incorrect scattering was smaller for the aAf)BC than for ‘9’3’5‘“ .
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(a) ZBC

(b) EBC,F

. . . dA . . .
Figure 8.14: StO, recovered with BRUNO using a—’i% or —f% while scattering parameters a, amplitude,
and b, power, were fixed at constant values.
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8.4.5 Model performance
8.4.5.1 NIRFAST data

NIRFAST simulations were used to assess the accuracy of BRUNO and the computational require-
ments. As the aim of this work was to develop a real-time algorithm; a complicated model could
bear a significant computational burden and make real-time measurements impossible.

Spectra simulated with NIRFAST were analysed with the 3 different attenuation slope mod-

. 0Azpc 9AEBcc JdAgpc.r
els; 90 p and p

desaturations of brain tissue (Table 5.4), were used for the comparison, as the set included 50

. The NIRFAST simulated spectra obtained in model E, step-wise

spectra with different, but known, optical properties.

Table 8.3 shows the StO, values recovered with ‘MP# and ‘MP#. The fitting was performed for
the homogeneous and heterogeneous models over 710-900 nm in the first spectral derivative space
with fminsearchbnd. To demonstrate the effect of noise on the performance of BRUNO, 1% am-
plitude random noise was added to the spectra from the homogeneous model.

St O, was recovered with high accuracy in both homogeneous models, adding noise increased
the computational burden and standard deviation of SO, particularly in the last step at true
St0, = 50%. Using BRUNO to recover measurements in two-layer NIRFAST models showed
high sensitivity to the brain signal and all three slope models recovered StO, with high accuracy.
The error of the measurement increased with the increase of the difference between the oxygena-
tion of the brain and ECT layers.

The main difference between the models was the speed, ZBC was the fastest model in all

three cases.

8.4.5.2 Phantom data
Phantom data are more challenging than NIRFAST simulations and represent a more realistic
NIRS measurement scenario. The absolute truth was not known, so MAESTROS was used as the

gold standard.
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Table 8.3: Mean St0; (standard deviation) recovered from spectra acquired in model E, homogeneous with
and without 1% amplitude noise added and in model E, heterogeneous. The used models were
a/}% and ag%. The duration was measured as the time it took to perform least-squares fitting
on all 50 spectra. Standard deviation rounded to one decimal place is in brackets. For the
heterogeneous, the true oxygenation in the brain layer is reported, ECT layer was 80% in all

steps.
StO; [%]
EBC,C EBC,F 7ZBC
Truth
Homogeneous model
90.0 89.9 (0.1) 90.0(0.1) 89.8 (0.0)
80.0 79.9 (0.0) 79.9(0.0) 79.8 (0.0)
70.0 69.9 (0.1) 70.0(0.3) 69.8 (0.0)
60.0 60.0 (0.1) 60.1(0.3) 59.9 (0.0)
50.0 50.3(0.1) 50.4(0.3) 50.2(0.0)
Duration [s] 28.4 18.9 6.1
Truth Homogeneous model with noise
90.0 89.8 (0.5) 89.8(0.5) 89.7(0.5)
80.0 80.4 (1.0) 80.4(1.0) 80.3(1.0)
70.0 70.0 (0.9) 69.9(0.9) 69.8(0.9)
60.0 60.0 (0.9) 60.0(0.9) 59.9(0.9)
50.0 50.6 2.7) 50.6(2.7) 50.52.7)
Duration [s] 242.2 182.8 153.0
Truth Heterogeneous model
90.0 89.4 (0.0) 89.5(0.0) 89.4(0.1)
80.0 80.2 (0.0) 80.2(0.0) 80.2(0.0)
70.0 71.2(0.1) 71.1(0.1) 71.1(0.0)
60.0 62.2(0.1) 62.1(0.1) 62.1(0.1)
50.0 53.1(0.2) 53.1(0.2) 53.0(0.1)
Duration [s] 31.0 25.1 6.6

Homogeneous phantom

Data collected in the homogeneous phantom was analysed with BRUNO with 3 different attenua-

JAzpc. . IAgsce JAgscy
I " Ip and —; 5

tion slope models: . The analysis was performed over 710-900 nm with
fminsearchbnd.

Figure 8.15 shows BRUNO applied to homogeneous phantom spectra at three different points
of the oxygenation cycle; at maximal and minimal oxygenation and at halfway deoxygenation,
which was selected as the middle point between the counts at maximal and minimal oxygenation.

The BRUNO fit changed depending on the oxygenation; one of the main spectral features
observable is the 830 nm water peak, which does not change during the cycle. The oxygenation
state changes the features at 720—800 nm. A slight offset is visible between the peak of the models

at 731 nm and the data peak at 728 nm in all three figures. This offset is within the resolution of

CYRIL’s CCD, which is around 4 nm, and is explained in section 5.1.2.2.
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Figure 8.15: The comparison of different light transport models when applied in BRUNO to 3—‘2 collected

the homogeneous phantom during different parts of the oxygenation cycle.
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Both 3’2‘9% models overlapped, even though they had a different p dependence. However,
they did not lead to the same results, as shown in Figure 8.16, where the results are compared to
the MAESTROS St0; reference measurement. The displayed data were smoothed with a 5-point

averaging filter. Several conclusions can be drawn from Figure 8.16:

* All models recovered a smooth StO;, response that follows the oxygenation trend. The

saturation at 100% is flat because of the boundary conditions; cyp, converged to 0 M.

* The biggest differences in the measured StO; was when it was below 20%. Such low satu-
ration values however, never occur in the clinical setting - the SafeBoosC clinical trial uses
a hypoxic threshold of 55% [207]. The accuracy of the measurement at those points is not a

priority.

. ag—f;fc had a smaller dynamic range causing a delay in the recovery of deoxygenation. While
8%—2“ followed the trend of MAESTROS over the whole duration of the measurement; the
measurement with a%‘*c models was delayed by 30 s during the deoxygenation stages lead-
ing to a difference in StO, of up to 20%. Even though such rapid changes in StO; are
unlikely in the clinic, a delayed response is undesirable as hypoxia can lead to damage

within a few seconds.

Measuring the duration of BRUNO analysis of all 2368 spectra showed another strong ad-
vantage of using ‘9’3%; similarly to the simulation results, it was much faster. ‘93% analysis took

65 s, 5% 100k 379 s and £ 100k 2105,

T T s

80

Sto, [%]

40 —

—EBC:C

20 | ——EBC:F
M ——ZBC
|

— MAESTROS
| [ | |

15 20 25 30 35 40 45
Elapsed time [min]

Figure 8.16: SrO; in the homogeneous phantom measured with MAESTROS compared to BRUNO analy-
sis with 3 different 3—3 models.
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ayer phantom

The analysis of the NIRFAST and homogeneous phantom data showed that using ag% is faster

and leads to better results; the application of BRUNO to the two-layer data was used to assess

wheth

100

80

St0, [%]
B D
o [
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er the presence of another layer affects the performance.
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—EBCF
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Figure 8.17: StO, in the two-layer phantom measured with MAESTROS compared to BRUNO analysis

with 3 different 3—2 models.

Figure 8.17 shows StO; recovered with the three BRUNO slope models compared to the TR

reading in the two-layer phantom; the data were smoothed with a 5-step smoothing filter. The

performance of BRUNO was worse than in the homogeneous phantom:

The StO, recovered with Bg—’ifc models included artefacts which visually resemble move-
ment artefacts. However, as these did appear in ag%, they were related to the models.
Looking at the BRUNO fit before and during the artefact, Figure 8.19, shows what led to
the difference in results. Despite the data looking very similar, ag%” models converged to
the wrong solution. The likely reason is the high amount of noise in the data. The increase
of noise compared to the homogeneous phantom was not because of the additional layer but
because of the data acquisition. More noise was present in the two-layer phantom due to the

absence of noise subtraction in the data analysis and fewer collected counts. a/s%f appeared

to be more resistant towards noise.

The baseline values of ‘9‘3% models were at ~ 60%, compared to the 0% MAESTROS
baseline. While ag—g’f and ag% fits looked identical, there was a difference in the recovered

. . dA . .
! and p,, shown in Figure 8.18; % overestimated attenuation.

‘While ‘9‘3% was robust towards the increase of noise, it did not match MAESTROS’ read-

ing at high oxygenation. The offset was also visible throughout the deoxygenation. MAE-
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STROS found an oxygenation baseline at 96%. Other published work with the same phan-
tom shows the maximal oxygenation in a range ~ 90-100% depending on the instrument
used [165]. The difference in the reading between MAESTROS and ZBC BRUNO is not
assumed to be due to the addition of the extra layer, as it is very thin and at MAESTROS’

3 cm SDS, its impact should be negligible [271].

3
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Fi 8.18: Th i f du d with 24z8c anq 2Acscr h int duri
igure 8.18: The comparison ot L, and (, recovered wit 3 an p at the same point during

phantom deoxygenation. St0>(ZBC) = 0%; StO>(EBC,F) = 52.5%.

8.4.6 Model selection: conclusion

The use of three different models of the slope of light attenuation in tissue to recover StO, with
BRUNO was demonstrated. The models were compared based on their accuracy, speed, crosstalk
between U, and !, the influence of SDS and were also applied to data collected in NIRFAST
simulations and phantoms.

Overall, ag%‘” was selected for use, because:

* The first spectral differential of the model is independent of SDS. This is useful because the
real distance between the detectors and the light is shorter than the distance designed in the

probe holder due to the curvature of the neonatal head.

* The model is more likely to converge to a correct value of StO, than ai;% if incorrect u, or

L} are recovered.

* While, theoretically, ‘9‘3% are a more precise approximation of light transport than ‘9‘3%,
the accuracy of both models demonstrated on NIRFAST spectra (judged on the accuracy of

StO; recovery) is comparable.

. ag—é‘f has lower computational requirements and converges to the solution quicker than other
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models. This is important as fast execution is

ment algorithm.

219

crucial for the design of a real-time measure-

* Application to phantom data showed greater agreement between 3‘3—7}30 and the MAESTROS

reference measurement and also a lower sensitivity to noise than
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Figure 8.19: BRUNO with 242C and “2£%

phantom. Note the difference in the closeness of the model fit to the data in figure (c) vs. (d).

8.5 Additional algorithm considerations

The selection of the model of light transport significantly affected the performance of BRUNO.

There are other additional algorithm aspects which need to be selected, such as wavelengths, over

which the spectrum is fitted, or chromophores.
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8.5.1 Wavelength selection

The first constraint on the wavelength selection of BRUNO was the compatibility with the CYRIL
2 wavelength range, 704-911 nm. In this range, the main absorption features include a HHb
feature at 760 nm, a 740 nm water feature, and a water feature at 840 nm. These could be targeted
in BRUNO similarly to the BF fitting process.

BRUNO uses first spectral derivatives of the slope model as differentiation amplifies spectral
features of chromophores in a spectrum which is otherwise quite featureless, Fig. 8.13a. The use
of second spectral derivatives was not considered as noise would be the preliminary source of
contrast after the attenuation slope calculation and double spectral differentiation.

So far, the least-squares fitting for 5 parameters was performed across the whole spectrum
for all wavelengths at the same time. The aim of this section is to investigate whether using only
selected sections of the spectrum (similarly to BF) for the fitting of individual chromophores would
improve the algorithm performance.

The impact of each parameter on the spectral derivative of the slope model, 8%%’ was as-
sessed, Figure 8.20. Each of the five parameters affected the model in a different manner; this was
shown through differentiation: the individual derivatives of a‘z)% with respect to each parameter
show how each parameter affects the model across the whole spectrum. The behaviour only across
the 704-911 nm wavelength range was studied as it is the wavelength range of CYRIL 2.

The differentiation with respect to each parameter showed that they do affect the spectrum
in various patterns, with WF and cgpy;, having the most distinct spectral features. The WF peaks
at 730 and 830 nm correspond to the known WF peaks in the second spectral derivative space of
extinction spectra, Figure 7.6 and the large HHb feature at 760 nm is also seen in %. The
water and HHb features of a‘?)% were seen before in the phantom spectra in Figure 8.6. While
some spectral features of HbO, are visible in Figure 8.20c, they overlap with the spectral features

of HHb.
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Figure 8.20: Differentiating aaggﬁc with respect to each parameter. The function is evaluated at WF = 0.8,

cump =29.5 UM, cppo, =55 UM, a=0.5mm 'uM~and b= 1.7.
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Figure 8.20: Differentiating a’z)% with respect to each parameter (cont.). The function is evaluated at
WF = 0.8, cymp = 29.5 UM, capo, =55 tM, a=0.5mm 'uM~'and b= 1.7

The shape of aapgiBaCa and aapgfjfb is a combination of the spectral features of the three chro-

mophores; scattering acts as an amplifier of those features. The HHb feature at 720-780 nm is

particularly prominent in aa’jgi‘jgca and aa;‘gi%cb. This explains the crosstalk; it is unclear whether to

attribute a change in U, sy to a higher concentration of a chromophore or to stronger scattering.
Given the significant water absorption feature at 830 nm, it might be beneficial to first fit for

the concentration of water, fix WF, and then fit for the rest of the parameters.

NIRFAST simulations

Whether fitting first for WF between 810-850 nm, fixing the recovered parameter and then fitting

for the rest of the parameters over the whole spectrum would be beneficial was tested by analysing

a spectrum obtained in NIRFAST model B. The recovered StO, for BRUNO with only one fitting
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step or with two is in Table 8.4.

The recovered StO, was identical in both cases. While fitting for water first did increase the
duration by a fraction, the recovered parameters are similar. It is noticeable how fitting for water
first overcompensated the water concentration compared to an overall fit. In both cases, scattering

amplitude was overestimated at the cost of reduced haemoglobin concentrations.

Table 8.4: Fitting spectra from model B with BRUNO either across the whole spectrum at once or with
first fitting for WF. WF was fitted for over 810-850 nm, other parameters were recovered
across 704-911 nm.

Fitting WF  cgup  cHpbo, StO2 a b Duration

[%] [(uM] [uM]  [%] [mm 'pm™'] O[] [s]
Istep | 86.4 13.5 250 649 0.64 1.79 0.39
2steps | 94.9 149 275 649 0.58 1.79 0.44
Truth | 80.0 29.5 550 65.1 0.51 1.73

Homogeneous phantom

The impact of fitting in one step compared to two steps was also assessed in the homogeneous
phantom. Figure 8.21 shows that the result was identical and only the computational burden was
increased; adding another fitting step increased the duration of the analysis from 64 s to 131 s.

Overall, no benefit of splitting the fitting into two stages was found.
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Figure 8.21: The comparison of fitting BRUNO in one or two steps to StO, measured with MAESTROS.

8.5.2 Chromophore selection

The absorption in tissue is dominated by water, HHb and HbO, and BRUNO is designed to account
for the absorption by all three compounds. All three chromophores of interest have their specific
spectral features shown in Figure 8.20. Other chromophores, such as melanin, fat or CCO are
usually not considered in the calculation of StO, as their contribution to the total absorption is

much weaker than the absorption by haemoglobin in the wavelength range of interest, 700-900 nm
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[104, 141] and can not be accounted for when only a few wavelengths are used.

The absorption by these chromophores is however not zero and when the StO; algorithm is
set not to account for their contribution to light attenuation, their absorption is attributed to the
absorption by HHb or HbO,, potentially decreasing the accuracy of the measurement. One exam-
ple of a chromophore with non-negligible absorption is CCO. CCO has been subject to increased
interest in the field of NIRS in the recent years and monitoring its concentration changes in the
NICU can inform of HIE injury severity [16]. In fact, the instrument used in this work, CYRIL,
was specifically designed to monitor CCO concentration changes. The challenge facing abso-
lute measurements of CCO is its low concentration; about one order of magnitude lower than the
concentration of haemoglobin [102].

To demonstrate the potential of BRUNO to recover absolute CCO concentrations, Figure 8.22
shows the effect of adding CCO to a‘z)%, assuming that the concentration of oxidised CCO, ox-
CCO, is 5uM, or that there is no contribution by oxCCO to the absorption. oxCCO increased the
absorption of light in the tissue and caused a visible change in the slope model. As the oxCCO
absorption is very broad, the addition of 0xCCO to the model affects it across the whole spectrum.

