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ABSTRACT
Divers may be subject to narcotic effects caused by hyperbaric gases (particularly nitrogen). The principal
hazard of gas narcosis is the induction of euphoria, overconfidence and loss of judgment. This may cause the
diver to become less alert, take extra risks, and start a chain of events culminating in a serious diving accident.
No early warning signal is available. Therefore, an objective method for detecting narcosis could improve diver
safety and prove useful in related research.
In three experiments, divers were exposed to 1) three low-dose concentrations of nitrous oxide (20, 30 and
40%), 2) air and heliox at 2.8 and 6 atmospheres absolute (ATA) (284 and 608 kPa) and 3) oxygen at 1.0, 1.4 and
2.8 ATA (101, 142 and 284 kPa). The cerebral effects were measured with pupillometry, critical flicker fusion
frequency (CFFF), psychometric tests and electroencephalogram (EEG). The complexity of the time course of
the EEG was estimated using a novel metric – default mode network (DMN) complexity. The degree of spatial
functional connectivity – estimated using mutual information – was summarised with the global efficiency
network measure.
Pupillometry and CFFF showed no differences between conditions. In the nitrous oxide EEG recording, the
DMN complexity correlated with the psychometric test results in a mixed-effects model (r2=0.67; receiver
operating characteristic area, 0.72 (95% CI 0.59 to 0.85), p<0.001). DMN complexity did not detect a difference
with the hyperbaric air exposure. However, air-breathing at 6 ATA (608 kPa) (experienced as mild nitrogen
narcosis) caused a significant increase in brain connectivity, compared to surface air-breathing (p=0.001).
Air-breathing at 2.8 ATA (284 kPa) trended in a similar direction, showing the early signs of nitrogen narcosis.
Hyperbaric oxygen did not increase global efficiency as hyperbaric nitrogen did, which could be interpreted
as oxygen not being narcotic. Oxygen caused a decrease in DMN complexity, which might indicate oxygen
hyperexcitability at 1 ATA (101 kPa) and higher.
In conclusion, the results of these studies have provided two novel quantitative EEG analysis algorithms that
quantify the distinct cerebral effects of nitrous oxide, nitrogen and oxygen, which might correlate with their
different molecular mechanisms of action.
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PREFACE
At the end of my first meeting with Professor Simon Mitchell, he thanked me for coming in with this research
idea. Right from the start he was adamant about three things for this research to happen: 1) We needed to get
the proposed grant from the Office of Naval Research; 2) I needed to move to New Zealand; and 3) Professor
Jamie Sleigh had to be part of the team to support me in the EEG analysis side of this project. Number three
turned out to be the easiest to arrange. Already during the first meeting in Jamie’s living room we had indepth discussions about EEG analysis. With Simon and Jamie’s input the project proposal reached a new level,
and was eventually funded by the Office of Naval Research of the US Navy. Our subsequent move to New
Zealand marked the official start of this research project.
After many years of hard work, deep thinking and many versions of this document, my doctoral thesis is finally
finished. I started as a junior scientist with a basic understanding of diving medicine and EEG analysis and no
background in anaesthetic drug mechanisms. Both Simon and Jamie have mentored me to become an expert
in my niche field of hyperbaric gas narcosis with a comprehensive and up-to-date understanding of diving
physiology, neuroscience and anaesthetic mechanisms. As these are ever-evolving fields, it is impossible to say
that I truly understand all of it entirely and look forward to keep on learning in these fields.
I have learned that enjoyable research is always a team effort. Collaborations not only increase research
quality, but also open new avenues. Over the years, many people have supported this project, making it
possible to complete this academic work.
First, thank you to all the participants to this research. Thank you for happily volunteering your time to
advance this field of science. Thank you for showing up every time and undergoing all the measurements and
exposures we asked you to do. I hope to see you all at the water edge at our next dive.
Professor Simon Mitchell, you have been a true mentor in every sense of the word. You fostered my academic
interests in the niche field of diving medicine, in which we both share a great passion. I value the discussions
about human physiology we have had and expect to continue to have them in the future. You allowed me to
operate independently but were always there to support me when needed. Thank you very much for being my
supervisor in this project. I hope we will continue this collaboration for a long time to come.
Professor Jamie Sleigh, your profound knowledge of consciousness and EEG has been invaluable to the
success of this project; you are a genuine expert in this field. The many lab meetings we have had in Hamilton
have been precious. My thinking of EEG evolved from ‘just a means to measure’ gas narcosis to a tool to
understand its physiological implications fully. This has given me a better understanding of how gas narcosis is
affecting our brain while diving. Thank you very much for being my supervisor. I hope we will have many more
philosophical discussions about the brain’s inner workings.
The nitrous oxide experiments were well supported by the Waikato anaesthesiology research group: Jonathan
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Termaat, Gay Mans and Rebecca Pullon. With medical support during these experiments by Amy Gaskell and
Marta Seretny. Thank you all for making these measurements run smoothly.
The measurements at the Slark hyperbaric unit were always supported with great enthusiasm by the staff.
Thank you, Chris Sames, Basil Murphy and Robert Schmidt for sticking with us after hours to complete the long
decompressions. Thank you also to all the staff who always welcomed us at the end of their working day and
showed interested in our research.
The early measurements for trialling the pupillometry and CFFF devices was supported by the staff from the
Deep Dive Dubai hyperbaric chamber. Thank you for making this part of the research possible. I would also
like to thank Rob Reilink and Saskia Ton for their assistance in the conceptualisation of the new CFFF device.
The front cover photo has been shot by Pete Mesley, thank you for allowing me to use this beautiful photo that
unifies both of my interests, diving and neuroscience.
I would like to acknowledge the Office of Naval Research for its support. They were willing to fund a bold
idea of recording EEGs during narcosis and extract useful information from scribbly lines. Thank you for your
support and continued funding for this line of research.
Last but definitely not least, Dr Hanna van Waart. You have been a real inspiration and guide. Through all the
stages of this project, you supported me, from its inception, through its lows, celebrated highs, and all the way
to completion, both as a partner and highly valued colleague. Working with you has driven me to frustration
when you reviewed my first drafts. However, your comments have always improved the manuscript. You have
pushed me to follow my dreams, even if that meant moving across the world together, away from friends and
family. I hope we can share many more diving medical research projects, between the fantastic diving we do
together. You are my buddy for life.
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General introduction

Chapter 1

Diving at increased pressure can cause impaired cognition, which firstly impacts decision making and selfawareness. Various breathing gases are known to disturb cognition, but their role and mechanisms of narcosis
are unclear. The experiments in this thesis evaluate the effects of oxygen, nitrogen and helium in various
mixtures at different pressures with several markers to monitor neural performance. The title of this thesis,
“monitoring gas narcosis in hyperbaric environments”, contains three crucial definitions that need further
clarification in the context of this research.

HYPERBARIC ENVIRONMENTS
The term “hyperbaric environment” refers to environments in which humans may be exposed to greater
than sea level pressure. The hyperbaric environment is potentially a workplace for medical staff, construction
workers, commercial and military divers. This work can be either underwater or in dry environments like
hyperbaric chambers or pressurised building sites called caissons.1 The workers in these hostile environments
need to perform specific tasks with minimal error and as quickly as possible. These tasks are often of a
dangerous nature, like defusing mines, working on oil rigs, or replacing tunnelling drill heads’ teeth. Besides
hyperbaric workers, recreational divers expose themselves to hyperbaric conditions to explore new places
or just to enjoy the underwater environment. For the sake of simplicity, all the above-mentioned hyperbaric
workers and divers will be designated as divers in this thesis. In these hyperbaric environments, the increased
pressure potentially imposes various physiological changes, such as oxygen toxicity, high-pressure nervous
syndrome and gas narcosis.2

GAS NARCOSIS
Gas narcosis is a state of multifaceted cognitive impairment, euphoria or stupor induced by respired gas.
The main effect of gas narcosis is on neurons. These cells are highly connected, which allows them to share
information. Cortical neurons are organised in functional regions with specific tasks. Narcotic gases interrupt
the signal transmission between cells.3 This causes impaired functionality. In general, higher cognitive
processes like memory, decision-making, and judgment organised in the cortex’s prefrontal region are
affected first.4 Divers most often breathe air underwater. Air constitutes approximately 79% nitrogen and 21%
oxygen. With the increase in environmental pressure at depth, each of the gases’ partial pressure also rises. The
partial pressure of a gas is the product of its fraction and the environmental pressure (Dalton’s law).5
Oxygen is needed in the gas mixture to support metabolism. However, the partial pressure of oxygen has to be
limited due to its cerebral and pulmonary toxic effects; hence, it needs to be diluted for deeper dives, typically
with nitrogen and possibly helium. Oxygen is a highly reactive molecule having various physiological effects,
including possible narcotic effects. Any test that might be used to measure such a narcotic effect objectively
needs to be sufficiently sensitive to measure the potential effects of small changes in the partial pressure of
oxygen. The narcotic effects of oxygen are hotly debated in the literature. The inconsistent results described in
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Chapter 2 could be explained by insensitive measurement methods, insufficient exposures and confounding
effects by carbon dioxide retention. Those studies least affected by these problems do suggest a narcotic
effect attributable to oxygen. However, the magnitude of oxygen’s narcotic potency remains undetermined.
Nitrogen is known to be a weak narcotic gas, which means that it must be respired at supra-atmospheric
pressures before the effects are noticeable. The signs and symptoms are similar to alcohol intoxication:
euphoria, overconfidence, and judgment loss.6 The severity of these symptoms increases with an increase
in partial pressure. In general, the symptoms become noticeable at a pressure equivalent to 30 metres
of seawater (msw) (4 atmospheres absolute (ATA], 405 kPa), while breathing air. However, there are large
individual differences in the onset of nitrogen narcosis symptoms, including the order of appearance, intensity,
and the depth at which they begin to influence the diver. The early signs are not evident to divers themselves,
as the narcosis itself negatively influences self-assessment.7 The symptoms themselves may not directly cause
incidents or accidents, but impairment of judgement, decision-making and memory can cause the diver to
make errors, culminating in a calamity. Therefore, studying narcosis is of great importance, especially for divers
undertaking hazardous missions.
To avoid the effects of narcosis, divers can reduce the nitrogen narcosis by adding helium to their breathing
mixture in what is called trimix (oxygen, helium and nitrogen) or heliox (helium and oxygen only). Helium
has no narcotic effects, making it very suitable for deeper dives. Additionally, it is a very light gas, making the
gas density of the mixture lower.8 This is especially beneficial at depth, where the increased environmental
pressure increases the density of respired gas and thereby the effort needed to breathe. The increased
gas density, combined with a high workload, can reduce respiratory drive leading to carbon dioxide
accumulation.2 Carbon dioxide is known as a very narcotic gas. The downside of helium-based mixtures is the
high costs of helium, and the additional training needed to use this gas in diving safely.
Studying gas narcosis in hyperbaric conditions (either underwater or in a chamber) requires considerable
pressures (4−8 ATA, 405−810 kPa) and exposures long enough to allow the onset of narcosis and to perform
the tests needed. This combination requires long decompression times to safely return to surface pressure,9
and hence the available exposure time is limited. An alternative, experimentally simpler, approach to study
narcosis is to use nitrous oxide, an anaesthetic gas that is more potent than nitrogen and which causes
narcotic effects at surface (‘normobaric’) pressure. Its use therefore obviates the need for a hyperbaric
environment to study gas narcosis (see Chapter 3 and 6). Various studies have compared hyperbaric nitrogen
and normobaric nitrous oxide and found that the effects on a behavioural and functional level are similar for
30% nitrous oxide at surface pressure and air at 6 ATA (608 kPa).10–14

3

1

Chapter 1

MONITORING
The cognitive impairment caused by gas narcosis can create dangerous situations, especially for working
divers performing hazardous tasks. Hence, monitoring the narcotic effect level with feedback to the diver is
a potential strategy to enhance safety. To achieve this, a sensitive measurement tool that interrogates brain
function without distracting the diver from their task is required. As previously stated, a normally functioning
brain is comprised of a complex network of neurons, which exchange information. Based on knowledge
acquired in anaesthesia research, it is known that more potent narcotic agents disrupt the flow of information
between brain regions.15 However, gas narcosis at the levels imposed during diving, has very subtle effects on
cognitive functioning and the changes in information flow will be correspondingly subtle.
Historically, psychometric tests have been most commonly used to quantify narcotic effects. The earliest tests
targeted lower cognitive functions like manual dexterity, which were only affected by narcosis at pressures
larger than 8 ATA (810 kPa) while breathing air.9 More sophisticated tests were developed that tested higher
cognitive functions, like memory, error recognition and decision making.16 A downside of psychometric tests is
that learning effects and the participants’ motivation, may influence the results.17 The learning effect can partly
be negated by training before the actual measurements, while boredom can be prevented by not testing too
often. However, because psychometric tests require a diver’s active participation, they will interfere with a task
the diver performs while at work, making it impractical to monitor their narcotic state continuously.
Neurophysiological measurements can potentially overcome some or all of these limitations. For example,
pupillometry could be implemented by adding a small camera on the mask that would measure pupil size.
Pupillometry has previously shown that alcohol intoxication induces pupil dilation.18 The symptoms of alcohol
intoxication are similar to gas narcosis;19 hence pupillometry could potentially be sensitive to gas narcosis.
Alternatively, critical flicker fusion frequency (CFFF) has been used extensively in diving medical research to
objectify cognitive impairment.20–27 CFFF has the downside that it still requires the active participation of the
diver. Both methods assess the effects of narcosis on brainstem nuclei that control the autonomic nervous
system.
The electroencephalogram (EEG) measures electrical signals associated with the flow of information between
cortical neurons. This information-sharing produces temporal and spatial patterns due to the hierarchy of
the cortical network. Classically, EEG is visually inspected, and abnormalities are described qualitatively.28–32
This methodology requires a highly trained user who needs continuous attention to mark EEG changes. The
effects of narcosis are very subtle, making it hard to interpret these changes visually. Hence, conventional
EEG measures, which have been explored in diving experiments, were found to be relatively insensitive and
descriptive. The analysis of EEG can be further expanded with quantitative signal analysis (qEEG). Quantitative
EEG analysis can overcome the limitations of classical EEG recordings and might prove sensitive enough to
detect the subtle changes in temporal and spatial patterns in cortical networks associated with gas narcosis.
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The field of qEEG analysis has, in recent years, expanded its methodologies tremendously.33,34 This is due to the
increased availability of computational power, increased number of EEG electrodes and better electrodes and
amplifiers increasing signal quality. These qEEG methodologies allow the uncovering of subtle physiological
changes in neuronal dynamics at a localised or even cellular level.
A continuous qEEG monitor could potentially monitor a diver’s narcotic impairment in real-time without
interruption of diving tasks, making their diving safer. Before this can be realised, some basic research is
needed to understand subtle gas-induced narcotic effects on the brain and develop and validate a sensitive
measurement tool to monitor gas narcosis robustly. The work described in this thesis is the first step in pursuit
of this goal.

OBJECTIVES
The long term aims of this body of work are to develop an objective and reliable measurement tool to quantify
gas narcosis, and to develop a qEEG-tool to understand the narcotic effects of the different gases breathed by
divers under pressure. This thesis pursues five objectives:
1.

Investigate the use of the sub-cortical neurophysiologic measurement method pupillometry to measure
gas narcosis.

2.

Investigate the sub-cortical neurophysiologic measurement method CFFF to measure gas narcosis.

3.

Develop a quantitative EEG algorithm to objectively measure the effects of the weak anaesthetic gas
nitrous oxide at atmospheric pressure. This approach can be justified on the basis that narcosis induced
by nitrous oxide has been compared to nitrogen narcosis in hyperbaric conditions, both mechanistically
and qualitatively.

4.

Benchmark the EEG algorithm developed for nitrous oxide against nitrogen narcosis during airbreathing in a hyperbaric chamber. Heliox (20% oxygen, 80% helium) breathing will be utilised as a
notional negative control. If the nitrous oxide algorithm is insensitive for hyperbaric nitrogen narcosis,
further exploration of the EEG signals will identify other candidate algorithms.

5.

Measure the magnitude of any narcotic effects of oxygen breathed under pressure, using the EEG
algorithms.
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OUTLINE OF THIS THESIS
Chapter 2 is a review of the literature on gas narcosis. Chapters 3 and 4 present the investigations
of pupillometry and CFFF (respectively) as potential measures of gas-induced narcosis in hyperbaric
environments. Chapter 5 is a supplementary literature review focusing on EEG and the various analysis
methods available to quantify EEG. Chapter 6 reports the effect of low-dose nitrous oxide on psychometric
tests and the development of a qEEG algorithm that tracks that effect. Chapter 7 and 8 focus on the effects of
hyperbaric air and oxygen (respectively) on psychometric tests and the qEEG algorithm described in Chapter
6. Further exploration of the EEG analysis algorithms will also be discussed. This thesis ends with a general
discussion of the research presented in this thesis and its context in Chapter 9.
Adapted versions of the chapters below have been published in, accepted by or submitted to peer-reviewed
journals and/or presented at a conference.
Chapter 3, addressing pupillometry, has been published in issue 2 in 2020 of the Diving and Hyperbaric
Medicine Journal.35 This journal is the top ranked journal in the specialised field of diving medicine. The
pupillometry work was presented at the student conference HealtheX in Auckland, New Zealand in 2018 and
at the 2nd tri-continental conference on diving and hyperbaric medicine in Durban, South-Africa in 2018.
Chapter 4, addressing CFFF, has been published in issue 4 in 2020 of the Diving and Hyperbaric Medicine
Journal.36 An abstract of the CFFF work was accepted for the Undersea & Hyperbaric Medical Society Annual
Scientific Meeting, June 2020, San Diego. Unfortunately, this conference was cancelled due to the SARS-CoV-2
pandemic.
Chapter 6, low-dose nitrous oxide EEG algorithm, has been published in issue 2 in 2021 in Anesthesiology,37
which is the top-ranked journal in its field. This work was presented at the Auckland Anaesthetists Annual
Research Meeting, in July 2020, in Auckland, New Zealand.
Chapter 2, literature review gas narcosis, will be submitted for publication in a condensed form in the future.
The specific section on oxygen narcosis was presented at the 48th annual scientific conference of the South
Pacific Underwater Medicine Society, in 2019, Solomon Islands.
Chapter 7, nitrogen narcosis EEG algorithm, has been published in issue 1 in 2022 in Nature Scientific
Reports,38 and chapter 8 will be submitted for publication in a peer-reviewed journal. Both were presented
at the 49th annual scientific conference of the South Pacific Underwater Medicine Society, in 2021, Sydney,
Australia.
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A lot of the work for this thesis has been analysing the EEG signals. The code needed to clean the raw signals,
process and plot them to understandable results has constituted the majority of this work. In total, this has
resulted in 560 lines of code. Much of this effort was exploratory and therefore not incorporated in the final
functions reported in the results. The final versions of the essential functions and scripts are available in the
appendices for reference.
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Chapter 2

INTRODUCTION
Narcosis is a pharmacologically induced state of impaired cognition, drowsiness, stupor, or (at one extreme)
unconsciousness. A human subjected to increased ambient pressure, whether in the water or a hyperbaric
chamber, may experience narcosis whose severity is dependent primarily on the ambient pressure and
the nature of the respired gas mixture. Workload, temperature, and other environmental factors may also
influence narcosis. In dives to depths down to 40 metres of seawater (msw) (5 atmospheres absolute (ATA],
507 kPa), air or other oxygen-nitrogen mixtures are usually breathed. Beyond 40 msw (5 ATA, 507 kPa) the
breathing gas is typically a mixture of oxygen, nitrogen and helium, or just oxygen and helium.8 Although
carbon dioxide is not breathed, it is produced by metabolism and may be inadequately eliminated in diving.2
Each of these gases has its potential effects on narcosis, and therefore on human performance and efficiency.
The signs and symptoms of narcosis range from mild impairment and hallucinations to (eventually) loss of
consciousness. The extreme symptoms of gas narcosis predominantly occur at depths beyond recommended
limits (e.g., 40 msw (5 ATA, 507 kPa) breathing air), but the stages of euphoria, overconfidence and loss of
judgment are the most hazardous. These symptoms can occur at shallower depths.39 This may cause the diver
to become less alert, take additional risks, and start a chain of events culminating in a severe diving accident.
Depth is associated with a 3.5-fold increased number of incidents, which involve narcosis, while these deeper
dives (>30 msw, 4 ATA, 405 kPa) represent only 30% of all dives undertaken.7 There are large individual
differences concerning the symptoms of narcosis, including their order of appearance, intensity, and the
depth at which they begin to influence the diver. No early warning signal is available, and narcosis negatively
influences self-assessment.40
Professional and military divers subject themselves to narcosis induced by breathing gases at hyperbaric
pressures during occupational activities at depth. Although the risk of gas narcosis is known, most sport divers
use air or other oxygen-nitrogen mixtures and are often poorly informed of the hazards they are exposed to.
There is a specific group of sport divers, so-called “technical divers”, who routinely visit depths >40 msw (5 ATA,
507 kPa). These divers mitigate nitrogen’s narcotic effect by substituting some (or all) nitrogen with helium,
which is a lighter non-narcotic gas.8 Helium is expensive, so the fraction of helium in gas mixes has to balance
costs and minimise the breathing mixture’s narcotic impact and density.
There are multiple aspects of this critical problem that remain under-researched. Although it is widely
accepted that nitrogen breathed under pressure is narcotic, the contributions of oxygen and carbon dioxide to
gas narcosis in divers remain controversial. As a prelude to presenting the methods and findings of the work,
this review briefly discusses the mechanisms of gas narcosis, what is currently known about the contributions
of gases used in diving, how narcotic effects are typically monitored in related research and the basis for an
attempt to develop an electroencephalographic narcosis monitor.

10

Gas narcosis review

PHYSIOLOGICAL EFFECT OF HYPERBARIC GAS NARCOSIS
“The functions of the brain are activated, imagination is lively, thoughts have a peculiar charm and, in some
persons, symptoms of intoxication are present.” 41
This first description of hyperbaric gas narcosis was by Victor Junod. He described the effects on man of
breathing air in caissons (pressurised structures that facilitated underwater work), but his hypothesis for the
physiological mechanism was wrong. He proposed that narcosis resulted from high-pressure gas, causing
increased blood flow, therefore stimulating nerve centres. After Junod, others including Green,42 Bert,43 Hill &
MacLeod44 and Damant45 described the symptoms experienced by men breathing compressed air at various
depths. A more detailed description of the effects of narcosis was written during the first Royal Navy deep airdiving trials to 91 msw (10.1 ATA, 1,023 kPa) in 1932. Narcosis was described as a “slowing of cerebration” or “as
if … under an anaesthetic”, although at that time it was attributed to “mental instability” of some candidates.46
Later, gas narcosis was recognized as a universal phenomenon of deep diving, and it was suggested that it was
the nitrogen component of air responsible for the narcotic symptoms.47 It is widely considered that hyperbaric
gas narcosis’s relevant functional effects become apparent breathing air below 30 msw (4 ATA, 405 kPa). At 13
ATA (1,317 kPa) the diver may become unconscious.6
Some research suggests that there is some adaptation to narcosis with repetitive diving,48–50 whereas others
have failed to find evidence of a reduction in impairment.51,52 Hamilton et al. have shown a reduced perception
of narcosis after five days of deep diving, but there was no actual adaptation in reaction time or procedural
errors.40 They suggested the mixed evidence results from tolerance developing to the subjective but not the
behavioural component of narcosis.

Effects of gas narcosis at a cellular, network and functional level
A deeper understanding of gas narcosis’s effects at a cellular and network-level facilitates interpretation of
its functional effects and, therefore, how different methods might be used to measure its effects. For clarity,
although the primary focus of interest of this work is hyperbaric gas narcosis, the evolution of our knowledge
of hyperbaric gas effects is inextricably intertwined with research into the mechanism of more potent
anaesthetic gases. Much of what is described below comes from studies primarily focussed on anaesthesia
rather than diving. Even after 150 years of research on the mechanisms of anaesthesia, it is still not completely
understood how anaesthetic agents cause their neuronal effects,53 a situation that equally applies to the
mechanisms of hyperbaric gas narcosis.
There are four groups of theories on the mechanism of gas narcosis: the effects of metabolic gases, the
aqueous phase theories, the lipid solubility theory and the protein binding theory. The first two can be
considered “historic” and the second two more modern.
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Metabolic gas theories
In the past, there have been hypotheses implicating the metabolic gases (both carbon dioxide and oxygen)
in the pathway of (hyperbaric gas) narcosis. First, the role of carbon dioxide will be discussed. Then the
hypothesis on the role of oxygen is explained.
Bean found hypercapnia in air-breathing dogs who were rapidly pressurized to 4.5 and 9 ATA (456 and 912
kPa) and attributed the narcotic effects commonly found in men breathing air at depth to narcosis induced
by hypercapnia instead of the increased partial pressure of nitrogen.54 A reduction in narcosis following a gas
switch to a helium mixture was considered supportive of his theory because the decreased gas density caused
a decrease in work of breathing and hence a decrease in hypercapnia, which he believed was the cause of a
decrease in narcotic effect. This conclusion failed to account for the fact that Bean had replaced a narcotic gas
(nitrogen) with a non-narcotic gas (helium) which likely accounted for much of the change observed in his
dogs. Nevertheless, subsequent research has identified a possible contributing effect of carbon dioxide to the
severity of narcosis,55 but not as the sole cause of it.56
One theory to explain narcosis by carbon dioxide focuses on its properties as a volatile acid. A respiratory
acidosis will decrease the pH in physiological fluids around neurons. This, in turn, could change neuronal
excitability. Below a pH of 7.1, in dogs the concentration of halothane to maintain anaesthesia could be
lowered. Furthermore, anaesthesia was achieved using carbon dioxide only when the pH fell below 6.8.57
Similar pH ranges have been found in patients with diabetes acidosis and coma. In these patients the arterial
and venous partial pressure of carbon dioxide was very low, 2.4 and 3.5 kPa respectively,58 representing a
respiratory compensation for a very severe (metabolic) acidosis.59 However, it could be inferred that if an
acidosis had a respiratory origin (an acidotic effect of carbon dioxide) it could provide an explanation for
narcosis. Alternatively, narcosis in hypercapnia could also result from a direct effect of the gas on the cell, like
other narcotic gases. In summary, the cellular pathway of carbon dioxide narcosis remains unclear.
Oxygen has been implicated in a general hypothesis on the effects of narcotic agents. Instead of a direct effect
of oxygen itself, Hu and Wu hypothesized that anaesthetics disturb the oxygen distribution pathways in both
membranes and oxygen-utilizing proteins.60 According to this theory, this causes a decreased availability of
oxygen in the cell mitochondria. Like hypoxia cascades, the cell will enter a self-preservation mode, wherein
the brain energy consumption is lowered, resulting in a narcotic effect. Though an exciting hypothesis, there is
no research that supports this theory with evidence.

Aqueous phase theories
The aqueous phase theories are based on the formation of water molecule structures around the anaesthetic
gas molecules, including hyperbaric nitrogen. Pauling,61 Miller62 and Fenn63 proposed a reaction between
water molecules and the narcotic agent would form either ice crystals or clathrates on protein surfaces. These
would reduce the electrical conductivity and change the interfacial surface tension between lipid and water,
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causing interruption of normal transmission of action potentials thus explaining a narcotic effect. However,
subsequent experiments by Miller’s group did not support these theories.64

Lipid solubility
Meyer65 and Overton66 independently reported the relationship between an anaesthetic gas’s lipid solubility
and its narcotic potency. The Meyer-Overton correlation implies that narcotic potency is proportional to lipid
solubility. The solubility in olive oil correlates consistently with narcotic potency across various anaesthetic
gases, and so-called inert gases breathed in a hyperbaric environment. This correlation does not constitute a
mechanism of action itself, but it has given rise to multiple mechanistic theories. Based on the Meyer-Overton
theory of lipid solubility of gases and their anaesthetic potency nitrogen is expected to have narcotic effects
when breathed at high pressures. Oxygen is expected to have a two times stronger narcotic effect than
nitrogen at equivalent pressures and carbon dioxide 19 times, while helium would be expected to have little
or no effect (Table 2.1).67
Table 2.1: Gas solubility in olive oil and the ratio compared to nitrogen.68
Gas

Olive oil Bunsen coefficient

Ratio

Helium

0.0161

0.24

Nitrogen

0.0681

1.00

Oxygen

0.116

1.70

Carbon dioxide

1.295

19.02

Nitrous oxide

1.4

20.56

The Meyer and Overton theory of lipid solubility of gases was invoked by Goldacre in proposing that narcosis
was caused by the expansion of the cell membrane, due to the narcotic agent’s solution into its lipid bilayer.69
It was assumed that consequent widening of the cell membrane caused dysfunction of the transmembrane
ion channels, impairment of ion fluxes, interruption of action potential conduction and a consequent narcotic
effect. This theory was further developed into the critical volume hypothesis by Miller et al.,70 which extended
the Meyer-Overton model by invoking the volume the narcotic molecule occupies in the hydrophobic region
of the cell membrane. Therefore, the more space the molecule occupies in the hydrophobic region, the greater
the anaesthetic potency. Mullins hypothesised that narcosis could be the result of the accumulation of inert
gas molecules in the hydrophobic pores of the membrane, reducing its permeability.71
Although elegantly simple, all these unitary mechanism theories do not match the main observation that
no increase in membrane thickness is found at average clinical concentrations of narcotic gases; detectable
increases in thickness are only found at very high concentrations.72 Secondly, one °C increase in temperature
exerts a similar effect on the membrane thickness as very high concentrations of volatile anaesthetic, but this
temperature change does not cause a similar narcotic effect.73 Furthermore, these theories, based on lipid
solubility, have other fundamental weaknesses:
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1.

Stereoisomers of anaesthetic agents may not have the same anaesthetic potency, although based on
lipid solubility alone an equivalent anaesthetic effect would be expected.73,74

2.

Several agents, based on their lipid solubility, should have an anaesthetic effect, but lack anaesthetic
potency and, in fact, exert epileptogenic effects instead, for example, the non-immobilizer drugs, like
perfluoropentane.75 These drugs produce amnesia but lack a suppressing effect on movement at the
spinal cord, which is part of anaesthesia. For example, halogenated alkanes are very hydrophobic but do
not suppress movement.73

3.

The Meyer-Overton correlation predicts a linear increase of potency with increasing chain-length for
n-alcohols and n-alkanes. However, above a certain chain-length, there is an instant transition to loss of
narcotic potency.73

4.

The lipid solubility theory would expect a linear relationship between the concentration and the effect
of narcotic gases. However, a sigmoidal relationship was found suggesting a binding process.76

High lipid solubility remains a consistent characteristic of a narcotic gas, but it is clearly not the only one that is
functionally important. More recent theories suggest that the site of action of narcotic gases are hydrophobic
binding cavities – presumably in proteins (see below). In order for narcotic agents to interact with these
cavities, they need to be soluble in lipids. Thus, the inherent weaknesses of the unitary mechanism theories,
are explained by interactions with hydrophobic binding cavities. Because of their specific shape and size, only
certain molecules, excluding stereoisomers of known anaesthetics, non-immobilizers or lengthy alcohols or
alkanes, fit in the cavities to exert their narcotic potential.73,77

Protein binding theory
Anaesthetic gases may interact with many proteins and alter their functions.74,78 Studies using x-ray
crystallography show binding of xenon molecules to flexible, hydrophobic cavities within the structure of
different proteins causing small changes in protein conformation.79 This binding effect was also modelled for
other gases, like neon, argon, krypton, helium, hydrogen and nitrogen. It was found that based on specific
chemical binding properties, the non-immobilizing gases, neon, helium and hydrogen could be distinguished
from the narcotic gases xenon, argon, krypton and nitrogen.80 Multiple proteins are affected by narcotic
gases, but it is generally believed that most of the narcotic effects are mediated by proteins within the postsynaptic ligand-gated ion channels.74 These channels are involved with the synaptic transmission of signals
from one neuron to the next. Most narcotic gases are believed to exert their effect through one of two signal
pathways: enhancing inhibitory postsynaptic channel activity or inhibiting excitatory synaptic channel activity.
Both pathways have the effect of signal inhibition, although the working mechanism is different.53 Both are
discussed in more detail below.
Most anaesthetic gases bind to the γ-aminobutyric acid type A (GABAA) receptor. Hyperbaric nitrogen is also
thought to induce narcosis via the GABA pathway.81,82 The binding of the narcotic agent to the GABAA receptor
causes an increased inward chloride current, membrane hyperpolarization and consequent inhibition of
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excitability. This pathway is associated with anxiolysis, sedation and amnesia.83
The second interaction is through blocking of the glutamate receptors that are activated by N-methyl-Daspartate (NMDA). These are ligand-gated ion-channels involved with fast excitatory neurotransmission
via cation conductance for calcium and sodium. With the blockage of glutamate binding on the excitatory
synapse, the influx of ions decreases, and hence the neuronal signal is inhibited. This pathway causes
alteration of perception, learning, memory, nociception and consciousness. Ketamine, xenon and nitrous oxide
are known for their inhibition of the NMDA-mediated glutamatergic receptors, which may cause their narcotic
effects, although these agents do have multiple action-sites and compounds that only block NMDA receptors
have no narcotic effect.83

Affected brain regions
Different narcotic gases alter the normal function of different brain regions. The distribution of GABA and
NMDA receptors can explain this difference in local effects. To be more specific, the GABAA receptor consists of
a pentameric form of five subunits; occurring in various combinations of the eighteen different subunits found
so far. The combination of subunits seems to be specific for the brain region. For example, the α5-subunit of
the GABAA receptor is exclusively found in the neurons of the hippocampus and sub-thalamic areas. The α5subunit, when affected, evokes changes in memory and learning.73,84 If a particular anaesthetic agent only
affects a specific GABA receptor subunit, this helps explain the localised effects of that narcotic agent. With
this understanding, it is possible to zoom out one level and look at which brain regions and networks might be
affected during narcosis.
To produce unconsciousness, narcotic agents seem to affect the neuronal regions that are part of a brain-stemthalamo-cortical network.85 Within this network, the sleep-wake state is mainly controlled by the ascending
reticular activating system. However, multiple other brain-stem nuclei are involved, making a coordinated
system capable of activating and de-activating the cerebral cortex. These nuclei modulate each other,
and finally, the state of the cortex is controlled by arousal-related neurotransmitters such as acetylcholine,
norepinephrine, serotonin, dopamine, histamine and orexin.85 On one hand, there is a consensus that narcotic
agents primarily act to inhibit neuronal activity in one or more of these sub-cortical nuclei; with a reduction of
consciousness using the same pathways as during sleep.78 (Figure 2.1, obtained with permission from Brown et
al.)53 This is the “bottom-up” theory. In contrast, it has been shown that the cortex is very sensitive to the effects
of anaesthetic drugs; and there is also an excellent case to be made for a contrasting “top-down” process.
Where the anaesthetic agent first influences cerebral cortical processes, which in turn secondarily influence
the sub-cortical networks.86
Part of the inhibitory milieu induced by narcotic agents is down-regulation of the arousing effect of dopamine.
Dopamine is produced in the substantia nigra, ventral periaqueductal grey and the ventral tegmental area.
The dopaminergic pathways modulate activity in the thalamus, striatum, basal forebrain and the frontal
15
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Figure 2.1: GABAergic signalling during the awake state (a) and propofol administration (b). (a) A cortical
interneuron during wakefulness mediating control of pyramidal neurons and being modulated by ascending
arousal centres. Also shown are inhibitory projections from the POA to the arousal-promoting nuclei. (b)
Propofol enhances GABAergic transmission in the cortex and at the inhibitory projections from the POA to
the arousal centres. Abbreviations: 5HT, serotonin; ACh, acetylcholine; DA, dopamine; DR, dorsal raphe; GABA,
gamma aminobutyric acid; Gal, galanin; His, histamine; LC, locus coeruleus; LDT, laterodorsal tegmental area;
LH, lateral hypothalamus; NE, norepinephrine; POA, preoptic area; PPT, pedunculopontine tegmental area; TMN,
tuberomammillary nucleus; vPAG, ventral periaqueductal grey. Obtained with permission from Brown et al.53
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cortex.

78

Rostain identified a lowering of the striatum’s dopamine level due to nitrogen narcosis, which was

linked to the dopaminergic neurons of the substantia nigra.87,88 However, Solt et al. have shown by electrical
stimulation that it is not the substantia nigra involved with anaesthesia but the ventral tegmental area, which
also projects onto the striatum.89 Both are close to each other, such that the results from Rostain’s experiments
with microdialysis in rats might have also implicated the ventral tegmental area.
Hyperbaric oxygen, at sub-convulsive levels, causes decreased glutamate activity. This decrease might be
the reason for a reduction in dopamine levels measured in the striatum in rats, that is similar to the effects of
nitrogen narcosis.90 This pathway might be a possible explanation of the potential narcotic effects of oxygen.
However, the dopamine originating from the ventral tegmental area affects the striatum and other areas
like the thalamus, basal forebrain and prefrontal and anterior cingulate cortex. The ventral tegmental area
receives projections from most other nuclei within the core network. These projections are both inhibitory
and excitatory connections, making it a redundant, stable network (see Figure 2.1). Because of all of the
interactions between and within the basal ganglia, it is hard to unravel how they influence each other and how
narcotic agents influence the pathways within this network.78

Functional changes
Although we do not entirely understand how the brain works and how narcosis affects it, we can link specific
functional changes to brain regions. These links are made based on functional magnetic resonance imaging
(fMRI) and electroencephalogram (EEG) studies, pathology and brain lesions. Studies that link regions and
functional changes aid the formation of models for anaesthetic mechanisms. Such a model is the concept of
fragmentation of selfhood, which was introduced to describe the effects of anaesthesia.91 The selfhood model
consists of a centre part being the core self, which is the primitive feeling of existence and is probably located
in the posterior cingulate cortex. Even during deep anaesthesia, this area remains active, although it loses its
connectivity with other regions of the brain. Around this core, there are four components of self: narrative,
sentience, agency and higher-order. Narrative self is the ability to maintain a sense of continuity of selfhood
through time and requires long-term memory function. It is probably located in the medial prefrontal cortex.
Sentience is the ability to link internal and external stimuli to self and is probably located in the anterior insula
cortex. The salience network connects the anterior insula with the dorsal anterior cingulate cortex and is under
the influence of the cortico-striatal-thalamic loop, including the ventral tegmental area.92 Agency is the feeling
of being able to act causally in the world and is probably located in the lateral prefrontal cortex. Higher-order
is a collection of cognitive functions related to self. These are predominantly located in the prefrontal cortex.
There is no set order or the degree to which each of these components is affected and is mainly dependant on
the anaesthetic agent and concentration used. See Figure 2.2 for the location of regions on the cortex.
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Figure 2.2: Cortical regions in medial view.

These components of self can also be related to the diving environment and the effects of hyperbaric gas
narcosis. A reduction of narrative can be experienced in diving as a loss of remembering details of the dive,
especially at depth. In comparison, a reduction in sentience is associated with a loss of situational awareness
by the diver for what is happing in their surroundings and how to project this information into the future. A
decline in agency marks an essential step in the effects of gas narcosis on the diver as it would be impossible
to fully function underwater and make adequate decisions. Lastly, the effects of a decrease in higher-order
cognition will be discussed in more detail below.

Gas narcosis in the hyperbaric environment
The narcotic effects during anaesthesia and loss of consciousness are useful to understand the effects of gas
narcosis in the hyperbaric environment. Smith and Spiess explained that the narcotic effects of hyperbaric
gases are a continuation on the spectrum of narcosis with anaesthetic agents.72 The weak narcotic gases
present in the breathing mixtures in diving mainly affect the higher-order cognitive functions.4 In psychology,
these higher-order functions are called executive functions and include processes like attentional control,
cognitive inhibition, inhibitory control, cognitive flexibility and working memory. These fundamental
processes are used simultaneously in higher-level functions like planning, reasoning and problem solving, see
Figure 2.3 (obtained with permission from Diamond).17 These functions are located in the prefrontal cortex and
are under the modulatory effect of the monoamines dopamine, norepinephrine and serotonin produced in
the subcortical nuclei. The prefrontal cortex has a top-down regulation of these modulations as well to finetune its effect. These modulatory systems likely increase signals and decrease noise to influence processing
that is appropriate for the current state.93
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Narcotic effect of nitrogen
Nitrogen is an inert gas that occupies 79% of normal breathing air and hence in many diving experiments
it constitutes the largest fraction in the breathing gas mixture. As discussed above, Behnke attributed the
narcotic effect, found when men were exposed to hyperbaric environments, to nitrogen.47 It has subsequently
been proven beyond doubt that nitrogen exerts a narcotic effect.6 To distinguish the difference between the
narcotic effects of nitrogen and pressure per se, most experiments use a mixture of oxygen and heliox for
breathing at depth. In this way, the most predominant difference is the presence of nitrogen in the breathing
gas. However, in such scenarios the gas density also changes. Over the years, many researchers have used
many different psychometric tests to quantify the narcotic effects of nitrogen at different pressures, always
with the intent to characterize the effects of nitrogen narcosis related to a specific tasks divers have to
complete.94–96 The consensus is that, with simple tests, higher partial pressures of nitrogen are needed for any
effect to be detected; while more complicated tests are sensitive to nitrogen narcosis at lower pressures.4 A
more detailed description of the narcotic effect of nitrogen quantified using different measurement methods
will be given in the section on monitoring hyperbaric gas narcosis.

Narcotic effect of oxygen
Breathing mixtures made for diving may contain a higher oxygen percentage than air (called nitrox). The
oxygen content is limited by the partial pressure at the intended breathing depth, which increases the
release of oxygen radicals that can cause an oxygen seizure.97 Despite this harmful oxygen effect, deep divers
maximise the oxygen content of breathing mixes within perceived safe bounds to reduce inert gas absorption
at depth and hasten its elimination during ascent. Therefore, it is crucial to determine whether breathing
oxygen at high pressure produces narcotic effects in the diver and if so, to compare this with the narcotic
action of other breathing gases at raised pressure.
The literature is divided on whether oxygen is narcotic or not. Oxygen is almost twice as soluble as nitrogen,67
but as discussed above, this is not a guarantee that it will also be twice as narcotic as nitrogen. Oxygen
is not inert but rather a metabolic gas consumed in the tissues, thus lowering the local oxygen content;
particularly within the range of oxygen pressures typically breathed in diving. However, this lowering effect
is partly counteracted with increased pressure. The net effect is that with an increased fraction of oxygen in
the breathing gas mixture at depth, an increase in brain tissue oxygen occurs.98 The higher partial pressure of
oxygen in diving could have a narcotic effect that cannot be neglected.6
To date, 17 publications report on the potential narcotic effects of hyperbaric oxygen in humans. These
publications are considered below and are classified by broad methodologic groups: those studying pure
oxygen breathing; those involving exposure to a constant pressure of inspired nitrogen whilst varying the
inspired oxygen; and those involving comparisons between nitrox mixes and air at a constant pressure. Lastly,
some studies used neurophysiological measurements to investigate the effects of oxygen on the brain.
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Pure oxygen-breathing experiments
If oxygen were narcotic a dose-response relationship, where an increase in the partial pressure of oxygen
would increase the narcotic effect, should be apparent. Hesser et al. reported impairment in mental function
when breathing oxygen at 1.7 ATA (172 kPa) compared to air at 1.3 ATA (132 kPa).99 This impairment was
measured with an arithmetic test, addition/subtraction and multiplication of three numbers, which involved
a memory component. They found no effect of increased inspired oxygen on a simple manual dexterity test.
The difference between these two outcomes might be explained by the simple nature of the former test. Gill
et al. compared breathing oxygen at 1.3 ATA (132 kPa) to a normoxic gas mixture (inspired oxygen of 0.21
ATA, 21 kPa) at the same depth; the potential narcosis was measured using a memory test.100 They found no
differences between the conditions, which might be due to the low pressure utilised, although oxygen at 1.3
ATA (132 kPa) is a typical maximal inspired partial pressure of oxygen adopted by divers. Bennett et al.101 and
Frankenhauser et al.102 found no impairment in their psychometric tests breathing oxygen at 2 and 3 ATA (203
and 304 kPa) compared to surface pressure air. Both used simple tests like reaction time and arithmetic tests
with two numbers, which are lower-order (less sensitive) tests.
In summary, only one study utilizing a higher-order psychometric test at sufficient pressure has found a
narcotic effect attributable to oxygen. The lower order tests utilized in the other studies might be insensitive to
subtle narcotic effects of oxygen narcosis.

Constant partial pressure of nitrogen variable partial pressure of oxygen experiments
Bennett et al. compressed participants to 10 ATA (1,013 kPa) and compared their performance while breathing
air to breathing trimix (2% oxygen, 18% helium, 80% nitrogen).101 The gas mixtures had the same nitrogen
partial pressure, while in the trimix mixture helium replaced most of the oxygen compared to air. They did not
find an additive narcotic effect of oxygen using a simple two number arithmetic test. It should be noted that
the mixture’s gas density was also reduced by replacing oxygen with helium. In contrast to this methodology,
Frankenhauser et al.103 and Freiberger et al.104 utilized a constant partial pressure of nitrogen and increased
the partial pressure of oxygen by using different nitrox mixtures at increasing pressure. Frankenhauser et
al. compared the narcotic load at three partial pressures of oxygen, 0.2, 1 and 2.6 ATA (20, 101 and 263 kPa),
while keeping the nitrogen partial pressure constant at 3.9 ATA (395 kPa). They found a decrement in the
simple reaction time test at the highest oxygen partial pressure (2.6 ATA, 263 kPa oxygen and 3.9 ATA, 395 kPa
nitrogen) compared to 0.2 ATA (20 kPa) oxygen. However, with this method, the inspired gas density changed
by increasing the pressure, which influences the work of breathing. An increased work of breathing can lead
to higher arterial carbon dioxide due to inadequate ventilation.2 This, in turn, can influence the narcotic effect.
Using a similar methodology, Freiberger et al. compared 0.2 with 1.2 ATA (20 and 122 kPa) oxygen, on top
of a nitrogen partial pressure of 4.5 ATA (456 kPa). They found an increase in motor error in their integrated
function test, when comparing high and low oxygen doses, while all other modalities (reaction time, attention,
impulsivity, memory and strategy) were unaffected. In this study both the end-tidal carbon dioxide and
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arterial carbon dioxide were monitored, which were similar for all oxygen partial pressures. This rules-out a
confounding effect of carbon dioxide narcosis due to the increase in gas density.
In this group of studies looking at the effects of oxygen on top of a constant partial pressure of nitrogen, only
Frankenhauser et al. found a psychometric decrement due to oxygen, but at a very high partial pressure of 2.6
ATA (263 kPa). Freiberger et al. found an increase in motor error at a more modest 1.2 ATA (122 kPa) of oxygen;
an inspired oxygen of undoubted relevance to diving. This was a surprising result because motor function tests
usually are very insensitive to gas narcosis.4

Nitrox vs air experiments
The use of nitrogen and oxygen mixtures with a higher fraction of oxygen than air (nitrox) in comparison
to air can circumvent the problem of changes in gas density inherent in several of the studies above. Since
nitrogen and oxygen have a similar density, nitrogen can be replaced by oxygen without changing the density.
If nitrogen is assumed to be the sole cause of narcosis, a dive with nitrox compared to air at the same depth
should result in less narcosis.9,105
Four studies have compared the narcotic effect of different mixtures of nitrox to air at depth. Studies to date
used nitrox28 (28% oxygen in nitrogen) at 3.4 ATA (345 KPa),106 nitrox40,107 nitrox30108 and nitrox36109 all at 4
ATA (405 kPa) (Table 2.2).
Table 2.2: Studies comparing nitrox and air. atmosphere absolute (ATA), partial pressure of oxygen (PO2).
Study

Mixture

Pressure (ATA)

PO2 mixture (ATA)

PO2 air (ATA)

Brebeck 2017

28%

3.4

0.95

0.71

Germonpre 2017

40%

4.0

1.6

0.84

Hobbs 2014

30%

4.0

1.2

0.84

Heilweil 2007

36%

4.0

1.4

0.84

Brebeck et al. used short- and long-term memory tests and a trail making test in 108 divers.106 They reported a
small but significant reduction in the nitrox group’s errors in the long-term memory test. Both the learning and
the recall phase were underwater, with a 30-minute dive in between. The median number of errors made were
1 [range 0 to 6] and 1 [range 0 to 7] for the air and nitrox divers, respectively.
Germonpré et al. used a simple math test (adding or subtracting two numbers), a trail making test,
a movement estimation task and a response time test in eight divers.107 On arrival at target pressure,
performance in both the math test and the trail making test improved, but the nitrox group showed a more
extensive improvement. However, after 15 minutes at depth, both tests’ results were around baseline again,
and there was no difference between the groups. This delay in onset of narcosis has been described as
inversely proportional to pressure squared.29 The improvement of function when arriving at depth, before the
onset of narcosis, has also been previously reported.30 However, the reduction of errors when arriving at depth
compared to surface pressure baseline is not described in the text.
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The studies of both Hobbs108 and Heilweil et al.109 used a paired-associate learning task and found no
difference between air and nitrox in twenty and 35 divers, respectively.
In summary, out of the four studies, only one study found a small difference in errors between nitrox and air
at pressure, in favour of nitrox. These findings suggest a potential similar narcotic effect of oxygen compared
to nitrogen. Another explanation may be the small difference between air and nitrox in the operational
diving range, that is, the difference between the inspired oxygen in the air and nitrox mixtures was not large
enough to allow a functionally apparent difference in narcotic potential to be detected. The studies may be
underpowered, and the sensitivity of the tests may also be relevant. For example, the reason that only Brebeck
et al. found a statistically significant (but functionally trivial) difference between air and nitrox might be due to
their choice of a sensitive test and a larger number of participants. Combining a long-term memory task with
both the learning and recall phase executed underwater requires higher executive functions.

Neurophysiological measurements of oxygen narcosis
All of the above studies utilised psychometric tests to detect and measure narcosis. Another means of
assessing a narcotic effect is measuring neurophysiological manifestations, instead of the functional deficit
caused by the neuronal impairment. Several neurophysiological measurements have been used to gain
insight into the oxygen effect on neural networks. Bennett et al. have found a decrease in the auditory evoked
potential at an oxygen partial pressure of 3 ATA (304 kPa), linking it to oxygen narcosis.101,110 Kot et al. used
the critical flicker fusion frequency (CFFF) (see later for an explanation of this test) during air and 70% oxygen
breathing at surface pressure and 100% oxygen at 1.4 and 2.8 ATA (142 and 284 kPa).23 Compared to air at
surface pressure they found a slight decrease in CFFF at 0.7 ATA (70% oxygen at surface pressure, 71 kPa)
and a substantial decrease in frequency at 1.4 ATA (142 kPa). This decrease in performance was attributed to
a narcotic effect. Paradoxically, the same group found an increase in CFFF at 2.8 ATA, and this performance
improvement was speculatively attributed to the hyper-excitability effect of central nervous system (CNS)
oxygen toxicity. Hemelryck et al. used the same method to compare air and 100% oxygen at surface pressure.25
In contrast to Kot’s findings under similar conditions, they found a substantial increase in the CFFF when
breathing oxygen.
The EEG and its quantitative analysis (qEEG) have been used in three publications to investigate the toxic
effect of oxygen on the brain.111–113 All recorded EEG at 2.8 ATA (284 kPa) breathing pure oxygen. In Visser et
al., participants breathed air for ten minutes at 2.8 ATA (284 kPa) before switching to oxygen.111 They found an
increase in alpha peak frequency and beta power during compression and the first 10 minutes at depth, all
changed to normal when they started breathing oxygen. On the other hand, Pastena et al. found local changes
in the EEG between surface pressure air and oxygen at 2.8 ATA (284 kPa) in the posterior regions: an increase
of power in the alpha band combined with a decrease in the delta band suggesting an excitatory effect.112
In a more elaborate analysis of the same data using sLORETA source localization and eConnectome effective
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connectivity, they reported a frontal-parietal disconnection during oxygen breathing, slowly restoring
while breathing air at surface pressure after the hyperbaric oxygen exposure.113 These neurophysiological
studies show inconsistent results. At a high pressure (2.8-3 ATA, 284-304 kPa) depression,110 no effect111 and
excitation23,112 has been found. Similarly, at partial pressures of oxygen more commonly found in diving (0.7-1.3
ATA, 71-132 kPa), both excitation25 and depression23 have been found.
In summary, the current literature does not give a clear answer to the narcotic effect of oxygen. Inconsistent
results could be explained by differences in methodology such as insensitive measurement methods,
underpowered studies, insufficient exposure to low oxygen partial pressure and confounding effects by
changes in gas density. Especially in older research, this increase in gas density might have caused an increase
in work of breathing and the subsequent increase in carbon dioxide, which was not measured during the
exposures. Carbon dioxide may have influenced the results as it is a narcotic gas (see below).103,104,114 The
studies with methods that are least affected by the problems mentioned above show an effect on function
and neurons attributed to oxygen narcosis. However, based on the current literature, it is impossible to
determine the magnitude of oxygen narcosis compared to other narcotic gases.

Carbon dioxide physiology and narcotic effect
Carbon dioxide has narcotic properties. It has been used as an anaesthetic gas in humans and is still used for
this purpose in animals.115 Cortical pressure of carbon dioxide, which is directly related to narcotic effect, is
dependent on cerebral blood flow and arterial carbon dioxide.116 In the absence of inhaled carbon dioxide, the
arterial carbon dioxide is primarily determined by tissue carbon dioxide production and alveolar ventilation.
Cerebral blood flow is regulated in order to try to maintain a constant oxygen pressure in the brain. An
increase of oxygen pressure, as occurring in diving, will decrease the blood flow.117 On the other hand, arterial
carbon dioxide is a potent vasodilator and also activates the sympathetic nervous system.118 An increase of
arterial carbon dioxide increases the cerebral blood flow and cerebral blood volume.116,119,120

Carbon dioxide physiology
Carbon dioxide is produced by cellular metabolism and is transported by the circulatory system to the lungs,
where it is eliminated by ventilation. Transport in the blood occurs in three ways: as a dissolved gas in the
plasma (10%), by binding to haemoglobin in the red blood cell (30%) and by conversion into bicarbonate
and a hydrogen ion (60%).121 This conversion is performed by the enzyme carbonic anhydrase in the red
blood cell. The resulting hydrogen ion is buffered by deoxygenated haemoglobin. Binding of the carbon
dioxide molecule and the hydrogen ion is competitive with the binding of oxygen (the Haldane effect) thus
carbon dioxide carriage is more efficient in deoxygenated blood.121 Control of breathing tightly regulates the
elimination of carbon dioxide. With increased metabolic carbon dioxide production, the acidity of the blood
raises slightly. This change is detected by central and peripheral chemoreceptors, which signal the respiratory
centre in the medulla, which regulates the ventilation rate and tidal volume. With increased alveolar
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ventilation, the carbon dioxide is eliminated from the blood via gas exchange in the lungs.

Hyperbaric physiology
The increased pressure in the hyperbaric environment causes an increased respired gas density and a
consequent increase in intrinsic work of breathing.2 Static lung loads (with associated congestion of the
pulmonary circulation) and a tendency to ventilate at higher lung volumes (an unfavourable part of the
lung compliance curve) also increase intrinsic work. External work of breathing may be increased in the
diving setting by underwater breathing apparatus. In the face of this increased work of breathing, there is a
variable but common tendency for the respiratory controller to become less responsive to rising arterial
carbon dioxide, particularly during exercise and when breathing an elevated oxygen partial pressure, with a
corresponding loosening of the usually tight control of arterial carbon dioxide.2 This causes a lowered central
carbon dioxide sensitivity and retention of carbon dioxide in divers compared to non-divers.122 For these
reasons, hypercapnia is common in exercising divers, and the risk increases with increasing depth and gas
density.2 Using helium, which is a light gas compared to oxygen and nitrogen, can counteract the increase in
gas density.8

Effects of hyperoxia
Increased oxygen partial pressure, due to increased pressure or an increase in the fraction of oxygen in the
breathing gas, results in hyperoxia. Hyperoxia may indirectly influence arterial carbon dioxide. In extreme
hyperoxia (inspired oxygen at 3 ATA, 304 kPa) the oxygen dissolved in plasma alone is raised to a level, where
it can be sufficient for tissue metabolism. This makes the oxygen attached to the haemoglobin unimportant in
oxygen transport.123,124 Oxyhaemoglobin, therefore, circulates unchanged, resulting in an increase of venous
carbon dioxide due to reduced binding capacity of the haemoglobin (in other words, an attenuation of the
Haldane effect). It follows that while the Haldane effect has been proven in normoxic and hypoxic conditions
it may be non-existent in the hyperoxic range.2,125 This is thought to be of minor practical relevance. The small
associated increase in venous carbon dioxide can be compensated by increased ventilation, thus maintaining
a normal arterial carbon dioxide.124 A potentially more important influence of high inspired oxygen is an
attenuating effect on the peripheral chemoreceptor response to carbon dioxide, causing a decrease in
ventilation. One study has demonstrated such an effect at an inspired oxygen of 1.75 ATA (177 kPa).125
Nevertheless, these effects only occur with an inspired oxygen that is above the normal range used in diving.
In summary, hyperoxia in normal diving has a minimal effect on the brain’s partial pressure of carbon dioxide
in a normal functional body.

Measuring carbon dioxide
Cortical carbon dioxide is hard to measure without overly invasive methods, and instead, we have to use a
substitute. Arterial carbon dioxide is also hard to measure continuously because it requires frequent blood
samples to make it semi-continuous or the insertion of a sensor in the artery. Most often, end-tidal carbon
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dioxide is used as a surrogate for arterial carbon dioxide, because it is an easy-to-use non-invasive measure.
Normally, end-tidal carbon dioxide is 2-5 mmHg (0.3-0.7 kPa) lower compared to arterial carbon dioxide due
to low carbon dioxide gas from physiological dead space diluting the carbon dioxide in the mixed alveolar gas
sampled for the end-tidal reading. This difference may increase in the hyperbaric setting because hyperbaric
conditions produce a small increase in physiological dead space.126 Exercise, inhaling carbon dioxide and
hyperoxia may also affect the estimation of arterial carbon dioxide, within a range of -2 to 6 mmHg (-0.3-0.8
kPa) difference between end-tidal carbon dioxide and arterial carbon dioxide.104,125 In the past, experiments
used inspired carbon dioxide to create a narcotic effect. However, those studies correlated the narcotic effect
to the inspired level of carbon dioxide, which gave poor results and hence should not be used.127 The use of
end-tidal carbon dioxide as a surrogate for arterial carbon dioxide is the most pragmatic approach to measure
carbon dioxide levels affecting the brain in narcosis experiments in humans.

Carbon dioxide narcosis
The narcotic effects of carbon dioxide have been studied extensively in normobaric conditions. The effect of
breathing low concentrations of carbon dioxide on simple psychometric tests led to the idea of a threshold
end-tidal carbon dioxide of 51 mmHg (6.8 kPa) before the onset of carbon dioxide narcosis.128–130 Above the
threshold, an apparent decrement in the speed of performance of arithmetic and logic tests was found.129
Using more sensitive EEG spectral analysis measurements, the effects of lower concentrations of carbon
dioxide have been measured.119,131,132 A general shift of power can be noted from the high frequencies (alpha
and beta band) to the lower frequencies (delta band). This shift was also reflected in the spectral edge
frequency (SEF95) and centroid frequency. These changes are consistent with the effects of anaesthetic agents
in low concentrations133 and hyperbaric nitrogen exposure.134

Hyperbaric carbon dioxide narcosis
The narcotic effects of carbon dioxide while under pressure have been described in eight studies. It is hard to
compare these studies as each of them uses a different measurement method, and also the pressure and gas
mixture is variable.
Case and Haldane described the effects of an inspired carbon dioxide of 4 kPa while at surface pressure and
10 ATA (1,013 kPa) breathing air.135 They used complex arithmetic (multiplication of two 4-digit numbers) and
manual dexterity tasks. Both tasks were only slightly affected at surface pressure, but at 10 ATA (1,013 kPa)
the effects of the combination of nitrogen and carbon dioxide narcosis were significantly larger than nitrogen
narcosis alone. With a further increase of the inspired carbon dioxide at pressure, most participants became
unconscious within 5 minutes. Similar effects were found by Adolfson et al. using the standing steadiness test
at 8 ATA (811 kPa), breathing air with increasing inspired carbon dioxide of 5 kPa.114
Hesser et al. performed studies at 6 and 8 ATA (608 and 811 kPa) in which participants inspired carbon dioxide
at 0, 2, 4 and 6 kPa in air.99,127 This caused an increase of end-tidal carbon dioxide dependant on pressure and
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inspired carbon dioxide. With increasing pressure, the end-tidal carbon dioxide increased, but the inspired
carbon dioxide caused the most considerable effect. The position tracking and Stroop colour-word test (6
ATA, 608 kPa) both showed an increase in error (tracking) and time (Stroop), with increasing inspired carbon
dioxide. The manual dexterity and arithmetic tests (8 ATA, 811 kPa) also showed a decrement in performance
with increasing inspired carbon dioxide, where the tests that involved memory were more severely affected
than the manual dexterity tests. In all four tests at low pressure (1.3 and 1.7 ATA, 132 and 172 kPa), breathing
either air or oxygen, increasing inspired carbon dioxide had a detrimental effect, while nitrogen narcosis at
depth had an additive effect with increasing inspired carbon dioxide in all but the manual dexterity test.
Fothergill et al. demonstrated the effect of carbon dioxide and nitrogen partial pressures on cognitive and
psychomotor performance by using a modified Stroop, arithmetic, number comparison, figure-copying and
manual dexterity test.136 A rebreathing circuit was used to maintain an end-tidal carbon dioxide of 29, 48
and 59 mmHg (3.9, 6.4 and 7.9 kPa) during air-breathing. During the trials at surface pressure, oxygen was
supplemented to maintain a normoxic inspired oxygen between 0.2 and 0.3 ATA (20 and 30 kPa). At surface
pressure, an increase in inspired carbon dioxide caused a reduction in speed in all of the psychometric test.
An increase in ambient pressure to 6 ATA (608 kPa) caused a performance decrease in all tasks. High carbon
dioxide tensions inflicted an additional decrease in speed in cognitive and psychomotor function, although
with a threshold for the manual dexterity test.
Gill et al.100 and Freiberger et al.104 induced hypercapnia by introducing carbon dioxide to the inspired gas,
exercise and the combination of both. Gill et al. did this at an ambient pressure of 1.45 ATA (147 kPa) and
administered the inspired carbon dioxide based on the maximum tolerable inspired level between 48 and 64
mmHg (6.5 and 8.5 kPa) in air. The resulting mean end-tidal carbon dioxide was 61 mmHg (8.1 kPa). Freiberger
et al. exposed subjects to ambient pressures of 4.7 and 5.8 ATA (476 and 588 kPa) breathing air, thus including
nitrogen narcosis in the study. The inspired carbon dioxide was 7.5 kPa which resulted in 54 mmHg (7.2 kPa)
mean end-tidal carbon dioxide. Exercise slightly increased the end-tidal carbon dioxide in both studies, while
the combination of inspired carbon dioxide and exercise caused a significant increase (65 and 62 mmHg,
8.7 and 8.3 kPa). The increased end-tidal carbon dioxide in both studies caused a decrement in the speed of
the higher-order performance (memory and planning) tests. Freiberger et al. showed that carbon dioxide
had a detrimental effect on motor function speed and error. The nitrogen narcosis in Freiberger et al. caused
a decrement in both speed and error and affected the higher-order performance tests worse. The increased
inspired carbon dioxide on top of the nitrogen narcosis caused an additional detrimental effect.
Both studies also looked at the effect of increased inspired oxygen at surface pressure (pure oxygen) and at
hyperbaric pressures (inspired oxygen 1.3 and 1.22 ATA (132 and 124 kPa)) on end-tidal carbon dioxide and
the interaction of both on impairment. Both studies found a slight decrease of end-tidal carbon dioxide with a
slight improvement in the psychometric tests during the surface pressure measurements104 and at depth.100,104
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This improvement was attributed to increased ventilation, causing a decrease in end-tidal carbon dioxide. At
5.8 ATA (588 kPa) the hyperoxia (inspired oxygen 1.22 ATA (124 kPa)) worsened the interaction between carbon
dioxide, nitrogen and exercise, which caused incapacitating narcosis with amnesia. The hyperoxia effect
was associated with a decreased ventilation and increased arterial carbon dioxide.104 Shykoff & Warkander
showed a similar effect when combining hyperoxia with exercise and increased airway resistance, which led to
hypoventilation, severe carbon dioxide retention, and cognitive obtundation.137
It can be extremely challenging to isolate the narcosis-inducing role of carbon dioxide in complex studies
like those performed by Freiberger et al. and Gill et al. however it is abundantly clear from simple studies
that high physiological levels of carbon dioxide during diving can induce advanced levels of narcosis. For
example, Warkander et al. published two cases of severe dysfunction at 6.8 ATA (689 kPa) due to carbon
dioxide retention (end-tidal carbon dioxide of 68 and 72 mmHg (9.3 and 9.6 kPa)) caused by a combination of
submerged exercise and increased breathing resistance, which were part of the study protocol.138 One of the
cases became unconscious for 60 seconds after being extracted from the water, during which the end-tidal
carbon dioxide increased further, reaching 90 mmHg (12 kPa).
The lipid solubility of carbon dioxide is almost twenty times higher than that of nitrogen. However, because of
the unknown mechanism of carbon dioxide narcosis, it is not completely clear how these two are comparable.
The studies above confirm a narcotic effect caused by carbon dioxide. Fothergill et al. provided an estimate of
relative potency, based on a synthesis of earlier experiments. They calculated that an increase of 3.4 mmHg
(0.45 kPa) in the end-tidal carbon dioxide would have an equivalent narcotic effect as increasing the pressure
with 1 ATA (101 kPa) of air.136 This would make carbon dioxide 175 times more narcotic than nitrogen. There
may also be differences in the qualitative narcotic effects of carbon dioxide and nitrogen. In cognitive function
tests, carbon dioxide only causes a slowing in the mental processes, where nitrogen also causes an increase in
errors made.99,104,127,136 In motor function tests, carbon dioxide affects not only speed but also error rate.104,136
This is attributed to some light tremor caused by the hyperactive effect of carbon dioxide.136
In summary, the literature is clear about the narcotic potency of carbon dioxide. However, the interaction
between nitrogen and carbon dioxide is less clear. A synergistic effect between the two gases was found
in the standing steadiness tests,114 while the effects on motor efficiency and cognitive performance are
additive.99,104,127,136 In the normobaric studies carbon dioxide has been shown to have narcotic effects, including
global changes in the spectral analysis of the EEG. In the context of diving, it is unknown if carbon dioxide
causes a narcotic effect itself or whether its vasodilatory effect causes increased oxygen and nitrogen delivery
to the brain.
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Narcotic effects of helium
Helium is commonly considered non-narcotic, and the lipid solubility of helium is very low. In theory (based
on lipid solubility), an extremely high pressure of 40 ATA (4,053 kPa) is needed to produce a narcotic effect.
However, this pressure also has a cancelling effect that counteracts this weak narcotic potency. This is
described by Miller et al. as the pressure reversal effect, although its mechanism is not entirely understood.70
The theory was developed simultaneously with the critical volume hypothesis, where anaesthetic agents
were considered to increase the width of excitable membranes. The pressure reversal effect at extremely high
pressures was hypothesised to be caused by compression of the membrane back to its standard architecture.
Hence, it was seen as support of the critical volume hypothesis.
However, when diving beyond 100 msw (11 ATA, 1,115 kPa), which occurs most commonly with helium
containing mixtures, another debilitating disorder emerges, called high-pressure nervous syndrome (HPNS).139
This nervous system disturbance whose mechanism is incompletely understood produces different symptoms
to those observed in narcosis including tremors, myoclonic jerking, somnolence, visual disturbance, nausea,
dizziness and altered cognition (including psychotic manifestations). This condition can be life-threatening
due to the incapacitation of the diver.6 This topic is beyond the scope of this review, and the reader is referred
to other reviews on HPNS.140,141 For diving to depths of 100 msw (11 ATA, 1,115 kPa), helium’s narcotic effect is
negligible or non-existent.

Anaesthetic gases as surrogates in hyperbaric gas narcosis research
Anaesthetic gases are a continuation of the spectrum of gases with narcotic effects, albeit more potent than
the gases described above.72 It is therefore plausible that methods to monitor gas narcosis in the hyperbaric
environment may be developed and tested in normobaric conditions using anaesthetic gases like nitrous
oxide.
There is substantial precedent for this. It has been observed that increasing doses of nitrous oxide produce
a qualitatively similar impairment to nitrogen under hyperbaric conditions.6 It is therefore not surprising
that six studies have used nitrous oxide as a substitute for nitrogen narcosis. Biersner exposed subjects to
30% nitrous oxide at surface pressure and found an impairment of learning and short-term memory tasks.142
Later Biersner et al. compared 30% nitrous oxide at surface pressure to air breathed at 7.5 and 6.7 ATA (760
and 679 kPa), finding similar impairments in learning, short-term memory and manual dexterity using
psychometric tests.10,11 Fowler et al. reported that 35% nitrous oxide breathed at surface pressure produced a
similar impairment in reaction time and learning to 10 ATA (1,013 kPa) hyperbaric air.12,13 Hamilton et al. used
30% nitrous oxide at surface pressure as a substitute for nitrogen narcosis to study the effects of repeated
exposures.14 They found impairment in reaction time, which matched with the impairment caused by
breathing air at depth described in the literature.
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MONITORING HYPERBARIC GAS NARCOSIS
“The neural structures which support reasoning and immediate memory show greater functional impairment than
do those supporting simple motor coordination and choice reactions.” 143
Divers currently rely on self-assessment of narcosis based on signs and symptoms (Table 2.3) learned from
diving manuals and experience.144 The first indicator of the narcotic level is depth, although there are day-today variations in the diver and diving environments. Adverse environments can impact the anxiety level of
the diver, influencing the narcosis level.145 Self-assessment seems most often to be reasonably accurate down
to 30 msw,146 but divers tend to overestimate their cognitive abilities when deeper.40 In order to quantify this
narcotic effect, researchers have used psychometric tests and various neurophysiological measurements.
Table 2.3: Hyperbaric influences on cognitive and psychomotor functioning related to narcosis with
compressed air diving according to depth.144 meters of seawater (msw), atmospheres absolute (ATA)
Depth (msw (ATA))

Effect

10 – 30 (2 – 4)

Mild impairment of performance on unpractised tasks. Mild euphoria.

30 (4)

Reasoning and immediate memory affected more than motor coordination and choice reactions.
Delayed response to visual and auditory stimuli.

30 – 50 (4 – 6)

Laughter and loquacity may be overcome by self-control.
Idea fixation and overconfidence. Calculation errors.

50 (6)

Sleepiness, hallucinations, and impaired judgement.

50 – 70 (6 – 8)

Convivial group atmosphere. Possible terror reaction in some.
Talkative. Dizziness reported occasionally.
Uncontrolled laughter approaching hysteria in some.

70 (8)

Severe impairment of intellectual performance. Manual dexterity less affected.

70 – 90 (8 – 10)

Gross delay in response to stimuli. Diminished concentration.
Mental confusion. Increased auditory sensitivity, i.e. sounds seem louder.

90 (10)

Stupefaction. Severe impairment of practical activity and judgement.
Mental abnormalities and memory defects. Deterioration in handwriting, euphoria, hyper-excitability.
Almost total loss of intellectual and perceptive faculties.

>90 (>10)

Hallucinations (similar to those caused by hallucinogenic drugs rather than alcohol)

Psychometric testing
The narcotic effect of hyperbaric gases has been quantified by using psychometric tests assessing different
neuropsychological skills. Narcosis slows the rate of transmission of information through the sensory-motor
system. Higher cognitive functions like memory and learning are generally more affected than lower-level
functions like manual dexterity and arithmetic skills.4,147,148 Hence, more complicated tests that require higher
cognitive functions will be affected by a lower partial pressure of the narcotic gas and are thus useful for
gas narcosis research. For instance, a simple arithmetic task like multiplication of two single-digit numbers
will only be affected by high partial pressures of a narcotic gas. On the other hand, if the task requires
multiplication of two 2-digit numbers or an addition of a third number, the task requires the use of memory,
which is affected by lower partial pressures.4
Different theories have been proposed to model the narcotic effects on human cognitive performance.143,147
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These models are relatively simplistic in explaining how the human brain functions, in keeping with what was
known at that time. More recent models from psychology have been used to match executive function test
results with the effects of gas narcosis.149,150
The major weakness of psychometric tests is that there is a practice effect with repeated use, which
complicates use in studies with repeated measures in the same subjects.151 For this reason, most experiments
include a training session. During this session, the participants will repeat the psychometric tests until a
plateau level of performance is reached. The downside to repeating the tests multiple times is that the
participants can become bored, and their attention level drops during the tests. More complicated test
algorithms, like the MATB-II test used by Freiberger et al., might help in preventing boredom, but do require a
more comprehensive training session to make sure that the participant fully understands the test, in that way
reducing the risk that changes found between trials might be due to a learning effect.104 Also, psychometric
tests are of limited use to monitor divers during their normal diving activities, since they inevitably interfere
with those normal activities.

Neurophysiological measurements
Neurophysiologic measurements refer to the recording of signals generated by the functioning nervous
system. Such measurements can be used to quantify the effect of gas narcosis. Most often, these
measurements record the electrical signals of the brain using EEG methods. In this section, the effects of
hyperbaric gas narcosis measured with EEG will be described, while a more in-depth description of EEG and its
quantitative analysis will be given in Chapter 5.