While the change in the slope model could be quantified through accurate fitting, it was de-
cided not to account for oxCCO absorption at this stage of BRUNO development. An additional
fitting parameter would increase the computational burden. The broad spectral peak of oxCCO
affects the slope model in the whole region of interest. Crosstalk between haemoglobin concen-
trations, scattering and oxCCO could occur, making an accurate assessment of oxCCO concen-
trations unlikely. As BRUNO is focused on the recovery of StO, and not absolute chromophore
concentrations, accounting for oxCCO was decided to be excluded from the algorithm at this stage

of development.

8.5.3 Source-detector separation

The topic of light source-detector spacing is briefly discussed when selecting the attenuation slope
model. While the separation does not influence the selected aAp%, the work in Chapter 6 has shown
that it does affect the experimentally measured slope. Using all 4 detectors increases the robustness
of the measured attenuation slope towards errors affecting only one detector; the linearity of the
decrease of attenuation against distance is maintained despite potential offsets from linearity of
one detector. Offsets from linearity were not observed in the phantom data (high R? throughout
the measurement).

Using all four detectors is desirable even in the case of a perfectly linear increase of attenua-
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Figure 8.22: The effect of adding 5 uM oxCCO to 3‘% quantified at WF = 0.8, cygp = 29.5 uM,
cHpo, =55 UM, a=0.5mm 'um~!, b=1.7.

tion with distance; using close detectors reduces the noise in the measured slope. As further away
detectors in CYRIL have a lower SNR, using only far separations would lead to a noisy slope. The
advantage of using 4 detectors in a multidistance setup is shown in Figure 8.23. Spectral features

of the slope are barely visible in the measurement using only far away detectors.
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Figure 8.23: Attenuation slope 3—2 measured across 4 (15-30 mm), 3 (20-30 mm), or 2 (25-30 mm) detec-
tors in the phantoms during phantom deoxygenation.
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8.6 BRUNO summary

The finalised process of recovering StO; from spectral data with BRUNO, also shown in Fig-

ure 8.24, is as follows:

* Measure attenuation A with at least two detectors in a multidistance setup.

* Calculate the slope of attenuation against distance g—”;‘ across the detectors. If using CYRIL,

use four detectors measuring at SDS from 15 to 30 mm.

* Generate a model of the attenuation slope %%f(ua, (t)). Define the wavelength dependence

of u, and u!, Eq. (8.2) and Eq. (8.1).

* Differentiate both ag% and g—g with respect to wavelength. Smooth g—g with an averaging

filter prior to differentiation.

* Apply a least-squares minimisation process (fminsearchbnd) which will minimise the dif-
ference between g—g and ag—iff by iteratively updating u, and y, by changing their param-
eters a, b and chromophore concentrations. Perform the minimisation across the whole

broadband spectrum, 710-900 nm if using CYRIL.
* Calculate StO> from the recovered cypp and chpo, -

All necessary MATLAB scripts to run BRUNO on attenuation data are available on
GitHub [272].
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Figure 8.24: The process of calculating StO, with BRUNO. In the MATLAB implementation of BRUNO,
8/3% is first called as a symbolic function dependent on e rf. U, and p are then defined with
the required parameters. The model is then evaluated during the least-squares minimisation
procedure.
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8.7 The performance of BRUNO

The data driven approach to the design of BRUNO, based on SRS and BF, was focused on im-
proving the quality of StO; recovery by building on the individual strengths of both algorithms.
The final step of BRUNO development is to compare the recovery of StO, with BRUNO to the
oxygenation recovered with BF and SRS.

The application of BF to simulated data in this section was different compared to Chapter 7.
The BF recommended wavelength range from 680 nm to 850 nm was used previously. In this
chapter, the start of the broadband range was moved to 710 nm to make the results from NIRFAST
simulations more comparable to measurements in a phantom, as CYRIL does not cover the re-
quired wavelengths below 700 nm. The other steps in the analysis were as described in Figure 7.2.

Two different versions of SRS were evaluated; one, where only discrete wavelengths were
applied, and a broadband version. The discrete wavelengths were selected based on the results
from the work in Chapter 6; 775, 810 and 850 nm. The broadband version covered the whole
CYRIL range. As all 4 CYRIL detectors were used in the analysis, the attenuation slope model in
SRS was changed from Eq. (8.6) to Eq. (8.7). A summary of the SRS algorithm is in Figure 6.3.

8.7.1 NIRFAST simulations

All NIRFAST simulations described in section 5.2 were used for the performance assessment,
with spectra collected at 15, 20, 25 and 30 mm used for the attenuation slope calculation. The
accuracy of the algorithms was determined by the accuracy of the recovered StO,. Random 1%
amplitude noise was added to all spectra. For models A, B, C, D1 and D2 , 50 spectra with noise
were generated from each original noise-free spectra. In model E, 1% noise was added to each
spectrum once. In model F, 1% noise was added to each spectrum 10 times, giving 10 spectra for
each step.

The simulated models were described in detail in Tables 5.26 and 5.4; model A was homoge-
neous tissue without water absorption, B was a homogeneous tissue with water absorption, C was
using heterogeneous tissue without water absorption, D1 and D2 were based on measurements
in heterogeneous tissue with water absorption but with slightly different optical properties. The
absolute truth for the heterogeneous simulations was not known but the recovered SrO, was de-
sired to be between the oxygenation of GM and WM. The analysis of all NIRFAST models was
performed with the boundary conditions reported in Table 8.5. They were set wider than used
previously, as if the true value of the parameters was not known, and to allow the quantification of

low StO; values in model F.
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Table 8.5: Boundary conditions for NIRFAST spectra analysis with BRUNO and BF. For models without
water absorption, LB, UB and start of WF were set to zero.

WF [%]  cmbo, [UM]  cump [UM]  a[mm 'um™'] b[-]
Start 70 50 50 1 1
LB 60 0 0 0.3 0.5
UB 95 100 100 2 3

The recovered StO, from models A, B, C, D1 and D2 with BRUNO, BF, SRS and BB SRS
are shown in Figure 8.25. The black line indicates the true value for models A and B, oxygenation
of GM. The dashed line lies on the true value of StO; in WM and the recovered StO» is expected
to lie in the interval between truth GM and truth WM.

BF was strongly influenced by the addition of noise; the results of model D1 are particularly
skewed, less so in model D2. The distribution of results in models A, B and C was more sym-
metrical around the median. The large standard deviation of BF in models D1 and D2 was caused
by the algorithm converging to boundary conditions several times. While the difference between
D1 and D2 was only a 10% change in optical properties, the algorithm was more unstable in D1.
However, the median recovered oxygenation was still a value between GM and WM truth.

Out of all 4 algorithms, BRUNO recovered StO;, with the highest accuracy in model A and
B, and a value between the oxygenation of GM and WM in C, D1 and D2. The distribution of the
results was narrow, suggesting a higher robustness towards noise than BF. The difference in the
result between D1 and D2 was minimal.

SRS and BB SRS gave very similar results, only the distribution of SRS results was wider;
suggesting that adding wavelengths increases the algorithm’s robustness towards noise. The high-
est accuracy of SRS and BB SRS was in model C (heterogeneous, no water) and model B (ho-
mogeneous, with water). The results from model D1 and D2 are very similar, showing that the
algorithms were not affected by small changes in 1, and ..

Recovering StO; in models C and D did not inform sufficiently about the depth sensitivity
of the algorithms; the models consisted of several different layers with varying oxygenations and
the absolute truth was unknown. Models E and F, on the other hand, used a two-layer model with

ECT and brain tissue, making tracking the sensitivity to brain tissue oxygenation easier.
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Figure 8.25: StO; recovered in 5 different models, n = 50. Model A is homogeneous tissue without water
absorption (GM truth), B is homogeneous tissue with water absorption (GM truth), C is het-
erogeneous tissue without water absorption (GM WM truth), D1 and D2 are heterogeneous
tissue with water absorption but slightly different optical properties (GM WM truth). Spectra
were analysed with 4 different CW algorithms: SRS with 3 wavelengths (SRS), SRS with the
whole broadband spectrum of CYRIL (BB SRS), BRUNO and BF.

Figure 8.26 shows the results of analysing model E, where homogeneous tissue with optical
properties of the brain was oxygenated from 50% to 90%. Figure 8.27 shows the same oxygenation
changes with a two-layer model, where brain was oxygenated and ECT oxygenation remained at
80%.

The accuracy of each method is visualised in Figure 8.28, showing the error of each method
both in the homogeneous and heterogeneous models. The error was defined as the absolute differ-
ence between the true brain StO, value and the recovered value. All four algorithms recovered a
brain-specific signal, the error between the true value and the recovered StO; increased with the
difference between the oxygenation of brain and ECT.

BRUNO estimated oxygenation of the brain with the smallest error in both the homogeneous
and two-layer model. The errors of BF were smaller than the errors of SRS and BB SRS but with
a wide distribution, suggesting the method was less robust during changes in optical properties
(scattering was changed ten times in each oxygenation step in this model). Using a broadband
spectrum for SRS decreased the width of the distribution of errors, suggesting an increase of ro-

bustness, but it also decreased the accuracy. Interestingly, StO, from SRS and BB SRS maintained
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a relatively constant offset from the truth in the two-layer model and became more accurate with

lower StO; in the homogeneous model.
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Figure 8.26: Recovering StO, from model E (homogeneous) during a brain tissue deoxygenation. Spectra
were analysed with 4 different CW algorithms: SRS with 3 wavelengths (SRS), SRS with the
whole broadband spectrum of CYRIL (BB SRS), BRUNO and BF.
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Figure 8.27: Recovering StO, from model E (two-layer) during a brain tissue deoxygenation. Spectra were

analysed with 4 different CW algorithms: SRS with 3 wavelengths (SRS), SRS with the whole
broadband spectrum of CYRIL (BB SRS), BRUNO and BF.
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Figure 8.28: The absolute error of the recovered StO, with 4 different algorithms in model E, homogeneous
and two-layer. The error was the absolute difference between the true brain oxygenation and
the recovered StO>.

The effect of changing oxygenation in ECT on the robustness of the brain signal was eval-
uated in the analysis of model F, where both brain and ECT were deoxygenated and oxygenated.
The dynamic range of these changes was larger than in model E, reaching SO, of 10%. The result
of analysing the spectra with all 4 models is in Figure 8.29.

All algorithms tracked mainly the oxygenation of brain tissue. Scatter plots were generated
in Figure 8.30 and show the agreement between the recovered StO, and its true value. The scatter
plots were generated using the MATLAB script BlandAltman, available online [273], which also
has the functionality of plotting scatter plots and calculating correlation.

The scatter plots in Figure 8.30 show that BRUNO was following the oxygenation of brain
tissue very closely, Figure 8.30, better than BB SRS, SRS and BF. As seen in Figure 8.29, the
error of the estimation increased with the decrease of brain tissue oxygenation. It is interesting that
during oxygenation changes of brain tissue, BB SRS, SRS and BF underestimated the oxygenation
of the brain layer and recovered oxygenations lower than the true values of either layer. The
difference between the true value and the BF, SRS and BB SRS St0; increased with the decrease

of oxygenation, visible in the offset between the identity line and the regression line in Figure 8.30.
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Figure 8.30: Scatter plot of SO, in brain in model F compared to measured with CYRIL and analysed
with BRUNO, BF, SRS and BB SRS. Multiple values of the recovered StO, per ground truth
brain S0, correspond to varying ECT oxygenation. n shows the number of data pairs. The
dashed line is the identity line, the full line is the regression line.

8.7.2 Phantoms

The next step in the performance assessment of BRUNO was to evaluate its performance in phan-
tom studies, in data collected with CYRIL, and compare it to the StO, measured with MAE-
STROS. The data was analysed using the boundary conditions in Table 8.2. Figure 8.31 shows
StO, measured with MAESTROS compared to BRUNO, SRS with discrete wavelengths, BB SRS
with broadband wavelengths and BF. Note that the StO; traces were smoothed with a 5-step aver-
aging filter. The agreement between MAESTROS and the individual algorithms to calculate StO»

from CYRIL data is shown in scatter plots in Figures 8.32 and 8.33.
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Figure 8.32: Scatter plot of SO, in the homogeneous phantom measured with MAESTROS compared to
measured with CYRIL and analysed with BRUNO, BF, SRS and BB SRS. n shows the number
of data pairs. The dashed line is the identity line, the full line is the regression line.

Table 8.6: The duration of recovering StO; collected in phantom measurements with BRUNO, BF, SRS
and BB SRS on a PC with a Intel(R) Core(TM) i7-8700 CPU @ 3.20, 32 GB RAM and a
NVIDIA GeForce GTX 1080 Ti GPU.

SRS BB SRS BF BRUNO
Analysis duration [s]
Homogeneous | 0.08 1.23 188.57  62.38
Two-layer 0.48 2.01 32254  119.71
Duration per spectrum [ms]
Homogeneous | 0.03 0.51 79.63 26.34
Two-layer 0.11 0.46 74.27 27.56
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Figure 8.33: Scatter plot of SO in the two-layer phantom measured with MAESTROS compared to mea-
sured with CYRIL and analysed with BRUNO, BF, SRS and BB SRS. n shows the number of
data pairs. The dashed line is the identity line, the full line is the regression line.

The BRUNO trace closely follows MAESTROS in both plots in Figure 8.31 and the regres-
sion line of BRUNO in the scatter plots is close to the line of identity, only a small offset is seen.
While the disagreement between BRUNO and MASTROS was larger in the range of lower oxy-
genation in the homogeneous phantom, Figure 8.32a, it was larger in higher oxygenation in the
two-layer phantom, Figure 8.33a.

The main difference between BF and MAESTROS was the time shift in the homogeneous
phantom; BF measured deoxygenation drops sooner than MAESTROS. This is visible by the
large shift from the identity line at MAESTROS StO;, = BF StO; in Figure 8.32b. The temporal
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sensitivity was more equal in the two-layer phantom but the dynamic range of BF was much
smaller than MAESTROS, seen by the tilt of the regression line of BF StO; in Figure 8.33b.

A smaller dynamic range was also observed when recovering StO, with SRS and BB SRS.
SRS and BB SRS responded to oxygenation changes at the same time as MAESTROS. However,
while MAESTRO recovered changes in oxygenation from 0 to 100% in the homogeneous phan-
tom, the dynamic range of SRS and BB SRS was only 40%. It increased to 60% in the two-layer
phantom, where SRS and BB SRS measured oxygenation between 20-80%. A small constant
offset between the values measured with SRS and BB SRS is visible in both measurements.

The oxygenation range between 40-90% is of main interest (physiologically relevant values),
the behaviour of the algorithms in this range is shown in Figure 8.34. It highlights the agreement
between BRUNO and MAESTROS in the homogeneous phantom but an offset in the two-layer
phantom. BRUNO measured higher oxygenation in the oxygenation phase of the two-layer phan-
tom and showed a delayed deoxygenation. The delay between BF and MAESTROS is evident
in both cases. BF also showed a short plateau at 40% in the two-layer phantom, which was not
recovered by any other algorithm. The deoxygenation measured by SRS and BB SRS was much

slower than with any other algorithm.
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Figure 8.34: Recovering StO; in the range 40-90 % collected in phantom measurements with 4 different
CW algorithms: BRUNO, BF, SRS and BB SRS, compared to the MAESTROS measurement.

The absolute errors of recovering St0, in both phantoms are shown in Figure 8.35; the error
was calculated as the absolute difference between the MAESTROS reading and the recovered
St0,. Similarly to the simulations, BRUNO recovered StO; with the smallest error. BRUNO

and BF recovered StO; with a smaller error in the homogeneous phantom than in the two-layer
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phantom. The smaller dynamic range of SRS and BB SRS is shown in the width of the error

distribution, the accuracy was better in the two-layer phantom.
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Figure 8.35: The error of recovering SO, in a homogeneous and two-layer phantom with different StO;
recovery algorithms. The error was the absolute difference between the MAESTROS reading
and the recovered StO;.

The duration of analysis varied between all 4 algorithms; processing with SRS was the fastest
and BF the slowest in both phantoms. The timings are reported in Table 8.6. The duration per
spectrum was similar in the homogeneous and two-layer phantoms. All algorithms were executing

fast enough for a potentially real-time application with measurements at 1 Hz.

8.8 Discussion

The development of BRUNO, a novel algorithm to measure StO, with broadband, multidistance
CW NIRS has been described. The algorithm was designed to work in CYRIL, a broadband NIRS
system. The main purpose of the system and the algorithm is to monitor neonates at the NICU.