Electroencephalogram
Hyperbaric inert gas narcosis is generally considered a manifestation of depressed cerebral activity.
Conventional EEG measures, commonly used in early diving experiments, were descriptive and based on
visual interpretation. Hence, these are hard to objectify and compare between participants and conditions. For
instance, Roger et al. described the effects of 10 ATA (1,013 kPa) (breathing air) in 12 divers descriptively as
augmentation of frequency and diminution of amplitude.28 Bennett & Glass described the effects of breathing
air at 7 ATA (709 kPa) as a loss of alpha-blocking, but not in all participants.29,30 Townsend et al. performed
manual frequency analysis and found that the alpha frequency might increase during the breathing of a
normoxic mixture with nitrogen at 4 and 7 ATA (405 and 709 kPa).31 However, this was based on the analysis
of only three divers. On the contrary, Criscuoli & Albano found a mild slowing in the EEG in divers (number
unknown) breathing 4% oxygen, 96% nitrogen at 10 ATA (1,013 kPa).32 Pure oxygen at 2.5 ATA (253 kPa) was
described as hyperexcitability, while air at 12 ATA (1216 kPa) (2.5 ATA (253 kPa) oxygen, 9.5 ATA (963 kPa)
nitrogen) provided mixed records.32 When using helium instead of nitrogen, the EEG remains unchanged with
increasing pressure.30,31
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Continuous registration of the EEG results in a considerable amount of data and analysis is usually performed
offline. This requires much training and time. qEEG has the potential for real-time analysis of the continuous
EEG, giving the user an easy to interpret result about narcotic effect. The subtle changes of gas narcosis
in hyperbaric environments would otherwise be hard to detect in the EEG. Such analyses would allow
comparison between divers and successive dives. Currently, qEEG is used for neuromonitoring in the intensive
care152,153 and during anaesthesia.154,155
Simple frequency power analysis of the EEG has been performed in several studies to quantify the effects of
breathing air at increased pressures and most found an increase in the low frequencies (theta band) together
with reductions in higher frequency (alpha band) amplitude and frequency.156–159 More recently, Pastena et al.
were able to measure EEG continuously with an array of 19 electrodes at a pressure of 9 ATA (912 kPa), while
breathing air in 10 participants.134 They found an increase in delta (uniformly distributed) and theta activity
(focussed anteriorly) in the first 2 minutes, which was not present after 4 minutes. After 6 minutes, delta, theta
and alpha activity increased in the centro-frontal regions. All recordings were done with the eyes closed. The
initial increase in cortical activity when arriving at depth has been seen before in diving30 and the transient
increase in delta has been observed with nitrous oxide.160 Similar results have also been seen using CFFF and
are attributed to the increase in the partial pressure of oxygen after arrival at pressure, before the later onset of
nitrogen narcosis. See the CFFF section below for this discussion.
Only one research group has used a more elaborative qEEG analysis for gas narcosis under hyperbaric
conditions. This group developed a normality ratio and an alertness indicator, both of which were sensitive
under hyperbaric conditions.161 However, they used an algorithm based on comparison methods with a large
dataset of normal EEG signals. This made the results highly dependent on that dataset, with the accompanying
algorithm, which used 22 variables to determine normality in the EEG. Hence, their algorithm cannot be
reproduced without the associated dataset and in-depth knowledge of the algorithm. By creating a qEEG
algorithm, similar to those used in intensive care and anaesthesia, it might be possible to overcome these
limitations and monitor the narcotic effect during diving. This is a substantial goal of the present body of work,
and a further in-depth literature overview on EEG and qEEG will be given in Chapter 5.

Evoked potentials
Besides the raw EEG, evoked potentials can be used as a measurement method. The subject is stimulated
through a sensory modality, and the effects on the EEG are recorded. These stimulations are repeated multiple
times, and the effects are averaged. This analysis averages out the background continuous brain activity,
thereby showing only the brain activity directly related to the stimulus. This analysis allows assessment of
cerebral activity in divers under a variety of conditions. Auditory,101,162–164 visual,157–159,165 somatosensory166 and
event-evoked167 responses have all been investigated, and there is general agreement that marked reductions
in evoked potential amplitude occur when divers breathe air at depth. These reductions are generally
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attributed to gas narcosis since the substitution of helium-oxygen as breathing mixture eliminates both the
evoked response changes and the subjective and behavioural indications of narcosis.101,167 These methods
cannot be used continuously during a diving operation since the stimuli used for the evoked potential
have an influence on the alertness state of the subject and thus have a direct effect on the outcome of the
measurement. Secondly, the diver needs to focus on the stimulus and this would interfere with their normal
diving activity. Lastly, evoked potentials are usually very small amplitude signals that need repetition to
get a clear signal without environmental or movement artefacts. Hence, this is a hard to obtain in a diving
environment.

Critical flicker fusion frequency (CFFF)
The CFFF is an easy to use, non-invasive measurement of functional impairment, which is also useable
underwater. During the CFFF test, the participant looks at a small light oscillating rapidly on and off (flickering).
The fusion frequency is obtained by increasing the flicker frequency until the point, where the participant
perceives a change from flicker to fusion (no further flickering) or the other way around.168 CFFF has been used
in studies on functional impairment caused by anaesthetics, medication, alcohol, fatigue and environmental
conditions. The cortex is thought to be involved in the processing of the CFFF.169 Hence, higher cognitive
functions as described in the executive function model influence the CFFF. An increase in CFFF equates to an
increase in alertness, whereas a decrease in CFFF is associated with a decrease in alertness, for instance, caused
by gas narcosis.170
CFFF has been used in the hyperbaric and diving environment to assess the effect of different gases on
performance. Bennett and Cross used CFFF as an alternative method to assess nitrogen narcosis. When
breathing hyperbaric air at unspecified pressure, most participants had a decrease and a few an increase of
one or more Hz.171 They also found that the time (T) to change was inversely proportional to the square of the
pressure (P): P x T1/2 = constant, where the value of this constant was specific to the individual.
More recently a Belgian group regained interest in CFFF, using it underwater at 33 meters’ fresh water (4.3 ATA,
436 kPa) while breathing air. They found an initial increase in CFFF when arriving at the bottom, followed by
a decrease after 15 minutes. The reduction persisted until 30 minutes after the dive, during which oxygenbreathing had a normalising effect.22 The initial increase in CFFF when arriving at depth was found in multiple
studies and is attributed to a hyper-excitability effect of the quick increase of the partial pressure of oxygen,
while the narcotic effect of nitrogen takes longer to affect the CFFF.22,24,26,27 This contradicts the hypothesis that
oxygen might be narcotic.
Also, CFFF was used to investigate the difference between air and nitrox breathing at depth on post-dive
fatigue in 219 non-blinded divers. After the dive, the CFFF measurements showed a 6% decrease in the air
group compared to a 4% increase in CFFF in the nitrox group. This small but statistically significant difference
was attributed to the fatigue that divers experienced after air diving, allegedly absent after nitrox diving.172
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In contrast, another double-blind, randomised controlled study showed no difference in fatigue (assessed by
questionnaire and psychometric tests) after air or nitrox (36% oxygen, 64% nitrogen) exposures at 2.8 ATA (284
kPa) inside a hyperbaric chamber.173 Other groups have studied the effect of oxygen on CFFF (see the section
on the narcotic effects of oxygen for details) and produced conflicting results.23,25
The effects of air, trimix (21% oxygen, 35% helium, 44% nitrogen) and heliox (21% oxygen, 79% helium) were
compared underwater at 50 msw (6 ATA, 608 kPa) while diving using CFFF.27 The air and trimix group used
open circuit, while the heliox group used a rebreather with a partial pressure of oxygen set point of 1.26 ATA
(128 kPa). In this way, the partial pressure of oxygen for all three groups was the same, with differences only
in the inspired partial pressure of nitrogen (4.74, 2.64 and 0 ATA, (480, 267, 0 kPa) respectively). Compared
to baseline, all three groups showed an increase in CFFF on arrival at depth and after twenty minutes. This
increase in CFFF was attributed to the hyper-excitability effect of oxygen. The trimix and heliox group showed
a greater increase compared to the air group with different partial pressures of nitrogen considered to explain
these differences. So, oxygen increases CFFF, while the effects of nitrogen partially counteract this increase.
Similar differences have been found between nitrox (40% oxygen, 60% nitrogen) and air in a simulated dive
inside the hyperbaric chamber to 4 ATA (405 kPa),26 though this study reported changing patterns during the
time at depth. After an initial increase in CFFF on arrival at depth in both groups, the CFFF in the nitrox group
decreased to be similar to the baseline surface pressure value after 15 minutes at depth, while the CFFF in the
air group decreased below baseline.
In summary, CFFF has the potential for measuring narcosis in hyperbaric environments. However, the various
gases’ physiological effects on CFFF and the interactions between the gases are not entirely clear. There
appears to be an emerging pattern that a higher inspired oxygen enhances CFFF, but higher inspired nitrogen
levels will blunt or perhaps reverse this enhancement. Secondly, other factors that influence the measurement,
like experience and attention, need to be further researched to more completely understand the results given
by CFFF.

Pupillometry
Pupillometry is the measurement of the pupil size and pupillary reflexes. The pupil size is subject to reflex
responses to light/dark or pain stimuli. A light stimulus causes pupil contraction, while a dark and alerting
stimulus causes pupil dilation. Pupil size can only be measured objectively with an instrument. This device
can calculate multiple variables, like latency of onset, maximum amplitude of the reflex, duration of the
reflex, and constriction and dilation velocities. Most often a portable infrared pupilometer is used for these
measurements. This device creates a dark environment for the eye, in which the pupil will dilate within two
to three seconds. A full dilation takes approximately 6 minutes, defeating the practicality of the measurement
method as fast and easy. After the initial dilatation caused by the dark environment, a measurement can
be taken, possibly including a light flash to obtain the pupillary light reflex. In total, a measurement takes
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around 10 seconds. The pupil size and reflexes are modulated by a feedback loop between the eye and the
oculomotor nucleus in the midbrain’s pretectal area. Other brain areas influence this nucleus to dilate or
contract the pupil based on general sympathetic and parasympathetic pathways.174
Pupillometry has been used to quantify cognitive processing, emotional response and assess anaesthetic
depth. Quantifying the effects of cognitive processing on the brain with pupillometry shows that during
continuous cognitive processing, like a serial seven subtraction, the pupil diameter was increased compared to
only a slight increase during a simple (add 1) mathematics task.175 Also, the contraction during the pupil light
reflex was reduced during the complicated task, with no change during the simple task, both compared to no
task. This effect on the pupil size and the pupil light reflex was probably modulated by cortical inhibition of the
parasympathetic pathway.175 Furthermore, emotional responses also influence the pupil light reflex. In a study
where participants viewed emotionally arousing pictures, both pleasant and unpleasant, the pupil light reflex
was increased compared to before seeing the pictures. An increased sympathetic activity causes this effect.176
Pupillometry has also been used in anaesthesia to assess anaesthetic depth. Historically this worked well with
ether anaesthesia, but most anaesthetics used nowadays do not produce significant dilation with increased
depth of anaesthesia but do affect the pupil light reflex.174 Similarly, ketamine and nitrous oxide, both NMDA
antagonists, depress the human pupillary light reflex during general anaesthesia.177
A study by Kelly et al. showed that the pupil diameter was altered during alcohol intoxication.18 An increase in
diameter was measured, directly after 0.6 g/kg ethanol administration. However, one to two hours later, the
pupil diameter was decreased compared to pre-intoxication size. Similarities between the effects of alcohol
and nitrogen narcosis on behavioural measurements have been described.19 Hence, pupillometry might be of
interest to assess the hyperbaric narcotic effects, which has not been done before.
Reviewing these narcosis monitoring options; they all have their limitations in the assessment of a diver. The
diver’s self-assessment is inherently unreliable at higher levels of narcosis, psychometric testing has a practice
effect, and both require continuous attention of the diver. Neurophysiological measurements also have their
limitations. In the case of evoked potentials, the stimuli affect attention and, in that way, influence the result,
while the conventional EEG is hard to interpret; especially continuously and in real-time. Although qEEG, CFFF
and pupillometry seem promising, more research is needed to determine their usefulness in monitoring gas
narcosis in hyperbaric environments. It is important to investigate not only the effects of nitrogen but also
of oxygen, carbon dioxide and helium. Such studies will increase understanding of narcotic effects in the
hyperbaric environment.
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FUTURE PERSPECTIVES IN MONITORING HYPERBARIC GAS NARCOSIS
“Information obtained from a real-time measurement of cognitive functions could be used to prevent dangerous
conditions”, and this “outlines the necessity for biomedical monitoring in scuba diving and should encourage
research and development of new methods to increase diving safety. “ 178
In deeper diving, technical, commercial and military divers are subjected to gas narcosis without proper
monitoring, other than self-assessment, creating an increased risk of adverse effects culminating in an
incident. Currently, there is no solution for this problem other than asking divers to act cautiously when diving
deep and to use helium to reduce the risk. Divers are going increasingly deeper either to push recreational
boundaries or because of work requirements. In order to conduct such dives safely, high concentrations of
helium are needed. However, helium is becoming increasingly expensive due to limited availability. Hence,
divers and supervisors have to make a balanced choice between safety and cost. One way of mitigating this
is to use a rebreather to minimize gas consumption. However, the use of a rebreather creates an increased
risk of narcosis by carbon dioxide due to a combination of increased work of breathing, deranged respiratory
control and hypoventilation leading to carbon dioxide retention, or possible carbon dioxide absorbent failure
with consequent inhalation of carbon dioxide.2
Future research should focus on developing new methods to study and monitor gas narcosis in divers. Both
CFFF and qEEG have been used in studies of gas narcosis. However, it is not well understood how each of
the gases influences these measurements and if and how they interact. Pupillometry has not been used in
research into narcotic effects in the hyperbaric environment. Hence, the next chapter will assess pupillometry
as a continuous monitoring method of gas narcosis.
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INTRODUCTION
Divers venture underwater either for work or pleasure, and they may experience nitrogen narcosis. The onset
of narcosis symptoms is expected around 30 metres of seawater (msw) (4 atmospheres absolute pressure
(ATA), 405 kPa) when breathing air.139 These symptoms influence the diver’s capacity to make decisions and
are a contributing factor in incidents.7 Besides incidents, the reduced mental capacity affects the quality of
work underwater, causing divers to make more mistakes or taking longer to complete their task.179 Quantifying
nitrogen narcosis has been investigated since Behnke first attributed the narcotic effects experienced during
hyperbaric exposures to nitrogen.47 Ideally, narcosis could be continuously monitored in real-time without
interfering with diving activities.178 Pupillometry is a potentially novel method to achieve this.
Pupillometry is the measurement of the pupil size and pupillary reflexes. The pupil size is subject to reflex
responses to light/dark or pain stimuli. Pupil size and reflexes can be measured objectively with a portable
infrared pupillometer with a light flash, which can calculate multiple variables such as latency of onset,
magnitude of constriction and constriction velocities. Both the resting pupil size and light reflex are
modulated by a feedback loop between the eye and the oculomotor nucleus in the pretectal area of the
midbrain. Other brain areas influence this nucleus to dilate or contract the pupil based on general sympathetic
and parasympathetic pathways.174
Previous research has shown that pupillometry can be used to screen workers for the influence of alcohol.18 An
increase in pupil diameter was measured directly after 0.6 g/kg ethanol intake. The pupil light reflex has been
used to quantify cognitive processes like attention, decision-making, and emotional arousal.175,176,180–182 It has
also been used to measure the effects of anaesthetic agents, including nitrous oxide,174,177 and on the intensive
care unit to monitor critically-ill patients.183
The behavioural manifestations of alcohol intoxication and nitrogen narcosis are quite similar.19 Pupillometry
has, to our knowledge, never been used to assess the narcotic effects of nitrogen in hyperbaric air-breathing.
Conducting narcosis experiments either during dives or inside a hyperbaric chamber is costly, labour and
time intensive because of the incurred decompression and personnel involved in conducting hyperbaric
experiments. In previous diving medical research, nitrous oxide has been used as a substitute for nitrogen
narcosis.11,12,40,142 Low dose nitrous oxide and hyperbaric nitrogen result in similar behavioural impairment
measured with a range of psychometric tests.
The aim of this study was to evaluate the use of pupillometry for objective measurement of mild to moderate
narcosis experienced during exposure to graded doses of nitrous oxide, and to hyperbaric air breathed at a
pressure chosen to meet or exceed the maximum recommended depth for the use of air during diving.
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MATERIALS AND METHODS
The study consisted of two experiments: pupillometry during air-breathing at hyperbaric pressure; and during
sea-level exposure to low-dose nitrous oxide.

Trial design and participants
The hyperbaric trial took place at the hyperbaric facility at Deep Dive Dubai, in March 2018. The study protocol
was approved by the Dubai Scientific Research Ethics Committee of the Dubai Health Authority, United Arab
Emirates (reference 10/2017_06).
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The randomised, single-blind, cross-over, nitrous oxide trial took place at the laboratory at Waikato Clinical
School, University of Auckland, from July to August 2018. This study protocol was approved by the Health
and Disability Ethics Committee, Auckland, New Zealand (reference 16/NTA/93), and was registered with the
Australian New Zealand Clinical Trial Registry (ANZCTR) with Universal Trial Number U1111-1181-9722. These
pupillometry measurements were a sub-study of the work that will be described in Chapters 4 and 6.
Participants were eligible if they were certified, healthy adult divers, aged between 18 and 60 years and
had normal visual acuity, either corrected or uncorrected. Participants were excluded if they were using
recreational drugs, tobacco, psychoactive medication, excessive alcohol (>21 standard drinks per week) or
over five caffeine-containing beverages a day. All participants provided written informed consent. Participants
abstained from any caffeinated drink on the measurement day, and from alcohol for at least 24 hours before
the measurement. Participants had at least 6 hours of sleep the night before the measurement.

Equipment
A pupillometry device suitable for hyperbaric environments was built using an infra-red camera (PiNoir
Camera V2, RS-components, the Netherlands) attached to a small computer (Raspberry Pi 3 Model B, RScomponents, the Netherlands) mounted to a blacked-out scuba diving mask (Figure 3.1). The Pi was controlled
by a web interface on a mobile device outside the hyperbaric chamber via a Wi-Fi connection. The device took
a picture of the eye, and the images were stored on a micro-SD card for off-line analysis. Unlike the proprietary
pupillometer described below, the device built for the hyperbaric chamber did not measure pupillary reflexes
in response to a light flash.
The pupil and iris diameter were determined from the stored images using Photoshop (Adobe, San Jose, CA,
USA). Since the distance between the camera and eye varied, the pupil diameter was corrected using the fixed
iris diameter, by calculating the ratio between them.
During the nitrous oxide experiments, a purpose-built PLR-200 Pupillometer (Neuroptics, Laguna Hills, CA,
USA) was used to record not just pupil diameter, but also pupillary reflexes in response to a 180 microwatt
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light flash administered for 154 milliseconds. The device’s analysis calculated the metrics mentioned below
and stored for statistical analysis.

Figure 3.1: participant wearing the pupillometry headset while being inside the hyperbaric chamber.
Participant permission obtained.

Hyperbaric experimental procedure
Sixteen divers volunteered to participate in this study. The chamber was a multi-place (10-person) rectangular
hyperbaric chamber (Oxyheal 5000, National City, CA, USA). The lights inside the chamber were dimmed to
50% to minimize the influence of ambient light on the pupillometry recording. Pupil size was then recorded
inside the hyperbaric chamber at surface pressure immediately before compression. Participants were then
compressed in groups of 2-4 persons to 6 ATA (608 kPa, equivalent to 50 msw depth) breathing environmental
air. Upon arrival, an acclimatisation period of five minutes was allowed to ensure the onset of nitrogen narcosis
before the recordings started. The infra-red photo of the eye was directly assessed for clarity and focus and if
needed repeated to obtain one high-quality image with the iris and pupil completely visible (not obscured by
eyelids). After the measurements were finished, decompression was according to the US Navy decompression
tables, including 100% oxygen breathing from 1.9 ATA (193 kPa) to surface pressure.

Nitrous oxide experimental procedure
Twelve divers volunteered to participate in this study. The experiment was conducted in a normobaric
laboratory environment using a closed-circuit anaesthesia breathing loop (Vital Signs, Mexico) attached to
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an anaesthesia machine (S/5 Aespire, Datex-Ohmeda, Madison WI, USA). A regular scuba mouthpiece and a
disposable anaesthetic antibacterial filter (Ultipor 25, Pall, Port Washington, NY, USA) constituted the interface
with the participant. These two pieces of the breathing circuit were replaced for each participant, allowing the
use of the same breathing loop for multiple subjects. The nose was occluded with a nose clip. A gas sample
line connected the mouthpiece filter to the anaesthetic monitor (GE Healthcare, Chicago, IL, USA), which
measured the inspired fraction of oxygen, end-tidal pressure of carbon dioxide and end-tidal percentage of
nitrous oxidebreath by breath in real-time.
The nitrous oxide flow into the breathing circuit was titrated to maintain the desired end-tidal percentage (20,
30 or 40%) of nitrous oxide. The remainder of the breathing gas was oxygen, with a continuous flow into the
anaesthetic circuit of 2 L/min.
Before breathing nitrous oxide, a baseline pupillometry measurement was recorded while the participant
was breathing 50% oxygen (balance nitrogen) on the circuit. Subjects then breathed nitrous oxide with an
end-tidal level of 20, 30 and 40% in randomised order with a rest period of twenty minutes in between. The
participants were blinded to the dose of nitrous oxide being administered. After 3-5 minutes of washing-in
nitrous oxide at each dose, the device was placed in front of the right eye, covering the eye. While the camera
was focussed on the pupil, the device applied one light flash to obtain the pupil light reflex. The measurement
was repeated if, during the recording, the view on the pupil was blocked by a blink, causing an inability to
calculate the parameters. At the end of each exposure, the nitrous oxide was washed-out of the anaesthetic
circuit using oxygen with a fresh gas flow of 6 L/min.

Outcomes
The primary outcome was the absolute change in pupil diameter during exposure to nitrogen or nitrous
oxide relative to baseline.184 A secondary outcome of the nitrous oxide experiments was the pupillary light
reflex, quantified by the percentage constriction (defined as maximum diameter (MAX) minus the minimum
diameter (MIN) divided by MAX), and the latency (defined as the time between the light flash and the onset of
the constriction) (Figure 3.2).

Statistical analysis
Descriptive statistics were generated to characterize the study participants. All outcome measures were tested
for normality and subsequently characterized by their mean and standard deviation (SD). Differences between
baseline and intervention measures were analysed with paired t-tests and reported as a mean difference with
95% confidence intervals (CI). All data were analysed with SPSS version 25 (IBM, Armonk, NY, USA). Statistical
significance was set at p<0.05.
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Figure 3.2: Metrics of the pupil light reflex. Maximum dilation (max) is the maximal pupil diameter before the
light flash. Minimum dilation (min) is the minimal pupil diameter after the light flash. Latency is the time between
the onset of the light flash and the onset of the pupil contraction. Constriction is calculated as (max-min)/max.

RESULTS
Hyperbaric nitrogen experiment
The 16 participants had between 15 and 10,000 dives, 11 were instructors or above, 11 were technical divers
and half of the group had previous experience breathing air at 6 ATA (608 kPa) or deeper (Table 3.1). The mean
pupil-iris ratio did not change significantly on exposure to 6 ATA (608 kPa) (0.50 ± 0.08) while breathing air,
compared to surface pressure baseline (0.51 ± 0.10).

Nitrous oxide experiment
The 12 participants had between 20 and 1,500 dives, 6 were instructors or above, 11 were technical divers, and
7 had previous experience breathing air at 6 ATA (608 kPa) or deeper (Table 3.1). The maximum pupil diameter
(i.e. the resting state) and the latency did not change significantly during exposure to nitrous oxide in an endtidal percentage of either 20, 30 or 40% compared to baseline (Table 3.2). However, the minimum diameter
was significantly larger at the 40% nitrous oxide level (p=0.047) than baseline with a mean difference of -0.3
mm (95% CI -0.6 to 0.0), but not at lower concentrations. Pupil constriction was inhibited by nitrous oxide. This
was only significant when baseline (-28.6%) was compared to nitrous oxide at an end-tidal fraction of 40%
(-24.8%) (p=0.004) (Table 3.3).
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Table 3.1: Demographic data.
Hyperbaric experiment

Nitrous oxide experiment

Mean

Range

Mean

Range

Age (years)

35.3

20 to 54

36.25

23 to 55

Body mass index

23.8

19.1 to 29.3

26.3

22.7 to 31.3

Diving experience (years)

11.4

1 to 29

12.0

1 to 36

Dives

2,679

15 to 10,000

557

20 to 1,500

n=16

%

n=12

%

10

62.5%

8

66.7%

Supervised diver

2

12.5%

0

0.0%

Autonomous diver

2

12.5%

6

50.0%

Dive Leader

1

6.3%

0

0.0%

Dive instructor

11

68.8%

6

50.0%

Technical diver

11

68.8%

4

33.3%

8

50.0%

7

58.3%

Gender (male)
Certification

Narcotic experience (>50 msw
(6 ATA) breathing air)

Table 3.2: Descriptives of pupillometry of the nitrous oxide (N2O) experiment (n=12).
Baseline

20% N2O

30% N2O

40% N2O

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Maximum dilation (mm)

5.5 (0.8)

5.4 (0.7)

5.4 (0.8)

5.6 (0.8)

Minimum dilation (mm)

3.9 (0.7)

3.9 (0.7)

4.0 (0.6)

4.2 (0.8)

Contraction (%)

-28.6 (5.6)

-27.8 (5.8)

-26.8 (3.8)

-24.8 (4.2)

Latency (ms)

237.5 (34.9)

237.5 (23.8)

239.2 (36.8)

225.8 (55.8)

Table 3.3: Mean differences in pupillometry of the nitrous oxide (N2O) experiment (n=12). Bold indicates
significant difference: p <0.05. MD: Mean difference between baseline and exposure, including 95% confidence
interval (CI).
20% N2O

30% N2O

40% N2O

MD (95% CI)

MD (95% CI)

MD (95% CI)

Maximum dilation (mm)

0.1 (-0.2 to 0.4)

0.0 (-0.2 to 0.3)

-0.1 (-0.4 to 0.2)

Minimum dilation (mm)

0.0 (-0.3 to 0.3)

-0.1 (-0.3 to 0.2)

-0.3 (-0.6 to 0.0)

Contraction (%)

-0.8 (-3.6 to 1.9)

-1.8 (-4.5 to 0.8)

-3.8 (-6.1 to -1.4)

Latency (ms)

0.0 (-21.5 to 21.5)

-1.7 (-28.5 to 25.1)

11.7 (-29.7 to 53.0)

DISCUSSION
In this study pupillometry was insensitive to the narcotic effects of nitrogen in air breathed at 6 ATA (608 kPa),
and low-dose nitrous oxide had minimal effects. Only during exposure to nitrous oxide at sufficient levels
to produce an end-tidal fraction of 40% was there a small effect on the pupil reflex after a light flash. Since
previous studies have clearly shown that similar nitrous oxide and hyperbaric air exposures cause significantly
decreased cognitive performance,10 we conclude that pupillometry is unsuitable for monitoring the effects
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of this potentially dangerous degree of gas narcosis in divers. Based on the effect previously reported in an
alcohol study,18 we hypothesised that pupil diameter would be affected by the exposure to air at 6 ATA (608
kPa). The doses used in the alcohol study (0.3 and 0.6 g/kg) were approximately equivalent to 2 and 4 standard
drinks for a 70 kg male and are in the same range as another alcohol study, in which oral alcohol (0.5 g/kg)
produced a similar reduction in cognitive performance as air dives to 40-45 msw.19 Both alcohol and nitrogen
impact a wide variety of neural systems and produce some similar effects. However, the lack of effect found
with pupillometry in the present study using air-breathing at 6 ATA (608 kPa), might indicate that alcohol and
nitrogen influence the pupil feedback loop in the midbrain differently. A similar difference has been described,
where the anaesthetic agent ether affects pupil dilation, while other anaesthetic agents do not.174
The pupillary light reflex was slightly depressed when participants were exposed to sufficient inspired nitrous
oxide to maintain an end-tidal percentage of 40%. Others reported a similar result during general anaesthesia
incorporating 60% nitrous oxide.177 However, in the present study, no light reflex depression was found at
lower doses of nitrous oxide. Compared to air breathed at 6 ATA (608 kPa), an end-tidal fraction of 40% nitrous
oxide results in increased cognitive impairment.12 This suggests that pupillometry is only sensitive to levels of
impairment that exceed those likely to be produced in the air diving operational range of interest (surface to
50 msw, 1 - 6 ATA, 101 - 608 kPa).
The small effect found at an end-tidal nitrous oxide fraction of 40% was reliant on a light flash to measure the
effect on the pupil reflex. The need to expose the diver regularly to a light flash to assess the narcosis level
would make it less suitable for continuous monitoring in a dive environment.
This study had several strengths, including exposure of subjects to both air at 6 ATA (608 kPa) and nitrous
oxide at surface pressure, using multiple concentrations of nitrous oxide to evaluate pupillometry response
in a graded narcotic dose-response, and the use of two different pupillometry devices that showed similar
results.
Some limitations need to be acknowledged. During the hyperbaric experiment, only pupil dilation could
be measured. Due to different face shapes, some divers had to push the mask towards their face to get
the camera in front of the eye. This caused some variation in the distance between eye and camera. We
compensated for this by measuring the iris diameter and calculating the ratio between the two of them.
Narcosis is hard to measure objectively and accurately. In this trial, there was no method available to monitor
the narcotic effects systematically. Therefore, it could be argued that perhaps these participants did not
experience any narcosis. However, impairment caused by breathing air at 6 ATA (608 kPa) was assumed, given
the extensive literature on nitrogen narcosis at this depth.7,9 Similarly, we expected the nitrous oxide to have
a cognitive impairment based on the literature.142 This was supported by non-systematically observations
of change in behaviour in all participants. Finally, we did not evaluate pupillometry in actual diving where
other influences (such as hypercapnia) may enhance gas narcosis at any given depth. It is conceivable that
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pupillometry might be more sensitive under these circumstances.

CONCLUSION
In conclusion, pupillometry is insensitive to nitrogen narcosis in the operational depth range of interest
(surface to 50 msw, 1 - 6 ATA, 101 - 608 kPa) and to the narcotic effects of low dose nitrous oxide. Hence, this
method is not suitable as a monitoring method for gas narcosis in diving.
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INTRODUCTION
The critical flicker fusion frequency (CFFF) has been used to quantify cognitive impairment in various
environments and during exposures to drugs. CFFF is based on the phenomenon that the participant can
perceive a flickering light as non-flickering if the frequency is above the “fusion frequency”. By increasing or
decreasing the frequency of the flickering light, the fusion frequency can be determined. A decrease in fusion
frequency is supposedly correlated with cognitive impairment,168 whereas an increase in fusion frequency is
interpreted as indicating improvement. For example, various hypnotic drugs decrease the CFFF, while an
increase in CFFF can be achieved with stimulating drugs.170
In hyperbaric environments (underwater or in a hyperbaric chamber), CFFF has been used in studies exposing
participants to various gas mixtures and pressures to investigate the narcotic effects (or lack thereof ) of gases
such as nitrogen,22,24,26,27,171 helium27,185 and oxygen.23,25
The CFFF device used in previous research involved the investigator in changing the flicker frequency,
communicating with the participant, and writing down the fusion frequency. In most research, the test is
repeated three times in order to check its consistency. This method is time-consuming, and it is not easy to
allow simultaneous measurements in multiple participants. An automatic method for estimating the CFFF was
proposed by Feschenko et al. They used a computerized device that tested stimuli at six constant frequencies
multiple times in random order to estimate the peak frequency of the fitted sigmoidal response curve as the
flicker fusion frequency.186 The measurement took 6 minutes on average, which is similar to the commercially
available devices that use a flickering stimulus of steadily increasing or decreasing frequency. The downside
of these devices is the need to connect to a personal computer to control the flickering light and store the
results, making this impossible to use in the hyperbaric and diving environment.
This study’s initial primary goal was to evaluate a new automated CFFF device by comparing its measurements
of gas narcosis to those obtained using a manual system, prior to adopting the former device for pending gas
narcosis studies. The results obtained during this comparison were inconsistent with expected CFFF variations.
Hence, a further two experiments were conducted with a manual device used by others in previous studies
to re-evaluate changes in CFFF during exposure to hyperbaric air, heliox and oxygen, and its consequent use
as an objective measure of narcosis. This study is part of a more extensive programme investigating novel
approaches to measuring gas narcosis in divers.

MATERIALS AND METHODS
This chapter describes three experiments: 1) Automated and manual CFFF measurements during air-breathing
at surface pressure and at 6 ATA (608 kPa); 2) Manual CFFF measurements during air and heliox breathing at
surface pressure and at 6 ATA (608 kPa); 3) Manual CFFF measurements during oxygen breathing at surface
pressure, 1.4 and 2.8 ATA (142 and 284 kPa).
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The first experiment with the novel automated CFFF device took place at the hyperbaric facility at Deep Dive
Dubai, in March 2018. The study protocol was approved by the Dubai Scientific Research Ethics Committee of
the Dubai Health Authority, United Arab Emirates (reference 10/2017_06).
The second and third experiments with the conventional manual CFFF device took place at the Slark
Hyperbaric Unit, Waitemata District Health Board, Auckland, New Zealand, from January to August 2019. The
protocol of this randomised, cross-over study was approved by the Health and Disability Ethics Committee,
Auckland (reference 16/NTA/93), and was registered with the Australian New Zealand Clinical Trial Registry
(ANZCTR) with the Universal Trial Number U1111-1181-9722. These CFFF measurements were a sub-study in
a larger body of work investigating the use of quantitative electroencephalography to measure gas-induced
narcosis that will be reported in the following chapters.
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Participants
Participants were certified, healthy adult divers, aged between 18 and 60 years and had normal visual
acuity, either corrected or uncorrected. Exclusions were the use of recreational drugs, tobacco, psychoactive
medication, excessive alcohol (>21 standard drinks per week) or over five caffeine-containing beverages a
day. Participants abstained from any caffeinated drink on the measurement day, and from alcohol for at least
24 hours before the measurement. They had at least 6 hours of sleep the night before the measurement.
Experiments two and three had an additional requirement that participants were certified technical divers
trained to do decompression dives, using oxygen as a decompression gas. All participants provided written
informed consent.

Equipment – Automated CFFF device
The first experiment utilised a CFFF device suitable for hyperbaric environments built by Probe Embedded
Solutions (Enschede, the Netherlands). The device could be controlled from the backside by an operator using
three buttons and a small screen. The participants’ side only had a cold white light-emitting diode (LED). This
device had two modes: a manual and automatic mode.
In manual mode, both the operator and the participant held the CFFF device. The participant was instructed
to hold the base of the device with one hand and point the LED towards the eye. Care was taken to minimize
movement of the device and head of the participant during the experiment. With the other hand, the
participant raised a finger when he/she could see the LED flicker and lowered the finger when the LED was
perceived not to flicker.
The manual mode started with a flickering frequency of 50 Hz, which was above the expected perceivable
flicker frequency. The frequency could be decreased or increased by 0.5 Hz by the operator. The current
frequency was not shown on the screen to blind the operator. The operator started the measurement by
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lowering the frequency until the participant raised their finger. This was repeated three times; the second
and third recording started at two Hz above the previous fusion frequency and was also lowered until the
participant raised their finger.
The automatic CFFF mode was programmed on the same device. The participant held the CFFF device with a
finger on the reverse-side button and pointed the LED towards the eye. They pushed the button every time
they perceived the LED to flicker.
The automatic mode started with a flickering frequency of 40 Hz, which is near the normal perceived flicker
fusion frequency. The frequency was either increased (push of button) or decreased (no action for 2 seconds)
in 8 iterations by a decreasing frequency step (respectively: 20, 10, 5, 2.5, 1.25, 0.67, 0.33, 0.17 Hz). This resulted
in a theoretical minimum and maximum CFFF between 0.17 (all decreased) and 79.83 (all increased) Hz. This
was automatically repeated three times with a 0.5 second LED off interval.
For both manual and automatic modes, after the three recordings, the results were displayed on the device,
including the mean frequency of the three CFFF recordings. The results were stored on an SD card for offline
analysis. At the end of the three recordings, the operator checked the results for errors, values outside of the
physiological range, and repeated measurements if needed.

Equipment – Manual CFFF device
The second and third experiments used a device previously used in a hyperbaric study.26 This device had a blue
LED visible to the participant, with two buttons and a screen (which displayed the current flicker frequency),
not visible to the participant. The buttons increased and decreased the flicker frequency in 0.25 Hz steps.
The participant held the device stable and minimized head movement while looking at the flickering light.
The device was set to a starting frequency of 30 Hz, which was below the expected perceived flicker fusion
frequency, and the participant confirmed that he/she could see the light flickering. The participant increased
the frequency by holding the button until the light was no longer perceived to flicker. This was considered
the fusion frequency, which the operator recorded. This measurement was repeated till three recordings were
within 1 Hz of each other (Figure 4.1).

Procedures: experiment one – air
The hyperbaric chamber was a rectangular 10-person chamber (Oxyheal 5000, National City, CA, USA). All
measurements (including baseline measurements) were conducted inside the hyperbaric chamber with
comfortable ambient light intensity held constant to minimize any biasing influence of ambient light.
Both CFFF modes were recorded in random order while breathing environmental air, at surface pressure
immediately before compression, and at least five minutes after reaching 6 ATA (608 kPa) (equivalent to
50 metres of seawater (msw) depth) (Figure 4.2). Participants were compressed in groups of 2-4 persons.
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Decompression was according to the US Navy decompression tables, including 100% oxygen breathing from
1.9 ATA (193 kPa) to surface pressure.

4

Figure 4.1: Flow diagram of critical fusion frequency manual (left) and automatic (middle) modes during
experiment 1 and manual mode (right) during experiment 2 and 3.

Procedures: experiment two – air and heliox
The hyperbaric chamber was a cylindrical 5-person chamber (W.E. Smith Engineering PTY LTD, Australia). All
measurements were conducted inside the hyperbaric chamber with consistent, comfortable ambient light
intensity. Participants returned for two sessions at least 48 hours apart, breathing either air or heliox (20.8%
oxygen, balance helium) in random order. CFFF was recorded inside the hyperbaric chamber at surface
pressure immediately before compression. In the air sessions, participants underwent a CFFF measurement
at 2.8 ATA (284 kPa, equivalent to 18 msw depth) and 6 ATA (608 kPa). In the heliox sessions, participants
breathed heliox for measurements at surface pressure and continued breathing heliox during compression for
a second measurement at 6 ATA (608 kPa) (Figure 4.2). After each CFFF measurement, end-tidal carbon dioxide
was measured using a mainstream capnograph (EMMA, Masimo, Irvine, CA, USA). Measurements at 6 ATA (608
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kPa) were impossible due to device incompatibility, so readings were taken immediately after ascent to the
first decompression stop at 2.8 ATA (284 kPa). The ascent took 2 minutes. Decompression was according to the
DCIEM decompression tables, including 100% oxygen breathing from 1.9 ATA (193 kPa, equivalent to 9 msw
depth) to surface pressure.

Figure 4.2: Diagram of experimental procedures.

Procedures: experiment three – oxygen
The same cylindrical 5-person hyperbaric chamber and ambient lighting intensity was used. A baseline CFFF
measurement was taken at surface pressure while breathing environmental air inside the hyperbaric chamber.
Participants switched to 100% oxygen for a second surface pressure measurement. The third and fourth
measurement took place in random order at 1.4 and 2.8 ATA (142 and 284 kPa) (Figure 4.2).
Each measurement was preceded by a five-minute acclimatisation period for the pressure and/or gas mixture
in all experiments.171 Again, end-tidal carbon dioxide was measured after each CFFF measurement at the
measurement depth.

Outcomes
The primary outcome was the relative change (percentage) in mean CFFF of each participant’s three
recordings during each exposure to a breathing gas or pressure compared to baseline air-breathing at
surface pressure. Secondary outcome measures for studies two and three were the number of recordings per
measurement required to achieve the required level of concordance and the end-tidal carbon dioxide after
each measurement.
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Statistical analysis
All data were analysed with SPSS version 25 (IBM, Armonk, NY, USA). Descriptive statistics were generated to
characterize the study participants. The relative CFFF value was calculated as a percentage from baseline for
each individual in each condition. All outcome measures were tested for normality with the Kolmogorov–
Smirnov test. All data were normally distributed and were subsequently characterized by their mean and
standard deviation (SD). Differences between relative (percentage) baseline and intervention measures
were analysed with paired t-tests and reported as mean difference (MD) with 95% confidence intervals (CI).
Statistical significance was set at p<0.05.

RESULTS
The 40 participants in this study had between 15 and 10,000 dives. Most were technical divers, although there
were five non-technical divers in the first experiment. In all three experiments, a high number of instructors
and almost half of the participants had experience breathing air at 6 ATA (608 kPa) or deeper. Sixteen
participated in the air experiment, twelve in the air/heliox experiment and twelve in the oxygen experiment.
Due to device failure, two participants could not perform the CFFF recordings in the oxygen experiment (Table
4.1).
Table 4.1: Demographic data for participants.
air experiment

air & heliox experiment

oxygen experiment

Mean

Mean

Mean

Range

Range

Range

Age (years)

35.3

20 to 54

35.8

24 to 55

36.4

24 to 49

BMI

23.8

19.1 to 29.3

26.7

19.5 to 31.9

26.6

19.5 to 35.5

Diving experience (years)

11.4

1 to 29

15.3

3 to 28

16.6

3 to 31

Dives

2,679

15 to 10,000

921

160 to 2,000

1,203

160 to 3,500

n

% (n=16)

n

% (n=12)

n

% (n=10)

10

63

7

58

7

70

Supervised diver

2

13

0

0

0

0

Autonomous diver

2

13

6

50

6

60

Dive Leader

1

6

1

8

1

10

Dive instructor

11

69

5

42

3

30

Technical diver

11

69

12

100

10

100

8

50

7

58

4

40

Gender (male)
Certification

Narcotic experience (>50 msw (6 ATA)
breathing air)

Air experiment
Neither the manual nor the automatic version of the CFFF measurements was significantly different during air
breathing at 6 ATA (608 kPa) than air-breathing at surface pressure (Table 4.2).
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Air and heliox experiment
The manual CFFF measurements were not significantly different in any air or heliox exposures compared to
the air-breathing at surface pressure (Table 4.2). On average, 3.8, with up to six CFFF recordings were needed
to obtain results that met the requirement of having three recordings within 1 Hz. There was no significant
difference in end-tidal carbon dioxide between the hyperbaric exposures and baseline air-breathing.
Table 4.2: Critical flicker fusion frequency (CFFF) measurements; mean, absolute and relative frequency
(Hz) and percentage relative change to baseline measurement, breathing air at surface pressure; * indicates
significant difference compared with baseline: p<0.05. MD: Mean difference of relative change between baseline
and exposure, including 95% confidence interval (CI).
Exposure

Surface air
CFFF (Hz (%))

Exposure
CFFF (Hz (%))

Relative % change
MD (%)

95% CI

Air experiment – automatic and manual CFFF
6 ATA manual

43.9 (100)

44.0 (100.1)

0.1

-3.3 to 3.5

6 ATA automatic

44.8 (100)

43.9 (102.2)

2.2

-1.3 to 5.8

38.1 (100.6)

0.6

-0.1 to 1.4

38.4 (101.3)

1.3

-0.5 to 3.1

38.6 (101.9)

1.9

-1.0 to 4.8

38.5 (101.6)

1.6

-0.9 to 4.0

36.9 (97.5)

-2.5

-4.1 to -0.8 *

37.3 (98.6)

-1.4

-3.7 to 0.9

36.9 (97.4)

-2.6

-4.3 to -0.9 *

Air & Heliox experiment – manual CFFF
2.8 ATA air
6 ATA air
Surface heliox

37.9 (100)

6 ATA heliox
Oxygen experiment – manual CFFF
Surface oxygen
1.4 ATA oxygen

37.9 (100)

2.8 ATA oxygen

Oxygen experiment
Breathing oxygen at surface pressure and at 2.8 ATA (284 kPa) caused a significant decrease in CFFF of 2.5
and 2.6%, respectively, compared with air-breathing at surface pressure. The CFFF measured during oxygen
breathing at 1.4 ATA (142 kPa) trended in the same direction (Table 4.2). On average, 3.8, with up to seven CFFF
recordings were needed to obtain results that met the requirement of having three recordings within 1 Hz.
There was a significant decrease in end-tidal carbon dioxide from baseline air-breathing to oxygen breathing
at 1.4 ATA (142 kPa) (5.3 ± 1.1 kPa at baseline to 4.6 ± 0.9 kPa, mean difference 0.65 (95% CI 0.25 to 1.05),
p=0.005). End-tidal carbon dioxide in the other oxygen exposures were not significantly different from baseline
air-breathing.

DISCUSSION
In both experiments one and two, CFFF measured by either method appeared insensitive to the known
narcotic effects of nitrogen in air breathed at 6 ATA (608 kPa). Given that helium is a non-narcotic gas it
is not surprising that there was no significant change in CFFF during heliox breathing at 6 ATA (608 kPa) in
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experiment two, but the key point here is that CFFF also did not distinguish between the effects of air (79%
nitrogen) and heliox (79% helium) when breathed at a pressure widely acknowledged to induce narcosis
when air is breathed. In experiment three, we found a reduction in CFFF when breathing oxygen at surface
pressure and 2.8 ATA (284 kPa), with a similar trend at 1.4 ATA (142 kPa). As will be discussed below, the effects
of oxygen were measured in an attempt to help interpret the results of experiments one and two. Summaries
of the design and findings of other relevant studies are shown in Table 4.3 and Table 4.4, respectively. Review
of this literature reveals a complicated and often contradictory picture.
Table 4.3: Study design of studies reporting CFFF results in diving exposures. NS: not specified; HBT: Human
Breathing Technology; ROAD: Robotic for Assisted Diving; PES: Probe Embedded Solutions.
Study

Environment

Device
manufacturer

Light
colour

Flicker /fusion

# recordings

Seki 1976

Chamber

Shibata

NS

Flicker

Average of 5

Balestra 2012

Pool

HBT

Blue

NS

Average of 3

Hemelryck 2013

Surface

HBT

Blue

NS

Average of 3

Kot 2015

Chamber

HBT

Blue

NS

NS

Tikkinen 2016

Chamber

Schuhfried

White

Both

Average of 8

Lafere 2016

Outdoor

HBT

Blue

Flicker

Average of 3

Lafere 2019

Chamber

HBT

Blue

Flicker

Average of 3

Rocco 2019

Outdoor

ROAD

Blue

Fusion

Average of 3

Present study (Experiment one)

Chamber

PES

White

Fusion

Average of 3

Present study (Experiments two and three)

Chamber

HBT

Blue

Flicker

Average of 3

Table 4.4: Study results of studies reporting CFFF results in diving exposures. Results compared to baseline.
Study

Participants

Exposure

Result (%)

Hypothesis

Seki 1976

2

62 ATA, Heliox (0.4 – 0.5 ATA oxygen), 2 days

80

Extreme pressure

Balestra 2012

20

4 ATA, air, 15 min

93.5

Nitrogen narcosis

Hemelryck 2013

20

1 ATA, oxygen, 10 min

117

Hyper-alertness

Kot 2015

16

1 ATA, 70% oxygen, 25 min

99

Oxygen narcosis

16

1.4 ATA, oxygen, 25 min

94

Oxygen narcosis

65

2.8 ATA, oxygen, 25 min

103

Oxygen toxicity

Tikkinen 2016

30

6 ATA, air, 5 min

103

Hyper-alertness

Lafere 2016

20

4 ATA, air, 15 min

94.5

Nitrogen narcosis

Lafere 2019

8

4 ATA, air, 15 min

95

Nitrogen narcosis

8

4 ATA, EAN40, 15 min

99

Hyper-alertness

22

6 ATA, air, 15 min

105

18

6 ATA, Trimix 21/35, 15 min

107

11

6 ATA, Heliox 21/79, 15 min

111

Rocco 2019

Nitrogen narcosis
Hyper-alertness

Various studies, during air-breathing conducted at 4 ATA (406 kPa, equivalent to 30 msw depth), have invoked
nitrogen narcosis to explain a reduction in CFFF at this depth.20,22,26 However, this result does not extrapolate to
greater depth/pressures even though it is known that cognitive performance is further reduced with increased
depth.6 Several studies – including our experiments – performed at 6 ATA (608 kPa) while breathing air, did
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not show impairment, but instead showed either no change (the present study) or an increase in CFFF in two
studies.24,27 The increase in CFFF seen in both latter studies was attributed to ‘oxygen hyper-alertness’, due
to the increased partial pressure of inspired oxygen of 1.25 ATA (127 kPa) when air breathing at 6 ATA (608
kPa). Oxygen hyper-alertness 187,188 is hypothesised to be caused by the increased availability of oxygen in the
neuronal tissue,98 which in turn is postulated to cause accelerated nerve conduction.189 This was also proposed
as a mechanism to explain an increase in CFFF during normobaric 100% oxygen breathing.25
However, in contrast to Hemelryck et al.25 our results for 100% oxygen breathing at surface pressure showed a
small reduction in CFFF; while in another study, 70% oxygen breathing at surface pressure did not produce any
change.23 Similarly, both Kot et al. and the present study showed a decrease in CFFF during oxygen breathing
at higher pressures (1.4 ATA (142 kPa) and 2.8 ATA (284 kPa) in the present study, and 1.4 ATA (142 kPa) in the
study by Kot et al.). Kot explained this as a manifestation of oxygen narcosis,23 based on the concept that
oxygen is twice as soluble in oil as nitrogen and hence should have a narcotic effect;190 although probably
not to the extent predicted by inspired partial pressure alone because it is metabolized in tissues.8 To confuse
matters further, Kot et al. 23 reported an increase in CFFF when breathing oxygen at 2.8 ATA (284 kPa), which
they attributed to a hyperexcitability effect associated with cerebral oxygen toxicity.59 After a latent period,
oxygen can cause tonic-clonic seizures, but non-convulsive signs and symptoms appear to have a neuronal
origin as well.191 The present study demonstrated the opposite, consistent with all our results during oxygen
breathing. Other than the uncertain oxygen narcosis hypothesis (which would not explain the similar result at
surface pressure) there is no obvious explanation for this.
Besides nitrogen and oxygen, carbon dioxide can influence cognitive impairment.100,104 Its physiological
pathway has been debated, it can either have a direct narcotic effect or facilitate nitrogen and/or oxygen
narcosis or hyper-awareness with cerebral vasodilation.125 The present study reports a decreasing trend in endtidal carbon dioxide, excluding the interference by hypercapnia in the CFFF results. We cannot completely
exclude the possibility of a change in end-tidal carbon dioxide between leaving 6 ATA (608 kPa) and arrival at
2.8 ATA (284 kPa) in study two, but nevertheless, we saw no evidence of hypercapnia in our subjects.
In addition to the effects of the respired gas and the exposure pressure described above, other factors
proposed to influence CFFF include: the prior diving or gas-exposure experience of the subjects;23,27 subject
fatigue;20,172 the colour and intensity of the flickering light and intensity of the ambient light;192 the latency of
the measurement after the beginning of the exposure;171 the nature of the hyperbaric exposure (immersed
or dry);20,24 the definition of consistency in determining the result;22 and others (Table 4.3 and Table 4.4). All
of these factors have been invoked to explain results that are inconsistent with an expected (or unexpected)
narcotic effect, or the many inconsistencies between studies. This will mean that there may be debate about
how the present study results were obtained or interpreted. Nevertheless, this would miss the broader point:
namely, there is a substantial question-mark over the usefulness of an assessment modality that has produced
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so many conflicting findings across multiple studies, and which seems subject to influence by many variables
and to difficulty in interpretation.
At a simplistic level, this study’s primary finding is clear: in our hands, CFFF failed to detect or quantify a
narcotic effect known to be present (in the 6 ATA (608 kPa) air exposures) and is therefore not a candidate
outcome-measure for our programme of investigating gas narcosis in hyperbaric environments. Consistent
with the “broader point” articulated above, there is little merit in debating the methods’ fine detail, but several
aspects are worth emphasising. First, the air exposures where a narcotic effect was expected were conducted
with two different devices and (in experiment two) in collaboration with an author very experienced in using
CFFF in diving research, who gave guidance on data collection and analysis methods and provided the second
manual CFFF device. Second, under-powering of our studies could explain the lack of statistically significant
differences. Our experiments had 10 to 16 participants per condition. This is a similar number of participants
to other studies, which varied between 8 and 30 per study condition with one outlier of 65 participants (Table
4.4). Nevertheless, statistical significance is mostly irrelevant, given that the measurement method seems
unable to monitor gas narcosis on an individual level. Moreover, the fundamental direction of change was
not consistent with the expected narcotic effects of air at high pressure. Thirdly, CFFF measurements were
only recorded after an equilibration period with the respired gas of at least five minutes in every condition.
In respect of nitrogen in the brain, based on a cerebral compartmental half-life of 1.2 minutes,193 this should
allow for ≥ 94% equilibration with the arterial partial pressure of nitrogen. Finally, given the potential influence
of many factors (discussed above) in affecting CFFF results, it is impossible to use absolute values to define
normal or abnormal, and the use of subjects as their own controls in assessment of change between different
conditions seems the most legitimate approach to utilising CFFF in this type of study; hence this approach was
adopted here.

CONCLUSION
CFFF measured automatically or manually with different devices was insensitive to nitrogen’s narcotic effect
in air at 6 ATA (608 kPa). The present programme requires a measurement method that provides robust and
consistent quantification of the cognitive changes caused by gas narcosis in individual subjects. In our hands,
CFFF does not appear to achieve this aim. Review of the relevant literature reveals inconsistent and sometimes
paradoxical results with various groups attempting to explain their data using often contradictory hypotheses.
We conclude that CFFF may not be, in our laboratory setting, the optimal measurement method to monitor
the effects of gas narcosis in divers.
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Chapter 5

INTRODUCTION
The brain is a very complex organ and measuring the subtle effects of hyperbaric gas narcosis is challenging.
As discussed in the previous two chapters, pupillometry and critical flicker fusion frequency (CFFF) were found
to be unsuitable as monitoring methods. Another approach is recording the electrical signals generated by
neuronal activity (electroencephalogram, EEG).
This chapter introduces how the brain’s electrical signals are generated by neuronal activity and how these
are recorded on the surface of the scalp. The physiological meaning of the oscillatory waves and the various
options included in a quantitative EEG (qEEG) analysis pipeline are introduced. There are too many analysis
methods to provide a comprehensive overview of all methods available or conceivable. This chapter
will provide a systematic description of the various families of analysis methodologies, which will help
understanding of the analysis pipelines discussed in the following chapters.

CELLULAR ELECTROPHYSIOLOGY AND THE EFFECTS ON THE EEG
Ultimately, EEG and its analysis will help to increase our limited knowledge of how the brain as a whole
functions. This section describes the current understanding of brain anatomy and neuron physiology and
relates this to the EEG recording on the surface of the scalp. This section is primarily based on the publications
of Brown et al.,194 Cohen,33 Siuly et al.,195 and Mashour & Engelhard.196

Cellular mechanisms
The EEG is the recording of the electrical signals of neurons. Neurons consist of a cell body, an axon and
dendrites (Figure 5.1). Neurons are highly connected through their axons and dendrites, which link at
synapses. At these synapses, cells can influence each other’s membrane potential. Usually, neuronal
membranes are polarised at about -70 µV (negative on the intracellular side of the membrane) in a steady
state. When an action potential reaches a synapse, a neurotransmitter is released into the synaptic cleft. This
will result in either an excitatory or inhibitory stimulus based on the type of neurotransmitter and cell. When
receiving an excitatory stimulus, the membrane depolarises (becomes less negative). With enough excitatory
stimuli, a threshold is reached, which causes an action potential to propagate through the cell. In contrast,
with an inhibitory stimulus, the membrane hyperpolarises, making it harder to cause cell excitation. Enough
synchronous cell excitations can be picked up with an EEG electrode.

Networks of neurons
For an EEG electrode at the outside of the head to pick up changes in membrane potentials within the brain,
the number of firing neurons and the spatial orientation of these neurons is important. Cortical neurons
are arranged into columns, which in turn are arranged into six layers. The neurons within a column have
characteristic connections between the layers.197,198 Layers one, two and three are mainly receivers of cortical
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Figure 5.1: Basic anatomy of a pyramidal neuron. Obtained with permission from Howard.201

afferents (green arrows in Figure 5.2), while layer three is the principal source of corticocortical efferents (most
leftward and downward pointing red arrow in Figure 5.2). On the outside of the cortex, layer one contains
GABAergic neurons that inhibit the pyramidal neurons of layer three through their dendrites.199 Layer two is
called the external granular layer and contains small pyramidal neurons. Layer three predominantly contains
small and medium-sized pyramidal neurons. It is thought that matrix-type thalamic cells connect to the
dendrites of the pyramidal cells in this third layer (blue arrow in Figure 5.2).200 Layer four contains different
types of stellate and pyramidal cells and is the main target of core-type thalamic connections, as well as
intra-hemispheric corticocortical afferents (blue arrow in Figure 5.2). Layer five contains the large pyramidal
neurons. Their axons leave the cortex to connect with subcortical structures, like the basal ganglia (second red
arrows from left in Figure 5.2). Layer six contains a few large pyramidal neurons and many small pyramidal
and multiform neurons. These neurons send efferents back to the thalamus, establishing positive and negative
feedback loops (third red arrow from the left in Figure 5.2). These connections with the thalamus are with the
same thalamic cells that provide input to the cortical column neurons, creating a closed loop. Some areas of
the cortex, like the insular cortex, do not contain all six layers of cells.
The neuronal activity causes currents to run between different parts of the cortex, which cause fluctuations in
the electrical field, recorded with EEG as voltage changes on the scalp (Figure 5.3). The electrical field change
by one neuron is too small to record with a dermal EEG electrode. So, many synchronously acting cortical
neurons are needed to create an electrical field change strong enough to be detected on the outside.202 The
dendrites of pyramidal neurons in layers two, three and five in the crests of cortical gyri (top of the cortical
folds) are thought to produce most of the EEG signal because they fire synchronously, are well-aligned and
have the optimal spatial orientation radial to the skull. Recording the electrical fields on the scalp surface has
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several limitations. First, the tissues between the neurons and the scalp, (cerebrospinal fluid, meninges, skull
and dermal tissues), cause smearing of the signal. Second, EEG is less suitable to measure electrical signals
from deeper sources because voltage field gradients fall off due to the distance.

Figure 5.2: Schematic diagram of neuronal connections between the pyramidal cells and other brain
structures. Obtained with permission from what-when-how.com.203

Wave patterns
The synchronous activity of neurons causes oscillatory waves in the EEG recording. These waves can be
characterised based on amplitude, frequency, phase and location. Quantitative analysis of the EEG can
be based on these characteristics. The oscillations can be divided into different frequency bands. The limits
of these bands are not standardised and vary slightly between publications. In this work, the following
frequency band limits are chosen (Figure 5.4). Delta waves are between 0.5 and 4 Hz and most commonly
have large amplitudes. Oscillations in this band are associated with deep sleep stages and, transiently,
with administration of high-dose (>50%) nitrous oxide.160 Theta (4 to 8 Hz) has been associated with idling,
drowsiness, meditation and lighter stages of sleep. Alpha oscillations (8 to 14 Hz) are most dominant in the
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Figure 5.3: Schematic of neural electrical field generation and the tissue layers the signal has to travel
through to be picked up by the EEG electrode outside the head. Only if thousands of cells generate the same
field, the signal can become large enough to be picked up by the EEG electrode on the outside. Adapted with
permission from Siuly et al.195

occipital region of the brain and more diffuse during eyes closed. However, they can be present in other brain
regions during eyes open. The synchronous waves in the alpha frequency band are thought to be originating
from the closed-loop between thalamic pacemaker cells driving cortical pyramidal neurons in layer five. This
rhythm is associated with relaxation, resting and REM-sleep phases. Beta oscillations (14 to 30 Hz) are usually
seen in a symmetrical distribution and most evidently in the frontal region. Low amplitude beta waves in this
region are associated with active thinking, focus and concentration. Gamma waves are in the range between
30 and 100 Hz. These oscillations are thought to represent the activity of inhibitory interneurons (Figure 5.2).
The recording of gamma oscillations with EEG is challenging because of the small amplitude, the smearing
and overlap with the power line noise at 50/60 Hz.
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Figure 5.4: Graphical representation of an EEG signal of one-second signal decomposed into five frequency
bands. Signal traces obtained with permission from Siuly et al.195

QUANTITATIVE EEG ANALYSIS
Quantitative EEG analysis can increase the level of understanding of the EEG recording and its underlying
physiology. Computational technology available nowadays makes it possible to record the EEG digitally and
conduct real-time and offline analysis. Multi-channel EEG recordings are information rich (high dimensional)
due high a high sample frequency, longer recording (time) and multiple electrode locations (space). An
analysis pipeline aims to filter out the information of interest, which might be changed by an experimental
intervention, and reduce the amount of information (dimension reduction) to an understandable level
and comparable between conditions. The first step in EEG analysis is the cleaning of the recorded signals of
artefacts.

Artefacts
Some of the signals that are recorded in the EEG are of non-cerebral origin. These artefacts can be of biological
origins, like signals from the electrophysiological activity of the heart (ECG), eyes (EOG) or skeletal muscles
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(EMG). Other artefacts originate from the environment. These can be caused by electrical power noise (50/60
Hz) or changes in impedance of the electrode-skin interface due to movement, sweating or drying out of the
conductance gel.
Cleaning the EEG data is necessary to minimise interference caused by these artefacts. Several steps can be
followed to separate the cerebral signals from the artefacts. During this separation process, it is crucial to
minimise the removal of cerebral signals while maximising the removal of the artefacts. First, artefacts can
be removed based on their frequency characteristics. Most of the impedance artefacts are in the very lowfrequency domain, while electrical power noise is a static frequency. By using frequency band-based filters,
these can be removed. Secondly, independent component analysis can separate independent sources from
each other based on a statistical algorithm. This method works well to remove ECG and EOG sources and has
reasonable success with EMG artefacts.204 Both of these cleaning methods retain a complete dataset in time
and channels. If a recording is too contaminated to be cleaned, a specific time frame or channel from the
dataset can be rejected, resulting in the loss of EEG data.
Several automatic cleaning algorithms have been developed,205,206 using the above-mentioned analysis
techniques combined with statistical parametrisation to detect the artefacts and remove them from the
recording automatically. This minimises manual work, although inspection of the final result is still needed to
ascertain the quality of the signal before further analysis is possible.
The following sections will describe the different families of analysis options. This is an overview of analysis
methods that can potentially be used to build a narcosis evaluation algorithm or increase the understanding
of brain physiology.

Time-domain analysis
In the time domain, there are many analysis possibilities ranging from a straightforward amplitude analysis
to a sophisticated nonlinear analysis from the field of chaos theory. A specific type of time-domain analysis
is evoked potentials. The analysis of evoked potentials uses the brain’s response to a repeated stimulus.
By averaging these brain responses, any background or non-related signals are averaged out. This evoked
potential method is not suitable for the aim of this thesis to monitor the brain without the diver’s continuous
attention to a stimulus.
Nonlinear analysis uses the signal’s phase information to investigate how a signal of the neuronal network
changes over time and which repetitive patterns occur in the signal. This provides more information on this
dynamic system and how it self-organises.15 Various metrics have been designed to quantify this nonlinear
behaviour, like its dimension, complexity and entropy.207
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Frequency-domain analysis
Frequency-domain analysis, or spectral density analysis, is a widespread and well-established analysis
method.208 Most commonly, time signals are converted into the frequency domain by a Fourier transform.
With this conversion, the information over time is lost. This analysis assumes that the time signal is stationary
over the entire time window. However, brain signals are well known to be highly dynamic and non-stationary.
Hence, the time window cannot be too long to adhere to the stationarity requirement. In contrast, the
frequency resolution is reduced linearly with short time windows, based on the Rayleigh theory. By applying
Fourier analysis to subsequent time windows, a time-frequency graph can be constructed when changes over
time are of interest. However, a trade-off needs to be made between the frequency resolution and the time
resolution.
The Fourier transform uses multiple continuous sinusoidal templates (one for each frequency) to extract the
power information. This assumes the presence of the specific frequency in the entire time window. Another
solution to circumnavigate this assumption is deploying wavelet analysis.209 Most commonly, Morlet wavelets
are used. Instead of a continuous sinusoidal template, the sinus wave of a couple of cycles is multiplied with a
Gaussian to create a tapered template. This allows for variation in the frequency and time resolution trade-off
to optimise it for each frequency.
The result of spectral analysis is a power value per frequency, which is the squared amplitude. These can be
averaged or integrated over frequency bands to reduce the amount of information. If the analysis is done
over multiple time windows, this dimension is added to the results. This analysis is performed per channel and
displayed with head plots or a time/frequency plot on each electrode location (Figure 5.5). Information can
be further reduced by averaging over time or (clusters of ) channels. Another option to summarise changes
in the frequency power data is by calculation metrics like the median frequency, spectral edge frequency, or
power ratios between frequency bands. Comparisons between hemispheres can detect unilateral phenomena
as seen with certain diseases.

Source localisation
Source localisation is an analysis technique that aims to increase the spatial resolution of the typically smeared
EEG signals due to the tissues between the neurons and the electrodes.210 This methodology identifies focal
points of brain activity (similar to functional magnetic resonance imaging (fMRI) images) and decomposed
EEG channels for each of these locations in the brain, like virtual channels. Hence, it can be seen as a spatial
filter. This allows for a better understanding of the underlying neural network by analysing the virtual channels
in combination with the other qEEG analysis methods described in this chapter.211
To solve the mathematically inverse problem (going from observations to underlying model parameters), it
is necessary to use a head model (which can be based on the participant’s anatomical MRI scan or a generic
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Figure 5.5: Average power for each electrode (placed according to their head map location, title is the
electrode name) and the mean of all electrodes (bottom right). Each subfigure has five exposures on the
x-axis and four frequency bands (delta, theta, alpha, beta) on the y-axis. All values are in dB (from blue to
yellow). Figure from Chapter 6.

head model), the electrode positions (again, either recorded with a 3D scanner or based on a generic model)
and a source model (locations of interest, either a grid or specific anatomical locations).212,213 The next step is
combining this information with the EEG recording using the source localisation algorithm. There are many
of these algorithms with various modifications. In general, they can be divided into three groups: current
density methods, distributed source models and spatial filtering.214 Current density models are based on fitting
single or multiple dipolar sources with their location, orientation and strength in the cortex, which minimises
the difference between actual and model data. Distributed source models, like minimum norm estimates
(MNE) and low-resolution brain electromagnetic tomography (LORETA), estimate the strength of the cortical
activity by modelling many dipoles on the whole cortical sheet or volume. Regularisation is used to penalise
overfitting of the data. Spatial filtering, like beamforming, scans the whole brain with a single dipole and
computes the filter output at every location, with the assumption that the multiple sources constrained by
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minimum correlation (SAM), linearly constrained minimum variance (LCMV) or maximum coherence (DICS).
Source localisation analysis methods can be compared with ground truth validation methods, which use
simulated EEG signals.
Results from the source localisation can be displayed on a 3D representation of the cortex, shown from
multiple angles (Figure 5.6) or on subsequent slices of the brain in the desired direction, most often from top
to base.

Figure 5.6: Source localised neuronal activity estimate projected on a 3D-cortical model in four views: left
lateral (top left), right lateral (top right), medial right (bottom left), medial left (bottom right). Significant
frontal neuronal activity increase in yellow. Coloured values are t-values (blue negative, yellow positive). Figure
based on analyses of Chapter 7.

Connectivity
Connectivity analysis helps to understand how brain regions interact by combining EEG recordings
from multiple locations (either EEG electrode locations or estimated sources after source localisation).215
Connectivity measures for EEG can be divided into two groups: functional connectivity, which only measures a
statistical relationship between the two signals, most commonly data-driven; and effective connectivity, which
tries to describes the causal relationship between the two signals, most commonly based on an underlying
model like dynamic causal modelling.216 Besides bivariate comparisons, multivariate comparisons can be
deployed to understand the neuronal network further.217
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Functional connectivity measures can be divided based on classifiers like linearity, directedness, model
usage, and applicability in the time or frequency domain (Figure 5.7).218 This makes each of these metrics
specifically sensitive to the amplitude, frequency or phase of the difference between EEG signals. Interpreting
the connectivity results must be done with caution as the results might be interfered by a common reference,
noise, volume conduction or an underlying common source.218 The result of a bivariate analysis is a large
matrix of the number of channels squared that can be hard to interpret (Figure 5.8).

5

Figure 5.7: Taxonomy of functional connectivity measures. Obtained with permission from Bastos and
Schoffelen.218

Figure 5.8: Non-directional connectivity matrix (left) and head plot (right) of electrode pairs. Left panel are
mutual information values in bits (low blue, high yellow). Right panel is a head plot of mutual information
connectivity (low blue, high red). Figures based on analysis of data from Chapters 7 and 8.
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In order to reduce or summarise the extensive matrix of connectivity estimates, metrics from the mathematical
field of graph theory can be used.219,220 In this sense, the electrodes or sources are seen as nodes and the
connectivity as edges in the network. Weak connections can be removed by applying a threshold, and
this threshold can also be used to binarise the network edges (unweighted network). The mathematical
descriptors of the network can be used to describe the change of interest (Figure 5.9).221 The metrics most
commonly used in consciousness research are clustering coefficient and global efficiency (based on mean
path length). These two metrics can be combined in another commonly used metric, small-worldness.219
These abstract network features need to be interpreted appropriately to understand their relationship with
the changes in the neuronal network. These specific metrics can be interpreted with the understanding that
the cortex needs to be segregated to perform specialised tasks in specialised brain regions, while at the same
time, it needs to be integrated to share information between brain regions to function properly.222 Clearly, an
optimum between these two will allow optimal brain performance. Results of the network analysis can be a
single number describing the whole network or a value per electrode channel. Per-channel information can be
visualised on head plots.

Figure 5.9: Simplified network with various network metrics. The top row shows a graphical presentation of a
network with nodes being electrodes and the directed (left) or undirected (right) connectivity as edges. Both
forms can be thresholded to obtain the lower network diagrams. These networks can be characterised with
metrics like motif occurrence, path length and cluster coefficient. Obtained with permission from Bullmore and
Sporns.221

Machine learning algorithms
Instead of designing and testing each of these analysis methods as mentioned above into analysis pipelines,
an artificial intelligence (AI) methodology can be deployed to decode EEG signals based on a known outcome
and reveal distinct features, for instance, mental state monitoring.223,224 These can range from a support vector
machine (SVM), which is a supervised machine learning solution that has multiple EEG metrics as input, to
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deep learning methodologies like recurrent and convolutional neural networks (RNN, CNN), which require
large datasets to train unsupervised a network of artificial neurons as a filter to decode distinct features
directly from the EEG data.223,225 Instead of using these AI solutions as black-box tools, the weights of the AI
network can be used to reverse engineer the features that were of interest to the AI, hence understanding the
differences in the EEG that drive the AI decision. Additionally, AI solutions can be used to develop a personally
unique classifier of how gas narcosis affects that diver that can be used in subsequent exposures.224

CONCLUSION
This chapter aimed to introduce the methodology of recording and analysing the EEG. Brain anatomy and
physiology helps to understand the EEG signals’ strengths and limitations. The second half of the chapter
provided an overview of analysis technique families applicable to the overall aim of this thesis to design a
monitoring method for hyperbaric gas narcosis. Methodologies described above form the building blocks of
the analysis pipelines developed and tested in the following chapters. The analysis steps that made it into the
final analysis pipelines will be discussed in more detail in the following chapters.

5
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Chapter 6
An EEG metric of temporal complexity tracks psychometric
impairment caused by low-dose nitrous oxide

A slightly adapted version of this chapter is published in
Anesthesiology 2021; 134(2):202-218.37

Chapter 6

INTRODUCTION
Nitrous oxide is a weak anaesthetic gas mostly used in dentistry, obstetrics, and acute trauma.226 It has
analgesic and hypnotic properties, as well as strong dissociative effects.53 In the operating theatre, it is used to
supplement more potent anaesthetic vapours in achieving general anesthesia.227
The electroencephalogram (EEG) and derivative anaesthetic monitors have been used intensively to
understand the neurological effects of various anaesthetic agents and consciousness.155,228 Most of the
research has focused on gamma-amino-butyric-acid(GABA)-ergic drugs and the transition from the awake
state into unconsciousness. Limited research effort has gone into understanding the narcotic effects of
N-methyl-D-aspartate (NMDA) antagonists like nitrous oxide and ketamine. Various papers have shown that
anaesthetic depth monitors, that are calibrated for GABAergic induced unconsciousness, are insensitive for
nitrous oxide154,229–231 due to its different mechanism of action. The EEG effects of subanaesthetic concentrations
of nitrous oxide have been even less well studied. Although the excellent clinical safety record of this
gas precludes any necessity to develop an EEG index of its effects, nitrous oxide can be used as a scientific
model to understand mechanisms of how cognition is progressively impaired by non-GABAergic sedation.
Accordingly, these experiments were performed to establish methodologies – in a normobaric environment
– that could later be applied to studies of hyperbaric nitrogen narcosis or other scenarios involving nonGABAergic sedation.
Nitrous oxide has been reported to cause inconsistent changes in the EEG power spectrum; but often there is
an increase in power (amplitude) in high-frequency bands (>14 Hz, beta and gamma), with a relative decrease
in power in the alpha and delta frequency bands (7-14 and 1-4 Hz).232 The power reduction in alpha and delta
bands233 is localized in the frontal region,234,235 and most pronounced at higher inspired concentrations (40%
to 60%).234,236,237 Nitrous oxide also reduces spatial connectivity in parietal (at 60% nitrous oxide) and frontal
(16-30% nitrous oxide) regions.235,238 Changes in spatial connectivity are often accompanied by changes in
complexity in the time domain.
Complexity is a non-specific term used broadly to designate the use of various algorithms including LempelZiv, Kolmogorov–Chaitin, a variety of different entropies, and recurrence analysis.239 In this chapter we were
interested in the evolution in time of EEG motifs, as these indicate the dynamics of cortical transitions between
metastable states. This ‘temporal complexity’ has been shown to correlate with cognitive task performance;240
and we hypothesized that nitrous oxide would reduce this. The ‘temporal complexity’ can be measured with
the diagonal line lengths calculated from recurrence plots.207,241 These line lengths indicate the evolution of
brain states over time, by their correlation between successive time samples.240
Therefore, in this exploratory study, we used low-dose nitrous oxide as a perturbation of cognition. Nitrous
oxide is known to increase reaction time and error-rate in psychometric tests.11,13,14,142 We present a novel
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quantitative EEG analysis method that is sensitive to low-dose nitrous oxide exposures and correlates with the
levels of psychometric impairment. The proposed analysis method quantifies the spatial distribution of the
temporal complexity of the EEG signal.