The development of the algorithm was based on an experimental approach, where the indi-
vidual aspect of the algorithm (such as model selection or wavelength selection) were tested in
data obtained in NIRFAST simulations and phantoms. Such approach ensured that BRUNO is
truly suited for the application in CYRIL and has optimal performance.

Most of the experimental investigation was performed on the analysis of only a few spectra
from NIRFAST simulations. The generated spectra were based on the optical properties of human
brain tissue. As phantom data were available for the assessment of the ability of the algorithm to
recover very low StO, values with realistic noise levels, the use of a small data set of NIRFAST

spectra was sufficient for demonstration purposes.
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8.8.1 Model selection

The experimental approach to developing BRUNO has shown that sometimes, a theoretically
proven advantage was in fact not an advantage when applied to CYRIL data. An example was
the selection of theoretical slope models: even though the use of extrapolated boundary condi-
tions when solving the diffusion equation is more precise, this advantage was overshadowed by

the strong tendency for crosstalk between scattering and absorption and a higher sensitivity to

9dAEsc
dp °

noise in the spectra. As the computational requirements were also increased when using
the simple model 3/3—73“ was regarded as sufficient for the use of BRUNO. Other solutions to the
diffusion equation with different boundary conditions were not investigated as it is expected that
that would increase the computational burden of BRUNO and the results achieved with ag%c were
accurate when applied in NIRFAST simulations. A decrease of accuracy of BRUNO in phantoms

due to the applied model is expected to be minimal compared to other sources of error, such as

measurement noise.

8.8.2 Wavelength selection

The wavelength selection of BRUNO was dependent on the wavelength range of CYRIL 2, 704—
911 nm. The wavelengths at the edges of the spectrum were excluded (704-709 nm and 901-
911 nm) as the count rates were much lower at those wavelengths and noise was dominating the
differentiated attenuation slopes. As there are no important spectral features at those wavelengths,
it is not expected that including those wavelengths should give the algorithm any additional impor-
tant information. The main spectral features of interest for BRUNO lie in the range from ~ 715 nm
to 850 nm.

The fitting of BRUNO was selected to be performed in the first spectral derivative space as
differentiation removes wavelength-independent errors arising due to coupling errors affecting all
detectors in the same manner and also amplifies spectral features. A fitting approach similar to BF,
fitting in two steps for individual spectral features, was tested but did not bring any improvements.
As fitting BRUNO across the whole spectrum at the same time gave satisfactory results, the step-
wise fitting was not investigated any further.

BRUNO could be potentially improved by further optimising the used wavelengths, perhaps
by expanding into wavelengths below 700 nm, as used in BF, or exploring different approaches to

step-wise fitting.
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8.8.3 Boundary conditions

Boundary conditions set in BRUNO affect whether the optimisation routine fminsearchbnd can
converge and where it converges. In the case of fminsearchbnd, the termination depends on toler-
ances and stopping criteria; maximum function evaluation, maximum of iteration and termination
tolerance [274]. The optimiser converges to a solution if the termination tolerance is satisfied
within the maximum function evaluation and maximum iteration limits. If they are not satisfied,
fminsearchbnd terminates without converging.

The optimisation routine in BRUNO does not have a unique global solution due to the re-
lationship between p; and g, in g—g given by U.rr. Boundary conditions are set to restrict the
solution to the least-squares fitting problem. The minimisation function fminsearchbnd accepts
lower and upper boundary conditions and also a start guess as input. If the termination criteria
are satisfied within the allowed number of iterations and function evaluations, BRUNO finds a
solution. This solution is a local solution to the problem within the range defined by the boundary
conditions.

The wider the boundary conditions are, the more solutions are available, increasing the poten-
tial for crosstalk between pt! and p,. The boundary conditions set for the analysis of the phantom
and the simulated data were set in a range based on expected values. It was demonstrated multiple
times that even though the recovered StO, was correct, the accuracy of the individual fitting pa-
rameters was lower. It is hence important to set boundary conditions wide enough to allow these
fluctuations and let the algorithm converge to the best solution.

The boundary conditions set in this work were guided by the expected true values. While the
individual recovered fitting parameters were not reported in this chapter, it was checked whether
they converged to the boundaries. No issues with either BRUNO or BF converging to the lower or
upper boundaries were experienced in NIRFAST data or in optical phantom data (except for a few
cases in BF analysis in models D1 and D2 due to noise, however, as the median recovered StO;
was recovered with high accuracy, the boundary conditions were not changed).

Setting boundary conditions for human studies is challenging as the true parameter values
are not known. It is recommended to use published optical properties of human tissue as a start
value and set lower and upper boundary conditions accordingly. If the algorithm converges to the
boundary conditions, it is worth evaluating whether the boundary conditions should be changed.
The evaluation can be based on a visual assessment of the quality of the fit. Additionally, if two

parameters (one relating to U, and one to u)) converge both to their boundary conditions, it is
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worth trying a different set of boundary conditions.

Overall, one seeks a compromise between setting boundary conditions close to the true values
but also allowing the algorithm to find different solutions which still fulfil the fitting criteria. Small
measurement errors, such as the presence of noise, can change what the best solution is and hence

guide the least-squares fitting to a different solution than primarily expected.

8.8.4 Fitting process

The optimisation routine used in BRUNO was not subject to scrutiny and the same solver as used
in Chapter 7 was applied, fminsearchbnd. Currently, this minimisation algorithm is considered
sufficient as it converges to the solution quickly and recovers StO, with high accuracy. At this
point, the optimisation routine is not the main bottleneck of BRUNO - as the data fed into BRUNO
is affected by noise and other measurement errors, the algorithm can lead to an incorrect solution
independently of how good the fitting process is.

However, there are theoretical benefits to using a better optimisation routine: fminsearchbnd
looks for a local minimum, and perhaps an optimisation routine that searches for the global mini-
mum could lead to better results. Additionally, fminsearchbnd cannot currently be run in parallel

on the CPU, increasing the computational time.

8.8.5 Noise and smoothing

BRUNO is susceptible to errors due to a low SNR as spectral features can become less distinct.
Additionally, collecting spectral data with high SNR is needed as the slope calculation and spectral
differentiation amplify noise.

The SNR of CYRIL for BRUNO was improved by changing the CCD data readout from
CYRIL 1 to CYRIL 2, shown in Figure 8.36. The 3%21 are from the homogeneous phantom, data
was read out from the whole CCD and then binned, and the two-layer phantom, where the data was
binned during readout already. The differentiation was performed on slopes normalised at 800 nm.
Note that they were smoothed with a 5-step averaging filter. The CYRIL 2 setup decreased the
noise as it included a noise subtraction and allowed measurements at wider bin widths without
saturating the CCD.

The exposure when measuring StO, with CYRIL 2 was set to 1 s. Such exposure allows
to collect a spectrum with a SNR suitable for BRUNO analysis, Figure 8.36, at rates compatible
with real-time measurements. Increasing the exposure does increase the SNR but slows down the

sampling rate of the system. If exposure is too long, the CCD gets saturated.
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Figure 8.36: The comparison of % collected in a CYRIL 1 and CYRIL 2 setup. The CYRIL 1 setup is

shown on data collected in the two-layer phantom and the CYRIL 2 setup is shown on data col-
lected in a homogeneous phantom. The differentiation was performed on slopes normalised
at 800 nm, smoothed with a 5-step moving average filter prior to differentiation.

The quality of spectra can also be improved through smoothing. The impact of smoothing on
BRUNO was not investigated in this work. The 5-step moving-average smoothing filter applied
prior to differentiation was used based on literature [139, 125]. Another step that could reduce the
impact of noise would be de-noising. An algorithm for the de-noising of broadband data using

wavelets was published [270] but not applied in this work.

8.8.6 Recovery of absorption and scattering

Although BRUNO does lead to a recovery of both ! and p,, only the resulting SrO; was the target
of this investigation due to the inability of the algorithm to recover u, and p, with an accuracy
comparable to the accuracy of StO;. It is assumed that the error in p, and , is because of

crosstalk; the dependence of agffc on U, ff, which depends both on u; and .

The presence of crosstalk is not a major problem for St0», as the application of BRUNO in
this chapter has shown that SO, can be recovered with high accuracy even if the accuracy of p!
and U, is lower. However, attention should be paid to the values of the fitting parameters as they
can converge to boundaries and prevent correct results.

Another aspect related to the correct recovery of (i, and ! is what chromophores are ac-
counted for. In this work, the main chromophores of interest were HHb, HbO, and water, the
strongest absorbers in the 700-900 nm range [104, 141]. Nevertheless, other chromophores con-
tribute to light absorption, such as melanin or CCO, and not including them in the S¢O, calculation

can cause inaccuracies as their contribution to attenuation is wrongly attributed to haemoglobin,
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water, or scattering. The contribution of CCO to absorption was explored only briefly in this
work, it was decided not to include additional chromophores in BRUNO as it would increase the
computational burden and parameter crosstalk would be present. Same assumptions could be ap-
plied to melanin, as it, similarly to CCO, lacks strong spectral features in the wavelength range of
interest and is only a weak absorber [141]. As no absorption by melanin or CCO was included
in NIRFAST simulations or phantom measurements, the effect of these chromophores were not

quantified.

8.8.7 Algorithm performance
8.8.7.1 Using MAESTROS as a reference

Before the performance of StO, calculation algorithms in NIRFAST simulations and phantom
data will be discussed; it is necessary to point out one of the limitations of this work; the lack of a
ground truth measure of oxygenation in liquid phantoms.

StO, was calculated in homogeneous and two-layer phantoms and compared to readings
from MAESTROS. MAESTROS was not a measure of the true value of phantom oxygenation,
such a measurement could be obtained with, for example, a blood gas analyser. No such device
was available, and a diffuse oxygen probe was used throughout the measurements for guidance.
The reading of the probe was tracked manually. The phantom was considered completely deoxy-
genated when the diffuse oxygen content was 0% and fully oxygenated when the probe’s reading
was over ~ 120%.

MAESTROS is a system capable of accurate assessments of optical properties; the system’s
performance in the BIP and nEUROPt protocols is described in [113]. The sampling rate of
the system was beneficial as it captured the fast oxygenation and deoxygenation changes in the
phantom liquids.

To ensure that the MAESTROS system was measuring the same optical properties as CYRIL
placed a few cm further away, the liquid was continuously stirred. It was assumed that small local
inhomogeneities, such as a bubble trapped under the probe holder, should not cause significant
erTors.

The MAESTROS StO, measurement in the phantoms was in the range 0—100%, which is in
agreement with the readings of the diffuse oxygen content measurement. Complete deoxygenation
of the liquid was assumed due to the generous amount of yeast added, and complete oxygenation
of the liquid was ensured by waiting for the amount of diffused oxygen to plateau.

While MAESTROS peaked at StO, = 100% in the homogeneous phantom, the maximal
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oxygenation in the two-layer phantom was around 95%. As the system measures at 3 cm SDS,
the influence of the thin silicone layer on the oxygenation should be minimal. Another possibility
would be the presence of some artefacts, which shifted the whole StO; reading, as it sometimes
reached negative oxygenation values as well. Studies with the same optical phantom measured
reference oxygenation between 0 and 100% [165]. The stability of MAESTROS at very low and
high oxygenation has not yet been thoroughly investigated and it is possible that its accuracy is
decreased in those ranges. However, as such saturation values are impossible in human subjects
(INVOS intervention ranges are values outside 58—82 %[204]), high accuracy of NIRS systems in

those ranges is not a priority.

8.8.7.2 Performance of spatially resolved spectroscopy

SRS is a widely used algorithm to recover StO; at discrete wavelengths with multidistance NIRS.
The implementation of the algorithm to data collected in CYRIL has already been subject to
scrutiny in Chapter 6, but the recovered oxygenation was not compared to the known truth. In this
chapter, the performance assessment of SRS in CYRIL is taken further. Two different versions of
SRS were used, a version with discrete wavelengths (775, 810 and 850 nm) and the broadband
range of CYRIL, 710-900 nm.

The impact of adding noise to the spectra had an effect on the recovery of StO, with SRS.
In NIRFAST simulations, the interquartile range of the results remained small. Using the whole
broadband spectrum decreased the deviation of the results, and, in some cases, improved the ac-
curacy of SRS. The effect of noise was more visible in phantom measurements. When noise is
applied to three wavelengths only, it can cause a significant shift of the slope value at one wave-
length, however, this effect is "smoothed out" if the whole spectrum is utilised. The change of the
results recovered with SRS depending on wavelength selection was already observed in Chapter 6.

In NIRFAST simulations, both versions of SRS gave a narrow distribution of results with
lower accuracy than BRUNO. The results in models E and F followed a linear trend, just like the
true value, but were shifted (visible in Figure 8.30). This is suggesting the presence of an offset in
SRS, which could be the constant 4, used in the scattering model p, = k(1 —hA). It has already
been shown in Chapter 6 that it causes a linear offset to StO;. To test this hypothesis, the values
for h specifically for ECT and the brain in model F were calculated; izc7 = 0.00077 mm ™ !'nm™!
and hgg = 0.00056 mm~'nm~!. The effect on the result is shown in Figure 8.37, where the error is
the absolute error defined as the difference between the true brain SO, in the 23 steps of model F

and the estimated oxygenation. Using the hgcr increased the error, while hpg improved the accu-
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racy for both BB SRS and SRS. This would suggest that the method is sensitive to scattering in the
brain, emphasising the ability of the method to reduce the impact of extracerebral signals. It is pos-
sible to increase the accuracy of (BB) SRS by accounting for scattering flexibly. Similar decrease
of SRS accuracy due to the assumptions on scattering properties has also been shown in NIRFAST
simulations in adult head meshes in the work of Deepak Veesa and Dehghani, who proposed an

addition to the algorithm that removes the need for prior assumptions about scattering [148].
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Figure 8.37: The absolute error when recovering S0, in model F with different scattering constant 4. The
typical & used in SRS is 4 = 0.00063 mm~'nm~'. Two other values were tested, hgcr =
0.00077 mm ™~ 'nm~! and g = 0.00056 mm ™~ 'nm~".

The NIRFAST simulations have shown a wide dynamic range of oxygenation recovered in
both BB SRS and SRS. The work in phantoms, however, has shown a reduction of this range,
both in the homogeneous and the two-layer phantom. The dynamic range in the homogeneous
phantom was only 40%, and 60% in the two-layer phantom. There was no temporal delay in
the response of the algorithms. There are various factors which could contribute the decrease in
accuracy, from the measurement itself to the content of the phantoms. One of the main differences
between NIRFAST models E and F and the phantoms was the addition of water as an absorber.

Water absorption is not accounted for in SRS and BB SRS. The contribution to absorption
in the wavelengths used in SRS should be minimal; there are no spectral features at those wave-
lengths. However, the change in SO, accuracy between NIRFAST models A and B, and C and
D1/D2 suggest that the addition of water absorption does affect the algorithm’s performance. In
model A, the low accuracy of StO; is likely caused by /. The accuracy improved in model B, de-

spite (! being the same. It is likely that the added absorption by water was accounted for by HbO,,
pite [ g y p y y
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increasing StO;. An increase of St0, is also found when water was added to model C, leading to
models D1 and D2. This effect could have likely also lead to the increased baseline oxygenation
in phantom measurements. As the water concentration was very high, SRS accounted for it by
increasing the contribution of HbO,, increasing St05.

The decreased dynamic range of SRS was caused by the algorithm incorrectly estimating
the spectral features of HHb and HbO,. This could lead to an overestimation of particularly
HHBb, the attenuation slope features mainly spectral features of HHb, HbO is less visible. While
BRUNO and SRS were based on the same data, the differentiation process in BRUNO amplifies
these spectral features and the contribution of HbO, becomes more distinct. While the spectra
collected in NIRFAST did not show this issue of reduced dynamic range, the noise in the CYRIL
measurement, the measurement of the reference spectrum and the unequal spectral output of the
light source across the whole broadband range could contribute to the decreased visibility of HbO».

Decreased accuracy of the SRS algorithm in NIRO devices at low oxygenations has been
shown in studies in human subjects [179, 178]. A source of bias in those studies was the variations
in the ratio of arterial and venous blood in the monitored area of the brain, as manufacturers
include an assumption in the StO, measurement. No such assumption is, however, included in
our calculation and the decreased accuracy at low oxygenation was not observed in the NIRFAST
simulations. The effect of instrumentation on the accuracy of SRS is seen when our results are
compared to results reported in [25], where a NIRO 300 was used in a homogeneous phantom and
the results showed high accuracy in respect to oxygenation measured with a blood gas analyser.
The concentration of water in their phantom was around 99%. The difference in the engineering
of CYRIL and the NIRO device could explain the different results.