MATERIALS AND METHODS
Trial design and participants
This multidose (in randomized order), single-blind, cross-over trial took place at the laboratory at Waikato
Clinical School, University of Auckland, from July to August 2018. The study protocol was approved by the
Health and Disability Ethics Committee, Auckland, New Zealand (reference 16/NTA/93), and was registered
with the Australian New Zealand Clinical Trial Registry (ANZCTR: U1111-1181-9722). The sample size was based
on similar studies previously published.11,13,14,238
This study was a prelude to further work investigating EEG effects of gas narcosis in divers, so participants
were recruited from that community. Eligible subjects were certified, healthy divers (checked with the
Recreational Scuba Council (Jacksonville, Florida) screening questionnaire for fitness), aged between 18 and 60
years, with normal visual acuity, either corrected or uncorrected. Exclusion criteria were the use of recreational
drugs, tobacco, psychoactive medication, excessive alcohol (>21 standard drinks per week), or over five
caffeine-containing beverages a day. All participants provided written informed consent.
Participants abstained from any caffeinated drink on the measurement day and from alcohol at least 24 hours
before. Participants had at least six hours of sleep and fasted for four hours before the measurement.

Experimental procedures
Breathing circuit and monitoring
Participants were seated and breathed from a closed-circuit anaesthesia loop (Vital Signs, Mexico) attached
to an anaesthesia machine (S/5 Aespire, Datex-Ohmeda, Madison WI, USA). A mouthpiece and disposable
anaesthetic antibacterial filter (Ultipor 25, Pall, Port Washington, NY, USA) were replaced for each participant.
The nose was occluded with a nose clip. The inspired fraction of oxygen, end-tidal pressure of carbon dioxide,
and end-tidal percentage of nitrous oxide were continuously sampled from the mouthpiece filter, and were
recorded every minute. Oxygen saturation and breathing frequency were monitored for participant safety.

Measurement protocol
Every participant started with a baseline measurement while breathing 50% oxygen (balance nitrogen) on the
circuit. Subjects then breathed a titrated nitrous oxide mixture (balance oxygen) to achieve an end-tidal level
of 20%, 30%, or 40% nitrous oxide, followed by 20 minutes breathing air between each nitrous oxide exposure.
Participants were blinded to the dose of nitrous oxide, which was administered in random order of doses
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dictated by a ticket drawn by the researcher when the participant arrived (order: 20-30-40%; 20-40-30%; 3020-40%; 30-40-20%; 40-20-30%; or 40-30-20%).
Every exposure started with a three-five-minute wash-in period during which the inspired fraction of
nitrous oxide was manually adjusted to establish and maintain the desired end-tidal level. Then, a set of
measurements was undertaken consisting of: EEG recording over one-minute eyes open; one-minute eyes
closed; completion of psychometric tests and a pupillometry measurement (Chapter 3);35 and finally, the oneminute eyes open and closed EEG recordings were repeated. At the end of each exposure nitrous oxide was
washed-out using oxygen with a flow of 6L·min-1 and was followed by a 20-minute air breathing rest period.
A final measurement set during 50% oxygen (balance nitrogen) breathing was recorded twenty minutes after
the last nitrous oxide exposure (Figure 6.1).

Figure 6.1: Nitrous oxide measurements. Top row describes the order of steps during the measurement session.
After preparation, a baseline measurement was conducted. Directly followed by three nitrous oxide exposures
with 20%, 30% and 40% end-tidal nitrous oxide in random order, with 20-minute breaks in between. The session
was concluded with a final measurement. The bottom row describes the recording order of each step. During each
measurement, the EEG, psychometric tests, pupillometry and again EEG was recorded. Where baseline and the final
measurement did not have a wash-in and out step.

Outcomes
EEG recording
The EEG was recorded using a portable active electrode 32-channel system (ActiveTwo, BioSemi, Amsterdam,
the Netherlands). The electrodes were placed in a sized cap divided over the scalp based on the international
10-10 system.242 Two additional electrodes were placed under the eyes to record the electrooculogram to
filter ocular artefacts. The offset (impedance equivalent for active systems) was checked for all electrodes, and
electrode placement and gelling (SignaGel, Parker Laboratories, Fairfield, NJ, USA) were adjusted if the offset
was above 25 µV. All signals were recorded at a sample rate of 1024 Hz in the BioSemi Data Format (BDF)
format on a laptop (Macbook Pro, Apple Inc, Cupertino, CA, USA) using ActiView software (BioSemi) for offline
analysis. EEG was recorded continuously from wash-in period to the last measurement for each exposure.
Three conditions were identified for analysis: tasked (while doing psychometric tests), resting-state eyes open,
and resting-state eyes closed. EEG recordings taken after the psychometric tests and pupillometry (see Figure
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6.1) were used as more stable nitrous oxide levels were achieved, and fewer artefacts were present in these
recordings.

Psychometric tests
Two psychometric tests were administered on a 9.7” tablet computer (Galaxy Tab Active2, Samsung, SouthKorea). The test administration program (PenScreenSix version 2.1, Mobile Cognition Ltd., Edinburgh, UK)
stored average reaction time, and number of errors made (accuracy) in each test. Two tests were selected,
which have shown sensitivity to narcotic effects as they test for higher-order cognitive functions.243
The shape recognition test is supposed to measure the effect on short-term memory.244 However, we found
erratic results unsuitable for consistent detection of impairment, and this test was not included in our analysis.
The serial sevens test measures information processing, in particular mathematics, memory, and decision
making.245 The participant had to decide whether the current three-digit number was the previous shown
number minus seven (yes-no). The test consisted of a series of 16 descending numbers (fifteen questions). The
maximum allowed response time per question was ten seconds.
Participants attended a training session for the psychometric tests to mitigate a learning effect during the
actual measurements. The tests were practiced until the results were stable.

6

Analysis
Data pre-processing
The EEG data were cleaned using the Fieldtrip toolbox (version c6d58e9).246 The data for each condition and
exposure were cut out of the continuous recording, re-referenced to the average, de-meaned, de-trended,
and resampled to 256 Hz. Line (including higher harmonic) and low-frequency noise (<1 Hz) were filtered
out. Next, independent component analysis was used to select out noise components from eye blinks,
high- frequency noise, non-physiological noise, and bad channels. An algorithm was used to advise on
the manual selection of components. The data were cut in two-second epochs and manually inspected for
remaining artefacts, with an algorithm indicating bad segments for remaining eye blinks (correlation with the
electrooculogram channels) and muscle artefacts (based on high-frequency content of 105 to 120 Hz). Whole
epochs were discarded if they were marked as containing artefacts. The remaining epochs for that condition
and exposure were stored for further analysis. See Appendix 1 for the script.

Frequency power analysis
Frequency power was estimated using a multitaper Fourier transformation implemented in the Fieldtrip
toolbox using a Hanning window from 1 to 30 Hz in 1 Hz increments. Average per frequency band was
calculated for: delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (14-30 Hz) bands during each exposure.
See Appendix 2 for the script.
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Complexity metric
The sequence to obtain our novel complexity metric is shown in Figure 6.2 and Figure 6.3. In brief, it quantifies
the variability in repeated short motifs of EEG signal over a time scale of seconds to tens-of-seconds (Figure
6.2);240 i.e., the recurrence properties of the EEG signal. Recurrence plots are widely used in physiology,207
but when applied to EEG analysis, they provide a graphical indication of periods when a section of the EEG
signal is similar to subsequent sections. The presence of a long diagonal line in the recurrence plot indicates a
slowly evolving similarity in EEG pattern (i.e., to produce a diagonal line, the motif at time=1 is similar to that
at time=2, and the motif at time=3 is similar to that of time=2). Blocks of high correlation (yellow in Figure
6.3A) are stable periods. The standard recurrence plot summary statistic (Shannon entropy of the diagonal
line length) can be seen as a measure of the variation in the duration of metastable states; i.e., the temporal
complexity of the signal for each channel. A high entropy suggests the presence of a mixture of slowlyevolving metastable brain states, co-existent with short-lived brain states. As seen in the histograms of Figure
6.3C, a low entropy is indicative of predominantly short-lived recurrences. To condense this into a single
spatial summary statistic for the whole scalp, we found the median complexity of a subset of high-complexity
channels. This subset of channels was found to roughly overlay the default mode network (DMN). This is in
agreement with previous work, which has shown that the DMN has high complexity based on its critical
functional role in resting-state networks.247

Figure 6.2: Correlation between EEG samples. A reference sample of 0.25-second electroencephalogram data
of one channel (red), followed by four samples of the same channel (blue), with their absolute correlation. These
temporal correlation values construct the correlation matrix in Figure 6.3A.
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The following steps give the metric:
1.

To obtain the motifs, the EEG signals were split into samples of 0.25-second duration. For each channel,
the absolute values of the Pearson correlations between all of these 0.25-second samples were
calculated (Figure 6.3A).240

2.

The median value of Pearson correlation over all channels and cross-correlations of the baseline
exposure was taken as the threshold to produce a dichotomized matrix for the recurrence analysis
(Figure 6.3B).

3.

The Shannon entropy of the probability distribution of the diagonal line lengths248 for each channel was
calculated to capture the variability in temporal changes (Figure 6.3C).

4.

A region-of-interest was defined as the electrodes with a complexity value larger than 1 at baseline. As
described above, based on the regional distribution of our results, we named the spatial distribution
of the temporal complexity metric, ‘DMN complexity’. The metric was calculated for each exposure and
condition (tasked, eyes open, eyes closed) as the median of the complexity of the electrodes in the set
region-of-interest (red-encircled area in Figure 6.3D).

The results were robust to a range of differing trialled values for the sample length, dichotomization threshold,
and region-of-interest threshold (results not shown). See Appendix 3 for the script. Regional complexity was
calculated by taking the mean of the Shannon entropy of the channels of that region.

6

Psychometric test analysis
A combined ‘psychometric-impairment’ metric (scaled 0 to 1) was calculated using both the mean reaction
time and error rate to counteract the speed-accuracy trade-off (Equation 1).249
𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝒐𝒐𝒐𝒐 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆
𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕
				
𝒎𝒎𝒎𝒎𝒎𝒎 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 + 𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝒐𝒐𝒐𝒐 𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒
𝟐𝟐

(1)

Statistical analysis
All data were analysed with Matlab version 2018a (Mathworks, Natick, MA, USA) except the carbon dioxide
data, which were analysed with SPSS version 25 (IBM, Armonk, NY, USA). The idea of EEG data analysis using
temporal complexity was pre-planned, based on previous published work.241,250,251 But the specific values
of various parameters in the algorithm, and the DMN region-of-interest, were data-driven – as part of the
exploratory study. The comparison between the EEG metric and psychometric test score was predefined.
Descriptive statistics were generated to characterize the study participants. All outcome measures were tested
for normality and subsequently characterized by their mean and SD. Comparisons of regional complexity
were done using a two-tailed paired t-test and reported as mean difference and 95% confidence intervals (CI).
p-values were regarded significant at p<0.05, with Bonferroni correction for multiple comparisons.
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Figure 6.3: Flow diagram of the analysis algorithm in the middle. On the left, the intermediate results of the
algorithm are shown of participant 1 (Table 6.1) during the baseline measurement. On the right, the results of
the same participant during the 40% end-tidal nitrous oxide exposure. Panel A-C are from the signals of the Fp1
electrode (yellow circle in D). The analysis steps are repeated for each channel separately. Panel A shows the
absolute cross-correlation values (blue low, yellow high) between the electroencephalogram (EEG) samples. Panel
B shows the dichotomized results (0 black, 1 white). Panel C displays the probability distributions of the diagonal
line lengths. Panel D is a surface head plot with contour lines of the Shannon entropy for all electrodes, showing
the spatial distribution of temporal complexity (blue low, yellow high). Red line indicates the contour with value
1, in which the electrodes with a value above 1 at baseline (in yellow /green) are enclosed (red x). This selection is
consistent over exposures and forms the region of interest for the EEG DMN complexity analysis.
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For all exposures and individuals, a linear mixed-effects model was used to calculate the relationship between
the EEG DMN complexity metric (DMNcomplexity) and the psychometric test metric (S77) using Equation 2.
			

𝑺𝑺𝑺𝑺𝑺𝑺 ~ 𝟏𝟏 + 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 + (𝟏𝟏 + 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 | 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑)

(2)

The between-participant variation was included as a random effect, with a random intercept and slope. This
design can capture variation in baseline complexity and dose-response for each subject. The models for the
three conditions were compared using a likelihood ratio test with 1000 simulations.
To research the possible influence of hypercapnia, carbon dioxide levels were analysed. The end-tidal carbon
dioxide value at the start of the psychometric test was added as a fixed-effect parameter to the mixed-effects
model for the tasked condition (EEG recording during the psychometric test). This model was compared to the
model without carbon dioxide level (same method as above).
The influence of the power in each frequency band (delta (1-4Hz), theta (4-8Hz), alpha (8-14Hz), beta (1430Hz), and gamma (30-45Hz)) on the final model was also investigated. For this sub-analysis, the EEG data of
the eyes open condition was bandpass-filtered with a Butterworth filter (order 4) in both directions using a
Hamming window for each frequency band.
A receiver-operating-characteristic analysis was used to compare the DMN complexity metric against the serial
sevens test results. The serial sevens data were dichotomized to ‘impaired’ (>0.16) and ‘not-impaired’ (≤0.16),
based on the upper value of the interquartile range (Figure 6.5) of the baseline exposure.

RESULTS
The twelve participants (8 male), aged between 23 and 55 years (mean 36 years ± 11), had an average body
mass index of 26.3 kg/m2 ± 2.6. On average 1.7 of 30, 1.3 of 30 and 19.5 of 108 (eyes open, eyes closed and
tasked respectively) of the two-second EEG samples were removed due to artefacts. The latter were mostly
muscle artefacts. EEG frequency power analysis shows an increase in power in the beta band, with a
relative decrease in the delta band, most prominent in the frontal region, and most visible in the 20% and
40% exposures (See Figure 6.4). This is similar to previous studies.232–236 In general, the serial sevens test
results worsened (Figure 6.5A), and the complexity metric decreased (Figure 6.5B) at increased end-tidal
concentrations of nitrous oxide, particularly once the 40% concentration was reached. End tidal nitrous
oxide concentrations exhibited a moderate correlation with both the serial sevens scores and the EEG DMN
complexity (r=0.50, p<0.001 and r=-0.55, p<0.001, respectively).

Regional differences
At baseline (Figure 6.6), regional temporal complexity was greater in the midline (1.33 ± 0.14 bits) – which
approximately overly the DMN – than in channels overlying lateral temporal brain regions (0.81 ± 0.12 bits,
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Figure 6.4: Average power in dB for each electrode (placed according to their head map location, title is the
electrode name) and the mean of all electrodes (bottom right) of all participants during the eyes-open condition.
Each subfigure has the five exposures on the x-axis (baseline, 20%, 30%, 40% nitrous oxide, and recovery) and four
frequency bands on the y-axis (delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (14-30 Hz)).

mean difference of 0.52 (95% CI 0.39 to 0.65), p<0.001). Increasing nitrous oxide exposure caused a decrease
in brain complexity predominantly in the midline (baseline vs. 40% nitrous oxide: mean difference of 0.20
bits (95% CI 0.09 to 0.31), p=0.002) and pre-frontal (baseline vs. 40% nitrous oxide: mean difference of 0.17
bits (95% CI 0.08 to 0.27), p=0.002) regions, while complexity in the lateral temporal region did not change
significantly (baseline vs. 40% nitrous oxide: mean difference of 0.14 bits (95% CI -0.03 to 0.30), p=0.100). These
changes were reversed after cessation of nitrous oxide.

Mixed-effects modelling
At baseline, the EEG DMN complexity metric ranged from 1.13 to 1.38 bits between subjects. The effects of
the different doses of nitrous oxide were variable between subjects. For some participants, the ranking order
of the nitrous oxide concentrations did not correlate with the ranking order of both the psychometric tests
(y-axis) and EEG DMN complexity (x-axis) (Figure 6.7). There was a significant difference between the models
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Figure 6.5: Box plots of the serial sevens test results (reaction time and accuracy) combined metric (A) and
EEG DMN complexity metric (in bits) (B). Both boxplots show the median (red line), interquartile range (blue box)
and the whiskers showing the full range of the data. Outliers (red +) are values larger than 1.5 times the interquartile
range.

6
Figure 6.6: Average surface head plots with contour lines of the Shannon entropy (in bits) for all electrodes
(blue low, yellow high) for each of the exposures of all participants. Red line indicates the contour with value 1,
in which the electrodes with a value above 1 at baseline are enclosed (red x). nitrous oxide (N2O).

for only the eyes closed vs. tasked conditions (p=0.003); but the log-likelihood of the models for the three
conditions were very similar (52.3, 47.4, and 42.7). Therefore Figure 6.8 shows the results of the model based
on the eyes open data.
At an individual level, for each subject there was a significant linear trend between the EEG DMN complexity
metric and cognitive decline (Figure 6.8 blue lines and Table 6.1). The goodness-of-fit of the model
was confirmed by a good agreement with fitted vs. measured values (Figure 6.8A, r2=0.67) and lack of
autocorrelation in the residuals (Figure 6.8B). On average, psychometric impairment increased 10% with every
38% decrease in EEG DMN complexity. The receiver-operating-characteristic (ROC) curve of the complexity
metric versus the serial sevens test showed an area under the curve of 0.72 (95% CI 0.59 to 0.85, p<0.001)
(Figure 6.9).
End-tidal carbon dioxide was within normal ranges at group level (5.5 ± 0.6 kPa (41 ± 4.5 mmHg)), and there
was no significant difference between exposures. However, some participants were above normal (>5.2 kPa
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Figure 6.7: EEG DMN complexity (in bits) vs psychometric impairment (pm impairment) for each subject.
Coloured dots depict each nitrous oxide concentration (light green=baseline, dark green = final, yellow = 20%,
orange = 30% and red=40%). Blue lines are the fitted model.

Figure 6.8: Graphs showing the results of the linear mixed effect model based on the EEG data during eyes
open at the end of each measurement versus the serial sevens psychometric test results (response). Panel
A shows the estimated psychometric test values based on the EEG DMN complexity (from the model) versus the
actual psychometric test results. Each colour represents the data of a single participant. Panel B shows the fitted
results versus the residuals.
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(39 mmHg)) at the start of the psychometric test. Addition of end-tidal carbon dioxide values as a fixed-effect
in the model did not change the results (p=0.460). The frequency power sub-analysis revealed that there was
no specific frequency-band driving the DMN complexity (results not shown).
Table 6.1: Individual subject intercept and slope from the eyes-open linear mixed effects model (95% CI).
Participant #

Intercept

Slope

1

0.62 (0.57 to 0.67)

-0.38 (-0.42 to -0.35)

2

0.61 (0.56 to 0.66)

-0.39 (-0.42 to -0.35)

3

0.64 (0.58 to 0.69)

-0.37 (-0.41 to -0.34)

4

0.58 (0.52 to 0.63)

-0.41 (-0.45 to -0.38)

5

0.60 (0.55 to 0.65)

-0.40 (-0.43 to -0.36)

6

0.62 (0.57 to 0.67)

-0.38 (-0.42 to -0.35)

7

0.64 (0.59 to 0.69)

-0.37 (-0.41 to -0.34)

8

0.65 (0.60 to 0.70)

-0.36 (-0.40 to -0.33)

9

0.65 (0.60 to 0.70)

-0.36 (-0.40 to -0.33)

10

0.54 (0.49 to 0.59)

-0.44 (-0.48 to -0.40)

11

0.78 (0.73 to 0.83)

-0.28 (-0.31 to -0.24)

12

0.57 (0.52 to 0.63)

-0.42 (-0.45 to -0.38)

6

Figure 6.9: Receiver operating characteristic (ROC) graph. It compares the sensitivity and specificity of the EEG
DMN complexity calculated with the eyes open at the end of the measurement versus the results of the serial sevens
psychometric test.
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DISCUSSION
In this exploratory study, our novel complexity metric tracked psychometric impairment during low-dose
nitrous oxide exposure. The EEG DMN complexity metric is a simple and fast algorithm that incorporates two
main concepts: cross-correlation-based recurrence quantification analysis248 and specific regional changes.91

High level cognition requires sustained recurrence
For each channel, we calculated the complexity of that signal by determining the correlation between short
successive EEG samples. The concept behind this is: if there is a high correlation over time, the EEG signal is
repeating itself, indicating the presence of prolonged or similar metastable brain states. Variation in runs of
repetition of EEG patterns is seen as an increase in the variability of diagonal line lengths in the recurrence
plots, and consequently an increase in the Shannon entropy of these plots (also seen as an increase in width
of the histograms – Figure 6.3C). The increased entropy of the recurrences is thus primarily driven by many
periods of prolonged (>~1000 milliseconds) EEG similarity, which widen the recurrence histograms. The
neurophysiological correlates of this pattern are not well defined, but it is well established that conscious
perceptions are associated with ignition of sustained (>250 milliseconds) neural activity252 and prolonged
(>~1000 milliseconds) complex responses to transcranial magnetic stimulation.253 Although our study does
not look at the transition to unconsciousness, we can speculate that inability of the brain to sustain recurrence
patterns is a signature of loss of diversity of metastable states, which seems to be an indication of impairment
of higher-level function.
This first part of our analysis method utilizes methodologies that originate from recurrence quantification
analysis, but in our study these methodologies were applied to cross-correlation plots.240 These methods
quantify nonlinear dynamic phenomena.207 Based on the global neuronal workspace hypothesis, normal
cognitive performance could be associated with recurrence loops for two reasons.252 First, recurrence loops
can help cortical processors sustain a signal, and hence the information can be maintained in the working
memory. Second, by recurrent excitation, a signal can be amplified, helping information sharing between
cortical processors. Hence, a certain amount of recurrence is needed to sustain normal cognitive functioning.
However, it is unclear whether the EEG recurrence is driven by local or global reverberant networks. In the
neuroscience field, recurrence analysis has been utilized in epilepsy detection,254 sleep stage recognition,255,256
and depth of anaesthesia detection.251,257,258 However, the depth-of-anaesthesia papers all report results with
GABAergic agents, whereas our study used an NMDA antagonist.

Regional variation
The other observation from this work is the marked difference in regional baseline complexity and the
regional effect of the nitrous oxide. Pre-frontal and midline regional complexity reduced under nitrous oxide
exposure, while complexity of the lateral fronto/temporal/parietal regions showed relatively minor change.
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The serial sevens test requires coordination of several cognitive tasks – e.g., mathematics, memory, and
decision making,245 which were impaired by nitrous oxide. The regional differences correlate well with the
concept of the fragmentation of selfhood,91 where higher-order thinking (affected in our study) is primarily
located at the (pre)frontal region, while the sentience and salience (located in the temporal/insular region)
are less affected by low-dose nitrous oxide. Numerous studies have supported this division of functions in the
brain, all concluding that higher cognitive functions are predominantly located in the (pre)frontal region and
with their connections to posterior medial regions.259,260 Similar reductions in frontal connectivity have been
found during sub-anaesthetic ketamine exposure.261
A recent study showed a significant decrease in EEG network connectivity (lagged phase coherence) induced
by 50% inhaled nitrous oxide.262 This disruptive effect of relatively high-dose nitrous oxide on the flow of
information between brain regions is consistent with the DMN regional decrease in complexity found in our
study. The nitrous oxide-impaired cognitive performance was strongly associated with loss of complexity
in the medial DMN regions (the so-called ‘hot-zone’).253 The exact role of these brain regions (precuneus,
posterior and anterior cingulate cortices) is still intensely debated;263 but seems to be more closely aligned
with overall higher-order brain integration and coordination,264 rather than specific tasks. In particular, activity
is associated with semantic processing and memory retrieval – which are necessary for the serial sevens test.265

Strengths and limitations

6

Our study had some strengths. It was performed in a laboratory where the environment was well controlled to
optimize the EEG recording, with full-scalp 32 channels. By controlling the end-tidal concentrations of nitrous
oxide, we were able to control the exposure to a narcotic agent precisely at three distinct levels, without the
interference of other drugs. However, the psychometric tests showed a high level of personal variability in
participants’ responses to nitrous oxide. The variability could be explained by a carry-over or learning effect
between the exposures; although we did incorporate a 20-minute pause between exposures and randomized
the order of exposures to minimize this effect. We measured end-tidal carbon dioxide and found that an
increased end-tidal carbon dioxide above a normal value of 5.2 kPa (39 mmHg), which was found in some
participants/exposures, did not contribute to the narcotic effects found, similar to Foster & Liley.233 Our study
also had some weaknesses. First, the participant group was relatively small. In mitigation, it was reassuring
that the EEG DMN complexity metric consistently decreased in every subject as psychometric impairment
increased. Second, our exploratory analysis was directed towards a time-domain analysis. We did not use
source localization to refine the locations of temporal complexity further, hence we chose to use general
descriptors of locations. This increased the speed of analysis and kept the analysis method simple, and avoided
the assumptions underlying all source localization methods. We also acknowledge that our limited spatial
resolution means that we have used the term ‘DMN complexity’ as a descriptive shorthand, rather than being
able to establish its full anatomical detail. This reference to the DMN is limited to the frontal and cingulate
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cortex parts of the DMN. The DMN also incorporates the angular gyrus of the parietal lobe, but this does not
show up in our analysis. The EEG cannot provide the spatial sensitivity that fMRI can provide to further specify
the anatomical structures involved that we reference to in the name of our analysis algorithm.

CONCLUSION
In conclusion, our novel quantitative EEG DMN complexity metric based on temporal complexity is sensitive to
psychometric impairment caused by low-dose nitrous oxide. However, further research is needed to evaluate
its functionality, as this was an exploratory study. If robust, this algorithm may be useful in quantifying and
studying mild narcosis in situations where patients are less self-aware due to the dissociative effects of nitrous
oxide or other non-GABAergic sedatives.
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EEG functional connectivity is sensitive for nitrogen narcosis
at 608 kPa
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INTRODUCTION
To sustain extended periods submerged, divers breathe compressed gases through a regulator that provides
gas at environmental pressure.5 Most commonly, this is air, consisting of 21% oxygen and 79% nitrogen, or
other mixtures with varying fractions of oxygen, nitrogen and helium.8 Each of these gases has physiological
effects, dependent on the gas’s partial pressure (calculated from gas fraction multiplied by the environmental
pressure).2
An increased partial pressure of nitrogen is known to cause cognitive impairment proportional to the inspired
pressure, also known as inert gas narcosis. This effect of nitrogen is considered to be noticeable by divers
at and beyond 30 metres of seawater (msw) (4 ATA, 405 kPa).6 Deeper dives breathing air tend to increase
reaction time and errors made in most psychometric tests.4 Breathing air at 608 kPa is typically cited as causing
sleepiness, euphoria, overconfidence, idea fixation and impaired reasoning, memory, calculus and judgement.
However, these symptoms may be ameliorated by enhanced concentration in motivated subjects.144 At this
level, nitrogen narcosis is not directly hazardous to the diver, but may predispose to erroneous decisions that
can lead to an incident or accident. To lower the gas mixture’s narcotic potency for deeper diving, divers can
partially or totally substitute nitrogen with helium, a non-narcotic gas.8
Quantification of the subtle effects of gas narcosis caused by nitrogen is challenging, particularly in real-time
during diving. Psychometric testing of higher cognitive functions like memory, inhibition and learning,16
has proven to be the most sensitive. Psychometric tests can be confounded by learning effects, and subject
motivation or boredom.151 Moreover, they interfere with diving activities, making them unsuitable for
monitoring divers continuously.
Neurophysiological measurements can be used to overcome these issues. Quantitative electroencephalogram
(EEG) analysis could monitor the diver continuously, without interfering with diving activities. it can be
analysed on different levels and with a wide variety of methods (see Chapter 5).
A common EEG analysis method is frequency power analysis. Unfortunately, basic frequency power analysis
does not provide the sensitivity needed to accurately measure narcosis at levels seen in common diving
practice.29–32,134,156–159
Temporal complexity has been shown to correlate with cognitive task performance.240 We hypothesised
that hyperbaric nitrogen narcosis would reduce temporal complexity as seen with nitrous oxide in the
previous chapter. A quantitative EEG measure specifically developed to track psychometric impairment
caused by low-dose nitrous oxide,37 dubbed the default mode network (DMN) complexity metric, was
evaluated in the previous chapter. DMN complexity utilises two main concepts: First, recurrence analysis
on temporal correlation matrices provides insight into brain information flow over time. Second, the spatial
distribution indicates that the brain’s central area, which overlaps the default mode network (a region with
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a high complexity during normal functioning), exhibits deteriorating complexity during increased levels of
impairment by nitrous oxide. The DMN is considered an essential neural network supporting the distribution
of information between brain regions; see Chapter 6 for further details.
Another group of quantitative EEG measures are functional connectivity metrics, which have been shown
to be sensitive to changes in consciousness.266–275 Most can distinguish various levels of consciousness with
reasonable confidence. This change in consciousness can be caused either by disease (minimal conscious state
or vegetative state) or anaesthesia (propofol or sevoflurane). However, none of these metrics have been used
to measure the relatively mild effects of gas narcosis, such as seen in diving.
It has been suggested that a neuronal network needs an optimal balance between integration and
segregation to function fully and share information effectively between brain regions.15 Mutual information is
a non-linear model-free measure,218,276 that quantifies the overlap of information between signals, increasing
sensitivity to capture neuronal processes which are non-linear in nature.15 However, the output is an enormous
2-dimensional functional connectivity matrix between all channels or sources. Therefore, the next step to
summarise connectivity results can be based on graph methodologies, which quantify the changes in the
connectivity of a network.277 Global efficiency is a related measure of node integration; a highly efficient
network has all nodes connected, making information sharing between nodes easy. However, a completely
connected network has low complexity levels, making the brain unable to generate higher-order responses to
internal and external environmental inputs. Therefore a certain level of segregation, which can be measured
with the clustering coefficient, is probably needed for functional segregated subsystems in the brain.278
Excessive integration and loss of segregation (i.e. increased network global efficiency) has been observed with
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hallucinogenic drugs.
Source localisation is a family of analysis methods that can increase the spatial resolution of EEG by calculating
virtual channel raw data for locations inside the brain, which subsequently can be analysed with mutual
information and global efficiency analysis.211
The aim of this study was to develop a sensitive measurement tool for monitoring gas narcosis in divers,
specifically the neurological effects of hyperbaric nitrogen. It was hypothesised that when compared to airbreathing at 1 ATA (101 kPa), breathing air at 6 ATA (608 kPa) would cause cognitive impairment, decrease
DMN complexity and increase mutual information summarised using global efficiency. Hence, a correlation
between cognitive impairment and both EEG metrics was expected. On the other hand, it was expected that
breathing an oxygen-helium (heliox) mixture at 6 ATA (608 kPa) would cause none of these changes.
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MATERIALS AND METHODS
Trial design and participants
This randomised cross-over trial took place at the Slark hyperbaric unit, Waitemata District Health Board,
from February to May 2019. The study protocol was approved by the Health and Disability Ethics Committee,
Auckland, New Zealand (reference 16/NTA/93) and was registered with the Australian New Zealand Clinical
Trial Registry (ANZCTR: U1111-1181-9722).
Participants were recruited from the diving community through advertisements in dive centres and a national
diving magazine. Participants were healthy divers (checked with the Recreational Scuba Council screening
questionnaire for fitness), aged between 18 and 60 years, and had normal visual acuity either corrected
or uncorrected. They were certified technical divers, trained to do decompression dives using oxygen as
a decompression gas. Exclusion criteria were the current use of recreational drugs, tobacco, psychoactive
medication, excessive alcohol (>21 standard drinks per week), or over five caffeine-containing beverages a day.
Participants had at least 6 hours of sleep the night before, abstained from any caffeinated drink on the day
and refrained from diving and alcohol 24 hours prior to the commencement of each hyperbaric exposure. All
participants provided written informed consent.

Experimental procedures
All experiments took place in a cylindrical 5-person hyperbaric chamber (W.E. Smith Engineering PTY LTD,
Australia). Participants returned for two sessions at least 48 hours apart, breathing either air or heliox (20.8%
oxygen, balance helium) in random order. It was not possible to blind subjects to the breathing gas used in a
particular session. In the air sessions, participants underwent measurements at 2.8 atmospheres absolute (ATA)
(284 kPa, equivalent to 18 msw depth) and 6 ATA (608 kPa, equivalent to 50 msw depth). In the heliox sessions,
participants breathed heliox for measurements at surface pressure and continued breathing heliox during
compression for a second measurement at 6 ATA (608 kPa). Decompression was according to the Defence and
Civil Institute of Environmental Medicine (DCIEM) decompression tables, including 100% oxygen breathing
from 1.9 ATA (193 kPa, equivalent to 9 msw depth) to surface pressure.
Every baseline and new pressure exposure (see Figure 7.1) started with a 5-minute acclimatisation period.
Then, a set of measurements was undertaken, consisting of: EEG recording over one-minute eyes open; oneminute eyes closed; end-tidal carbon dioxide measurement; completion of the psychometric tests and a
critical flicker fusion (CFFF) measurement; repeat of the one-minute eyes open and eyes closed EEG recordings
and end-tidal carbon dioxide measurement; and finally, the NASA task load index and Karolinska sleepiness
scale questionnaires (Figure 7.1). Results of the CFFF and end-tidal carbon dioxide measurements can be
found in Chapter 4.36

96

qEEG nitrogen narcosis

Figure 7.1: Air and heliox measurements. Top row describes the order of steps during the air measurement
session. After preparation, a baseline measurement was conducted. Directly followed pressurisation to 2.8 ATA (284
kPa), where the measurements were repeated. Further pressurisation to 6 ATA (608 kPa) was undertaken to repeat
the measurements. The bottom row describes the heliox exposure, which contained measurements at the surface
and 6 ATA (608 kPa). The middle row represents the recording order of each exposure. During each measurement,
EEG, end-tidal carbon dioxide (CO2), psychometric test, CFFF and again EEG and end-tidal carbon dioxide was
recorded. Each measurement was finished with the NASA task load index and Karolinska sleepiness score
questionnaires. Air baseline measurement did not have an acclimatisation step.

Outcomes
EEG recording
The EEG was recorded using a portable active electrode 32-channel system (ActiveTwo, BioSemi, Amsterdam,
the Netherlands). The electrodes were placed in a sized cap divided over the scalp based on the international
10-10 system.242 Two additional electrodes were placed under the eyes to record the electrooculogram (EOG)
to filter ocular artefacts. The offset (impedance equivalent for active systems) was checked for all electrodes,
and electrode placement and gelling (SignaGel, Parker Laboratories, Fairfield, NJ, USA) were adjusted if the
offset was above 25 µV. All signals were recorded at a sample rate of 1024 Hz in the BioSemi Data Format (BDF)
format on a laptop (MacbookPro, Apple Inc, Cupertino, CA, USA) using ActiView software (BioSemi) for offline
analysis. The EEG was recorded continuously but stored in separate files for each exposure. For analysis, the
resting-state eyes open of the second EEG sample (after the psychometric tests and CFFF, Figure 7.1) was used,
as a longer gas exposure preceded this measurement, and fewer artefacts were present.

Psychometric test
The math processing test was selected from the psychology experimental building language (PEBL) test
battery,279 which has shown sensitivity to subtle narcotic effects as it tests for higher-order cognitive functions
like long-term and working memory, arithmetic operations and numeric comparisons (decision-making).280
The participant added and/or subtracted three one-digit numbers and had to decide if the result would be
higher or lower than five. The test consisted of a series of twenty questions. The maximum allowable response
time was 5 seconds before the next question was presented. Participants were instructed to complete the test

97

7

Chapter 7

as fast as possible without making mistakes. The test was administered on a diving computer safe to use in a
hyperbaric chamber (Icon, Mares s.p.A., Italy).107 It stored the reaction time and error rate (accuracy) of each
question. Participants attended a training session to mitigate a learning effect on the psychometric test during
the actual measurements. The test was practised until the results were stable.

NASA task load index and Karolinska sleepiness scale
The NASA task load index is a widely used questionnaire to measure various aspects of the subjective
experience of perceived work.281 The six scales are mental demand, physical demand, temporal demand,
performance, effort, and frustration level. The Karolinska sleepiness scale questionnaire asked participants for
their subjective wakefulness level on a scale from 1 (extremely alert) to 9 (very sleepy).282 The raw task load
index test, which omits the weighting questions,283 and the Karolinska sleepiness scale were administered on
paper at the end of each exposure, before changing pressure. Participants familiarised themselves with the
questionnaire during the training session, which included an explanation of each of the scales.284

Analysis
The EEG data were pre-processed before the same data were analysed multiple times with different analysis
algorithms (Figure 7.2).

Figure 7.2: Schematic summary of the EEG analysis workflow. Raw EEG data is pre-processed and analysed in
four separate workflows: frequency power analysis, DMN complexity, connectivity (mutual information) with
network analysis (global efficiency) and source localisation, which provides virtual channels which were analysed
with the same connectivity and network analysis workflow.

EEG pre-processing
The EEG data were cleaned using the Fieldtrip toolbox (version c6d58e9).246 The data for each condition and
exposure were cut out of the continuous recording, re-referenced to the average, de-meaned, de-trended,
and resampled to 256 Hz. Line (including higher harmonic) and low-frequency noise (<1 Hz) were filtered out.
Next, independent component analysis was used to filter noise components like eye blinks, high-frequency
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noise, non-physiological noise, and bad channels. An algorithm was used to advise on the manual selection of
components. The data were cut in two-second epochs and manually inspected for remaining artefacts, with an
algorithm indicating bad segments for remaining eye blinks (correlation with the EOG channels) and muscle
artefacts (based on high-frequency content of 105 to 120 Hz). Whole two-second epochs were discarded if
they were marked as containing artefacts. The remaining epochs for that condition and exposure were stored
for further analysis. See Appendix 1 for the script.

Frequency power analysis
Frequency power was estimated using a multitaper Fourier transformation implemented in the Fieldtrip
toolbox using a Hanning window from 1 to 100 Hz with 1 Hz increments. The average power per frequency
band was calculated for: delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (14-30 Hz) for each exposure.
See Appendix 2 for the script implemented using the Fieldtrip toolbox.

DMN complexity metric
The DMN complexity was calculated based on the algorithm explained in Chapter 6.37 In short, the metric
quantifies the spatial distribution of temporal EEG complexity and is comprised of: 1) absolute crosscorrelation calculated between consecutive 0.25 second time samples; 2) binarising these cross-correlation
matrices using the median of all channels as threshold; 3) using quantitative recurrence analysis, the
complexity in temporal changes was calculated by the Shannon entropy of the probability distribution of
the diagonal line lengths. Step 1-3 were executed for each channel separately, followed by; 4) overall spatial
extent, and intensity of brain complexity was quantified by calculating median temporal complexity of
channels whose complexities were above 1 at baseline. This region approximately overlaid the brain’s default
mode network. See Appendix 3 for the script implemented.

Mutual information
Connectivity between the 32 channels was calculated for each of the frequency bands (delta, theta, alpha and
beta) using the mutual information direct method285 with 20 equally populated bins and bias correction286 as
implemented in the information breakdown toolbox (ibtb) incorporated in Fieldtrip.285 The connectivity matrix
was binarised based on an individual threshold of 80% of the range of the one atmosphere air baseline matrix.
This threshold was chosen based on a previous publication,287 and a range of thresholds were trialled and did
not alter the final results. Global efficiency was calculated as a summary network statistic, based on the node
distance, also implemented in the fieldtrip toolbox.222 See Figure 7.3 for the analysis pipeline and Appendix 4
for the script implemented using the Fieldtrip toolbox.

Source localised connectivity
The pre-processed EEG data was frequency filtered from 1 to 100 Hz. Localised sources were calculated from
covariance matrices using the time domain linearly constrained minimum variance (LCMV) beamformer
technique with fixed orientation and 5% regularisation.288 The forward model was based on the boundary
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element method volume conduction model derived from the geometry of the standardised Colins27
template.289 The leadfield was determined for the centroids of the 90 cortex regions defined in the standard
Automated Anatomical Labelling (AAL) brain atlas290 with the aligned EEG electrodes.291 The 90 virtual-channel
time-series dataset was stored for further analysis. See Appendix 5 for the script implemented using the
Fieldtrip toolbox. The virtual channel data were z-score normalised before mutual information connectivity
analysis (same analysis as above) was conducted.

Figure 7.3: Flowchart of steps in the mutual information analysis pipeline. Information breakdown toolbox
(IBTB), mutual information (MI)

Psychometric test analysis
Data cleaning consisted of removing outlier test results where the reaction time was 0 milliseconds. The two
slowest tests results were removed to counteract inattention, similar to the psychometric software used in the
previous chapter.244 Mean reaction time and error rate were calculated based on the results of the remaining
tests. A combined ‘psychometric-impairment’ metric (scaled 0 to 1) was calculated using both the mean
reaction time and error rate to counteract the speed-accuracy trade-off (Equation 1).249 See Appendix 6 for the
script.
𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝒐𝒐𝒐𝒐 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆
𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕
𝒎𝒎𝒎𝒎𝒎𝒎 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 + 𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝒐𝒐𝒐𝒐 𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒
				
𝟐𝟐

(1)

NASA task load index analysis
According to the questionnaire manual, the ticks on each of the scales were digitised by rounding up to the
nearest increment of five on a 0 to 100 scale.284
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Statistical analysis
All data were analysed with Matlab version 2018a (Mathworks, Natick, MA, USA) except the psychometric test
results, the NASA task load index and the Karolinska sleepiness scale, which were analysed with SPSS version
27 (IBM, Armonk, NY, USA). All outcome measures were tested for normality with the Kolmogorov-Smirnov
(K-S) test, and subsequently characterized by their mean and SD. Comparisons of DMN complexity, global
efficiency, psychometric test results, the NASA task load index and the Karolinska sleepiness scale between
the exposures were analysed with the two-tailed paired t-test and reported as mean difference and 95%
confidence intervals (CI). Descriptive statistics were generated to characterize the study participants. p-values
were regarded significant at p<0.05, with Bonferroni correction for multiple comparisons.

Cluster-based permutation testing
To evaluate the topographic patterns of significant differences between exposures in average frequency band
power, and pair-wise channel mutual information functional connectivity between all 32-by-32 channels,
we used cluster-based permutation testing, as implemented in the Fieldtrip toolbox.292 This procedure has
the advantage of controlling for multiple comparisons in two steps by first using clustering methods and
second by creating a surrogate null distribution, which is used to compare the obtained cluster data to obtain
p-values.293
In the first step, adjacent spatiospectral points were clustered according to which dependant t-values
exceeded the cluster threshold p-value of 0.05 (two-tailed). The sum of the t-values for each cluster was
calculated for the cluster-level statistic. The cluster-level statistics were evaluated under a randomised null
distribution of the maximum cluster-level statistics, to control for the type I error rate.
For the second inference step, the randomised null distribution of maximal cluster-level statistics for chance
was obtained by randomly shuffling the condition labels 1,000 times. At each of these randomisations, the
cluster-level statistic was computed and the largest statistic was entered into the null distribution. Finally, the
observed cluster-level statistic was compared against the null distribution, and clusters with a p-value below
0.05 (two-tailed) were considered significant. Effect size (Cohen’s d) was calculated as an average over all
significant cluster nodes.

Linear mixed-effects modelling
A linear mixed-effects model was used for all exposures and individuals to calculate the relationship between
the EEG metrics (EEG) and the psychometric test metric (PM) using Equation 2.
			

𝑷𝑷𝑷𝑷 ~ 𝟏𝟏 + 𝑬𝑬𝑬𝑬𝑬𝑬 + (𝟏𝟏 + 𝑬𝑬𝑬𝑬𝑬𝑬 | 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑)

(2)

The between-participant variation was included as a random effect, with a random intercept and slope. This
design can capture variation in baseline EEG metric and dose-response for each subject.
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A receiver-operating-characteristic (ROC) analysis was used to compare the EEG metric against the
psychometric test results. The psychometric test data were dichotomised to ‘impaired’ and ‘not-impaired’,
based on the upper value of the interquartile range of the baseline exposure, same as in the previous chapter.

RESULTS
The twelve divers (7 male), aged between 24 and 55 years (mean 36 years ± 11), with an average body mass
index of 26.7 kg/m2 ± 3.2, had made on average 921 dives [range 160 to 2,000] over an average of 15 years
[range 3 to 28]. Seven divers had dived below 50 msw (6 ATA, 608 kPa) using air. For brevity, only baseline (101
kPa) and 608 kPa comparison results are reported unless a significant effect was found, in which case the 284
kPa results were added to the analysis to check for patterns.
No adverse events occurred on any exposures. There was no evidence of CO2 retention in any subjects on the
basis of end-tidal CO2 measurements made at 284 kPa during decompression.

Psychometric test
The psychometric test was not very sensitive to impairment caused by the hyperbaric air exposures, showing
only a questionable increase in impairment (mean difference of 0.018, 95% CI -0.007 to 0.043, p=0.14) at the
6 ATA (608 kPa) exposure while breathing air compared to baseline air and no change while breathing heliox
(Figure 7.4).

Figure 7.4: Box plot of the psychometric test results (reaction time and accuracy) combined metric (left)
and the differences between exposures (right). The box plot shows the median (red line), interquartile range
(blue box) and the whiskers showing the full range of the data. Outliers (red +) are values larger than 1.5 times the
interquartile range.
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Subjective behavioural questionnaires
The NASA task load index scales for mental demand and physical demand were significantly increased between
baseline and 6 ATA (608 kPa) exposures of both air (mean difference of 10.8 (95% CI 2.5 to 19.2) and 5.4 (95%
CI 0.8 to 10.0), p=0.02 and p=0.02, respectively) and heliox (mean difference of 8.8 (95% CI 1.7 to 15.8) and 12.1
(95% CI 3.9 to 20.3), p=0.02 and p=0.001, respectively).
The Karolinska sleepiness scale questionnaire results were significantly different between the baseline and
6 ATA heliox exposures (mean difference of 1.0 (95% CI 0.05to 1.95) and 1.3 (95% CI 0.1 to 2.5), p=0.04 and
p=0.03, respectively) (Table 7.1).
Table 7.1: mean difference of Karolinska Sleepiness scale and NASA task load index questionnaires. bold
indicates significant difference (p<0.05).
1 vs 2.8 ATA air

1 vs 6 ATA air

1 vs 6 ATA heliox

Heliox vs air 6 ATA

Sleepiness

0.2 (-0.4 to 0.8)

1.1 (0.0 to 2.2)

1.0 (0.0 to 2.0)

1.3 (0.1 to 2.5)

Mental demand

3.3 (-0.3 to 7.0)

10.8 (2.5 to 19.2)

8.8 (1.7 to 15.8)

3.3 (-10.8 to 17.5)

Physical demand

0.4 (-2.7 to 3.6)

5.4 (0.8 to 10.0)

12.1 (3.9 to 20.3)

-3.8 (-9.7 to 2.2)

Temporal demand

-0.8 (-10.6 to 8.9)

2.9 (-9.8 to 15.6)

4.2 (-5.2 to 13.5)

1.3 (-9.4 to 11.9)

Performance

1.3 (-5.0 to 7.5)

-0.4 (-10.9 to 10.0)

-3.8 (-16.1 to 8.6)

-1.7 (-15.6 to 12.2)

Effort

0.4 (-11.0 to 11.8)

2.9 (-10.3 to 16.2)

6.7 (-5.3 to 18.7)

-7.1 (-14.4 to 0.3)

Frustration

0.8 (-4.6 to 6.2)

1.3 (-1.8 to 4.3)

8.3 (-6.3 to 22.9)

-11.7 (-24.3 to 0.9)

Frequency power analysis
On average, 2.5 of the 30 two-second EEG samples were removed due to artefacts, mainly muscle and eye
movement artefacts. Compared to heliox, at 6 ATA (608 kPa) air the non-parametric cluster-based permutation
testing indicated a significant cluster of decreasing power in the delta and theta frequency bands in the
bilateral frontal, midline and occipital electrodes (Cohens’ d=1.15, p=0.002).
When comparing baseline (1ATA, 101 kPa) with 6 ATA (608 kPa) air exposure, there were two significant
different clusters, based on the non-parametric cluster-based permutation testing, indicating a decrease in
power in the delta and theta frequency bands, scattered over the electrodes (average Cohen’s d=1.15, p<0.001
and p=0.049), while the alpha and beta band did not change. As expected, breathing heliox caused no change
between baseline (1ATA, 101 kPa) and 6 ATA (608 kPa) in any of the four frequency bands (Figure 7.5).

DMN complexity metric
The DMN complexity metric showed no significant change from baseline to air or heliox exposure at 6 ATA
(608 kPa) (Figure 7.6). Evaluating the head plots of complexity and the differences between the exposures
showed a slight narrowing of the yellow region depicting the Shannon entropy during the heliox baseline
exposure and a slight increase in midline complexity at 6 ATA (608 kPa), mostly due to an increase in variance
between participants (Figure 7.7).
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Figure 7.5: Average power in dB for each electrode (placed according to their head map location, title is the
electrode name) and the mean of all electrodes (bottom right) of all participants. Each subfigure has the four
exposures on the x-axis (air baseline, air 6 ATA (608 kPa), heliox baseline, heliox 6 ATA 608 kPa)) and four frequency
bands on the y-axis (bottom to top: delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (14-30 Hz)).

Figure 7.6: Box plot of EEG DMN complexity metric (in bits) (left) and the differences between exposures
(right). The box plot shows the median (red line), interquartile range (blue box) and the whiskers showing the full
range of the data. Outliers (red +) are values larger than 1.5 times the interquartile range.
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Figure 7.7: Average surface head plots with contour lines of the Shannon entropy (in bits (blue low, yellow
high)) for all electrodes for each of the exposures of all participants.

DMN complexity based linear mixed-effects modelling
There was no relationship between EEG DMN complexity and psychometric impairment based on the linear
mixed-effects modelling, which had a poor agreement between the fitted and measured values (r2=0.58),
although the residuals lack autocorrelation, which shows that the chosen model was correct (Figure 7.8 &
Figure 7.9). This poor fit was confirmed by the ROC curve of the complexity metric versus the psychometric
test, which showed an area under the curve of 0.49 (Figure 7.10).

7

Figure 7.8: Graphs showing the linear mixed effect model results based on the EEG DMN complexity metric
versus the psychometric test results (response). Left panel shows the estimated psychometric test values based
on the EEG DMN complexity (from the model) versus the actual psychometric test results. Each colour represents
the data of a single participant. Right panel shows the fitted results versus the residuals.

Functional connectivity
The functional connectivity analysis was done for each of the four frequency bands. Compared to baseline (1
ATA, 101 kPa), air breathing at 6 ATA (608 kPa) caused significant increases in functional connectivity only in the
alpha band. Heliox compared to air, showed a reduction in delta band functional connectivity both at baseline
and at 6 ATA (608 kPa) in the cluster-based permutation analysis and in the paired t-test of the global efficiency
metric. Since we were interested in an effect caused by air, for clarity, only the results of the alpha band are
shown here.
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Figure 7.9: EEG DMN complexity (in bits) vs psychometric impairment for each subject. Coloured dots depict
each exposure (light green=air baseline, dark green = 6 ATA (608 kPa) air, yellow = heliox baseline and orange = 6
ATA (608 kPa) heliox). Blue lines are the fitted model.

Figure 7.10: Receiver operating characteristic (ROC) graph. It compares the sensitivity and specificity of the EEG
DMN complexity versus the psychometric test results.
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Pair-wise mutual information in the alpha frequency band
Air-breathing at 6 ATA (608 kPa) significantly increased pair-wise channel mutual information compared to
baseline in six clusters (p=0.002 to 0.049, average Cohen’s d=2.33, cluster-based permutation testing) (Figure
7.11). These were mainly fronto-parietal oriented connections (Figure 7.12). There was no significant change
between the heliox exposures (1 vs 6 ATA, 101 vs 608 kPa) or between air and heliox at either 1 or 6 ATA (101 or
608 kPa).

Figure 7.11: Significant clusters of mutual information between EEG channels based on the permutation
testing, comparing baseline to breathing air at 6 ATA (608 kPa). Each head plot shows the significant
connections and is located at its electrode location, with the frontal electrodes at the top.

7

Figure 7.12: Six significant clusters of connections between EEG channels. Data (filtered between 8-14
Hz) is from the permutation testing, comparing 6 ATA (608 kPa) of air-breathing and its baseline (1 ATA, 101 kPa)
measurement.

Similarly, the networks of binarised mutual information densified when breathing air at higher pressure
(Figure 7.13). At 1 ATA (101 kPa) during air breathing, only four connections were highly common between
participants (more than nine participants, seen in red), while the number of highly common connections
increased dramatically at higher pressure (to 22 at 2.8 ATA (284 kPa), and 40 at 6 ATA (608 kPa)). Heliox
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Figure 7.13: Head plots of binarised mutual information connections for each exposure. Yellow lines are
common connections in more than three participants, while orange and red (>9 participants) are more common
connection between participants.

breathing also started with four common connections at 1 ATA (101 kPa) and increased much less to a mere
twelve highly common connections at 6 ATA (608 kPa).

Network global efficiency
Increased nitrogen partial pressure progressively increased global efficiency of the network. During airbreathing at 2.8 ATA (284 kPa) and 6 ATA (608 kPa), the summary network statistic, global efficiency showed
an increase in mean difference of 0.09 (95% CI -0.00 to 0.18, p=0.05) and 0.17 (95% CI 0.09 to 0.25, p=0.001)
respectively, compared to baseline (1 ATA, 101 kPa). Between the baseline and 6 ATA (608 kPa) heliox
exposures, there was no significant difference. Comparing air and heliox at 6 ATA (608 kPa), there was a nonsignificant mean difference of 0.10 (95% CI -0.06 to 0.25, p=0.20) (Figure 7.14).

Figure 7.14: Box plot of the electroencephalogram (EEG) mutual information based global efficiency metric
(left) and the differences between exposures (right). The box plot shows the median (red line), interquartile
range (blue box) and the whiskers showing the full range of the data.
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Global efficiency based linear mixed-effects modelling
There was a positive slope in the linear mixed effect modelling between global efficiency and psychometric
impairment for all participants, indicating that increased global efficiency was tracking psychometric
deterioration for all participants (Figure 7.15). The linear mixed effect model had a reasonable fit with an r2 of
0.60, with a lack in residuals autocorrelation indicating that the chosen model was correct (Figure 7.16). The
ROC area under the curve of the global efficiency metric versus the psychometric test was 0.67 (95% CI 0.51 to
0.84; p=0.02) (Figure 7.17).

7

Figure 7.15: EEG mutual information based global efficiency metric versus psychometric impairment for each
subject. Coloured dots depict each exposure (light green=air baseline, middle green = 2.8 ATA (284 kPa) air, dark
green = 6 ATA (608 kPa) air, yellow = heliox baseline and orange = 6 ATA (608 kPa) heliox). Blue lines are the fitted
model.
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Figure 7.16: Graphs showing the results of the linear mixed effect model based on the EEG mutual
information based global efficiency metric versus the psychometric test results (response). Left panel shows
the estimated psychometric test values based on the EEG metric (from the model) versus the actual psychometric
test results. Each colour represents the data of a single participant. Right panel shows the fitted results versus the
residuals.

Figure 7.17: Receiver operating characteristic (ROC) graph. It compares the sensitivity and specificity of the EEG
mutual information based global efficiency metric versus the psychometric test results.
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Source localisation
Mutual information based on the source localisation analysis’s virtual channels showed no significant clusters,
based on the permutation testing, between the exposures. Furthermore, the global efficiency analysis did not
show significant changes due to either the hyperbaric air or heliox exposure or between the exposures (Figure
7.18).

Figure 7.18: Box plot of the source localised electroencephalogram (EEG) mutual information based global
efficiency metric (left) and the differences between exposures (right). The box plot shows the median (red line),
interquartile range (blue box) and the whiskers showing the full range of the data. Outliers (red +) are values larger
than 1.5 times the interquartile range.

7

DISCUSSION
In this exploratory study, we aimed to develop a quantitative EEG metric to measure gas narcosis. Our novel
DMN complexity metric, generated using normobaric exposure to nitrous oxide, was not sensitive to the
cognitive impairment caused by hyperbaric air-breathing. However, the global efficiency metric based on
mutual information was able to differentiate between surface air-breathing and air at 6 ATA (608 kPa). The
results of the much lower pressure of 2.8 ATA (284 kPa) also trend in the same direction. This indicates a doseresponse sensitivity of functional connectivity, as measured with global efficiency, to nitrogen narcosis. No
significant change in the metric was found during the hyperbaric heliox exposures, confirming that the effects
of nitrogen exposure are induced by the breathing gas and not by environmental (pressure) changes. Only
a moderate relation between the EEG metric and psychometric impairment was found with the linear mixed
effect model, which can be attributed to the psychometric test’s relative insensitivity to narcosis caused by
hyperbaric air. All results are summarised in Figure 7.19.
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Figure 7.19: Summary graphs of the air (top) and heliox (bottom) exposure results for the various analysis
(clockwise from the top: Mutual information (MI) based global efficiency (GE) of the alpha frequency band,
DMN complexity, NASA task load index (TLX) scales and Karolinska Sleepiness Scale (KSS), Psychometric (PM)
test and Frequency power analysis). Colour of the connecting lines indicate no significant result (thin blue) or
significant increase (thick green) with description of significant result.
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Functional connectivity
In this study, breathing air at increased pressure caused an increase in mutual information in the alpha
frequency band. The causes of this phenomenon are not well understood, but mathematical modelling of a
thalamo-cortical network has indicated that during GABA (gamma aminobutyric acid) receptor inhibition,
the network can oscillate in the alpha (and beta) frequency band.294 This phenomenon has been described in
animal studies with both cortical and thalamic electrodes during propofol anaesthesia.295,296 Clinically, propofol
is known to induce alpha oscillations during induction of anaesthesia,232 and several studies have confirmed
this; both during slow propofol induction,297,298 and also when using propofol to sedation levels only.275
Nitrogen is known to potentiate signal transduction at the GABA receptor as well.81,82 Hence, it is plausible that
the observed increase in functional connectivity as measured by mutual information can be explained by an
increase of thalamo-cortical coupling and consequent cortical dysfunction.
Similarly, the integration of the network measured with global efficiency increases, indicating an increase
in thalamic driving, which can occur during a decrease in cortico-cortical connectivity.275 These cortical
connections are needed for an integrated network where information can flow between brain regions
to sustain higher-order cognitive functioning.299 The increase in mutual information is predominantly
concentrated in frontal hubs – connecting to a range of posterior nodes – which is known to support higherorder cognition.259,260

DMN complexity versus functional connectivity
Both metrics are sensitive to non-linear cerebral processes. However, they are distinct in their dimension. DMN
complexity is sensitive to changes in time, while mutual information relies on spatial changes. Previously,
we suggested that based on the global neuronal workspace hypothesis,
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of information flow is a requirement for normal cognitive performance.37 Based on the current research, an
extension is needed to include a connected network to share the information between the brain regions as
hypothesised by the integrated information theory.300

DMN complexity
The previously developed DMN complexity metric37 was insensitive to the effects of hyperbaric nitrogen,
as reported in this chapter. The metric was developed for low-dose nitrous oxide exposure, which has
comparable cognitive effects to hyperbaric nitrogen.10–13,142 Hence, it was expected that DMN complexity
would distinguish between surface and 6 ATA (608 kPa) air exposures and track psychometric impairment. The
following two hypotheses could explain this insensitivity to hyperbaric nitrogen narcosis. Firstly, the 6 ATA (608
kPa) hyperbaric air exposure is possibly not potent enough to cause a similar effect to 20-40% end-tidal nitrous
oxide. Even though previous research reported similar levels of cognitive impairment during exposure to 6
ATA (608 kPa) air or 30% nitrous oxide at surface pressure,11 our present study found only very minor cognitive

113

7

Chapter 7

impairment (particularly during air breathing at 6 ATA, 608 kPa). Secondly, nitrous oxide and nitrogen have
different neuronal molecular effects. Nitrous oxide is known to inhibit the NMDA (N-methyl-D-aspartate)receptor,301 while nitrogen is thought to modulate the GABA-receptor.81,82 Thus, even if both have a similar
cognitive effect, there could be differences in the underlying cellular pathways that might cause the difference
in DMN complexity, which was a change of at least 0.4 bits in the nitrous oxide experiments and only about 0.2
bits due to hyperbaric nitrogen.

Source localised mutual information
The spatial filtering with source-localisation cancelled out the mutual information in the EEG signal. This effect
could be due to the use of the LCMV beamformer,212,302,303 the relatively low number of electrodes (for source
localisation 32 is the absolute minimum),302 the standard head model used,302 or the inherent depth-bias of
LCMV304 (although this last effect has been counteracted with z-score normalisation before mutual information
analysis was applied). Further work is needed to fully understand this effect and test other source-localised
methods to increase the spatial resolution.214

Frequency power analysis
Hyperbaric air exposure caused a decrease in low-frequency band power and no change in the alpha band in
this study. This contradicts previously described power and frequency changes.134,156,158 This difference might
be due to the substrantially higher exposure pressures in those experiments to 7 and 9 ATA (709 and 912 kPa).
Delta and theta band changes in the heliox exposure were also found in the mutual information analysis.
However, as these results were not of direct interest to the aim of this research, they were not further explored.

Subjective behavioural questionnaires
Participants found it more mentally and physically demanding to perform their tasks and felt sleepier at
pressure compared to baseline. This result was the same for both gases, even though the participants were
not blinded to the gas they were breathing. This makes the subjective grading of task performance sensitive
to depth, but insensitive to nitrogen narcosis specifically. Because the questionnaires were not able to
discriminate between heliox and air at 6 ATA (608 kPa), they can be considered unreliable for performance
monitoring, consistent with prior reports that subjective reporting on narcosis is unreliable.104,108

Strengths and limitations
In this study, the order of gases was randomised to account for the possible learning effect in the
psychometric test. It was conducted inside a hyperbaric chamber, which strengthened the environmental
control, making it very consistent between the experiments. It is unknown if the results can be translated to
the underwater environment, which would require further investigation.
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Only twelve participants were part of this study, but the changes in EEG global efficiency were consistent
between all participants in this small group. The psychometric test’s sensitivity was an issue, as only a slight
cognitive deterioration was seen at 2.8 ATA (284 kPa) and greater, and this was still not statistically significant
while breathing air at 6 ATA (608 kPa). Previously, this same test has shown significant impairment at 4 ATA
(405 kPa).107 These inconsistent results show the problems faced in attempts to measure cognitive impairment.
However, the EEG was capable of detecting a difference between the pressure exposures, potentially making it
a more sensitive measure for narcosis than the psychometric test.
The linear mixed effect model showed a relation between the psychometric impairment and the EEG metric.
Some participants (016 and 018 in Figure 7.15), paradoxically exhibited greater impairment on the lower of
the two nitrogen exposures. This may be explained by the varying focus, boredom and training effects on
psychometric test performance between and within individuals. Furthermore, breathing air at 5 ATA (608
kPa) is not a strongly debilitating exposure and we found, subjectively, that some participants were able to
volitionally increase their focus on the task thereby suppressing the narcotic effects. Nevertheless, figure
7.15 suggests that the EEG metric positively correlates with psychometric performance which, at the inspired
nitrogen pressures used here, may be inconsistently related to the nitrogen ‘dose’. We plan to address this
in further work using a more sensitive psychometric test and a significantly greater nitrogen exposure (air
breathing at 811 kPa), aiming to produce a degree of narcosis less amenable to modification by variable levels
of concentration.
The current EEG pre-processing algorithm contains manual steps. In future developments of the algorithm an
automated cleaning and selection algorithm will support the aim of a real-time monitoring algorithm.
EEG recordings suffer from volume conduction due to the tissue layers between the neuronal source and the
skin electrodes.302 This effect has been minimised by applying average referencing, and before the mutual
information analysis, an additional Hjorth transformation was applied. To increase the spatial sensitivity, source
localisation has been trialled, but the source localisation results did not show the mutual information changes
found in the raw time series. Other localisation techniques might provide better results in combination with
mutual information analysis.
Finally, we cannot definitively exclude CO2 retention at 6 ATA (608 kPa) because of failure of our measurement
device at this pressure. However, we saw no evidence of it at 2.8 ATA (284 kPa) early in decompression from 6
ATA (608 kPa), and there are strong grounds for suggesting it was extremely unlikely. For example, in a study
of resting divers at 6.7 ATA (679 kPa) there was no evidence for CO2 retention, despite the additive risk of
immersion, even when abnormally high breathing resistance was imposed.305

Future directions
The global efficiency EEG metric based on mutual information has shown significant potential as an objective
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measure of nitrogen narcosis. Confirmation of the present findings, and improvement of the sensitivity
and robustness of the metric could be achieved by: 1) substitute mutual information with symbolic mutual
information to make it more resistant against noise;306 2) time-lagged mutual information might increase the
sensitivity by providing directionality of information flow;307 3) standardisation of the mutual information
by dividing it by the joint entropy will reduce the inter-and intra-individual influence;306 4) other network
properties besides global efficiency can further complement the understanding of the inflicted changes;308
5) different source localisation algorithms might provide better solutions to increase spatial sensitivity of the
mutual information analysis;214 and 6) further optimisation of the chosen parameters to increase the sensitivity.
Future experiments with the same and increased pressures, to increase the narcotic effect, will help confirm
the findings of this exploratory study. Replacing the psychometric test strategy with a more complex test is
likely to increase the sensitivity for psychometric impairment.
Ultimately, it is conceivable that a qEEG method could be used as a continuous real-time monitoring system
that is wearable underwater in a diving helmet, creating a dry space. This system could warn the diver and
supervisor of potential cognitive impairment, and as a result, reduce the chance of a serious diving accident.

CONCLUSION
In conclusion, this exploratory study has shown that a network metric of functional connectivity can
distinguish breathing air at 6 ATA (608 kPa) from a 1 ATA (101 kPa) baseline. These promising results are the
first step in capturing the narcotic effect of hyperbaric nitrogen using an electrophysiological measurement.
Further optimisation and validation are needed for building a robust monitoring method for inert gas narcosis.
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Chapter 8
Hyperbaric oxygen causes hyperexcitability but not
narcosis: a quantitative EEG analysis

An slightly adapted version of this chapter is prepared for submission

Chapter 8

INTRODUCTION
To sustain life, every breathing gas mixture for divers must include oxygen and divers invariably breathe
oxygen at partial pressures higher than in air at one atmosphere. However, oxygen can be harmful as well. In
normal physiology, cerebral oxygen delivery is tightly regulated to provide enough oxygen to neurons while
limiting side effects. When diving, oxygen partial pressure may rise beyond the range that can be controlled,
and cerebral oxygen partial pressure is raised.98 Hyperbaric oxygen has been postulated to cause both
narcosis,309,310 a state of cognitive impairment,99,103,104 and hyperexcitability,90,191,311 a state of increased neuronal
activity with enhanced function. 107,187 Some authors even suggest hyperbaric oxygen is capable of producing
both states, although with a time delay of 30 minutes for hyperexcitability to occur as part of central nervous
system (CNS) oxygen toxicity.23 Others have found no cognitive change.100–102
A study using electroencephalography (EEG), which is a highly sensitive methodology to record cerebral
activity, found no effect of 100% oxygen at 2.8 atmospheres absolute (ATA) (284 kPa) for 30 minutes,111 while
a ten-minute period of air breathing at the same pressure did increase alpha peak frequency. This indicated
that oxygen is not narcotic in a similar way to nitrogen, but these measurements were performed in 1996
when EEG technology was less well developed. A more recent and sophisticated study, also exposing divers
to 2.8 ATA (284 kPa) for 20 minutes, showed an increase in posterior alpha power combined with a decrease
in delta power starting after five minutes of oxygen breathing and reaching its minimum at 20 minutes.112 This
was reported as a fronto-parietal disconnection based on source localisation analysis.113 These results were
attributed to oxygen hyperexcitability. Normobaric hyperoxia has been shown to decrease alpha and beta
power,312,313 although another study found a temporal increase in alpha power.314 See the oxygen narcosis
section of Chapter 2 for a detailed discussion of the published literature on oxygen narcosis.
The effects of gas narcosis increase with a diver’s depth, as the ambient pressure and the partial pressure of
the individual gases in the breathing mix increase. Gas narcosis has traditionally been linked to nitrogen when
air is respired.47 Substituting helium wholly or partly for nitrogen ameliorates the narcosis effects.8 In diving,
some divers choose to replace some of the nitrogen with oxygen to extend the no-decompression time or
to optimise decompression.315 It has been argued that replacing some nitrogen with oxygen also reduces a
gas mixture’s narcotic potency.9,16 In contrast, others believe that oxygen has a similar narcotic potency to
nitrogen, and hence oxygen-enriched mixtures have the same narcotic potency as air.309,310 Thus, the narcotic
potency of oxygen is a debated subject without a clear answer.6,100,104
The relative narcotic potencies of nitrogen and oxygen are complicated to predict. The Meyer-Overton
correlation indicates a proportional relationship between the potency of anaesthetic gases and their solubility
in liquid oils65,66 although there are exceptions to this; some highly hydrophobic gases are not anesthetic.73
Nevertheless, the abovementioned argument that oxygen is equally or more narcotic than nitrogen309,310
is based on the higher solubility of oxygen in both oil and water.68,316,317 However, there are other relevant
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considerations. Nitrogen is a non-metabolic gas, meaning that the inhaled PN2, equilibrates with the PN2 in
cerebral tissue after a short wash-in period.193 In contrast, oxygen is a metabolic gas consumed in the tissues,
thus lowering the local PO2 below what would be predicted for an inert gas at an equivalent inspired pressure.
Nevertheless, when arterial PO2 is increased, the PO2 in cerebral tissue does increase.98 It follows that the
higher cerebral PO2 seen in diving could (in theory) have a narcotic effect that should not be neglected.6
Measuring comparative cognitive effects of hyperbaric oxygen and nitrogen is a difficult undertaking. Ideally,
the comparison should take place at equivalent inspired pressures of the two gases. However, nitrogen
narcosis typically occurs at inspired partial pressures greater than 300 kPa, at which oxygen breathing would
carry the risk of cerebral oxygen toxicity.311 It follows that the measurement method needs to be sensitive
enough to detect the subtle effects of gas narcosis in the more limited and safe inspired pressure range of
oxygen.
A pressure of 2.8 ATA (284 kPa) is considered the maximum safe inspired oxygen pressure in routine hyperbaric
oxygen treatments with resting patients, conducted in dry recompression chambers.318 To quantify cortical
functional connectivity, our group previously developed a mutual information-based global efficiency EEG
metric; which was sensitive to the subtle narcotic effects of nitrogen in air at 2.8 ATA (284 kPa) (see Chapter 7).
Thus, if oxygen were to have similar narcotic effects to nitrogen, it would be expected that global efficiency
would change similarly during oxygen exposure at this pressure. As a complement to estimating spatial
connectivity, the regularity of the time-evolution of brain patterns can be quantified using a default mode
network (DMN) complexity analysis that has previously proved sensitive to the narcotic effects of increasing
doses of nitrous oxide (Chapter 6), presumably caused by modulation of neuronal NMDA receptors.301 Since
nitrous oxide typically causes EEG excitation co-existing with a complex mixture of behavioral depression and
euphoria,319 the DMN complexity analysis could potentially measure a comparable hyperexcitability tendency
of oxygen.
Using these quantitative EEG algorithms, this study aimed to determine if oxygen causes similar narcotic
effects on the EEG to nitrogen, and to investigate oxygen’s potential hyperexcitability effect.

MATERIALS AND METHODS
Trial design and participants
This randomised cross-over trial took place at the Slark hyperbaric unit, Waitemata District Health Board,
from June toAugust 2019. The study protocol was approved by the Health and Disability Ethics Committee,
Auckland, New Zealand (reference 16/NTA/93), and was registered with the Australian New Zealand Clinical
Trial Registry (ANZCTR: U1111-1181-9722).
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Recruitment and screening based on inclusion and exclusion criteria were the same as in the study described
in Chapter 7. In summary, participants were healthy certified technical divers aged between 18 and 60 years.
Candidate participants currently using recreational drugs, tobacco, psychoactive medication, excessive
alcohol, or over five caffeine-containing beverages a day were excluded. Prior to each hyperbaric exposure,
participants had at least 6 hours of sleep, abstained from any caffeinated drink on the day and refrained from
diving and alcohol for 24 hours prior. All participants provided written informed consent.

Experimental procedures
All measurements were conducted inside the cylindrical 5-person hyperbaric chamber (W.E. Smith
Engineering PTY LTD, Australia). In the experimental session participants underwent four EEG measurements.
First, a baseline measurement while breathing air at surface pressure. Second, a measurement while breathing
100% oxygen at surface pressure. The third and fourth measurements took place in block-randomised order
at 1.4 ATA (142 kPa) and 2.8 ATA (284 kPa) (Figure 8.1). Oxygen was administered via a mouthpiece mounted
on a demand regulator with a system to vent exhaled gas outside the chamber. Participants used a clip to seal
the nose. Air was breathed from the chamber environment. All measurements were made after a 5-minute
acclimatisation period.
The experimental measurements were made in the following order (with approximate time): the same as
described in Chapter 7, consisting of EEG recording (1-minute eyes open and 1-minute eyes closed), endtidal carbon dioxide measurement, psychometric testing with a math-processing task, critical flicker fusion
frequency (CFFF, the results are reported in Chapter 4), repeat of the EEG recording and end-tidal carbon
dioxide measurement and finally the NASA task load index and Karolinska sleepiness scale questionnaires
(Figure 8.1).