The findings of an oxygen-dependent bias of oximetry agree with a review of in vivo valida-
tion studies by La Cour et al. [10], who report an overestimation of blood saturation in the low
ranges. A difference in oximeter dynamic range was also reported in a comparison of multiple
oximeters in a two-layer phantom (same phantom as used in this work), used to find a conversion
from StO, readings to a reference reading. For example, the reference oximeter Oxiplex TS had
a hypoxic-to-hyperoxic thresholds range from 47% to 77.2%, while a NIRO 200NX with a small
re-usable sensor (3 cm SDS) had a range from 62.8% to 80% [8].

It was interesting that the difference in the performance of SRS and BB SRS was minimal
in this chapter, compared to the work in Chapter 6. The change in the performance of the SRS

algorithm depending on wavelength is particularly visible in Figure 6.9, where the approaches
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equivalent to BB SRS and SRS gave different results. It is possible that the different wavelength
range used in CYRIL 2 compared to CYRIL 1 affected the performance.

In conclusion, the SRS and BB SRS algorithms show good performance in NIRFAST simula-
tions, with the only drawback of offsets caused by scattering and potentially water absorption. The
application of the algorithm to data collected in CYRIL shows a decrease of accuracy, particularly

a small dynamic range, which has also been reported with SRS applied in other instruments.

8.8.7.3 Performance of broadband fitting

The precision of StO, measurements in NIRFAST simulations has been subject to scrutiny in
Chapter 7; where the ability to recover StO, with high accuracy, despite issues with recovering the
individual fitting parameters, has been shown.

BF recovered StO, with very high accuracy in Chapter 7, higher than in this chapter. The
results are not comparable as previously, BF was applied across the whole broadband range sug-
gested by the authors. Here, the wavelength range was reduced to the range of CYRIL, lowering
the accuracy of BF.

Using BF in NIRFAST simulations has shown that out of the 4 algorithms, BF was most
likely to be influenced by random noise. Relying on data from only one detector and the double
differentiation amplifies the noise. The effect of noise is particularly visible in model D1. Al-
though the median value was the desired StO,, many outliers widened the distribution. While the
model used in model D2 was very similar to D1, the algorithm was more stable. This difference
might be only due to the effect of random noise, evident in a small sample size of spectra.

BF showed relatively high sensitivity to the brain signals in models E and F, in spite of the
single-detector setup and the expectations of strong influence of ECT signal. As the ECT layer in
the neonatal mesh is very thin, the majority of the signal originates in the deeper layer. However,
the influence of ECT deoxygenation on BF was the strongest out of the 4 algorithms in model F;
the St0, measurement underestimated the oxygenation of the brain layer.

Similarly to SRS, the accuracy of the algorithm decreased when implemented in CYRIL. The
main drawback of BF identified in this work, the shift between the deoxygenation measured with
BF and MAESTROS in the homogeneous phantom, could be due to the single-detector setup. BF
responded to increases to oxygenation with a delay and detected desaturations earlier than MAE-
STROS, it is possible that BF was more responsive to cggp than cgpo,. This is not surprising given
the more distinct spectral features of HHb, and, as BF only utilised one detector at 30 mm SDS,

the SNR was lower, hiding spectral features of HbO,. This hypothesis is proven in Figure 8.38a,
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which shows StO, recovered with BF at 15 mm and at 30 mm. The 15 mm trace follows the
MAESTROS oxygenation more closely and is almost identical to BRUNO.

The situation was different in the two-layer phantom, Figure 8.38b. The detector at 15 mm
monitored a different medium than the one at 30 mm; there could have been a stronger contribution
from the upper layer, decreasing the dynamic range of StO,. A baseline offset could be due to the
different noise levels at both detectors as seen in the homogeneous phantom.
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Figure 8.38: SrO; in phantom measurements recovered with MAESTROS, BRUNO and BF at two differ-
ent SDS, 15 and 30 mm.

Another curious finding in the BF deoxygenation is the dip mid-deoxygenation, visible both
at 15 and 30 mm. No such patterns were found in the reflectance spectra. Inspecting the fit coef-
ficients, mainly cgpp, and cppo,, helped understand the behaviour of BF. While the absolute value
of these coefficients was burdened by crosstalk, the trend in their changes showed why the dip
in $t0; occurred, Figure 8.39. The absolute change in cyp0, between min and max oxygenation
was significantly smaller than in cgyp, which mirrored the SO, trend. The spectral features of
HHb are more distinct than those of HbO,, giving the algorithm a more stable target and cyp, was
fixed in BF when cpp0, was sought. Low ¢y, perhaps made the accounting for absorption by
HbO, more likely to be mistaken for scattering, increasing the noise in the recovered cppp,. All
oxygenations and deoxygenations started with a trend of cgp0, following the expected behaviour
of St0, and then suddenly drop. There is evidently a threshold where the BF fitting optimisation
did not distinguish between the spectral features sufficiently anymore, but this was not investigated
any further as it is outside of the scope of this work.

Overall, it was shown that BF can track StO, with relatively high accuracy and is sensitive to

the brain tissue signal despite using just one detector. However, the performance of the algorithm
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Figure 8.39: StO; recovered with BF in the two-layer phantom and the corresponding cy gy and cgpo, -

based on accuracy and sensitivity to brain tissue signal was worse than that of BRUNO, SRS and
BB SRS. The algorithm was prone to errors due to noise and additional smoothing and de-noising
could improve its performance. A subject of future investigations could also be the usage of ZBC
models in BF instead of EBC, as that could decrease crosstalk and computational burden similarly

to the demonstrations in BRUNO.

8.8.7.4 Performance of broadband multidistance oximetry

Applying BRUNO to data simulated in NIRFAST simulations and in phantom measurements has
shown that BRUNO can recover StO, with high accuracy. The sensitivity of the algorithm to brain
tissue oxygenation changes make it a suitable candidate for the use in the neonatal intensive care
to monitor haemodynamics during HIE.

Although an absolute measurement of the true oxygenation in phantom measurements was
not available, BRUNO gave results closest to the reference measurement with MAESTROS. Over-
all, BRUNO recovered StO, with the highest accuracy out of all the tested algorithms, it was the
most sensitive to brain tissue signal, and had the widest dynamic range.

The use of a homogeneous phantom has shown that BRUNO can track oxygenation changes
with high sensitivity, covering the whole range of oxygenation, from 0% to 100%. Adding a solid,
tissue simulating layer in the two-layer phantom measurement demonstrated that BRUNO can
track changes of oxygenation of deeper layers, covering the whole oxygenation range, suggesting
minimal impact of the solid, absorbing layer. As the sensitivity to brain tissue oxygenation was
also proven in NIRFAST simulations, using BRUNO to NIRS data collected in neonates should
recover StO, with minimal ECT signal contamination.

One issue identified in the two-layer measurements was the offset between the MAESTROS
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measurement and the BRUNO St0; trace in the two-layer phantom, Figure 8.34b. BRUNO
reached maximum oxygenation slightly earlier than MAESTROS, and also remained at maxi-
mal oxygenation for longer. It is likely that the oxygenation in the phantom was indeed 0-100%,
as shown in other publications with the same phantom [8]. The small error in the MAESTROS
reading could have been caused by some scaling error of the StO, measurement. The data without
such scaling, removed by using the MATLAB function normalize, is shown in Figure 8.40 with
St0, from MAESTROS, BRUNO and SRS. SRS and BRUNO followed a very similar trace as
they are based on the same slope measurement. The temporal changes in BRUNO and SRS StO;
became identical to the MAESTROS St0, reading, proving that the algorithms were sensitive to
changes in oxygenation.

BRUNO showed that it is possible to improve the accuracy of StO, measurements by com-
bining advantages of two other known StO, algorithms. Table 8.7 summarises the strengths of
BRUNO, which make it more accurate than SRS and BF and also increase its robustness towards

noise, while keeping the computational requirements relatively low.
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Figure 8.40: SO, (normalised) measured in the two-layer phantom with MAESTROS, BRUNO and SRS.

One of the main advantages of BRUNO lies in the sensitivity to brain tissue signal and not
relying on prior information about scattering. However, due to the use of differentiation, BRUNO
does rely on high SNR, potentially aided by appropriate smoothing if applied in CYRIL. Using
NIRS instrumentation with higher SNR than CYRIL could yield better StO, accuracy.

The fitting over a broadband spectrum requires significantly more computational power than
SRS. While the duration of the analysis was short during this work, using a less powerful PC than
the one used in this analysis could make a big difference in the algorithm performance.

Another disadvantage of BRUNO is that it suffers from the crosstalk between (1, and g/, simi-
larly to BF. Overcoming this would enable a more informative description of the optical properties

of the tissue. However, this is an inherent property of the attenuation models used and currently,
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Table 8.7: Comparison of spatially resolved spectroscopy (SRS), broadband fitting (BF) and BRUNO.
ZBC: zero boundary conditions, EBC: extrapolated boundary conditions, SD: single-distance,
BB: broadband, MD: multidistance.

SRS BF BRUNO
Diffusion equation boundary conditions ZBC EBC ZBC
Set up SDBB MD BB
Accounting for water absorption

Broadband spectrum

Homogeneous tissue model

Low computational requirements

Lower noise amplification

No boundary conditions needed

No prior scattering assumption

Reduction of superficial layer signal contamination
Unique solution

Highest StO, accuracy in simulations

Highest sensitivity to brain tissue signal

Highest St0, accuracy in phantoms
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separating the two optical properties with CW NIRS is impossible without narrow boundary con-

ditions for the least-squares optimisation and a more thorough wavelength selection process.

Use of BRUNO in a different NIRS system
While BRUNO was designed specifically with the application in CYRIL in mind, the algorithm is
publicly available to encourage implementation in different systems. An effect on the algorithms
performance is expected, as some of its properties are linked to CYRIL. Firstly, the wavelength
selection BRUNO was limited by the CCD calibration of CYRIL 2, 704-911 nm, with a resolution
of ~4 nm. It is expected that changing the wavelength range would influence the result as different
chromophore absorption features became visible. It is also necessary that the system has sufficient
resolution for the recovery of absorbing features, particularly those close to each other, such as
the water feature at 730 nm and the HHb feature at 750 nm. Another important requirement for
instrumentation is high SNR, as high noise content decreases the visibility of spectral features.
The SDS set up for BRUNO is not standardised. It is recommended to use more than two
detectors to ensure that an attenuation slope can be measured despite potential issues with coupling
with one SDS. The separation between fibre optodes in CYRIL is 5 mm but this can be changed for
other systems. The MATLAB script for BRUNO’s implementation supports adjusting the slope

model according to the requirements of the NIRS system in use.
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8.9 Conclusion

The development of BRUNO, a novel algorithm to measure StO, with multidistance, broadband
CW NIRS data, has been described. The algorithm’s design was based on the desire to improve
the accuracy of St0; measurements. To achieve this goal, BRUNO was built on the advantages of
other CW algorithms, SRS and BF; a multidistance setup and the use of broadband spectra. One of
the main requirements for BRUNO was to be compatible with CYRIL, particularly its broadband
wavelength range and resolution.

One of the main aims of this PhD work was to develop a novel algorithm to measure StO;
with multidistance CW NIRS; one that would be sensitive to cerebral tissue, track oxygenation
with high accuracy, sensitivity and dynamic range. High sensitivity to brain tissue oxygenation
was shown both in NIRFAST simulations and in two-layer measurements, BRUNO recovered
StO, with high accuracy in all analysed data sets, and a wide dynamic range and sensitivity to
StO, changes was also demonstrated. The algorithm outperformed the two StO, algorithms on
which it was based on, showing that combining the strengths of SRS and BF leads to an improved
measure of St0,.

The main purpose of the algorithm is to be used in neonatal monitoring and this impacted
some of the design choices, such as the assumptions on tissue homogeneity and the models of
light transport applied. The development of BRUNO was guided by applying iterations of the
algorithm to data collected in NIRFAST and phantom measurements, until the version with the
highest SO, accuracy was found. The algorithm uses a theoretical model of the attenuation slope
ag% which is fitted in a least-squares minimisation procedure to the measured attenuation slope.
Performing this fitting in the first spectral derivative space is beneficial as it improves the visibility
of spectral features of chromophores and also decreases the impact of coupling errors. The fitting
parameters are then used to calculate StO,. While the approach is computationally more complex
than SRS, the analysis was fast enough to enable real-time application.

The next step in the development of BRUNO will be applying to data collected in neonates
with HIE to evaluate how well the performance in NIRFAST simulations and phantom data trans-

lates to data collected in clinical care.






Chapter 9

Measuring cerebral oxygenation in neonates

with HIE

The performance of BRUNO has been investigated in NIRFAST simulations and phantom data.
The task of this chapter is to show the application of the algorithm to data collected in its target
subjects group - neonates in the NICU. The design of the second session of the Baby Brain study

at UCLH, the data collection and the results are described.

9.1 Introduction

The development of BRUNO was guided by its performance on NIRS data collected in highly con-
trolled environments - NIRFAST and dynamic blood phantoms. The shift towards data collected
in human subjects introduces a spectrum of challenges which affect the performance of the algo-
rithm; ranging from movement artefacts, poor tissue/probe coupling, to tissue inhomogeneities.
This reduction of data quality might hinder BRUNO from being a reliable measure of St0; in
clinical care.

Chapter 4 has shown that the measurement of SO, remains problematic in the neonatal in-
tensive care, as the measured values are affected by the timing of the measurement, injury severity,
lack of gold standard and even by which instrument is used for the measurement. Additionally,
as summarised in section 4.1.2.5, oximetry is not yet suitable for clinical practice as a stand-alone
instrument due to a lack of measurement precision. The motivation for the work in this chapter
was to investigate whether BRUNO can recover StO, in the injured neonatal brain, to assess the
repeatability of the measurement and to evaluate whether the relationship between HIE severity
and S0, is affected by StO, algorithm choice.

The monitoring of infants with HIE with NIRS has been one of the main interests of the

Multimodal Spectroscopy group for several years. CYRIL was already used in the NICU for



256 Chapter 9. Measuring cerebral oxygenation in neonates with HIE

monitoring of infants within the first days of life for several years, which simplified the preparation
of the study protocols for this data collection. The measurement of SO, has until now not been a
target of the clinical studies.

The aim of this chapter is to demonstrate proof of principle that BRUNO can be applied to
data collected in neonates and used for the recovery of StO,. The data presented is from pilot
studies; the clinical data collection was part of the Baby Brain Study at UCLH. CYRIL 2 was used
for the collection of data in neonates during session 2 (see details in section 5.4.2) which ran from

January to December 2019.

9.2 Methods

The target subject group for the Baby Brain Study session 2 were full term infants born at UCLH
or transferred to the NICU at UCLH for the treatment of moderate or severe HIE. The aim was to
start monitoring infants enrolled for hypothermia treatment as soon as possible after birth. It was
planned to measure for as many days as possible with continuous data collection of at least one
hour. The clinical team was responsible for subject recruitment and obtaining informed consent.
A secondary aim of the second session of the Baby Brain Study at UCLH was to assess the
repeatability of the measurement through the performance of several short CYRIL measurements
consecutively in a short time frame. The short measurement would be performed either before

starting the long measurement, or afterwards, at least once in each enrolled infant.

9.2.1 Ethical approval

The measurement of StO, with CYRIL was part of the UCLH Baby Brain Study; approved by
the NW London Research Ethics Committee 2 (Reference 13/L.0O/0225) and registered with the
Research and Development Department of UCLH (Reference 13/0013). Dr Subhabrata Mitra was
registered as a clinical co-investigator.

Parents of infants with suspected hypoxia were approached by Dr Subhabrata Mitra, who
explained the aims of the study and the process of the data collection, which included a NIRS
study and MRI. They were also given an information leaflet. Parents who agreed to participate
were asked to sign a consent form. The consent form can be found in Appendix A. As the aim was
to start the measurement as soon as possible after birth, if a parent was not present when the baby
arrived at the NICU, telephone consent was an option, with a written confirmation collected after

the parent’s arrival.
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9.2.2 Recruited infants

The treatment and monitoring of neonates with HIE diagnosis at the NICU was the same as during
the first session of CYRIL measurements described in section 5.4.1. The aim was to recruit approx.
one infants weekly/bi-weekly. The measurement period was later extended to increase the sample
size. Over all, 3 infants were monitored with CYRIL 2 in the year 2019. Their clinical details are

reported in Table 9.1. Babies A and C were monitored on two consecutive days.