Figure 8.1: Oxygen measurements. Top row describes the order of steps during the oxygen measurement session.
Measurements were conducted at air baseline, 100% oxygen measurement at 1, 1.4 and 2.8 ATA (101, 142 and
284 kPa), with the last two in randomised order. The bottom row represents the recording order at each exposure.
During each measurement, EEG, end-tidal CO2, psychometric test, critical flicker fusion frequency (CFFF) and again
EEG and end-tidal CO2 was recorded. Each measurement was finished with the NASA task load index and Karolinska
sleepiness score questionnaires. Air baseline measurement did not have an acclimatisation step.
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Outcomes
EEG was recorded using a portable active electrode 32-channel system (ActiveTwo, BioSemi, Amsterdam, the
Netherlands) with two additional electrooculogram (EOG) electrodes. The offset (impedance equivalent for
active systems) was below 25 µV. For analysis, the resting-state eyes-open segment of the second EEG sample
(after the psychometric tests and CFFF, Figure 8.1) was used, as prolonged gas exposure had occurred, and
fewer artefacts were present in these recordings.
The math processing test (psychology experimental building language (PEBL))279 was administered on a diving
computer (Icon, Mares s.p.A., Italy)107 and consisted of twenty questions with a maximum response time of
five seconds. It stored reaction time and error rate (accuracy) of each question. The test was practised until
the results were stable in a training session. A combined ‘psychometric-impairment’ metric (scaled 0 to 1) was
calculated, averaging the cleaned, normalised (divided by the maximum) mean reaction time and error rate
(same methodology as Chapter 7).
The NASA task load index measured subjective experience of perceived work on six scales of mental demand,
physical demand, temporal demand, performance, effort, and frustration level.281 The Karolinska sleepiness
scale asked for subjective wakefulness level.282 Both were administered on paper. The psychometric test and
these questionnaires are the same as used in the air and heliox study (Chapter 7).

Quantitative EEG analysis
The dataset was cleaned and further analyzed using spectral power analysis, the mutual informationbased global efficiency metric and the DMN complexity metric, whose details can be found in Chapter 7
and 6. In brief, the functional connectivity between each electrode is calculated using mutual information
of the amplitude envelope for the alpha frequency band, to produce a connectivity matrix; from which the
global efficiency was calculated using standard graph theory formulae. The DMN complexity is derived by
quantifying the variability in the repetition of EEG states. A high entropy (complexity) indicates the presence
of a mixture of slowly- and quickly-evolving brain states, whereas a decrease in complexity is a sign that the
diversity of evolution of brain states has decreased. Usually there is loss of slowly evolving states.

EEG pre-processing
The EEG epochs were cleaned during pre-processing to remove eye movement, muscle and noise artefacts
with the Fieldtrip toolbox (version c6d58e9 RRID:SCR_004849).246 The data for each condition and exposure
were cut out of the continuous recording, re-referenced to the average, de-meaned, de-trended, and
resampled to 256 Hz. Line (including higher harmonic) and low-frequency noise (<1 Hz) were filtered out.
Next, independent component analysis was used to filter noise components like eye blinks, high-frequency
noise, non-physiological noise, and bad channels. An algorithm was used to advise on the manual selection of
components. The data were cut in two-second epochs and manually inspected for remaining artefacts, with an
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algorithm indicating bad segments for remaining eye blinks (correlation with the EOG channels) and muscle
artefacts (based on high-frequency content of 105 to 120 Hz). Whole two-second epochs were discarded if
they were marked as containing artefacts. The remaining epochs for that condition and exposure were stored
for further analysis.

Frequency power analysis
Frequency power was estimated using a multitaper Fourier transformation implemented in the Fieldtrip
toolbox using a Hanning window from 1 to 100 Hz with 1 Hz increments. The average power per frequency
band was calculated for: delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (14-30 Hz) for each exposure.

Mutual information-based global efficiency
The mutual information-based global efficiency metric starts with re-referencing using a Hjorth derivation,
narrowband filtering and Hilbert transform; functional connectivity between the 32 channels was calculated
for the each of the four frequency bands using the mutual information method as implemented in the
information breakdown toolbox (ibtb) incorporated in Fieldtrip.285 The connectivity matrix was binarized based
on an individual threshold of 80% of the range of the air baseline matrix. Global efficiency was calculated as
summary network statistics, based on the node distance, also implemented in the fieldtrip toolbox.222

DMN complexity metric
The DMN complexity metric quantifies the spatial distribution of temporal EEG complexity and is comprised
of: 1) absolute cross-correlation calculated between consecutive 0.25 second time samples; 2) binarizing these
cross-correlation matrices using the median of all channels as threshold; 3) using quantitative recurrence
analysis, the complexity in temporal changes was calculated by the Shannon entropy of the probability
distribution of the diagonal line lengths. Steps 1-3 were executed for each channel separately, followed by;
4) overall spatial extent and intensity of brain complexity was quantified by calculating median temporal
complexity of channels whose complexities were above 1 at baseline. This region approximately overlaid the
medial components of the brain’s default mode network.

Statistical analysis
All data were analysed with Matlab version 2018a (Mathworks, Natick, MA, USA) except the psychometric
test results, the NASA task load index and the Karolinska sleepiness scale, which were analysed with SPSS
version 27 (IBM, Armonk, NY, USA). All outcome measures were tested for normality with the KolmogorovSmirnov (K-S) test, and subsequently characterised by their mean and SD. Comparisons of psychometric
test results, normally distributed NASA task load index scales and both EEG metrics between the exposures
were analysed with a two-tailed paired t-test and reported as mean difference and 95% confidence intervals
(CI). Comparisons of the non-normally distributed NASA task load index and the Karolinska sleepiness scale
between the exposures were analysed with the nonparametric Wilcoxon signed rank test and reported as
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median and range. Descriptive statistics were generated to characterise the study participants. Differences
were regarded as significant at p<0.05, with the Bonferroni correction applied for multiple comparisons.
A linear mixed-effects model was used for all exposures and individuals to evaluate the relationship between
each EEG metric and the psychometric test metric and NASA task load index effort scale. The differences
between exposures in: i) mutual information connectivity between all channels, and ii) the frequency power
analysis, were evaluated with cluster-based permutation testing. Effect size (Cohen’s d) was calculated as an
average over all significant cluster nodes. Both methods are described in more detail in Chapter 7.

RESULTS
The twelve divers (9 male), aged between 24 and 55 years (mean 38 ± 9), with an average body mass index
of 26.7 kg/m2 ± 4.4, reported making on average 1,163 dives [range 160 to 3,500] over 17 years [range 3 to
31]. Eight participants of this study also participated in the air/heliox study, while four participants were newly
recruited.

Psychometric test result
The psychometric test showed no significant change in impairment for any of the oxygen exposures,
compared to breathing air at baseline (Figure 8.2).

8

Figure 8.2: Box plot of the psychometric test results (reaction time and accuracy) combined metric (left)
and the differences between exposures and air baseline (right). The box plot shows the median (red line),
interquartile range (blue box) and the whiskers showing the full range of the data. Outliers (red +) are values larger
than 1.5 times the interquartile range.

Frequency power analysis
Of the 30 two-second EEG samples on average, half a sample was removed due to muscle and eye movement
artefacts. Based on permutation testing there were no significantly different clusters between baseline and
any of the oxygen exposures for any of the four frequency bands (Figure 8.3).
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Figure 8.3: Average power in dB for each electrode (placed according to their head map location, title is the
electrode name) and the mean of all electrodes (bottom right) of all participants. Each subfigure has the four
exposures on the x-axis (air baseline, oxygen at 1.0, 1.4 and 2.8 ATA (101, 142 and 284 kPa)) and four frequency
bands on the y-axis (bottom to top: delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (14-30 Hz)).

Functional connectivity - mutual information
The functional connectivity analysis was repeated for each of the four frequency bands. There was no
significant difference in functional connectivity between baseline (air) and any of the three oxygen exposures
in the global efficiency metric (Figure 8.4) for any frequency band. The mixed-effects model results are not
shown due to a lack of change in psychometric impairment.

DMN complexity metric
The DMN complexity metric showed a non-dose dependent significant decrease between baseline air
breathing and the 1.0, 1.4 and 2.8 ATA (101, 142 and 284 kPa) oxygen exposures with a mean difference of
0.16 (95% CI 0.05 to 0.27, p=0.010), 0.18 (95% CI 0.08 to 0.28, p=0.003) and 0.18 (95% CI 0.08 to 0.28, p=0.003),
respectively (Figure 8.5). Evaluation of the temporal complexity head plots showed a similar pattern with a
reduction in central Shannon entropy, which is consistent between the three oxygen exposures (Figure 8.6).
Again, the linear mixed-effects model results are omitted, as there was no difference in psychometric
impairment between the exposures.
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Figure 8.4: Box plot of mutual information based global efficiency metric in the alpha band (left) and the
differences between exposures and air baseline (right). The box plot shows the median (red line), interquartile
range (blue box) and the whiskers showing the full range of the data.

8
Figure 8.5: Box plot of EEG DMN complexity metric (in bits) (left) and the differences between exposures
and air baseline (right). The box plot shows the median (red line), interquartile range (blue box) and the whiskers
showing the full range of the data. Outliers (red +) are values larger than 1.5 times the interquartile range.

Figure 8.6: Average surface head plots with contour lines of the Shannon entropy (in bits) for all electrodes
(blue low, yellow high) for each of the exposures of all participants.
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Subjective experience
Participants’ experienced a significant reduction in physical demand and effort, as scored on the NASA task
load index questionnaire, for all three oxygen exposures compared to baseline air-breathing and additionally a
significant decrease in mental demand and frustration at 1.4 ATA (142 kPa) compared to baseline air-breathing
(Table 8.1 and Table 8.2).
Table 8.1: mean difference (95% confidence interval) of normally distributed NASA task load index
questionnaire responses while breathing oxygen at 1, 1.4 and 2.8 ATA compared to baseline. bold indicates
significant difference (p<0.05).
1 ATA

1.4 ATA

2.8 ATA

Mental demand

-2.1 (-6.9 to 2.7)

-6.3 (-12.5 to 0.0)

-6.7 (-14.4 to 1.0)

Physical demand

-7.1 (-10.8 to -3.4)

-7.5 (-10.4 to -4.6)

-12.5 (-17.1 to -7.9)

Performance

-5.4 (-16.9 to 6.0)

-4.6 (-16.8 to 7.6)

-3.3 (-15.9 to 9.3)

Effort

-7.5 (-14.9 to -0.1)

-12.1 (-22.1 to -2.1)

-15.4 (-24.0 to -6.8)

Table 8.2: median [range] of non-normally distributed NASA task load index questionnaires and the
Karolinska Sleepiness scale responses. bold indicates significant difference compared to baseline (p<0.05).
baseline

1 ATA

1.4 ATA

2.8 ATA

Sleepiness

3.0 [2.0 to 6.0]

3.0 [2.0 to 6.0]

4.0 [2.0 to 6.0]

3.5 [2.0 to 6.0]

Temporal demand

15.0 [5.0 to 80.0]

22.5 [5.0 to 75.0]

17.5 [10.0 to 75.0]

25.0 [5.0 to 75.0]

Frustration

10.0 [5.0 to 70.0]

12.5 [5.0 to 65.0]

25.0 [5.0 to 80.0]

22.5 [5.0 to 90.0]

DMN complexity based linear mixed-effects modelling
There was a negative slope in the linear mixed effect modelling between DMN complexity and NASA task
load index effort scale for all participants, indicating that increased DMN complexity was tracking subjective
reduction of effort for all participants (Figure 8.7). The linear mixed effect model had a reasonable fit with an r2
of 0.71, with a lack in residuals autocorrelation indicating that the chosen model was correct (Figure 8.8). The
ROC area under the curve of the DMN complexity metric versus the NASA task load index effort scale was 0.68
(95% CI 0.52 to 0.83; p=0.01) (Figure 8.9).
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Figure 8.7: EEG DMN complexity (in bits) versus NASA task load index effort scale for each subject. Coloured
dots depict each exposure (yellow=air baseline, light green = 1.0 ATA (101 kPa) oxygen middle green = 1.4 ATA (142
kPa) oxygen and dark green = 2.8 ATA (284 kPa) oxygen). Blue lines are the fitted model.

8

Figure 8.8: Graphs showing the linear mixed effect model results based on the EEG DMN complexity metric
versus the NASA task load index effort scale (response). Left panel shows the estimated effort scale values based
on the EEG DMN complexity (from the model) versus the actual effort scale values. Each colour represents the data
of a single participant. Right panel shows the fitted results versus the residuals.
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Figure 8.9: Receiver operating characteristic (ROC) graph. It compares the sensitivity and specificity of the EEG
DMN complexity versus the NASA task load index effort scale.

DISCUSSION
This study aimed to determine if oxygen has similar narcotic properties to nitrogen, and also to investigate any
potential hyperexcitability effects.

Oxygen narcosis
The mutual information-based global efficiency metric of EEG spatial functional connectivity did not increase
while breathing hyperbaric oxygen, in contrast to the 18% increase in participants breathing air at 2.8 ATA (284
kPa) (Chapter 7). This suggests that oxygen is not narcotic in a similar or equivalent manner to nitrogen.
Previous EEG studies of participants breathing oxygen at 2.8 ATA (284 kPa) showed an excitatory effect of
increased alpha power in the posterior region,112 and a frontal-parietal disconnection compared to breathing
air at surface pressure.113 In these studies, participants had their eyes closed, while in the present study, the
EEG recording during eyes open was analysed. Another study found no change in the frequency power
analysis while breathing oxygen after breathing air at 2.8 ATA (284 kPa).111 This is consistent with our results,
which do not show a frequency power change.

Oxygen hyperexcitability
Our study found a non-dose dependent decrease in DMN temporal complexity, which was similar in
magnitude to the reduction caused by 30% end-tidal nitrous oxide (Chapter 6). Nitrous oxide is known to
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increase excitability of the brain.301 Thus, the DMN complexity reduction in the present study could be due
to oxygen-induced hyperexcitability. However, there was a dissociation between EEG complexity and
psychometric impairment. Oxygen did not cause the equivalent change in cognitive impairment found in the
nitrous oxide study.
On the other hand, participants did experience a subjective decrease in various scales of the task load index.
This indicates that they found it easier to perform the tasks while breathing oxygen. Specifically the effort scale
showed large reductions associated with oxygen breathing, and could be related to mild euphoria related
to hyperoxia.320,321 Modelling that phenomenon showed a correlation with the reduction in DMN complexity.
Cognitive enhancement by hyperoxia has been found previously in psychometric performance tests of
memory encoding and stimulus reaction.187,314,322
A recent in vitro study demonstrated that 5 ATA (507 kPa) of oxygen caused a significant increase in response
amplitude of a specific NMDA receptor subunit (GluN2A), while lower pressures showed a linear trend toward
the same effect.323 These subunits are highly expressed in the cortex and hippocampus,324 and hippocampal
expression is associated with learning and memory consolidation.325 Nitrous oxide mainly inhibits NMDAinduced amplitudes,319 which is the opposite of the above-described effect for oxygen. We hypothesise
that both gases have different ligand-binding sites on the NMDA receptor. Furthermore, nitrous oxide
affects multiple other neuronal ion channel receptors,196 and may differentially inhibit the same receptor at
differing brain network locations. For example, “inhibiting the inhibitory” neurons will cause dis-inhibition
(i.e., excitation) effects, as has been shown with ketamine.326 This might explain why, despite both oxygen and
nitrous oxide affecting the NMDA receptor oppositely, they both have a hyperexcitability effect on the whole
brain.
On a more theoretical level, a reduction in DMN complexity is a decrease in recurrence entropy, because of a
reduction in variation of recurrence that can be seen as a narrowing of the diagonal length histogram (Figure
6.3C). This phenomenon could indicate a more rhythmical brain state over the time scale of seconds to tensof-seconds.207 We can speculate that this decrease in temporal complexity is an early indicator of a shift in
brain state towards an oscillatory instability that is a feature of a tonic-clonic seizure.327 Seizures are one of the
symptoms of central nervous system oxygen toxicity.97
In the heliox exposures to 6 ATA (608 kPa) described in Chapter 7, the oxygen partial pressure was increased to
1.3 ATA (132 kPa). Given that helium is expected to have no narcotic effect, the finding in Chapter 7 of a slight
increase in DMN complexity could be attributed to the increased oxygen exposure. However, the rise in DMN
complexity in Chapter 7 contradicts the reduction in DMN complexity found in this study at 1.4 ATA (142 kPa)
of oxygen. This increase during the heliox exposure could be a very preliminary effect of high-pressure helium
as helium also stimulates the NMDA receptor at much higher pressures.328 Alternatively, these results could
be exaggerated statistical variation arising from poorly understood mechanisms within the novel analysis
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algorithm. Hence, further investigation and validation are needed to fully understand DMN complexity and its
capability to measure oxygen hyperexcitability.

Strengths and limitations
A strength of this study was that we tested two hyperbaric oxygen exposure levels in a random order to
counteract any learning effect on the psychometric test or a carry-over effect. The first, at 1.4 ATA (142 kPa),
resembles a regular oxygen exposure encountered in diving, while the exposure level at 2.8 ATA (284 kPa) is
the maximum oxygen exposure inside a dry hyperbaric chamber with an acceptable risk for oxygen toxicity. At
both levels, we saw a similar degree of decrease in DMN complexity.
There were several limitations. First, the study involved a relatively small subject cohort, and was therefore
susceptible to small sample bias. However, even in this small group, we showed a consistent decrease in the
DMN complexity metric. Since we were looking for robust EEG changes, these changes needed to be visible
in a small group to be of any value in the diving environment. The DMN complexity changes are similar in
amplitude between 30% end-tidal nitrous oxide and 100% oxygen but contrasting with 6 ATA (608 kPa) heliox
(1.3 ATA (132 kPa) of oxygen). These results require further investigation and validation to understand their
implications fully. This can be done by extending the dataset for both hyperbaric heliox and oxygen exposures
by replicating the study and by increasing the oxygen exposure time.
Second, the lack of significant change observed in the math processing task in the nitrogen narcosis study
suggests a similar lack of sensitivity in the present study, unless oxygen proved to be more narcotic than
nitrogen. This test is unsuitable for detecting subtle effects of gas narcosis. In future studies we intend to use a
more sensitive psychometric test.
Third, there was the difficulty in interpreting the significant reductions in the subjective physical demand and
effort scales of the NASA task load index during oxygen breathing periods at all pressures. It should be noted
that the participants were not blinded to the gas and pressure they were breathing; hence these results could
be caused by their expectations. It should also be noted that it would be hard to blind diver participants to
pressure changes.

CONCLUSION
Hyperbaric oxygen does not cause similar narcotic effects to those induced by hyperbaric nitrogen. However,
oxygen does seem to disturb the time evolution of EEG patterns in the default mode network when
breathed at both normobaric and hyperbaric pressures. This could be a sign of oxygen-induced neuronal
hyperexcitability and requires further research.
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In this thesis, the aim was to develop an objective and reliable measurement tool to quantify subanaesthetic levels of gas narcosis. Pupillometry, critical flicker fusion frequency (CFFF) and quantitative
electroencephalogram (qEEG) algorithms have been investigated and (in relation to qEEG) developed. This
chapter discusses the results, some methodological considerations and implications for further research.

MAIN FINDINGS
In general, pupillometry and CFFF were insensitive to the relatively subtle narcotic exposures employed.
Two novel electroencephalogram (EEG) analysis methods showed promising results with sensitivity to the
four gases trialled. The difference in sensitivity between the two EEG metrics to the different gases might
contribute to elucidating differences in their underlying cellular effects, but the presence of such differences
also makes the results harder to interpret.
Pupillometry was examined in participants breathing air at 6 ATA (608 kPa) and normobaric nitrous oxide at
end-tidal percentages of 20, 30 and 40%. Pupil size did not change significantly in any of these exposures. Only
the pupil light reflex, which measures constriction and minimum diameter after a light stimulus, was affected
significantly and only during the highest nitrous oxide exposure - an end-tidal level of 40% (Chapter 3).
CFFF was investigated in three experiments with hyperbaric air and oxygen using two different devices. Airbreathing at 6 ATA (608 kPa) had no significant effect on CFFF. Only oxygen breathing at the surface and 2.8
ATA (284 kPa) significantly decreased CFFF compared to air at the surface (Chapter 4), an observation without
an obvious explanation given that oxygen at surface pressure would not be expected to produce narcosis.
Low-dose nitrous oxide exposures at end-tidal percentages of 20, 30 and 40% were used to develop an EEGbased default mode network (DMN) complexity metric (Chapter 6). This temporal complexity metric decreased
in a dose-dependent manner in medial cortical regions during nitrous oxide exposures. It was able to track
progressive psychometric impairment. In contrast, DMN complexity was insensitive to the effects of hyperbaric
nitrogen (Chapter 7) but it did decrease in a non-dose dependant manner during pure oxygen breathing at
1, 1.4 and 2.8 ATA (101, 142 and 284 kPa) with a similar amplitude as caused by 30% end-tidal nitrous oxide
(Chapter 8).
A newly developed EEG metric of functional connectivity, a global efficiency metric based on mutual
information, distinguished between surface air-breathing and air-breathing at 2.8 and 6 ATA (284 and 608 kPa)
in a dose-response manner. Moreover, it proved insensitive to hyperbaric heliox at 6 ATA (608 kPa) (Chapter 7).
Functional connectivity did not increase while breathing hyperbaric oxygen (at 2.8 ATA (284 kPa)), in contrast
to breathing air at the same pressure (Chapter 8). These results will be discussed in the following sections.
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Pupillometry and CFFF
The pupillometry and CFFF measurements were added to the research protocol to include previously used
methods for measuring gas narcosis that were less complicated than the EEG recording and analysis.
Pupillometry has previously been found sensitive to impairment induced by alcohol consumption,18 and given
that alcohol and hyperbaric nitrogen induce similar symptoms,19 it was hypothesised that pupillometry would
be sensitive to hyperbaric gas narcosis. Pupillometry has been successfully used to determine anaesthetic
depth,174 but has never been used in diving. CFFF had the additional benefit that it had been used in
numerous studies, including those measuring hyperbaric gas narcosis.20–27 Both methods assess the effects of
narcosis on brainstem nuclei that control the autonomic nervous system.
Despite their promise, the results gathered in this programme were disappointing. Pupillometry was
insensitive to nitrogen’s narcotic effect breathing air at 6 ATA (608 kPa) in the dry hyperbaric environment,
and to the effects of normobaric low-dose nitrous oxide.35 Given the sensitivity of pupillometry to impairment
induced by alcohol, these findings might indicate that nitrogen and nitrous oxide influence the pupillary
feedback loop in the midbrain differently than alcohol. Similar differences have been described for various
other anaesthetic agents.174
Likewise, we found that CFFF (using two different devices) failed to detect a narcotic effect during air
breathing at 6 ATA (608 kPa). These results conflict with some previously published findings at 4 ATA (405
kPa).20,22,26 However, the latter findings do not extrapolate to greater depth/pressures. Several studies
– including the present experiments – performed at 6 ATA (608 kPa) while breathing air did not show
impairment (a decrease in CFFF), but instead showed either no change (the present study) or an increase
in CFFF in two studies.24,27 The increase in CFFF in these studies was attributed to oxygen-induced hyperalertness.187,188 However, our study found a decrease in CFFF during hyperbaric oxygen breathing. A global
appraisal of the published literature on CFFF in hyperbaric gas exposures thus reveals a complicated and often
contradictory spectrum of results and explanations for them.36 In conclusion, both pupillometry and CFFF
proved unsuitable as a monitoring method for gas narcosis in diving.

9

Quantitative EEG measurements
The EEG recorded during the various exposures was successfully cleaned and analysed with frequency power
analysis, a novel metric of temporal complexity and functional connectivity. Each will be discussed in more
detail.
Frequency power analysis is a common, simple to perform, EEG analysis method. Frequency power analysis
was performed on the EEG recorded during the nitrous oxide, air, heliox and oxygen exposures. None of these
exposures caused a consistent change in any of the frequency bands. Hence, frequency power analysis is an
insensitive metric for constructing a monitoring method for gas narcosis.
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A novel temporal complexity metric localised at the DMN was developed and showed dose-response
sensitivity to the effects of low-dose nitrous oxide (DMN complexity progressively decreased as nitrous oxide
dose increased). However, when applied during the hyperbaric air exposures it proved to be insensitive
(no change during air breathing at 6 ATA (608 kPa)). In contrast, hyperoxia caused the DMN complexity to
decrease, but without the dose-response progression or cognitive impairment seen during nitrous oxide
exposure. Six ATA (607 kPa) heliox (providing 1.3 ATA (132 kPa) of inspired oxygen) caused a slight increase
in DMN complexity, requiring further investigation and validation to understand the implications fully.
Explaining these confusing findings requires detailed consideration of mechanisms.
Nitrous oxide is known to inhibit the N-methyl-D-aspartate (NMDA)-receptor,301,319 and hence decreases
signal transduction. NMDA inhibition by sub-anaesthetic dosages of ketamine appears to preferentially
affect inhibitory gamma-aminobutyric acid (GABA)-ergic interneurons, thus promoting an increase in
neuronal activity.194,329 Nitrous oxide may therefore exert a similar effect. Oxygen caused excitation of the
NMDA-receptor in a recent in-vitro study.323 These pathways for action of nitrous oxide and oxygen seem
opposite, but it is hypothesised that regional specificity196 and complex network architecture (for instance,
dis-inhibition326) may explain the hyperexcitability effect on the whole brain by both gases. The seemingly
paradoxical notion that hyperexcitability may produce unconsciousness is implicit in the entropic brain
hypothesis (see below). Nitrogen does not affect the NMDA-receptor but is known to have a sedative effect
via potentiation of GABAergic transmission.59 GABA receptor activation hyperpolarises the cell and hence
decreases cell excitability.83
Functional connectivity was measured with mutual information and summarised with the network metric
global efficiency. Global efficiency based on mutual information proved to be a sensitive tool for nitrogen
narcosis, and was insensitive to hyperbaric heliox and oxygen. The heliox exposure was designed as a negative
control test to exclude a possible positive finding due to environmental changes, like pressure or temperature.
The oxygen result suggests that oxygen is not narcotic in a similar manner to nitrogen. The increase in
mutual information and global efficiency in the alpha frequency band due to hyperbaric air-breathing
can be explained with the hypothesis of an increase of thalamo-cortical coupling and subsequent cortical
dysfunction.275 Cortico-cortical connections are needed for information flow between brain regions to sustain
higher-order cognitive processes.299
In conclusion, both nitrous oxide and nitrogen impair cognitive performance but on a cellular level they seem
to achieve their impairment via opposite effects on the brain (hyperexcitability and sedation). The following
section considers how these opposing working mechanisms can both lead to unconsciousness, by introducing
the entropic brain hypothesis.
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Entropic brain hypothesis
The entropic brain hypothesis states that there is a state of optimum complexity/entropy in which the brain
functions best.330 Entropy is normally a measure of randomness or uncertainty in the information. However, in
this context it is probably easier to understand it as a measure of variability.273 At one end of the scale is chaos/
randomness and at the other is strict order. Each end causes unconsciousness. Hence, the normal brain is
functional in the critical zone, where psychedelics drive it to supercriticality where the signal becomes noise,331
while anaesthetics decrease entropy to the point of a static flat signal. A diagram of these concepts is shown in
Figure 9.1.

Figure 9.1: Graphical representation of the entropic brain hypothesis. On the left, three arrows have been
added to represent the effect of nitrous oxide (blue), nitrogen (green) and oxygen (white) on the entropy scale. No
hard claims are made regarding the relative size of the arrows (indicating the effect size during the largest exposures
in this research project). Original obtained with permission from Carhart-Harris.330

Psychedelics stimulate the serotonin receptors, which depolarise pyramidal neurons in most cortical
networks, including the DMN.332 Likewise, nitrous oxide probably inhibits the NMDA receptors on GABAergic
interneurons, reducing their inhibitory effect and thus promoting depolarisation of cortical pyramidal neurons
leading to disrupted information processing.194,333,334 A sub-anaesthetic dose of nitrous oxide is known to cause
psychedelic experiences like euphoria, alterations in time perception and altered sensory perception.335–337
The resulting reduction in the DMN complexity metric represents a reduction of signal recurrence over time.
The global neuronal workspace theory suggests that a certain level of recurrence is needed to sustain a signal,
maintain information in the working memory, and share information between cortical processors.252 Nitrous
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oxide might distort this process, which drives the system to a level of random noise on which normal brain
functions are no longer possible.332
In contrast, sedative agents and sleep decrease the entropy on the entropic brain scale.330 By blocking
information flow between brain regions, the signals decrease in complexity.300 It can be hypothesised that
nitrogen causes reductions in cortico-cortical information flow, reducing the variability of the signal and hence
reducing the brain entropic state.
To conclude, it can be hypothesised that nitrogen reduces the entropic brain state, while the effect of nitrous
oxide and oxygen can be attributed to an increasing effect on the entropic brain scale (Figure 9.1). However,
this leaves the obvious disparity in cognitive impairment caused by nitrous oxide, which is absent in oxygen
breathing. This requires further research to fully understand.

METHODOLOGICAL CONSIDERATIONS
At the crossroads of diving medicine and anaesthesiology research, this programme had several
methodological strengths. It was unique in combining the exposures to four different gases: nitrous oxide,
hyperbaric air, heliox and oxygen, all while measuring any mild cognitive effects with psychometric tests,
multiple neurophysiological measures (pupillometry, CFFF and EEG) and subjective questionnaires. The results
have provided thought-provoking insights into the mechanisms of the cerebral effects of the respective
gases. Nitrous oxide was considered to be an appropriate substitute for hyperbaric narcosis research, but the
current research has shown the limitations of this substitution. Furthermore, these studies have shown that
pupillometry and CFFF were unsuitable as tools for monitoring gas narcosis, while some promising strategies
using EEG have emerged.
Some methodological considerations related to the design of the studies, nature and quality of assessment
and generalizability of the results merit discussion.

Study design
Participants were blinded to the dose-order in the nitrous oxide study, but this was not possible in the
hyperbaric studies. The participants were breathing air from the chamber environment, while the heliox was
distributed through a breathing regulator. Even if the participants were offered air through a regulator, they
would potentially have been able to detect the difference between the gases due to the gas density. The
oxygen had to be distributed through a regulator for safety reasons. Ideally, participants (and investigators)
would be blinded to the pressure and gas breathed, which has been proven effective for clinical hyperbaric
oxygen therapy studies.338 This would limit the influence participants and researchers intentionally and
unintentionally have on the results due to their biases and expectations. For practical reasons, this was
not implemented in these hyperbaric studies. The effect of this limitation is expected to be minimal on the
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neurophysiological measurements, as these are hard to influence. However, the psychometric tests and the
subjective questionnaires might have been affected potentially in a somewhat paradoxical manner. The
expectation of being impaired by hyperbaric air narcosis, may have caused the participants to focus more
deliberately on the psychometric task to overcome the narcotic effect.
The nitrous oxide study was intended as a platform for developing the quantitative EEG algorithm because
nitrous oxide exposure is logistically easier, safer, and less expensive than hyperbaric nitrogen exposure.
However, the apparent difference in cellular mechanismsbetween nitrogen and nitrous oxide invalidated use
of the algorithm developed with nitrous oxide (DMN complexity) as a tool for monitoring hyperbaric nitrogen
narcosis. Nevertheless, DMN complexity did appear to be sensitive to oxygen-induced hyperexcitability.
This paradox clearly requires further investigation, as DMN complexity also showed some contradictory
results in the hyperbaric heliox exposure (measured in Chapter 7, compared to oxygen in Chapter 8). The
oxygen induced decrease in DMN complexity came without an observable change in cognitive impairment
– indicating the DMN complexity may be primarily driven by a drug effect, rather than a brain state effect.
This could invalidate the causal relationship between DMN complexity and psychometric impairment that was
found in Chapter 6. However, as previously discussed, the measurement of psychometric impairment is prone
to much variation, so further research is required to be able to answer if there is some causal effect. The second
EEG analysis algorithm, mutual information-based global efficiency, proved to be sensitive specifically to the
effects of hyperbaric nitrogen. As this exploratory research utilised a small dataset, an expansion of the dataset
is needed to validate the global efficiency metric, although it is promising that the metric was increased in all
individuals.
All these experiments were conducted in a lab environment without water immersion. This allowed precise
control of the environment, minimising risk and variation. It is unsure if the results can be generalised to the
underwater environment. Recording EEG underwater is challenging, but some research in a pool environment
has shown the possibility to measure EEG underwater by waterproofing the head cap.339 Furthermore,
wearable EEG systems might prove advantageous to miniaturise the required equipment without
compromising signal quality.340

9

Assessment methods
The EEG system acquired for this project has active electrodes that provide a high-quality signal. The
32-electrode arrangement is sufficient for covering the complete head and can give some indication of
regional specificity. However, to increase regional specificity, source localisation is needed to remove signal
smearing caused by the intermediate tissues. Thirty-two electrodes are the absolute minimum to conduct
source localisation, so an EEG system with 64 or 128 electrodes would be better for that purpose. This would
allow for a better neurophysiological understanding of the effect of the various gases. On the other hand,
the long-term intent is to work towards a monitoring system that would be deployed in the commercial and
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military diving community. For this application, a reduction of electrodes would be needed to ease donning
and reduce hardware requirements to make the product wireless and deployable. A system with a few
electrodes would also be simpler to waterproof, which is a requirement for the diving environment, even in a
“dry” helmet.
Psychometric tests are useful to gauge cognitive impairment in a research setting but are unsuitable for
deployment in an operational environment as they require attention from the diver and would interfere with
their diving task. In this project, psychometric test results were used to compare cognitive impairment caused
by the various gas exposures to the changes found in the EEG analysis. There is no gold standard psychometric
test, and a multitude of tests has been developed. Each test has a paradigm of targeted higher-order cognitive
functions. Likewise, in hyperbaric gas narcosis research, a multitude of tests have been deployed.4 Nitrogen
narcosis affects specific higher-order cognitive functions, like attention, short-term memory and learning.7
The psychometric tests used in the present studies were based on these known impairments. In initial
experimentation with the shapes-recognition test, it was hard to aggregate the results into a single number
reflecting impairment to be compared to the EEG metric. Moreover, it was found that the difficulty of the test
varied based on where the shapes were located. Fortunately, the serial sevens test proved to be a sensitive
test for the effects of low-dose nitrous oxide, and it was relatively easy to combine the reaction time and error
rate into a single numerical measure of impairment. However, the tablet platform used for this test was not
suitable for use inside the hyperbaric chamber for safety reasons. Hence, we switched to the math processing
test on a reprogrammed dive computer. Unfortunately, it was not sensitive enough for the subtle effects of the
narcosis caused in the experiments. The ideal psychometric test would be quick to measure, easy to correlate
with the EEG metric and relatable to an ordinary cognitive task in diving. It would be interesting to reprogram
a dive computer with the tablet-based serial sevens test to safely test its sensitivity for nitrogen narcosis in the
hyperbaric chamber environment. Another solution would be to change to a double task paradigm, where
the participant is asked to perform a memory task, with another psychometric test between the learning and
recall phase. This will test memory, which is known to be impaired by narcosis and the task in between will
increase the task difficulty level.
The two questionnaires (NASA task load index and Karolinska sleepiness scale) were included to capture the
participants’ subjective experience. The Karolinska sleepiness scale was not suitable for measuring the subtle
effects of the hyperbaric gas exposures, as it was not sensitive enough. Therefore, it is not advised to continue
to use this scale. On the other hand, The NASA task load index questionnaire proved to be sensitive to the
experience of participation; specifically the mental, physical and effort scales. The physical scale sensitivity
was a surprising finding as participants were not asked to perform a physical task. This may have been due to
questionnaire misinterpretation by the participants or an unknown physical effect. The changes in responses
were similar in both air and heliox exposures thus lacking gas specificity. Overall, subjective ratings of
performance might not correlate with objective measurements of cognitive impairment, so they should be
interpreted cautiously.19
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Generalizability
The number of participants was relatively small in each study, and all divers were highly experienced technical
divers. Compared to the general technical diving population, a high percentage of female divers (33%)
presented in our groups. In conclusion, the studies were performed in a small subset of the diving population,
and further research is needed to confirm the results and extend the generalizability of the results of these
exploratory studies.