Table 9.1: Clinical details of subjects monitored during the second session of the Baby Brain Study at
UCLH. GA - gestational age. Measurements with a star are days when the repeatability study
was also performed. Lac/NAA of 0.15, 0.17 and 0.18 suggest mild HIE.

Baby A BabyB BabyC
GA [weeks + days] 39+5 38+4 40+ 5
Gender F M F
Birth weight [kg] 3.3 3.2 2.3
Lac/NAA [-] 0.15 0.17 0.18
Age at measurement start [h] 42% 57* 46%*
62% 67

9.2.3 Measurement protocol

The measurement protocol was similar to the protocol in session 1 (described in section 5.4.1).
The protocol was slightly changed throughout the first few studies as additional requirements
were identified. The finalised study protocol for session 2 of the UCLH NICU measurements as

part of the Baby Brain Study was:
1. Obtain informed consent from parents.

2. Move the CYRIL system to the cotside. Connect to the mains power supply, turn on power

source and the isolation transformer.

3. Turn on the CYRIL VI on the CYRIL laptop and start cooling the CCD. Close light source

shutter, turn the light power on.
4. Connect external hard drives and the Phillips Intellivue monitor to the laptop.
5. Clean and disinfect optodes and cables using anti-bacterial wipes.

6. Fill in information about the study in the "Study baby details.xIsx" file on the laptop’s "Desk-

top" folder.

7. Check that acquisition rate is set to 1 second and that DPF is set to 4.99 in VI.
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Once the CCD finished cooling to the required temperature, a window with the text "System

ready" appears. Press "OK".

Place double-sided tape on the edges of the probe holder, making sure not to cover the fibres.
Check the light source shutter is closed.

Place the probe holder firmly on the subject’s forehead and tuck under the EEG cap.

Enter file name "CYRIL(number)_Day(age)_background" on the main VI screen. Start the

measurement and take a ten iterations long measurement of the background light signal.
Change file name to "Cyril(number)_Day(age)".

Open light source shutter and start measurement. Check that there are no light artefacts
and the signal is good: if the CCD is saturated, a window will appear saying so and the
measurement will automatically stop. In that case, reduce acquisition rate from 1 second
until CCD no longer saturated. Make sure that the signal intensity is high enough: when
looking at the Spectra tab in the VI, the furthest away detectors (4 5) should have at least
around 22000 - 25000 counts at the peak of the spectrum. If that is not the case, make sure

tissue/probe contact is good, increase acquisition rate if necessary.
Start ixTrend data collection.

Aim for at least one hour measurement.

Stop the data collection in the VI and ixTrend, turn off light source.
Remove NIRS probes from the subject’s forehead.

Clean and disinfect optodes and cables using anti-bacterial wipes.

Change file name to "CYRIL(number)_Day(age)_noise". Close CCD shutter, start mea-
surement and measure the noise for at least ten iterations. Stop measurement and close the

VL

Disconnect ixTrend and hard drives. Turn off the laptop, the transformer and the power

supply. Disconnect the system from the main power supply.
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9.2.3.1 Repeatability measurement

The aim of the repeatability study was to collect multiple consecutive short measurements in each
infant. The protocol was designed with 5 measurements of 10 acquisitions at 1 s acquisition rate
each in one infant. An important constraint in the design of the measurement was that it had
to be quick and efficient, not to obstruct the normal work flow of the staff at the NICU. The
measurements could be taken either before or after the main measurement, at least once for each
infant. Physiological data was not collected during the precision study.

The measurement set-up was similar to the protocol described above, with the following

differences:
* File name "CYRIL(number)_Day(age)_resit_number_of_repetition".
* The probe holder was not attached with double sided tape but held in place by hand.

* Each measurement was 10 acquisitions long. The measurement was stopped, the light
source shutter was closed and the probe holder was lifted and placed on the same location.

The file name was changed to the subsequent repetition number.
* 5 repetitions were performed.

9.2.3.2 Reference spectra

Reference spectra were collected regularly to measure the output spectrum of the light source. The
aim was to collect a reference spectrum for each subject. This was often performed in the NICU

waiting area so as not to disturb the clinical team at the cotside. The process was as follows:

1. With CYRIL turned on, hard drives connected, the CCD cooled and the light source on (with

shutter closed), place the light source fibre head into the slit on one end of the reference tube.

2. Place 4 detectors, either 1234 or 5678, in the probe holder on the opposite end of the refer-

ence tube.
3. Reduce acquisition rate to 0.1 s, open light source shutter.
4. Change file name to "CYRIL (number)_Reference(detectornumbers)".
5. Start measurement. If CCD saturated, reduce acquisition rate.

6. Collect at least 10 spectra.
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7. Stop measurement. Swap detectors, change file name and take another 10 spectra.
8. Turn off the system.

9.2.4 Data analysis

The data were processed in MATLAB. A custom function was used to load the raw CCD data
and sum it according to binning, the standard binning width of 20 strips per detector was used.
Background CCD noise was removed by subtracting the separate noise or background light file.
Attenuation and reflectance were calculated for each spectrum and a slope of attenuation against
distance was calculated for the left side (LS) channel, detectors 1-4, and the right side (RS) chan-
nel, 5-8. Differentiation of the attenuation slope was performed with the MATLAB function dif f.
Reflectance spectra and the attenuation slopes were smoothed with a 5-step moving average filter
prior to differentiation.

The same script applying BRUNO, SRS and BF as used in the phantom measurements was
used with the baby data. The MATLAB script to run BRUNO on broadband multidistance NIRS
data is available on GitHub [272].

9.2.4.1 Data quality scoring system

Previous analysis with BRUNO was performed on high quality data collected in optical phantoms,
an example of a suitable fit is in Figure 9.1. The most straightforward way of inspecting the data
and the BRUNO fit was to display the fit and see how well the model matches the main spectral
features, in particular the water feature at 830 nm and the water/haemoglobin peak and dip around
750 nm. This was done for a few spectra. As all data from the phantom were of high quality and

the fit looked very good in all instances, no data were excluded from the analysis.
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Figure 9.1: Example of a good BRUNO fit on a high-quality spectrum collected during a deoxygenation of
the homogeneous phantom.
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Compared to the phantom data, the baby data were more noisy with fewer distinct spectral
features. Relying on visual inspection of the data is timely and not suitable for the analysis of long
measurements. Instead, a scoring system was developed to evaluate BRUNO fit and data quality.
A score was given to each BRUNO analysis of an individual spectrum, the aim was to have the
lowest score possible.

The scoring system was developed empirically based on the assessment of BRUNO fits. This
assessment was based on visual inspection of overall data quality and the closeness of the fit. A
good data set had to have a clearly distinct water peak at 730 nm and at 830 nm, and a haemoglobin
feature at 770 nm. The model had to closely follow the shape of the data. Examples of good and
bad data and fit example are shown in Figure 9.2; the good data had distinct haemoglobin and
water absorption features which are followed by the model. The bad data did have a haemoglobin
absorption feature, but the water peak at 830 nm was less distinct. The model did not follow the
shape of the data very well.

The scoring system was a quantification of such subjective measures of data and fit quality.
The first metric included in the score calculation was the sum of squared residuals of the fit,
measuring the closeness of the model to the data. As the sum of residuals depended on the value of
the individual slope differential, the data were first normalised. The normalisation was performed
at the maximum of the model and did not change the distribution of the residuals.

Plotting the distribution of squared residuals over the wavelength range helped identify re-
gions where the fit performed poorly. The summed residuals of the data against wavelength are
shown in Figure 9.2c and d. If the quality of the fit was poor, the highest residuals were in the
region of the haemoglobin dip, 750-770 nm, and the water peak, 825-840 nm. Residuals at other
wavelengths were mostly due to random noise.

The first step in calculating the score of the fit was calculating the sum of squared residuals
between 750-770 nm and 825-840 nm. These two numbers were multiplied. The obtained number
already gave an indication on the quality of the fit, for example, the good fit in Figure 9.2a led to
the number 2.22, while the bad fit in Figure 9.2b led to the number 16.23.

Calculating this number for different data sets showed that it did not sufficiently capture the
quality of the data analysis. While the quality of the fit is indeed guided by the sum of residuals,
if the data were not of sufficient quality, it would lead to a good fit but not the desired StO;.
An example of poor data with low residuals is shown in Figure 9.3. The number obtained by

multiplying the residuals at the haemoglobin dip and the water peak was also 2.22.
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Figure 9.2: Example of a good and a bad BRUNO fit on data collected in baby C and the corresponding
residuals of the normalised BRUNO fit. The goodness of fit was based on visual inspection of
the data. The data and the model were normalised at model maximum prior to plotting. In (c)
and (d), highlighted are the regions of interest where the residuals are summed for the score
calculation. The data were collected in baby C with detectors 1-4, LS channel, in the good
case and 5-8, RS channel, in the bad case.

The main difference between the data in Figure 9.3 and the good data in Figure 9.2a is that
the spectral features are less distinct; the differentiated slope looks flatter. Therefore, the second
step in the calculation of the score was to rate the quality of data based on the visibility of spectral
features. If a spectrum was flat, it was penalised. The range of the slope differential was calculated
as the distance between the maximal and minimal value of the fitted model. The final score was
then calculated by multiplying the residual product and the reciprocal of the range. The final
score of the good data example in Figure 9.2a was 1.18, the bad fit in Figure 9.2b had a score
of 12.03 and the poor data fit in Figure 9.3 scored 2.55. After calculating the score and visually
inspecting 40 spectra collected in multiple infants, at different time points, with different detectors,

the threshold for good vs. bad fit for use in baby measurements was selected to be 2.
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Figure 9.3: Example of a normalised BRUNO fit with small residuals but poor data quality. Data were
collected in baby C with detectors 7-8.

9.2.4.2 Application to measurements

The score was calculated for each time point of the measurements. Individual spectra with a score
above 2 were not immediately rejected, as noise and other random errors could penalise a fit which,
upon visual inspection, looked good. Instead, the score was used for guidance. Figure 9.5a shows
the scores of a whole measurement with good fit quality. The score was higher than 2 at several
points, looking at Figure 9.5b suggests that it was mostly due to movement artefacts. The average
score for that measurement was 1.25 so the data were used for further analysis. The flowchart in
Figure 9.4 summarises the whole fit and data scoring procedure. If a data set was excluded from
the analysis based on the mean score being larger than the threshold value of 2, it was not analysed
using any other StO; algorithm. Data sets with a satisfactory score were analysed with BF, SRS
and BB SRS using the same scripts as used in the analysis of phantom data. SRS, BRUNO and BB
SRS was performed at 15-30 mm BF at 30 mm SDS. The boundary conditions were set based on
the measurements of optical properties in neonates reported [108] and were set quite broad in order
to allow for dramatic changes in optical properties during pathophysiological events occurring in
the injured brain; they are listed in Table 9.2.

One StO; trace per algorithm was obtained for each measurement. The agreement of the four
different results was assessed through pair-wise Spearman correlation, plotting of scatter plots and
non-parametric Bland-Altman analysis [275] using the MATLAB add-on Bland Altman available
online [273].
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Table 9.2: Boundary conditions for analysing baby data with BRUNO.

WF [%] cumb [UM]  cmpo, [UM]  a[mm'um™!] b[-]
Start 80 40 100 0.5 0.5
LB 50 0 0 0.1 0.1
UB 95 70 160 2 2
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FY
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(a) The score calculated at each time point with the threshold of 2 indicated.
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(b) StO;, calculated with BRUNO, time points where score was above 2 are highlighted.

Figure 9.5: The score calculated for a whole measurement with the corresponding StO,. The data were
collected in Baby C with detectors 1-4.

9243 SpO,

The main quantity of interest collected with the monitor IntelliVue (Philips Healthcare, UK) was
SpO, measured with pulse oximetry. Changes of SpO, from baseline were identified through
visual inspection. As the distribution of the data was not normal, correlation with the StO, mea-

surements was assessed with Spearman’s rho.
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9.2.4.4 Repeatability

For the repeatability measurement, to capture the different trend of algorithms within a measure-
ment, the standard deviation Gy, and the mean StO, for each block per algorithm were calcu-
lated. According to [276], repeatability is calculated from the within-subject standard deviation
O,upj Obtained from mean StO; values across all subjects. While repeatability measurements were
conducted in 3 infants, 2 had to be excluded because of poor data quality. Consequently, due to the
sample size of 1, repeatability could not be calculated. Instead, the change of StO; between blocks
was measured as the variability of the St0, reading between-measurements O;,,; calculated as
the standard deviation of the 5 mean block StO; values per subject per algorithm.

To summarise the oxygenation differences between the algorithms, a total average StO, was
also calculated as the mean value of the 5 block StO, values. The average 0j,;., was defined as the

mean of the five block measurements of Gjer.

9.3 Results

In total, 5 long measurements were collected and 4 precision measurements in 3 subjects. The
mean length of a long measurement was 2 hours 15 minutes, ranging from 1 h 21 min to 3 h
25 min. Mean scores were calculated for all long measurements and the precision measurement
sets; results from the mean measurement are shown in Table 9.5. All data from baby A, day 3
and baby B were excluded from the analysis based on low BRUNO fit quality, the mean scores
were above 2 in the long measurements and also in the short resitting measurements on both
measurement channels. Data from the LS channel on baby C passed the score requirements and

was included for analysis.

Table 9.3: The mean scores of long measurements in all subjects. LS channel corresponded to detectors
1-4 and RS channel to detectors 5-8.

Channel Baby A Baby B Baby C

Day2 Day3 Day3 Day2 Day3
LS 14.07 27.17  66.68 1.25  1.50
RS 14.78 93.89 14586 1039 25.68

9.3.1 StO; in baby C

Data collected on the LS in baby C were analysed with all 4 algorithms. An example of the
BRUNO fit when applied to the LS data is shown in Figure 9.2a. Figure 9.7 shows the recovered
oxygenation with all algorithms on both days of life.

The overall trend of oxygenation over time was similar across all algorithms, the main differ-



9.3. Results 267

ence was in the dynamic range, both within-day and between-days. Multiple desaturation events
were identified in the traces, Figure 9.6 shows StO, during two deoxygenation events measured
on day 2; StO, was normalised to the beginning of the drop. The difference between SrO, at the
beginning of the desaturation and nadir depended on the algorithm; the speed of the response was
similar. The overall agreement on the trend was assessed through correlation; scatter plots com-
paring BF, SRS and BB SRS to BRUNO are shown in Figure 9.8 for both days. Table 9.4 shows

the correlation coefficients p; for all algorithm pairs for measurements on day 2 and day 3.

Table 9.4: Spearman’s rho measuring the correlation of StO; recovered with 4 different algorithms. p;=0
means no correlation, p; = 1 indicates high correlation. Two rows are shown for each algorithm;
the first row is for measurements from day 2 and the second row for measurements from day 3

in baby C.
Ps BRUNO BF SRS BBSRS
oo |08 0 o
BF e o
o
BB SRS i

Figure 9.8 shows that all algorithms mostly followed a similar trend to BRUNO. The be-
haviour is different between days 2 and 3. On day 2, BF and BRUNO S$70O; increased within the
first 15 minutes, while BB SRS and SRS kept a stable baseline throughout the whole measurement.
An offset between BRUNO and BF St0; is seen (which increases with StO5) and high correlation.
The trace of BB SRS and SRS remained relatively flat throughout the measurement.

The situation changed on day 3. Oxygenation remained relatively flat in all algorithms; SRS
and BB SRS followed the same trend as BRUNO with a smaller dynamic range and a higher
baseline, resulting in a higher p; than on day 2. BF followed a similar baseline to BRUNO but
the trend was slightly different, reflected in a decrease in p; from day 2 to day 3. The decreased
dynamic range of SRS, BB SRS and BF compared to BRUNO on both days is shown by the slope
of the regression line in the scatter plots. The correlation between SRS and BB SRS was high on
both days as the main difference between the two StO; traces was a baseline offset.