IMPLICATIONS FOR FUTURE RESEARCH
The work described in this thesis is the first attempt in this research programme to develop a monitoring
method for gas narcosis. Further research is needed to progress the developed EEG algorithms into a
functional monitoring system. This can be done in several steps. First, further optimise the mutual informationbased algorithm, as suggested in Chapter 7. This will make the algorithm more robust to noise, reduce
variability, and reduce the cross-sensitivity with the heliox exposures. Second, conduct more experiments
to extend the dataset in a larger group of subjects and a wider variety of air exposure pressures to validate
the proposed algorithm, including increased pressure to 8 ATA (811 kPa, equivalent of 70 msw) to increase
the narcosis level and limit the capability of participants to overcome the narcotic effect by willpower. Third,
investigate the possibility of reducing the number of electrodes, making real-world application easier. Fourth,
transition the developed EEG algorithm into a real-time application for continuous monitoring. Fifth, deploy
the EEG monitoring algorithm in various physiologically challenging environments to tests its cross-sensitivity
for hypercapnia and hypoxia, similar to the hyperoxia work already undertaken.
Besides the chosen analysis method, source localisation and dynamic causal modelling might enhance the
understanding of how hyperbaric gases influence the brain. Similarly, artificial intelligence using convolutional
neural networks might uncover even better analysis methods, which at the same time improve our
understanding of mechanisms.
Other neuromonitoring modalities like functional near-infrared spectroscopy (fNIRS) and eye-tracking might
provide possibilities to be developed into a monitoring device for gas narcosis. fNIRS is a neurometabolichaemodynamic measurement method to record brain activity, similar to the blood-oxygen-level-dependant
(BOLD) signal in functional magnetic resonance imaging (fMRI) measurements.

341

fNIRS might provide

additional information not recorded with EEG that could be of interest in measuring gas narcosis, for
instance, brain structures not captured by EEG due to their orientation, and the neurovascular coupling
between activity and oxygen delivery.341 Eye-tracking has been successfully used to track hypoxia, fatigue
and performance in pilots.342 Similarly, current research is underway to develop an underwater oculometric
assessment tool (personal communication; Institute for Human & Machine Cognition (IHMC), USA). Hence, it
would be interesting to investigate its sensitivity for hyperbaric gas narcosis.
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Future work will continue to develop EEG as a monitoring modality. Ultimately, it is conceivable that a qEEG
method could be used as a continuous real-time monitoring system that is wearable underwater in a diving
helmet. This system could warn the diver and supervisor of potential cognitive impairment, and as a result,
reduce the chance of a serious diving accident.

CONCLUSION
qEEG can measure the subtle effects of gas narcosis. Narcosis induced by different gases might require
different algorithms to be quantified. DMN complexity was sensitive to the effects of low-dose nitrous oxide.
It may also be sensitive to the hyperexcitability effects of oxygen. The mutual information-based global
efficiency metric is a suitable algorithm to quantify gas narcosis in hyperbaric air exposures. Hyperbaric heliox,
as the negative control, did not significantly affect this algorithm. The pupillometry and CFFF methods proved
to be unsuitable for monitoring gas narcosis in the present research. Further research is underway to improve
the qEEG algorithms by performing a greater number of tests across a wider range of conditions. Exploration
of additional measurement techniques may advance our understanding of the cortical effects of hyperbaric
gases, validate the current results, and provide alternative monitoring systems.
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Appendices

APPENDIX 1: EEG DATA CLEANING ALGORITHM

close all
clear
clc

epochtype= ‘closed end’;%’math’;% ‘open end’;
[datasetselection,datapath] = data_selector;
for i=1:length(datasetselection) %all selected data folders
filepath=[datapath datasetselection{i} filesep ];
filelist=dir([filepath ‘*.bdf’]);%find all .bdf files
%creating folder for cleaned files to be stored
newfilepath=[filepath filesep ‘cleaned’ filesep];
mkdir(newfilepath);
for j=2:length({filelist.name}) % all BDF files in the folder
%define epoch trial data
cfg = [];
cfg.dataset = [filepath filelist(j).name];
cfg.trialfun = ‘EEG_trialfunc_narcosis’; % my function to read epochtimes from excel file
cfg.trialdef.epochtype
= epochtype;
cfg.trialdef.pretrial
= 1; % add sec of data before trial
cfg.trialdef.posttrial
= 1; % add sec of data after trial
cfg = ft_definetrial(cfg);
%read dataset based on trial definition
cfg.channel
= 1:34;
cfg.reref
= ‘yes’;
cfg.refchannel = ‘EEG’; % average of all EEG channels
cfg.demean
= ‘yes’;
cfg.detrend
= ‘yes’;
data = ft_preprocessing(cfg);
% downsample data
cfg = [];
cfg.resamplefs = 256; %Hz
data = ft_resampledata(cfg, data);
% removing line and low freq noise
cfg = [];
cfg.channel
= ‘all’;
cfg.bsfilter = ‘yes’; % band-stop method
cfg.bsfreq
= [49 51];
cfg.hpfilter = ‘yes’;
cfg.hpfreq
= 1; % removing all activity below 1 Hz
data = ft_preprocessing(cfg,data);
% clean high harmonic of line noise
cfg=[];
cfg.channel
= channels;
cfg.bsfilter = ‘yes’; % band-stop method
cfg.bsfreq
= [99 101];
cfg.demean
= ‘yes’;
cfg.detrend
= ‘yes’;
data = ft_preprocessing(cfg,cleandata);
% calculate ICA components to project out eye and cardiac artefacts
cfg = [];
cfg.method
= ‘runica’;
comp = ft_componentanalysis(cfg, data);
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cfg = [];
cfg.layout
=
cfg.viewmode
=
cfg.ylim
=
cfg.zlim
=
cfg.compscale
=
cfg.blocksize
=
cfg.artifactalpha =
cfg.position
=
ft_databrowser(cfg,

‘biosemi32.lay’;
‘component’;
[ -0.0002 0.0002 ];
‘maxmin’;
‘local’; % scale each component separately
62;
0.8;
[0 0 3000 2000];
comp);

% calculating properties to suggest, select and reject bad components
EOG_chans = [33 34];
[bad_comps,reasons] = ICAbadICdetection(data,comp,EOG_chans);
for k=1:length(bad_comps)
ft_info(‘Suggested bad component: %d because of %s’,bad_
comps(k),reasons{k})
end
ic.artifact = input(‘ICs to reject (i.e. [8] or 0 for all suggested bad
components): ‘);
if ic.artifact==0
ic.artifact=bad_comps;
end
cfg = [];
cfg.component = ic.artifact;
data = ft_rejectcomponent(cfg, comp, data);
% remove padding of 1 sec before and after and correct time axes
cfg = [];
cfg.toilim
= [1 data.time{1,1}(end)-1];
data = ft_redefinetrial(cfg, data);
cfg = [];
cfg.offset
= -data.fsample;
data = ft_redefinetrial(cfg, data);
%cut in 2 second “trials”
cfg = [];
cfg.length = 2;
cfg.overlap = 0;
data_segmented = ft_redefinetrial(cfg, data);
% detect artefacts
cfg=[];
cfg.artfctdef.eog.channel
= {‘EXG1’, ‘EXG2’};
cfg.artfctdef.eog.cutoff
= 7;
cfg.artfctdef.muscle.channel
= ‘EEG’;
cfg.artfctdef.muscle.bpfreq
= [105 120];
cfg.artfctdef.muscle.cutoff
= 10;
[cfg, ~] = ft_artifact_eog(cfg, data_segmented);
[cfg, ~] = ft_artifact_muscle(cfg, data_segmented);
%visually inspect data and defined artefacts
cfg.channel
= ‘all’;
cfg.viewmode
= ‘vertical’;
cfg.ylim
= [-40 40];
cfg.position
= [0 0 3000 2000];
cfg.blocksize
= 10; % time window to browse
cfg.artifactalpha = 0.8; % this make the colours less transparent and
thus more vibrant
cfg = ft_databrowser(cfg, data);
%rejecting trials with artefacts
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cfg.artftdef.reject
= ‘complete’;
cleandata=ft_rejectartifact(cfg,data_segmented);

end

end

%store cleaned data
[~,newfilename,~]=fileparts(filelist(j).name);
newfilename=[‘CLEAN’ newfilename ‘ ‘ epochtype ‘.mat’];
save(strcat(newfilepath,newfilename),’cleandata’,’-v7.3’)

Supporting functions

function [bad_comps,reasons] = ICAbadICdetection(data,comp,EOG_chans)
% ICA bad components detection function
% detection scripts are from the FASTER toolbox
% utilising functions from the EEGlab toolbox
list_properties = component_properties(data,comp,EOG_chans);
rejection_options.measure=ones(1,size(list_properties,2)); %use all properties
rejection_options.z=3*ones(1,size(list_properties,2));% z-value of 3 for each
property
[lengths,all_l] = min_z(list_properties,rejection_options);
bad_comps=find(lengths);
properties={‘High freq noise’ ‘Kurtosis’ ‘Hurst’ ‘Eyeblink’};
for i=1:length(bad_comps)
reasons{i}=cell2str(properties(all_l(bad_comps(i),:)));
end
end
function string1 = cell2str(cellarray)
string1=[];
for i=1:length(cellarray)
string1=[string1 cellarray{i}];
if length(cellarray)>i
string1=[string1 ’ & ’];
end
end
end
function list_properties = component_properties(data,comp,blink_chans)
list_properties = zeros(size(comp.trial,1),4); %This 4 corresponds to number of
properties.
for u=1:size(comp.trial{1},1)
measure = 1;
% TEMPORAL PROPERTIES
% Median gradient value, for high frequency artefacts
list_properties(u,measure) = median(diff(comp.trial{1}(u,:)));
measure = measure + 1;
% SPATIAL PROPERTIES
% Kurtosis of spatial map (if v peaky, i.e. one or two points high
% and everywhere else low, then it’s probably noise on a single
% channel)
list_properties(u,measure) = kurt(comp.topo(:,u));
measure = measure + 1;
% OTHER PROPERTIES
% Hurst exponent - detects non-physiological signals
list_properties(u,measure) = hurst_exponent(comp.trial{1}(u,:));
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measure = measure + 1;
% Eye blink correlations
if (exist(‘blink_chans’,’var’) && ~isempty(blink_chans))
for v = 1:length(blink_chans)
if ~(max(data.trial{1}(blink_chans(v),:))==0 && min(data.trial{1}
(blink_chans(v),:))==0)
f = corrcoef(comp.trial{1}(u,:),data.trial{1}(blink_
chans(v),:));
x(v) = abs(f(1,2));
else
x(v) = v;
end
end
list_properties(u,measure) = max(x);
measure = measure + 1;
end
end
for u = 1:size(list_properties,2)
list_properties(isnan(list_properties(:,u)),u)=nanmean(list_
properties(:,u));
list_properties(:,u) = list_properties(:,u) - median(list_properties(:,u));
end
end
function [lengths,all_l] = min_z(list_properties,rejection_options)
rejection_options.measure=logical(rejection_options.measure);
zs=list_properties-repmat(mean(list_properties,1),size(list_properties,1),1);
zs=zs./repmat(std(zs,[],1),size(list_properties,1),1);
zs(isnan(zs))=0;
all_l = abs(zs) > repmat(rejection_options.z,size(list_properties,1),1);
lengths = any(all_l(:,rejection_options.measure),2);
end
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APPENDIX 2: SPECTRAL POWER ANALYSIS ALGORITHM

close all
clear
clc

%settings
channels=1:32;
freqbandlimits = [4 8 14 30]; %Hz 50 100
%select dataset
[datasetselection,datapath] = data_selector;
epochtype= ‘open end’; %’math’
exposuresN2={‘baseline’ ‘6 ATA’}; %’2.8 ATA’
exposuresHe={‘baseline’ ‘6 ATA’};
exposuresO2={‘baseline’ ‘1 ATA’ ‘1.4 ATA’ ‘2.8 ATA’};
%combining multiple measurements per participant
for i=1:length(datasetselection)
dataset_toks(i,:)=tokenize(datasetselection{i});
end
participants=unique(dataset_toks(:,2));
for i=1:length(participants)
idx=find(strcmp(participants(i),dataset_toks(:,2)));
if strcmp(dataset_toks(idx(1),3),’N2’)
datasetsorted(i,:)=datasetselection(idx);
else
datasetsorted(i,:)=datasetselection(flip(idx));
end
end
for k=1:size(datasetsorted,1) %all selected participants
for m=1:size(datasetsorted,2) % loop over gases/sessions
filepath=[datapath datasetsorted{k,m} filesep ‘cleaned’ filesep];
gas=datasetsorted{k,m}(12:13);
switch gas
case ‘N2’
exposures=exposuresN2;
case ‘He’
exposures=exposuresHe;
case ‘O2’
exposures=exposuresO2;
end
for n=1:length(exposures) % loop over all exposures

‘.mat’];

% load datafile
filename=[‘CLEAN’ datasetsorted{k,m} ‘ ‘ exposures{n} ‘ ‘ epochtype
load([filepath filename])
% clean high harmonic of line noise
cfg=[];
cfg.channel
= ‘all’;
cfg.bsfilter = ‘yes’; % band-stop method
cfg.bsfreq
= [99 101];
cfg.demean
= ‘yes’;
cfg.detrend
= ‘yes’;
data = ft_preprocessing(cfg,cleandata);
%freq analysis
cfg
cfg.output

= [];
= ‘pow’;
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cfg.method
= ‘mtmfft’;
cfg.taper
= ‘hanning’;
cfg.foi
= 1:100;
% analysis 1 to 100 Hz
cfg.keeptrials
= ‘no’;
freq_data = ft_freqanalysis(cfg, data);
%mean freqband calculations
powspctrm_old = freq_data.powspctrm;
freq_data.powspctrm =[];
frequencies

fidx=zeros(size(freqbandlimits)); %find the indexes for the selected
for f=1:length(freqbandlimits)
fidx(f)=find(round(freq_data.freq)==freqbandlimits(f));
end
fidx=[1 fidx];

for a =1:(length(freqbandlimits))
freq_data.powspctrm(:,a,:) = mean(powspctrm_
old(:,fidx(a):fidx(a+1),:),2);
end
freq_old=freq_data.freq;
freq_data.freq=1:length(freqbandlimits);
freq_data.ID=[filename(17:18) ‘_’ exposures{n}];
% dimord = chan_freqbands
freqs_data{n,m}=freq_data;
% dimord = exposures, sessions
end
end
%append conditions together
cfg
=[];
cfg.parameter =’powspctrm’;
freqs_combined{k} = ft_appendfreq(cfg, freqs_data{:});
freqs_combined_rpt{k}=freqs_combined{k};
%convert rpt dimension to time dimension
freqs_combined{k}.powspctrm = permute(freqs_combined{k}.powspctrm, [2, 3,
1]);
freqs_combined{k}.dimord
= ‘chan_freq_time’; % it used to be ‘rpt_chan_
freq’
freqs_combined{k}.time
= 1:numel(freqs_data);
% add the
time axis
end
%% calculate average over participants
cfg
=[];
cfg.parameter =’powspctrm’;
freqavg = ft_freqgrandaverage(cfg,freqs_combined{:});
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APPENDIX 3: COMPLEXITY ALGORITHM

close all; clear; clc

%settings
Ts=0.25; %duration of sample in sec
RQAselect=3; % entropy
Rnpercentile=50; % percentile for threshold
channels= 1:32;
%select dataset
%for model figure select participant 1
[datasetselection,datapath] = data_selector;
epochtype= ‘open end’; % ‘closed end’;% ‘math’; % ‘open end’; %
exposures={‘baseline’ ‘20%’ ‘30%’ ‘40%’ ‘final’};
for k=1:length(datasetselection) %all selected data folders
filepath=[datapath datasetselection{k} filesep ‘cleaned’ filesep];
RnThreshold=[];
for l=1:length(exposures) % loop over all exposures
% load datafile
filename=[‘CLEAN’ datasetselection{k} ‘ ‘ exposures{l} ‘ ‘ epochtype
‘.mat’];
load([filepath filename])
% split previously defined trials (2 second) into smaller samples
a=1;
samples=[];
N=Ts*data.fsample;
for i=1:length(data.trial)
for j=1:(floor(length(data.trial{1})/N))
samples(a,:,:)=data.trial{i}(:,1+(j-1)*N:N*j);
a=a+1;
end
end
%DIMORD samples = samples * channels * time
% calculate the Pierson correlation between the samples for all channels
Rn=[];
for i=1:size(samples,2)
Rn(i,:,:)=corr(squeeze(samples(:,i,:))’);
end
% convert the correlation values
Rn=abs(Rn);
% set threshold at baseline exposure for all exposures for each defined
percentile
if l==1
RnT=Rn;
RnT(RnT==0)=NaN;
RnThreshold=prctile(reshape(RnT,1,[]),Rnpercentile);
end
% Convert to logical values based on threshold
RnLogic = (Rn > RnThreshold);
%calculate the defined RQA metrics for each channel
for i=1:size(RnLogic,1)
RQresults(k,l,i) = Recu_RQA(squeeze(RnLogic(i,:,:)),1,RQAselect);
end
% DIMORD RQresults participants, exposures, channels
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end

% calculate DMN complexity: median of the region of
% interest which are the electrodes that have entropy >1 at baseline
if l==1
DMN=find(RQresults(k,l,:)>1);
end
DMNcomplexity(k,l)=median(RQresults(k,l,DMN));
% DIMORD participants, exposures
end

Supporting functions

function [RQA] = Recu_RQA(RP,I,metrics)
% Recurrence quantification analysis of recurrence plots
% RP: the Recurrence Plot
% I:
the indication marks (I=0 RP is the symmetry matrix
%
I=1 RP is the asymmetry matrix)
%outputs in RQA
% 1 RR:
Recurrence rate RR, The percentage of recurrence points in an RP
%
Corresponds to the correlation sum;
% 2 DET: Determinism DET, The percentage of recurrence points which form
%
diagonal lines
% 3 ENTR: Entropy ENTR, The Shannon entropy of the probability distribution of
the diagonal
%
line lengths p(l)
% 4 L:
Averaged diagonal line length L, The average length of the diagonal
lines
% 5 LAM: Laminnarity, The percentage of recurrence points which form vertical
lines
% 6 TT:
Trapping time, The average length of the vertical lines
% 7 Clust:global clustering coefficient, Network analysis
% 8 Trans:Transitivity, Network analysis
% If you need these codes that implement critical functions with (fast) C code,
please visit my website:
% http://www.escience.cn/people/gxouyang/Tools.html
%
%

revise time: May 5 2014, Ouyang,Gaoxiang
Email: ouyang@bnu.edu.cn

%% minimal length of diagonal and vertical line structures
Lmin=2; %diagonal
Vmin=2; %vertical
if nargin < 2
I=0;
end
%% calculate diagonals
N1=size(RP,1);
Yout=zeros(1,N1);
for k=2:N1
On=1;
while On<=N1+1-k
if RP(On,k+On-1)==1
A=1;off=0;
while off==0 & On~=N1+1-k
if RP(On+1,k+On)==1
A=A+1;On=On+1;
else
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end

off=1;

end
Yout(A)=Yout(A)+1;

end
On=On+1;

end
end
if I==0
S=2*Yout;
end

if I==1
RP=RP’;
for k=2:N1
On=1;
while On<=N1+1-k
if RP(On,k+On-1)==1
A=1;off=0;
while off==0 & On~=N1+1-k
if RP(On+1,k+On)==1
A=A+1;On=On+1;
else
off=1;
end
end
Yout(A)=Yout(A)+1;
end
On=On+1;
end
end
S=Yout;
end
%% calculate the recurrence rate (RR)
SR=0;
for i=1:N1
SR=SR+i*S(i);
end
RR=SR/(N1*(N1-1));
%% calculate the determinism (%DET)
if SR==0
DET=0;
else
DET=(SR-sum(S(1:Lmin-1)))/SR;
end
%% calculate the ENTR = entropy (ENTR)
pp=S/sum(S);
entropy=0;
F=find(S(Lmin:end));
l=length(F);
if l==0
ENTR=0;
else
F=F+Lmin-1;
ENTR=-sum(pp(F).*log(pp(F)));
end
%% calculate Averaged diagonal line length (L)
L=(SR-sum([1:Lmin-1].*S(1:Lmin-1)))/sum(S(Lmin:end));
%% calculate Laminarity (LAM) and Trapping time (TT) (Marwan et al. 2002)
[~, d, ~]=tt(RP);
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d(d<Vmin)=[];
if sum(RP(:))>0
LAM=sum(d)/sum(sum(RP));
else
LAM=NaN;
end
TT=mean(d);
%% network measures
% global clustering coefficient (Marwan et al., 2009)
kv = sum(RP,1); % degree of nodes
Clust = nanmean(diag(double(RP)*double(RP)*double(RP))’ ./ (kv .* (kv-1)));
% transitivity
denom = sum(sum(double(RP) * double(RP)));
Trans = trace(double(RP)*double(RP)*double(RP))/denom;
aa=1;
if ismember(1,metrics);RQA(aa)=RR;aa=aa+1;end
if ismember(2,metrics);RQA(aa)=DET;aa=aa+1;end
if ismember(3,metrics);RQA(aa)=ENTR;aa=aa+1;end
if ismember(4,metrics);RQA(aa)=L;aa=aa+1;end
if ismember(5,metrics);RQA(aa)=LAM;aa=aa+1;end
if ismember(6,metrics);RQA(aa)=TT;aa=aa+1;end
if ismember(7,metrics);RQA(aa)=Clust;aa=aa+1;end
if ismember(8,metrics);RQA(aa)=Trans;end
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APPENDIX 4: CONNECTIVITY ANALYSIS ALGORITHM

close all
clear
clc

addpath(genpath(‘fieldtrip-fieldtrip-c6d58e9/external/ibtb’)) % all subdirectories
of toolbox are needed)
load (‘biosemi32elec_aligned.mat’)
load(‘elecgroup’);
[datasetselection,datapath] = data_selector;
epochtype= ‘open end’;
%exposures={‘baseline’ ‘20%’ ‘30%’ ‘40%’ ‘final’};
exposuresN2={‘baseline’ ‘2.8 ATA’ ‘6 ATA’};
exposuresHe={‘baseline’ ‘6 ATA’};
exposuresO2={‘baseline’ ‘1 ATA’ ‘1.4 ATA’ ‘2.8 ATA’};
freqs= [8 14];%
binwidth=0.02;%Binwidth for MI calcs
cfg
= [];
cfg.method
= ‘template’;
cfg.template
= ‘biosemi32_neighb.mat’;
cfg.layout
= ‘biosemi32.lay’;
neighbours = ft_prepare_neighbours(cfg);
%% combining multiple measurements per participant
for i=1:length(datasetselection)
dataset_toks(i,:)=tokenize(datasetselection{i});
end
participants=unique(dataset_toks(:,2));
gases=flip(unique(dataset_toks(:,3)));
for i=1:length(participants)
idx=find(strcmp(participants(i),dataset_toks(:,2)));
if strcmp(dataset_toks(idx(1),3),’N2’)
datasetsorted(i,:)=datasetselection(idx);
else
datasetsorted(i,:)=datasetselection(flip(idx));
end
end
%%
MI_ibtb=[];
for k=1:size(datasetsorted,1) %all selected participants
expoI=1;
for l=1:size(datasetsorted,2) %all gas condidions
filepath=[datapath datasetsorted{k,l} filesep ‘cleaned’ filesep];
participantnr=datasetsorted{k,l}(8:10);
gas=datasetsorted{k,l}(12:13);
switch gas
case ‘N2’
exposures=exposuresN2;
case ‘He’
exposures=exposuresHe;
case ‘O2’
exposures=exposuresO2;
end

for m=1:length(exposures)
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‘.mat’];

filename=[‘CLEAN’ datasetsorted{k,l} ‘ ‘ exposures{m} ‘ ‘ epochtype
load([filepath filename])
data=cleandata;
%concatenate the trials into 1 continuous dataset
data.trial={cell2mat(data.trial)};
data.time={(0:(length(data.trial{1,1})-1))/data.fsample};
% select EEG channels
cfg
= [];
cfg.channel
= ‘EEG’;
data = ft_selectdata(cfg, data);
%Hjorth transformation
cfg
= [];
cfg.method
= ‘hjorth’;
cfg.elec
= elec_aligned; %from file
cfg.neighbours= neighbours;
datahj = ft_scalpcurrentdensity(cfg, data);
%freqband + Hilbert analysis
cfg
= [];
cfg.bpfilter = ‘yes’;
cfg.bpfreq
= freqs;
cfg.bpfiltord = 3;
cfg.bpfilttype= ‘but’;
cfg.bpfiltdir = ‘twopass’;
cfg.hilbert
= ‘abs’;
datafreq= ft_preprocessing(cfg,datahj);
%mutual information
cfg
= [];
cfg.method
= ‘mi’;
cfg.mi.numbin = 20;
cfg.mi.lags
= 0;
MI_ibtb{k,expoI}= ft_connectivityanalysis(cfg, datafreq);

end

end

end

expoI=expoI+1;

%% network analysis
cfg2
= [];
cfg2.parameter = cfg1.parameter;
cfg2.method
= ‘distance’;
cfg3
= [];
cfg3.parameter = ‘distance’;
cfg3.method
= ‘global_efficiency’;
for i=1:size(MI_ibtb,1) % participants
MIna=MI_ibtb{i,1};
cfg2.threshold = quantile(MIna.mi(~isnan(MIna.mi)),0.80);
for j=1:size(MI_ibtb,2) %exposures
MIna=MI_ibtb{i,j};
MIna.mi(isnan(MIna.mi))=0;
statDis = ft_networkanalysis(cfg2, MIna);
statGE = ft_networkanalysis(cfg3, statDis);
global_efficiency(i,j)=statGE.global_efficiency;
%DIMORD participant, exposure
end
end
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APPENDIX 5: SOURCE LOCALISATION ALGORITHM

% source calculations for preparing N2/He dataset
% sources calculated for 90 AAL atlas locations
close all
clear
clc
debug=1;

% selecting intended EEG epochs
epochtype= ‘open end’;
exposures={‘baseline’ ‘6 ATA’};
%exposures={‘baseline’ ‘1 ATA’ ‘1.4 ATA’ ‘2.8 ATA’};
[datasetselection,datapath] = data_selector;
%Load the template brain, MRI and EEG electrodes
load (‘biosemi32elec_aligned.mat’) % electrodes have been manually aligned using
the interface
load (‘leadfield6mm.mat’) % grid with dipole sources
load(‘fieldtrip-fieldtrip-c6d58e9/template/headmodel/standard_bem.mat’); %vol with
template boundary element model
%load([FIELDTRIPDIR ‘/template/headmodel/standard_mri.mat’]); %template mri
atlas = ft_read_atlas(‘fieldtrip-fieldtrip-c6d58e9/template/atlas/aal/ROI_MNI_
V4.nii’);
% frequency bands
Freqs =[1 100];
FreqNames= {‘all freq’};
%Generate sourcemodel and leadfields (common for all data)
newleadfield=0;
if ~exist(‘grid’,’var’) || newleadfield==1
cfg = [];
cfg.headmodel = vol;
cfg.elec = elec_aligned;
cfg.grid.resolution = 6;
% use a 3-D grid with a 6mm resolution
cfg.grid.unit
= ‘mm’;
cfg.channel = 1:32;
grid = ft_prepare_leadfield(cfg);
save leadfield6mm.mat grid
end
%fit the atlas file to the grid made above
cfg = [];
cfg.parameter = ‘tissue’;
cfg.interpmethod = ‘nearest’;
atlas_int = ft_sourceinterpolate(cfg, atlas,grid);
if ~debug; clear atlas; end
%% creating a mask for the grid, based on the atlas and insert it into the grid
grid.inside = false(grid.dim);
for i=1:90 % tissue 1:90 excluding cerebellum and vermis
idx=find(atlas_int.tissue==i); % find the indexes of the voxels in your cluster
XYZmm=grid.pos(idx,:); % get the coordinates of just those voxels
center(i,:)=mean(XYZmm,1); %calculate the centroid for each tissue
end
%calculate new grid that contains the centroid positions
cfg = [];
cfg.headmodel
= vol;
cfg.elec
= elec_aligned;
cfg.grid.pos
= center;
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cfg.grid.unit
= ‘mm’;
cfg.channel
= 1:32;
grid = ft_prepare_leadfield(cfg);
%calculate new atlas that contains only the wanted tissues
% manual changes are needed as interpolation gives some unwanted results
% (probalby due to non-spere shaped regions, creating a centroid out of the region)
cfg = [];
cfg.parameter = ‘tissue’;
cfg.interpmethod = ‘nearest’;
atlas_int = ft_sourceinterpolate(cfg, atlas,grid);
atlas_int.tissue=(1:90)’;
atlas_int.tissuelabel=atlas_int.tissuelabel(1:90);
%% combining multiple measurements per participant
for i=1:length(datasetselection)
dataset_toks(i,:)=tokenize(datasetselection{i});
end
participants=unique(dataset_toks(:,2));
gases=flip(unique(dataset_toks(:,3)));
for i=1:length(participants)
idx=find(strcmp(participants(i),dataset_toks(:,2)));
if strcmp(dataset_toks(idx(1),3),’N2’)
datasetsorted(i,:)=datasetselection(idx);
else
datasetsorted(i,:)=datasetselection(flip(idx));
end
end
%% frequency band dependent source localisation
for a = 1: size(Freqs,1)
Freq = Freqs(a,:);
for k=1:size(datasetsorted,1) %all selected participants
parc_sources=cell(length(exposures),length(gases));
for l=1:size(datasetsorted,2) %all gas condidions
filepath=[datapath datasetsorted{k,l} filesep ‘cleaned’ filesep];
participantnr=datasetsorted{k,l}(8:10);
gas=datasetsorted{k,l}(12:13);
data=cell(length(exposures),1);
for m=1:length(exposures)
filename=[‘CLEAN’ datasetsorted{k,l} ‘ ‘ exposures{m} ‘ ‘ epochtype ‘.mat’];
load([filepath filename])
data{m}=cleandata;
end
if ~debug; clear cleandata; end
%combine the data of the exposures into 1 struct
cfg=[];
cfg.keepsampleinfo=’no’;
data_combined = ft_appenddata(cfg, data{:});

%construct trial information (exposure type)
nTrials=length(data_combined.trial);
zz=1;
trialinfo=cell(nTrials,1);
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for z=1:length(exposures)
aa=length(data{z}.trial);
for y=zz:aa+zz-1
trialinfo{y}=exposures{z};
end
zz=zz+aa;
end
if ~debug; clear data; end

ity

%Filter the data into the frequency band of interest
cfg.bpfilter = ‘yes’;
cfg.bpfreq = Freq;
cfg.bpinstabilityfix = ‘reduce’; %reduce filter order to gain stabilcfg.channel = {‘all’,’-EXG1’,’-EXG2’}; % exclude EOG channels
data_filt = ft_preprocessing(cfg, data_combined);
if ~debug; clear data_combined; end

%align time axis (all time axis start at 0)
data_filt.time(:)={0:1/data_filt.fsample:(length(data_filt.time{1})/
data_filt.fsample-1/data_filt.fsample)};
%Calculate the channel covariance matrix for all exposures
cfg = [];
cfg.covariance = ‘yes’;
cfg.covariancewindow = ‘all’;
cfg.keeptrials = ‘yes’;
timelock_allexp = ft_timelockanalysis(cfg, data_filt);
%Calculate the channel covariance matric for each exposure seperate
timelock=cell(length(exposures),1);
for m=1:length(exposures)
cfg = [];
cfg.covariance = ‘yes’;
cfg.covariancewindow = ‘all’;
cfg.trials = find(ismember(trialinfo, exposures{m}));
cfg.keeptrials = ‘yes’;
timelock{m} = ft_timelockanalysis(cfg, data_filt);
end
if ~debug; clear data_filt; end

tion

%General source localisation
cfg = [];
cfg.headmodel = vol;
cfg.elec = elec_aligned;
cfg.grid = grid;
cfg.method = ‘lcmv’;
%cfg.lcmv.projectnoise=’yes’; %needed for neural activity index
cfg.lcmv.fixedori = ‘yes’; %Project onto largest variance orienta-

cfg.lcmv.keepfilter = ‘yes’; %Keep the beamformer weights
cfg.lcmv.lambda = ‘5%’; %Regularise a little
%
cfg.rawtrial
= ‘yes’;
% project each single trial
through the filter.
%
cfg.keeptrials = ‘yes’;
source_allexp = ft_sourceanalysis(cfg, timelock_allexp);
if ~debug; clear timelock_allexp; end
ter

% source localisation for each exposure seperate using combined filcfg = [];
cfg.headmodel = vol;
cfg.elec = elec_aligned;
cfg.grid = grid;
cfg.grid.filter = source_allexp.avg.filter; % use the common filter
162

Appendices

computed in the previous step!
cfg.method = ‘lcmv’;
%cfg.lcmv.projectnoise=’yes’; %needed for neural activity index
cfg.lcmv.fixedori = ‘yes’; %Project onto largest variance orientation
%cfg.lcmv.keepfilter = ‘yes’; %Keep the beamformer weights
cfg.lcmv.lambda = ‘5%’; %Regularise a little
cfg.rawtrial
= ‘yes’;
% project each single trial through
the filter.
cfg.keeptrials = ‘yes’;
if ~debug; clear source_allexp; end
cfg2 = [];
cfg2.method
= ‘max’;
cfg2.parcellation = ‘tissue’;
cfg2.parameter
= {‘mom’ ‘pow’};
for m=1:length(exposures)
source = ft_sourceanalysis(cfg, timelock{m});
source = ft_datatype_source(source);
%save([‘sources’ filesep ‘source_’ gas ‘_participant’ participantnr ‘_’ [exposures{m}] ‘_’ FreqNames{a} ‘.mat’],’source’, ‘-v7.3’);
atlas_int.pos=source.pos;
end
end

parc_sources{m,l}=ft_sourceparcellate(cfg2, source, atlas_int);

if ~debug; clear source timelock cfg cfg2; end

save([‘sources’ filesep ‘parcelated’ filesep ‘parc_sources_’ [gases{:}]
‘_participant’ participantnr ‘_’ [exposures{:}] ‘_’ FreqNames{a} ‘.mat’],’parc_
sources’, ‘-v7.3’);
% DIMORD parc_sources: for each participant a struct with all
exposures(rows) and gases (columns) as cells

end

end

if ~debug; clear parc_sources; end
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APPENDIX 6: PSYCHOMETRIC TEST ANALYSIS ALGORITHM

%this script opens the data files created by the math proc test in the Mares Icon
computer
%calculates the mean reaction time and amount of errors made of each
%selected experiment for each exposure
%stores the results in the specified results excel file
close all
clear
clc
[datasetselection,datapath] = data_selector;
XLSfile=[datapath ‘EEG times math CFFF ETCO2 Questionaire results N2 He study.
xlsx’]; % resulting sheet
%XLSfile=[datapath ‘EEG times math CFFF ETCO2 Questionaire results O2 study.
xlsx’]; % resulting sheet
measurementtype=’O2’;
if ismember(measurementtype,{‘N2’,’He’})
range=’A1:P13’;
comparisons=[4 7; 4 10; 13 16; 16 10];
elseif strcmp(measurementtype,’O2’)
range=’A1:M13’;
comparisons=[4 7; 4 10; 4 13];
end
PS_math_results=readtable(XLSfile,’ReadVariableNames’,1,’ReadRowNames’,0,’Sheet’,
’Math test’,’Range’,range);
%%
for i=1:length(datasetselection) %all selected data folders
filepath=[datapath datasetselection{i} filesep ];
filelist=dir([filepath ‘*.csv’]);%find all csv files
for j=1:length({filelist.name}) % all csv files in the folder
%load results table (omits the header rows)
math_results=readtable([filepath filelist(j).name],’HeaderLines’,4);
%delete rows where reaction time = 0 (button stick)
toDelete=math_results.ReactionTime_ms_==0;
math_results(toDelete,:)=[];

time

%calculate mean reaction time of correct trials and number of
%errors (similar method as tablet PS results)
math_results=sortrows(math_results,4); %sorting on ascending reaction

math_results=math_results(1:end-2,:); % remove the slowest two trials
meanreactiontime=mean(math_results.ReactionTime_ms_(strcmp( math_results.Correct,’Y’)));
errors=sum(count(math_results.Correct, ‘N’));
% calculate normolised results (combine RT and errors)
norm=(meanreactiontime/5000+errors/20)/2;
%extract identifiers
participantnr=datasetselection{i}(8:10);
measurementtype=datasetselection{i}(12:13);
exposure=filelist(j).name(25:(length(filelist(j).name)-4));
if strcmp(exposure,’baseline’)
exposure=’BL’;
end
exposure=strrep(exposure,’ ‘,’’); %remove spaces
% find row matching participant number
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[~,participantlist,~]=xlsread(XLSfile,’Math test’,’A2:A13’);
rowidx=find(strcmp(participantlist,participantnr))+1;
% find column matching exposure
[~,measurementlist,~]=xlsread(XLSfile,’Math test’,’B1:P1’);
columnidx= find(count(measurementlist,measurementtype) & count(measuremen
tlist,exposure))+1;

end

end

PS_math_results(rowidx-1,columnidx)={meanreactiontime errors norm};

%% extract information from excel sheet and place in table
if ismember(measurementtype,{‘N2’,’He’})
range=’A1:K13’;
elseif strcmp(measurementtype,’O2’)
range=’A1:I13’;
end
save([‘PS_math_results_’ measurementtype ‘.mat’],’PS_math_results’)
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