The agreement between the methods is further displayed in Bland-Altman plots, Figure 9.9.
In Bland-Altman analysis, the methods give similar results if the distribution of the differences

between the readings is close to the mean (median in the non-parametric case) of these differ-
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ences. As seen in Figure 9.9, the distribution of the differences between BRUNO SO, and StO;
recovered with other algorithms is skewed in all cases apart from Figure 9.9a, where BRUNO is
compared to BF on day 2. BRUNO and BF gave similar results, although BF measured an StO;
on average 5.1% lower. The agreement of BRUNO with BF on day 3 and with SRS and BB SRS

was poor.
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Figure 9.6: SO, during two selected deoxygenation events in baby C on day 2 and day 3 of life recovered
with BRUNO, BF, SRS and BB SRS measured on the LS.
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Figure 9.8: The correlation between StO, measured with BRUNO vs. with BF/SRS/BB SRS on day 2 and
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Figure 9.9: Bland-Altman analysis of StO, measured with BRUNO vs. with BF/SRS/BB SRS on day 2

and day 3 collected in baby C. The full line indicates the median difference between the two
algorithm’s results. IQR stands for inter-quartile range.
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Table 9.5: Mean StO; on day 2 and day 3 in baby C measured with all algorithms. ¢ - standard deviation.

Mean StO; (o) [%]
BRUNO BF SRS BB SRS
Day2 | 829 (4.0) 78.0(3.2) 78.0(1.8) 75.8(1.9)
Day3 | 649 (4.1) 67.22.6) 76.1(2.1) 732(2.2)

The mean StO; for each algorithm on both days are reported in Table 9.5, mean StO, on day
2 was highest with BRUNO, lowest with BB SRS. On day 3, mean StO, was the highest with
SRS and lowest with BRUNO. Cerebral oxygenation decreased between day 2 and day 3 in all
algorithms; the distribution of SO, on both days for each algorithm is shown in Figure 9.10. The
difference between the median StO; on day 2 and on day 3 was the highest in BRUNO; a decrease

from 84% to 65%, much bigger than the decrease measured with SRS, from 78% to 76%.
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Figure 9.10: The distribution of StO, grouped by day of life, recovered with BRUNO, BF, SRS and BB
SRS measured on the LS.
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9.3.2 Relationship between StO, and SpO,

SpO, measured with pulse oximetry and StO, calculated with BRUNO for both days are shown in
Figure 9.11. The median SpO, on day 2 was 98%, 25-75th percentile 96-99%. The baseline on
day 3 was the same; median SpO;, was 98%; there were fewer changes over time and the 25-75th
percentile was 97-98%.

Visual inspection showed that SpO, remained stable and desaturation events were small in
amplitude. The largest desaturation events recorded were with a 5% decrease from baseline, both
on day 2 between 15:15 and 15:30. StO; measured on the LS with any algorithm did not follow
the same trend as SpO; during these events and also overall, as shown by a lack of correlation.
The correlation between SpO, and StO, was measured with Spearman’s correlation pg and the

results for both days are in Table 9.6.

Table 9.6: Spearman’s correlation coefficients ps for SpO; vs. StO; measured with all 4 algorithms on day
2 and 3 in baby C, LS, 15-30 mm SDS.

Ps
BRUNO BF SRS BB SRS

Day 2 0.53 041 0.00 0.04
Day 3 -0.42 -1.16  -0.36  -0.37

9.3.3 Repeatability

The repeatability study was performed on the second day of life in baby C. Data from the LS were
analysed with BRUNO, BF, SRS and BB SRS. §t0, was measured 5 times for 10 acquisitions
and the results are shown in Figure 9.12; the mean StO, of each measurement block is reported in
Table 9.7.

The difference between the readings of the four algorithms was in the magnitude of StO; and
its change between blocks and in the dispersion of the data points within one measurement block.
The behaviour was quantified using within-measurement SD 0y, and between-measurement SD
Ointra> reported in Table 9.7. BB SRS led to StO; with the smallest within-measurement variability
(lowest oyp0ck), but large differences between the measurement sets (high G;,.), while BF led to
the most consistent readings between the measurements with lowest 0;y;,. BRUNO StO; had the
highest Gy, and also Opype-

The overall StO, averaged across all 5 acquisitions was algorithm-dependent, BB SRS mea-

sured the lowest total mean StO; of 71.6% and SRS measured the highest, 76.3%.
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Figure 9.12: SO, measured with 4 different algorithms during 5 measurements during the precision study

in baby C.

Table 9.7: The mean StO, for each block, the within-measurement standard deviation 6, and between-
measurement standard deviation Oju, in the repeatability measurement in baby C, 15-30 mm
SDS. The total StO; is the average of five mean StO, and mean Oy, is the average of the five

Oblock-
. Mean StO; (Oplock) [%]
Repetition | o0 NO BF ( SR)S BB SRS
1 719(1.5) 71.7(05) 73.4(0.8) 683 (0.1)
2 784 (1.2) 743(0.7) 79.3(0.5) 74.7(0.1)
3 76.6 (0.7) 70.5(0.3) 80.0 (0.6) 76.4(0.4)
4 70.0(1.2) 71.8(0.4) 73.7(04) 69.0(0.1)
5 69.1 (1.5) 71.7(0.5) 74.9(0.9) 69.7 (0.1)
Total StO, 73.2 72.0 76.3 71.6
Mean Giyjock 1.2 0.5 0.6 0.2
Gintra [%] 4.1 1.4 3.1 37
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9.3.4 Excluded data
9.3.4.1 Baby A & baby B

While data collected in baby A and baby B were excluded from the analysis, preliminary analysis
of the measurements was useful for the improvement of the clinical measurements and inspired
changes in the measurement protocol. These changes increased the quality of data collected in
baby C.

The main source of poor data quality in the excluded measurements was poor probe-tissue
contact, the quality of contact was decreasing with the increase of SDS. The effect of poor cou-
pling was less visible on intensity spectra but became obvious when the attenuation slope was
calculated and differentiated. An example of data collected with poor tissue-detector contact is
shown in Figure 9.13a, Figure 9.13c and Figure 9.13e; g—ﬁ was measured across different detector
combinations to see the dependence of artefacts on SDS. The identification of the issue led to an
improvement in data quality, shown in Figure 9.13b, Figure 9.13d and Figure 9.13f. The intensity
spectrum with poor coupling shows a sharper dip at 760 nm, more obvious in g—’g and particularly
in a‘z)%. As this peak was not visible at shorter SDS and also not in the slope calculated across
15-20 and 15-25 mm, it was likely caused by external light reaching the detector at 30 mm due to
peeling off the skin.

It is possible to recognise poor coupling even without external light reaching the detector.
Note that while the attenuation slope in Figure 9.13c measured at 15-20 increases with wave-
length, it flattens down with the increase of SDS, eventually decreasing with wavelength at 15—
30 mm. The differentiated attenuation slope in Figure 9.13e also lacks most of the desired spectral
features.

To overcome these issues, two changes were made to the measurement protocol. First, a new
probe holder was designed with wider edges, increasing the area for tape placement and improv-
ing tissue contact. The newer probe holder is shown in Figure 5.8. Additionally, a background
light measurement was performed with the CYRIL probe already attached to the head but with the
light off. This was subtracted from the measured spectra instead of the CCD noise measurement,
which was only used for the cleaning of the reference spectra. The improved contact and removal
of external lighting significantly improved the data quality; g—g increased with wavelength in Fig-
ure 9.13d and a%% in Figure 9.13f shows the spectral features of water and HHb around 750 nm

and the water peak at 830 nm.
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aA and -2 TT with good or poor coupling. Good examples were

measured in baby C, poor examples in baby B. Intensity spectra were collected at 15-30 mm
SDS (detectors 1-4), 15-25 mm (detectors 1-3) and 15-20 mm (detectors 1-2).
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9.3.4.2 RS channel baby C

The implementation of changes to the data acquisition regarding tissue contact and external light
artefacts improved the quality of the collected data and measurements from baby C were suitable
for data analysis. However, only measurements from one channel, LS, passed the data selection
criteria. The difference in the data and fit quality of the LS and RS channels is visible in Figure 9.2.
The main difference between poor quality data collected on the RS a‘;% and high quality data
collected on the LS 9%% was the absence of the water peak at 830 nm, preventing the theoretical
model from converging to the correct solution and awarding the spectrum a high score. The
shown measurements were collected during the long measurement on day 2 but issues with the
measurements from the RS channel were also encountered during the repeatability measurements
and on day 3, shown in Figure 9.14.

Figure 9.14a shows that such problems with the spectra were not visible in g—ﬁ. The absence

. 2
of the water peak in a%TAA could have been caused by measurement errors; no artefacts were found

in the reference spectra.
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Figure 9.14: 3—2 and a%% collected on day 3 on the RS in baby C. Intensity spectra were collected at
15-30 mm SDS (detectors 5-8), 15-25 mm (detectors 6-8) and 15-20 mm (detectors 7-8).

Plotting the reflectance measured at different SDS revealed the cause of issues. In Fig-

ure 9.15, % focused on the HHD spectral feature is shown including the locations of the centres

of the peak. The measurements were collected with 4 detectors, 1, 4, 5 and 8. While detectors

4 and 5 illuminated the centre of the CCD, detectors 1 and 8 were placed on opposite edges (see

Figure 5.16 for the CCD strip-detector assignment). A small shift of 2 nm is seen between detec-

tors 1 and 4, accounted for in the calculation of the CCD resolution (around 4 nm). However, the

shift between detectors 5 and 8 was larger; 5 nm. This shift caused a widening of spectral features
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when 8(2)% was calculated and explains why the HHb peak collected on the RS, Figure 9.2¢ was
wider than when collected on the LS, Figure 9.2d, and why the water peak was hidden in the noise
level.

The shift was likely caused by a combination of chromatic aberration in the spectrometer
(explained in section 5.1.2.2) and a misalignment of the lens relative to the CCD. The calibration
of CYRIL was not checked in the hospital before the measurement and the misalignment likely
occurred during the transport of the system from UCL to the NICU.

Measurements on the RS remained unsuitable for analysis even after detector 8 was removed

and the slope was calculated for SDS 20-30 mm and 25-30 mm; the score was too high.
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Figure 9.15: % focused on the 760 nm HHb spectral feature collected on day 3 in baby C with detectors
1,4, 5 and 8. The lines indicate the middle of each HHb peak. While the difference in the
peak location collected on the LS is only 2 nm, the difference is 5 nm on the RS, larger than
the resolution of the CCD.

9.4 Discussion

The work in this chapter is a preliminary demonstration of the application of BRUNO to data
collected in neonates treated at the NICU with HIE. The aims were to compare StO, obtained
with different data analysis algorithms, to measure their repeatability and to evaluate whether the

information about cerebral physiology obtained from SO, in HIE is algorithm-dependent.

9.4.1 Data quality

Three infants were enrolled in the study, data from the first two monitored subjects had to be
excluded from the analysis based on poor data quality. While the small sample size is a drawback
of this work, the scarcity of measurements allowed enough time in between to perform preliminary

analysis of the data and introduce changes to the measurement procedure, which led to an increase
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in data quality. As a result of these improvements, data collected in the last study with the LS
channel were suitable for BRUNO analysis.

The main cause of reduced data quality found was the poor tissue-detector contact. The
curvature of the small neonatal head poses a challenge for probe attachment; the probe holder has
to be small to fit on the forehead and not disturb any other monitors placed on the head (such
as EEG probes), but also have enough surface area for the attachment of double sided tape. The
use of a head band was not explored as extra pressure on the neonatal head had to be avoided.
Designing an amended probe holder with wider edges has improved the results, it allowed more
area for the attachment of the double-sided tape and kept the probe holder in place.

Data from the RS channel of Baby C had to be excluded because of poor resolution likely
affected by the transport of the system from the lab to the hospital prior to the measurement.
Currently, the means of checking the calibration of the system in the hospital are limited as a
calibration light source and a dark room are needed. For future, a small black box could be built
to easily test the calibration of the system in situ. CYRIL could also benefit from a bin-specific
wavelength calibration.

One of the challenges encountered during preliminary analysis was that differentiation in
BRUNO amplified the noise component of spectra and decreased the visibility of spectral features
of chromophores. While the fminsearchbnd optimisation process can converge at a solution de-
spite low-quality data, it is necessary to check the quality of the solution. One way of assessing the
quality of the fit could be looking at the other fitting parameters, e.g. WF. WF should remain un-
changed during stable periods and changes in the parameter’s value between different time points
could suggest instability of the fitting and low-quality data. Preliminary data analysis has shown
that during the measurement on day 2 in Baby C, W F was on average around 90%. However, it did
decrease up to 65% when StO, calculated with all algorithms increased at 16:45. This was caused
by parameter crosstalk, a simultaneous change in a compensated the increase in W F. Fortunately,
StO, is robust towards parameter crosstalk, as shown in section 8.4.4. One should not look only at
the fitting parameters to assess the quality of a fit, as a sudden change in their values can be caused
by alterations of optical properties.

A different approach to data quality assessment was chosen. To ensure that data were suitable
for analysis, that the BRUNO algorithm could converge to the correct solution, an automated data
quality assessment step was added to the pipeline. Quantifying the goodness of fit of the model to

the data was used to ensure that the spectral features of HHb, HbO, and water were distinguishable
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and BRUNO could be reliably applied.

Using a standard quantity describing goodness of fit, such as residuals, was not sufficient, as
even data that evidently lacked the desired features could still have a close fit to the model. The
development of the scoring system was guided empirically through visual inspection of data sets
and shapes of the residual distribution. The benefit of the final scoring system is the addition of the
range calculation next to the use of residuals, which is a way of capturing the expected presence of
haemoglobin and water spectral features. The use of range also introduces a bias, as the HHb dip
at 760 nm is going to be less distinct with high StO,, hence decreasing the range and increasing
the score. However, the water features at 730 nm and 830 nm are independent of oxygenation and
should give the slope model sufficient "range". Additionally, given that the S¢O; in neonates is not
expected to be above 90%, a HHb dip should always be visible. The score calculation combines
the range with the residual calculation; data with a high StO, are not automatically rated with a
high score (the score was retrospectively calculated for both phantom data sets and was < 1 even
at 510, = 100%).

The threshold score of 2 used in this data selection is not meant to be used as a definite
exclusion/inclusion criterion, it is to be used as guidance, combined with a visual assessment of
a few data sets. Calculating the mean score of a measurement was found to be a helpful way of
summarising the suitability of data for BRUNO analysis.

The data quality assessment step is included in the version of BRUNO available online [272]
and will be used for real-time data scoring when BRUNO is implemented directly in the CYRIL
user interface. The value of an automated data quality assessment step in the measurement of StO;
has already been pointed out in Chapter 6, where "valid" StO, was calculated even from data with
a slope measurement suggesting that it was likely affected by measurement errors. Highlighting
BRUNO S$t0O; values with a high score during real-time oxygenation measurements would point
out measurement issues, such as poor coupling, which could be immediately resolved. The data
quality scoring gives BRUNO another advantage compared to other algorithms, where automated

data quality checks are not yet implemented.

9.4.2 Calculating StO, with different algorithms

Collecting data in a multidistance, broadband setup allowed for SO, calculation not only with
BRUNO, but also the other algorithms of interest, BF, SRS and BB SRS. These were only applied
to the final data selected for complete analysis. Similarly to the results obtained in phantoms

and simulations, all four algorithms gave different results. The agreement of the algorithms was
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assessed by correlation analysis and Bland-Altman analysis. The main differences between the

measured StO, values observed were:
* Increase in the BF and BRUNO baseline on day 2 but not seen with SRS and BB SRS.
* Smaller dynamic range of BF, SRS and BB SRS compared to BRUNO.
* Change of correlation between BF and BRUNO from day 2 to day 3.
¢ Presence of offsets between the baselines of all StO, traces.

The disagreement of the algorithms has important implications to the clinical application
of St0,. For example, St0, measured by BF and BRUNO on day 2 increased between 15:15
and 15:30. This suggests the occurrence of haemodynamic changes. As fluctuations of SpO;
were also identified during this time, it is indeed possible that some physiological events were
occurring. No increase in StO, was, however, measured by SRS and BB SRS. The potential
invisibility of a haemodynamic event links to the smaller dynamic range of the algorithms, already
seen in phantom studies with CYRIL.

A difference in algorithm sensitivity to StO, changes is also evident in the mean StO, values
for each day and algorithm, summarised in Figure 9.10. Oxygenation significantly increased from
day 2 to day 3 measured with BRUNO, while SRS measured only a minimal decrease. The dif-
ference in the algorithm’s sensitivity to SO, changes challenges one of the main potential appeals
of oximetry - an absolute measure of tissue oxygenation. Intervention thresholds use reference
ranges for physiology assessment and although the use of conversion equations to compare read-
ings from oximeters can be used [8], they do not account for the disagreement in sensitivity. As
clinical intervention guidelines are often based on StO, shifts from baseline, oximeters need to be
able to measure changes in physiology with high sensitivity.

Another interesting observation is the decrease of correlation between BRUNO and BF from
day 2 to day 3. Figure 9.7b shows that the BF trace sometimes diverges from the SRS, BB SRS
and BRUNO trend. This is because BF only collects data from one SDS and monitors a slightly
different region than BRUNO, SRS and BB SRS. NIRFAST simulations in Figure 8.29 have shown
that BF is more likely to be influenced by changes of oxygenation in the extracerebral layer than
other algorithms. This could have caused the disagreement between BF and BRUNO seen in
Figure9.7b at 13:15; BRUNO showed a long, steady decrease of oxygenation from 75% to 60%,

while BF measured a slightly delayed response, smaller in amplitude.
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9.4.3 StO, as a measure of physiology in HIE

MRS in baby C indicated that the infant suffered from mild HIE injury (based on Lac/NAA re-
ported in Table 9.1) and MRI findings were reported to be normal.

The mean SpO, measured on both days was in a range of SpO, values measured during
hypothermia in infants with HIE [277]. Two desaturation events with a 5% drop from baseline
were observed, a threshold value used in other studies [111, 278]. StO, did not follow the same
trend at SpO, during the desaturation events and the correlation between StO, measured with
either algorithm and SpO, was low throughout the whole measurements.

The lack of correlation of StO, and SpO, is expected during mild HIE with preserved au-
toregulation. While SpO; is a measure of arterial oxygen saturation SaO, and reflects global
oxygenation, StO; is strongly dependent on venous saturation SvO, and measured localised oxy-

genation.

9.4.3.1 Change of StO, between days

All 4 algorithms measured lower StO, on day 3 than on day 2. A decrease of StO; from day 2
to day 3 indicates a change in oxygen delivery and metabolic demands of the brain during TH.
HIE was in the second stage of injury progression on day 2 (see Figure 2.7 for a summary of HIE
progression). This phase is characterised by mitochondrial failure and hyperperfusion. A lower
StO; on day 3 suggests the return of normal perfusion.

While it is not possible to draw any conclusions on the prognostic value of StO, in HIE
based on measurements in a single neonate, one can compare the results to findings in literature.
Multiple studies measured StO; in neonates during TH and did not find an increase in oxygenation,
however, the subjects were not grouped by outcome [95, 230, 242]. A stable StO, in neonates
with favourable outcome between days 2 and 3 was reported in multiple studies [222, 225]. On
the contrary, Lemmers et al. [220] measured a decrease in StO, between 48 h and 84 h of life
in infants treated with TH and with favourable outcome, while such decrease was not found in
subjects with an adverse outcome. Niezen et al. [223] monitored infants treated with TH. At 24
h, §tO, was similar in both negative and favourable outcome. While it increased in the negative
outcome groups between 24 h and 72 h, a slight decrease was reported in the favourable outcome
group.

St O, values in baby C measured with BRUNO, BF, SRS and BB SRS are comparable to other
values measured in infants with HIE; with median values between 65-85% reported in multiple

publications [220, 222, 225]. Large variability in StO, between subjects was measured in [95],
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both in the HIE and control group (approx. 60-80%). Toet et al. [84] measured a lower StO, on
day 2 in good outcomes than other publications, below 70%. Chock et al. [279] measured StO; in
HIE both on day 2 and 3 and reported a value of almost 85%, similar to measurements by Forman
et al. [230]. The broad range of St O, obtained in this study is also comparable with SO, in healthy
term neonates, summarised in section 4.2.1.

One can assume that all algorithms measured a physiologically possible value of StO;, the
question remains whether SRS and BB SRS underestimated the change of oxygenation between
day 2 and 3 or whether BRUNO and BF overestimated.

Based on the better performance of BRUNO than BF, SRS and BB SRS in phantoms and
NIRFAST simulations in Chapter 8, one could assume that BRUNO also performed better in the
neonate. Could a drop in St0, of almost 20% from day 2 to day 3 be possible? Such a change
indicates dramatic events in cerebral metabolism. Dehaes et al. [95] reported the progression of
StO, over several days for each subject individually and in one subject, significant changes in
StO, are seen: from ~ 62% on day 2 through 75% on day 3 to 65% on day 5. As other studies do
not report St0, on individual levels, it is difficult to assess the day-to-day variations of StO,. The
small change in SRS and BB SRS agrees with the assumption of no change in StO, in favourable
outcomes reported in other studies, but this could be the result of averaging, hiding the patterns in
individual subjects. Perhaps the suggestions for the use of oximetry in HIE should not be based
only on averaged measurements grouped by day and patient group, but a more individual approach
should be applied. The StO, trace should be examined for each patient individually and the brain

should be monitored at multiple regions, as the pattern of injury affects NIRS reading [231].

9.4.4 Repeatability

While the small sample size of the repeatability study prohibits the quantification of the repeata-
bility of all four StO, algorithms; the measurement in baby C gives interesting insight into their
behaviour.

One of the first patterns observable in Figure 9.12 is that the change in StO, between the
blocks follows the same trend in all algorithms, captured by ©j4. This suggests that one of the
causes of changes in the StO; baseline throughout the repeatability measurement was something
affecting all algorithms, particularly placement location and probe-tissue contact. As the probe
holder was held in place by hand, the pressure changed throughout the measurement. BRUNO,
SRS and BB SRS follow a very similar trend maintaining the same order of StO, - BB SRS gave
the lowest reading and SRS the highest, with BRUNO SO, scattered in between. BF changed less
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between the blocks. As it only uses data from the furthest away detector, the pressure change over
time on this detector was different than the pressure applied to all 4 detectors used by BRUNO,
SRS and BB SRS.

Although it visually appears that the algorithms follow the same trend, iy, is different for
each. This is because it was calculated from the mean StO; for each block and each algorithm
resulted in StO; with different dispersion (Gpock). Oprock Varied significantly between the algo-
rithms. It was lowest for BB SRS and it was shown already in Chapter 8 that the algorithm gave
the smoothest StO, response in phantom studies. The trend of SRS and BB SRS was similar in
the repeatability study, with SRS being more sensitive to noise.

Sensitivity to noise appears to be an issue particularly for BRUNO. BRUNO had the highest
Opiock- Such dispersion of StO0, was not observed in any measurements where the probe holder
was attached using tape, suggesting that small fluctuations in the pressure on the probe holder can
led to bigger changes in SO, than in other algorithms. As the spectra are differentiated twice in
BRUNO, small artefacts can be significantly amplified.

Interestingly, while BF also applied a double-differentiation process, its Opjocxr Was much
lower than that of BRUNO. This might be because all four detectors in BRUNO are affected by
slightly different pressure changes when being pressed against the forehead, changing the slope
of attenuation. In BF, the pressure-induced change in intensity is removed through differentiation
as long as the baseline offsets are equal across all wavelengths [138]. As Opjocx Was the second
lowest and o;,,;, the lowest for BE, it was the most robust algorithm in this repeatability study.

The calculation of Gj,,, assumed stable haemodynamics during the measurement. A draw-
back of this study is that SpO, was not collected during the measurement, however, as no relation-
ship between StO; and SpO, was found in this infant, measuring SpO, would not inform on the
stability of oxygenation in the interrogated tissue. A better assessment of stable haemodynamics
during a repeatability study would be the use of an additional oximeter, as used by [12]. The de-
sign of future repeatability studies would benefit from a stable attachment of the probe holder to

tissue or with the incorporation of a measure of probe-tissue pressure.

9.5 Conclusion

CYRIL 2 was used to collect data in infants diagnosed with HIE treated at the NICU. All 4 data
analysis algorithms, BRUNO, BF, SRS and BB SRS, were used to calculate StO,. All recovered
StO, values were consistent with values reported in literature, however, a disagreement in algo-

rithm performance was also found, as already indicated by the previous analysis of NIRFAST and
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phantom data.

Data from one infant were analysed. StO, depended on the measurement algorithm; dis-
agreement was shown between all algorithms, with disparities found in the mean values, the StO;
trend and sensitivity to StO, changes. All algorithms measured a decrease in StO, from day 2 to
day 3, the scale of this drop depended on the StO, algorithm. BRUNO has measured the largest
change in StO; over time, in agreement with the phantom studies described in Chapter 8, where
the dynamic range of this algorithm was the largest. Assuming BRUNO performed better than BF,
SRS and BB SRS, as shown in NIRFAST simulations and phantom studies in Chapter 8§, BRUNO
indicated significant haemodynamic changes in the injured brain, otherwise invisible other algo-
rithms. Such findings could be significant in clinical care. At this point, it is impossible to compare
the results to literature, as the progression of StO; is not reported on individual levels and large
within-infant variation is expected, leading to inconsistent results. Some studies of oxygenation in
HIE neonates during TH report no change in oxygenation during TH during the first days of life, a
decrease from day 2 to day 3 was also reported. To further evaluate the benefits of using BRUNO
in HIE compared to other algorithms, a larger cohort of infants needs to be monitored.

An automated data quality scoring system was introduced for an efficient assessment of data
quality. While some data sets had to be excluded from the analysis based on poor data quality,
additional steps were taken in other studies ensured sufficient data quality, such as good tissue-
probe contact and the removal of external light. The addition of a data quality scoring system
in the BRUNO data analysis pipeline would be beneficial for real-time measurements to ensure

optimal data collection.
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Conclusion

The aim of this chapter is to summarise the work and the most important findings of this thesis.
The investigation has, however, also opened up more questions and highlighted aspects of BRUNO

and oximetry with CYRIL, which will be outlined in the second section.

10.1 Summary

The work in this thesis has presented a thorough insight into cerebral oximetry; from the theory
behind continuous-wave algorithms through to the development of data analysis pipelines and

finally application in neonatal care.

10.1.1 Recovering StO, with SRS and BF

The first step in the investigation of StO, recovery and the development of a novel algorithm
BRUNO was the application of SRS to data collected in the NICU in neonates with HIE, Chap-
ter 6. The results have shown that the prognostic value of StO> when applied to CYRIL data
was influenced by multiple factors. These were investigated in applying SRS with different "ap-
proaches". StO, recovered with SRS was dependent on the selection of %, a constant used to
account for scattering losses, highlighting the need to account for these losses flexibly when re-
covering St0;. A sensitivity of the algorithm to the addition of water as a chromophore was also
identified. The wavelength-dependence of the algorithm was particularly noticeable when applied
to CYRIL data, as different selections of wavelengths caused significant changes to the recovered
St0,. The investigation also highlighted the benefits of using multiple detectors to measure an
attenuation slope, as that increased the likelihood of a measurement less burdened by coupling
errors. While the impact of instrumentation was significant in this investigation of SRS, it did
emphasise patterns in the behaviour of SRS independent of instrumentation, mainly the use of the

scattering constant 4 and lack of consistency regarding wavelength selection and accounting water
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absorption.

Another important finding of the chapter was that the prognostic value of StO; in HIE
changed with approach. For example, if SRS was used with broadband wavelengths, a significant
difference in StO, was found between severe and moderate HIE, but not when only a selection
of discrete wavelengths was used. This emphasises the need for transparency in algorithm design
and the use of standardisation protocols when designing study protocols for the evaluation of the
suitability of oximetry in clinical care.

The next chapter, Chapter 7, was focused on an assessment of a different StO; algorithm,
BF. The application of the algorithm was evaluated in NIRFAST data simulated in a multilay-
ered neonatal head mesh. The main findings were focused on the process of fitting a theoretical
model of reflectance to broadband NIRS data, to minimise the crosstalk between the fitting pa-
rameters and optimise St0, accuracy. An important result was that StO, was reasonably robust
towards errors caused by parameter crosstalk, suggesting that it is possible to obtain an accurate
measurement of oxygenation despite incorrectly estimated concentrations of HHb and HbO.

The main strengths of SRS identified were the ability to reduce the influence of extracerebral
layers and low computational burden. The limitations include relying on the scattering factor 4 and
SRS was influenced by the selection of wavelengths and accounting for water absorption. BF, on
the other hand, can account for scattering without relying on /4 and the broadband spectrum makes
accounting for additional chromophore absorption easier. Some limitations are the inability to

remove the contribution of extracerebral layers on the StO; signal and high computational burden.

10.1.2 Broadband multidistance oximetry development and performance

Identifying the strengths of SRS and BF in Chapters 6 and 7 helped design the novel StO, al-
gorithm, BRUNO. The design was data-driven and each step in the implementation of BRUNO,
such as light transport model or chromophore selection, were based on maximising the accuracy of
StO, estimation from data obtained in NIRFAST simulations and phantom measurements. Such
algorithm design approach was focused on the application in neonatal data collected with the in-
strument CYRIL.

Designing BRUNO as a combination of the the multidistance measurement setup of SRS with
the spectral differentiation of broadband spectra utilised in BF led to a better estimation of StO;
with BRUNO than achievable with either SRS or BF individually. BRUNO recovered StO; with
higher accuracy both in NIRFAST simulations and phantom studies - e.g. in model B, the error of

the median St0, recovered with BRUNO was only 0.2% but 2.6% with SRS, 2.3% with BB SRS
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and 5.8% with BF. The BRUNO signal was also more brain-specific and suffered from least ECT
signal contamination; the error of StO; recovered during a deoxygenation of brain tissue simulated
in NIRFAST model E was 1.1% with BRUNO, 2.3% with BF, 3.8% with SRS and 4.8% with BB
SRS. Measuring StO; in liquid phantom measurements has also shown that BRUNO had a larger
dynamic range than other algorithms. No large decrease of BRUNO accuracy was observed when
moving from NIRFAST simulations to phantoms, as the algorithm was specifically designed to
perform well in such data.

The focus on CYRIL in the design process of BRUNO introduced some limitations, such
as the wavelength selection. Using a spectrometer with a different wavelength range including
wavelengths below 700 nm could improve the sensitivity of the algorithm to HbO, absorption. A
higher SNR would also decrease the influence of noise on the analysis, which was a significant
source of errors particularly when monitoring human subjects. While the computational burden of
BRUNO was reduced compared to BF, it was higher than of SRS. This could be challenging when
using it real-time in NIRS systems with less computational power.

Using NIRFAST data and measurements in phantoms helped identify instrumentation-
dependent behaviour of St0, algorithms. A significant decrease of accuracy in StO; recovery
when moving from NIRFAST spectra to phantoms was noted particularly in SRS, likely due to
not accounting for water absorption. Adjusting 4 also increased the brain-signal specificity of the
signal, suggesting that a simple mean of increasing the accuracy of SRS would be using different
h values for different patient groups. Out of all algorithms, BF was most sensitive to errors due to
noise, as it relies only on measurements with one SDS. Noise also affected the dynamic range of
the algorithm, decreasing its ability to accurately account for absorption by HbO,. It is likely the
reduction of the wavelength range at which data was collected had an impact, as CYRIL did not
cover the whole range suggested by the authors of the algorithm [26].

The advantages of BRUNO identified in the performance assessment included increased ac-
curacy of StO, measurements, higher sensitivity to brain oxygenation and larger dynamic range.
Out of all three algorithms, the requirements on instrumentation are the highest for BRUNO, as it
requires light detectors capable of multidistance measurements and a broadband light source. The
computational burden of BRUNO was much higher than that of SRS but lower than BF, shown
in Table 8.6. Including an automated data quality assessment step in the analysis increases the

robustness of BRUNO.
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10.1.3 Measurement of StO, in a neonate with HIE

The algorithm-dependence of StO, was also observed in Chapter 9, where bNIRS data were col-
lected with CYRIL in neonates treated at the NICU at UCLH during treatment with TH. An auto-
mated data quality scoring step was added to the data analysis pipeline to ensure that the measured
attenuation slopes had sufficiently visible spectral features to be analysed by BRUNO. While, on
one hand, this led to the exclusion of multiple data sets from the analysis, it helped identify aspects
decreasing the quality of data, such as poor probe-tissue contact or too little signal. Additionally,
the data that did pass the scoring system was more likely to lead to an accurate StO,.

Due to the small sample size of the study, it was not possible to assess the repeatability
of St0; measurements. The analysis of one short repeatability measurement with CYRIL probe
resitting has however shown strong influence of the pressure of the CYRIL probe on the skin on
the recovered St0,, suggesting that BRUNO is particularly sensitive to artifacts caused by tissue-
probe contact.

StO, was measured with BRUNO, SRS, BB SRS and BF in one neonate with mild HIE on
day 2 and day 3 of life. Similarly to phantom measurements, the results showed poor agreement,
particularly in the dynamic range. The sensitivity to changes in SrO, was also evident in the
difference in SO, between days, when BRUNO showed a significant decrease of almost 20% from
day 2 to day 3, while SRS and BB SRS measured only a very slight decrease. A disagreement
between algorithms based on the same data set could explain why other studies of oxygenation in
HIE show a decrease in oxygenation between days and others show no difference.

The differences between algorithms identified in the neonate were in agreement with the find-
ings in phantom studies. The true value of StO; in the neonate was not known, but as BRUNO
outperformed BF, SRS and BB SRS in the analysis of both NIRFAST data and phantom studies,
one could assume that its measurement of oxygenation in the neonate was a better assessment
of the injured brain’s oxygenation. The large drop in oxygenation between days 2 and 3 iden-
tified with BRUNO and BF was particularly interesting, as it implied significant haemodynamic
changes occurring in the brain during therapeutic hypothermia. While no clinical conclusion can
be drawn due to the unavailability of measurements in other patients, these promising results sug-
gest that BRUNO could indeed lead to a more accurate measurement of StO, in neonatal care,

more sensitive to oxygenation changes in brain tissue.
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10.2 Further work

The main output of this work is the development of BRUNO, a multidistance broadband NIRS
algorithm which has the potential to recover StO, with high accuracy. This work has demonstrated
the application of the algorithm to various types of data, ranging from NIRFAST simulations to
spectra collected in infants treated at the NICU. Room for improvement remains and there are

various aspects of the algorithm and its application that could benefit from further work.

10.2.1 BRUNO performance

The development of BRUNO was guided empirically through the exploration of various fit-
ting methods, diffusion theory models or wavelength combinations. Various other properties of

BRUNO could be improved:

1. Fitting: the current optimisation routine follows a simple least-squares fitting procedure
which find a local minimum. No space was given to the exploration of other fitting tech-
niques as the fitting was not considered the main strength nor weakness of the algorithm. An
exploration of other fitting techniques could help reduce crosstalk and improve the execution

speed.

2. Wavelength selection: as already discussed in Chapter 8, the broadband range of CYRIL 2
was used for the recovery of StO, with BRUNO. Changing this wavelength range, perhaps
to shorter wavelengths below 700 nm, could improve the accuracy of StO, recovery by

including spectral features of HbO; found around 675 nm.

3. Chromophores: the selection of chromophores to detect with BRUNO is the standard se-
lection used in NIRS; water and haemoglobin. Neither of the other algorithms used in this
work, BF and SRS, accounted for other sources of background absorption. However, the use
of broadband NIRS gives us the ability to capture additional chromophore, such as CCO or
melanin. A short exploration of the CCO contribution to the attenuation slope model differ-
entiated with respect to wavelength has shown that CCO could potentially be measured with
BRUNO, which would also increase the accuracy of StO, quantification, as the extra contri-
bution to absorption would be attributed to the correct chromophore. Another chromophore
whose contribution to absorption in the 700900 nm range is small, but not negligible, is
melanin [141]. Similarly to CCO, it lacks significant spectral features, crosstalk with scatter-
ing parameters and other chromophores when recovering BRUNO fitting parameters would

be expected. Additionally, as the concentration of melanin in the skin varies widely by sub-
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ject [257], setting of boundary conditions could be challenging. Nevertheless, improving
BRUNO’s ability to account for background light absorption could lead to an improvement

in the accuracy of StO.

. Attenuation slope model: the ZBC model was selected for BRUNO as it allows for fast ex-

ecution and gives sufficiently precise results. At this stage, the small improvement achieved
through the introduction of more complex models would be overshadowed by the errors
arising from noise and other measurement-related problems. If an optimisation routine is
found that can accurately model the attenuation slope with more complex models of light

propagation in tissue at a reasonable speed, it should be implemented in BRUNO.

. Data de-noising: it is evident that for the best performance of BRUNO, a high SNR is de-

sirable. Implementation of a data smoothing pipeline, perhaps based on wavelet de-noising
as described by [270], could improve the measurement of StO, without having to carry out

any hardware changes in CYRIL.

. Recovery of y1, and u/: BRUNO has been shown to measure StO; quickly and with high ac-

curacy. The next step could be to try to improve the recovery of absolute optical properties,
U, and p!. Problems with crosstalk were encountered in this work, however, published work
with broadband fitting [139] shows a higher accuracy of individual fitting parameters, with a
smaller crosstalk burden. While the crosstalk between scattering and attenuation cannot be
completely removed in CW measurements, several points could be investigated to improve

the ability of BRUNO to recover U, and p, accurately:
* use of an optimisation routine converging to a global solution.

* exploring other wavelengths.

* setting some fitting parameters, for example WE, to a constant value and investigat-
ing the setting of boundary conditions. This could also enable the quantification of
cymp based on the measurements by Matcher et al. [137] and use it to select boundary

conditions for the optimisation routine.

10.2.2 Validation

The accuracy of BRUNO has been demonstrated in NIRFAST simulations and in phantom data.

To obtain a further assessment of the algorithm’s performance, it is suggested to conduct more

analysis in simulated data. Firstly, the sample sizes of spectra used in this work are relatively
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small (in the order of tens) and increasing the sample size at least ten-fold would improve the
reliability of the results. Secondly, the NIRFAST simulations were only obtained in a neonatal
mesh model; performing simulations in simple tissue slab models could help assess the suitability
of the theoretical models used and working with meshes based on adult heads would quantify what
depth sensitivity to expect with BRUNO.

The phantom data presented in this work consists of only two data sets, one for a homoge-
neous and one for a two-layer phantom. The repeatability of the homogeneous phantom is high
and similar results are obtained when repeating the measurements. Regarding the two-layer phan-
tom, only one data set collected with CYRIL 1 was available as the TR system used for reference
had a fault during the time the phantom was available. It would be useful to perform additional
two-layer blood phantom measurements with the updated CYRIL setup (CYRIL 2) to obtain a
more confident assessment of BRUNO accuracy.

The reference measurement of SO, in this work was a TR system. The most suitable de-
vice for oxygenation reference measurements in liquid phantoms are blood gas analysers, which
measure the oxygen content of blood samples. Unfortunately, no such device was available at
the times of conducting the research; it would be useful to obtain it in future for a more reliable
measure of oxygenation. Once the performance of BRUNO has been thoroughly investigated in
phantoms and computational simulations, the validation process can move towards experiments in

human subjects.

10.2.3 Real-time measurements

One of the main requirements for BRUNO was to recover StO, at times suitable for real-time
application. This was achieved; the main bottleneck of the measurement was the speed of the CCD
read-out, the analysis itself took much less than one second per spectrum. In total, this still allowed
a measurement rate of approximately 0.95 Hz, which is suitable for real-time measurements.

Real-time use of BRUNO would require the addition of the calculation into the CYRIL 2
LabVIEW user interface. As the implementation of BRUNO in LabVIEW would be computa-
tionally demanding; a simpler solution would be to connect LabVIEW with BRUNO MATLAB
scripts (such connections are possible with the use of various add-ons).

The user interface in LabVIEW should display various plots to help the user track the quality
of the data collection in real-time: a plot of the attenuation at a few wavelengths against distance to
allow the user to assess the linearity of the slope, the BRUNO fit with the differentiated attenuation

slope and the model, and also show the data quality score. Another plot would show StO, over
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time. The user could set a score threshold, and if an StO, measurement was be above the threshold,
it would highlight the corresponding value in the plot.

As a reference measurement needs to be measured to obtain the attenuation, the reference
measurement can be collected before the measurement and stored. The stability of the light source
and the CCD needs to be assessed in order to determine the suitable frequency of updating the
reference measurement. Additionally, a bin-specific wavelength calibration of the system could
improve the resolution.

One of the main potential bottlenecks in the real-time application of BRUNO is the com-
putational burden of the optimisation routine, dependent on the PC’s characteristics. CYRIL is
connected to a laptop computer with worse computational power than the PC used in this work
and it is not expected that it could perform BRUNO at comparable speeds. This could be solved

by hosting the BRUNO optimisation routine on the cloud or a powerful server.

10.2.4 Application of BRUNO in adult and muscle measurements

The work in this thesis was focused on the application in neonates but BRUNO could be further
amended to be suitable for other applications, such as cerebral tissue oxygenation measurements in
adults or muscle oxygenation measurements. These applications would introduce several changes
to BRUNO.

The main difference between adult and neonatal head measurements is the contribution of
ECT layer signal [121]. NIRFAST simulations with an adult mesh could help assess the impact
of ECT signal on StO; recovered with BRUNO. In the case of significant contributions, two-layer
light transport in tissue models should be considered, as these account for differences in optical
properties between the ECT and brain layer. Thicker ECT layers in adults than in neonates also
increase the attenuation of light hence it will be necessary to ensure that the collected spectra have
sufficient SNR for data analysis.

Skeletal muscle oximetry could also benefit from increased tissue oxygenation measurement
accuracy. The challenges facing oxygenation measurements in skeletal muscle differ from brain
measurements. While the contribution of bone to light attenuation is much lower, the contribution
of other absorbers than haemoglobin needs to be accounted for, particularly myoglobin, adipose
tissue, water and also other background absorbers, such as intra-muscle lipids, skin melanin and
CCO [280]. Another important aspect of muscle oximetry is the robustness of the algorithm to
movement artefacts [280]. The addition of these absorbers to the BRUNO algorithm and the

impact of movements artefacts on BRUNO StO; would have to be investigated.
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10.2.5 Spatially resolved spectroscopy and broadband fitting

This work has identified worse StO, recovery performance with SRS and BF than BRUNO when
applied to NIRFAST spectra and data collected with CYRIL. The algorithms offer other benefits
in comparison to BRUNO: SRS requires less computational power and BF can be used with just
one SDS, which is suitable for the use in miniaturised systems, e.g. miniCYRIL, a smaller version
of CYRIL [281]. Further investigation of the application of these algorithms in CYRIL is encour-
aged. Additionally, the application of SRS in CYRIL could be improved by implementing some
recently developed additions to the algorithm, such as the removal of prior scattering assump-
tions with 4[148]. As the findings of this work are limited to the application in CYRIL, repeating
the comparison of BF, SRS and BRUNO performance in a different NIRS system could offer
interesting insight on the behaviour of the algorithms and aid with the design of standardisation

requirements in the field of NIRS.

10.2.6 StO, in HIE

The sample size in the pilot neonatal study in this work was limited and it was impossible to draw
any clinically valuable conclusions on the value of BRUNO in the NICU. However, the discovery
of disagreement between SO, measured with different algorithms from data collected in the same
system should be investigated. To further validate that haemodynamic changes which are other-
wise invisible to other StO, measurement algorithms/devices are happening during TH, a larger
subject cohort needs to be monitored and not only reporting an averaged StO; but investigating
the progression of brain oxygenation over time on an individual level would further increase the
understanding of the cerebral response to TH.

Increasing the reliability of StO, measurements is the next step towards evidence of the clin-
ical benefits of oximetry. Nevertheless, it is not the only barrier a new oximeter would face before
spreading among clinics. While the work in this thesis has shown an increase of StO, accuracy,
clinical trials are needed to show the benefits of oximetry. Implementing a BRUNO oximeter as
a clinical device would also require sufficient funding. The training requirements of an oximeter
applying BRUNO would be low compared to other traditional HIE imaging technologies, such
as MRI or EEG, as such oximeter would not require specialist expertise, particularly with an
automated data quality assessment step included in the software. To effortlessly compare StO,

readings with other oximetry systems, the use of linear conversion could be explored [165].
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10.3 Conclusion

This thesis described the development of a novel algorithm to recover StO, with CW bNIRS using
a multidistance approach. The motivation was based on one of the main challenges facing the field
of cerebral oximetry; inconsistent agreement of results of various studies and poor comparability
of StO, values obtained with different NIRS systems. The challenge is particularly visible in
the field of oximetry in neonatal HIE, where some studies report the ability of oximetry to help
with injury severity diagnosis and other studies report no such observations. While the individual
physiological differences between subjects surely influence these conclusions, the hypothesis was
that the algorithm to recover StO also plays a role. This was shown in an investigation of SRS
and BF, where small changes in the algorithm implementation could cause large shifts in St0;. In
fact, changing the SRS algorithm even affected whether there was a difference in StO, measured
in neonates with severe or moderate HIE. These findings are important when using absolute StO;
measurements to describe the oxygenation of tissue as they highlight the sensitivity of StO, to
data analysis algorithm implementation. Such behaviour could be one of the causes of the lack of
evidence when evaluating the prognostic value of oximetry in clinical care.

The main output of this thesis is BRUNO, a novel algorithm to calculate SrO, with broadband,
multidistance data. Advantages of the algorithm include higher SO, recovery accuracy, increased
sensitivity to oxygenation changes in deeper tissue layers, large dynamic range of oxygenation
across 0—100%, smaller computational burden than BF and the ability to check the quality of data
automatically. The application of the algorithm in a pilot study focused on monitoring neonates
has also suggested increased sensitivity to haemodynamic changes.

BRUNO can be implemented in any broadband multidistance CW NIRS system. However,
even NIRS systems which cannot use BRUNO can benefit from the work presented in this thesis. If
SRS or BF are applied, an investigation of the system’s response to changes in the implementation
of the algorithms and the addition of automated data quality checks can help ensure maximal StO»
accuracy.

Measuring StO, with BRUNO in more neonates with HIE could reveal further insight into
the complex relationship between cerebral haemodynamics and brain injury severity. The devel-
opment of BRUNO shows that through transparent and data-driven algorithm design, it is possible
to increase StO, reliability. While there are many hurdles to be overcome in the establishment of
cerebral oximetry in the clinical care, the ability to obtain a reliable and accurate measure of StO;

would benefit not only the treatment of HIE, but also seizure or stroke monitoring in the NICU.
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Appendix A. Baby Brain Study consent form

University College London Hospitals NHS|

NHS Foundation Trust

Neonatal Services

RECRef: 13/L0/0225 NNU Medical Secretaries
2™ Floor, North Wing

Patient Identification
Number for this trial:

Name of Researcher: Professor Nicola J Robertson

250 Euston Road
London NW1 2PG

Telephone: 0203 456 7890

Consultants’ PA: 0203 447 8094

THE UCH BABY BRAIN STUDY

FORM FOR PARENTAL CONSENT

Please initial

each box

1. lconfirm that | have read and understand the information sheet dated 4 September 2018
(version. 4.1) for the above study. | have had the opportunity to consider the information, ask
questions and have had these answered satisfactorily.

2. lunderstand that the participation of my baby in this study (NIRS monitoring and extra sequences
during MRI/MRS) is independent from other studies and | can withdraw from
any of them separately at any time.

3. lunderstand that the participation of my baby is voluntary and that | am free to withdraw at any
time without giving any reason, without the medical care or legal rights of my baby being
affected.

4. lunderstand that relevant sections of my baby’s medical notes and data collected during the
study may be looked at by individuals from regulatory authorities or from the NHS Trust from the
sponsor’s representative from UCL, where it is relevant to my baby taking part in this research. |
give permission for these individuals to have access to my baby’s records.

5. lagree that the NIRS, MRI/MRS and other MR sequences data, video recordings and EEG tracings
can be used for further research and teaching purposes; the material will always be used
anonymously and my child will not be identifiable in the data used.

6. lunderstand that | will be invited back for 3-4 assessments over the first year after my child was
born and a last assessment will be performed at 2 years of age.

7. lagree that my baby may take partin the above study.

Name of Child:
Name of Parent: Date Signature
Name of Person taking consent: Date Signature

3 copies: one to be retained by parent, one placed in the clinical notes and one retained by the study office.

Consent form. IRAS no 96208. Version 4.1, dated 04 Sep 2018, page 1 of 1.

HOS P I TA LS Middlesex and Elizabeth Garrett Anderson Hospitals).

UCL Hospitals is an NHS Foundation Trust comprising: The Eastman Dental Hospital, The Heart
Hospital, Hospital for Tropical Diseases, National Hospital for Neurology and Neurosurgery, The
Royal Landon Homoeopathic Hospital and University College Hospital (incorporating the former
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