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Foreword

TL:DR

Each chapter of this PhD thesis has a Too Long; Didn’t Read (TL;DR) header that
summarises the key points of the said chapter. You are strongly encouraged to read
those, especially when skim-reading this document. You may also use the clickable links
below to quickly navigate between chapters. Have a nice journey.

[Main Table Of Content (TOC)|

“The most merciful thing in the world, I think, is the inability of the human
mind to correlate all its contents. We live on a placid island of ignorance in
the midst of black seas of infinity, and it was not meant that we should voyage
far. The sciences, each straining in its own direction, have hitherto harmed us
little; but some day the piecing together of dissociated knowledge will open
up such terrifying vistas of reality, and of our frightful position therein, that
we shall either go mad from the revelation or flee from the deadly light into
the peace and safety of a new dark age.”

— Howard Phillips Lovecraft, The Call of Cthulhu (1928)

Despite Lovecraft’s fair warning, humanity has always endeavoured to push back the frontiers
of its knowledge, further lifting the veil that used to cover the unfathomable abysses of ignorance
whence it emerged. Just as the navigators of yore once outlined the contours of new, strange,
and beautiful worlds, today’s scientists are tirelessly exploring and meticulously mapping out
the seemingly infinite expanse of scientific knowledge. As one of them, I took great pleasure in
venturing into the different fields of research that my works required me to explore, and in trying
to build bridges between the knowledge of old, and tomorrow’s findings. Fortunately, while
doing so, I managed to evade the crawling madness which often seals the destiny of Lovecraft’s
protagonists.

It may be seen from the many citations that sprinkle this thesis that I very much enjoy reading
papers, thereby making mine the wisdom of elders. This foot in the past allowed me—at least
hopefully to some extent—to derive a comprehensive view of the problem at hand, and it is my
fervent wish to provide the reader with an overview of the ins and outs of the issues addressed.
As for the future, in addition to the several novelties that this thesis brings to light, I also strived
to clearly indicate the limitations of the presented work, as well as the future research avenues
that could be explored.

When this happens, the “further research is needed” magnifying glass icon that can be seen
on the right hand side of the present text will be used. As you shall see, I tried to use the
many possibilities offered by I4TEX in order to offer what I intend to be an enjoyable reading
experience. Of note, this thesis is not meant to be printed on paper: not only for ecological
reasons, but also due to the many clickable links that strew it. Turquoise links are web links,
green links[1] concern citations that will lead you to the corresponding bibliography entries, and
red links| are for other numbered elements, such as chapters, equations, figures, tables, etc. Do
not fear clicking on a citation link, as citations are back-referenced, meaning that there is also a
link in the reference list to jump back to whence you came from, thanks to biblatex’s package
backref option.


https://archive.org/details/lshort

ii FOREWORD

A great deal of efforts have been put into being as educational as possible, especially because
of the intrinsic multi-disciplinarity of the presented works. It is not expected from the reader
to be an expert in all the covered fields"), and a brief context is often provided, along with
a reasonable amount of literature references to dig into, if need be. If I truly hope that this
educational nature—as well as the extended discussions proposed—make this thesis more than
a proof-of-work in the academic system, i.e. by making it a useful resource for those who may
come after me, I am well-aware of the lengthy result that ensues. Consequently, I have included
a TL;DR text box at the beginning of each chapter to provide the reader with the pith and
marrow of the said chapter’s content.

Finally, I hope that you will enjoy reading this thesis as much as I enjoyed conducting the
corresponding research and writing the present manuscript. A GitHub repository containing
all the source files is available here| (including raw data and TikZ / PGFPlots plotting codes).
Commit e199a7b| corresponds to the final version, as validated by the doctoral committee whose
members are given in the If you spot any misinterpretation, typo, or error of any
sort, please report it by writing me here, and always consult the afore-mentioned repository for
the latest version available.

Tools that were used to write this thesis

This thesis was written using IATEX, for which I highly recommend reading The Not So
Short Introduction to BTEX, by Tobi Oetiker[1]. Data plots were mostly composed using TikZ
/ PGFPlots, and Python programmers may find the tikzplotlib library particularly helpful
for transitioning from Matplotlib to Tikz. Schematics were edited using Inkscape, with Gimp
used for preprocessing raster images. WebPlotDigitizer was also seldom used to retrieve raw
data from old figures. Most vector symbols are sourced from The Noun Project, which offers a
comprehensive collection of icons with permissive licensing (CC BY 3.0, corresponding acknowl-
edgments are provided in . 3D designs were modelled using Onshape, a web-based,
free, Solidworks-like software, while Printed Circuit Board (PCB) designs were achieved thanks
to KiCad. Python was predominantly used for programming, data analysis, and statistical hy-
pothesis testing, with occasional use of R for specific statistical explorations. Of note, while
ChatGPT 3.5 / 4-0 / 4-mini was used when redacting this manuscript, its use was limited to
translation or re-wording purposes, not for redacting entire paragraphs / sections.

(1)Alth0ugh being initiated with some of the presented arcana, I do not pretend being one myself. It would be
presumptuous after only five years working on multiple topics at the same time to compare myself with scholars
who devoted their lives to a single one.


https://github.com/e-dervieux/phd_thesis
https://github.com/e-dervieux/phd_thesis/commit/e199a7bdf505e4a80ddf6542e9dfe2d8b4e7efa7
mailto:emmanuel.dervieux@gmail.com
https://web.archive.org/web/20240506065201/https://pypi.org/project/tikzplotlib/
https://web.archive.org/web/20240505215016/https://thenounproject.com/
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Chapter 1

Introduction

TL:DR

Monitoring the arterial carbon dioxide (COs2) partial pressure—paCOs—is of paramount
importance in clinical practice. The latter can be measured directly (arterial puncture) or
through proxies (tracheal intubation and transcutaneous monitoring). However, current
monitors suffer from a variety of drawbacks which hamper their wider use. Thus, there is
an urging need for a new kind of non-invasive, low-cost, and portable—if not wearable—
biomedical CO5 monitor.

Two main research avenues were identified to address this issue. The first one extrap-
olates the principle of pulse oximetry to the non-invasive determination of the arterial
Carbamino-Haemoglobin (CO2Hb) content. This approach mainly focused on spectropho-
tometric considerations but ultimately proved to be a dead-end—it is the object of Chap-
ter [2| The second approach relies on transcutaneous COs5 diffusion. It is further divided
into: studying the transcutaneous COz diffusion phenomenon itself—Chapter [3}finding
a CO; sensing technology compatible with it—Chapter d}—and putting this knowledge
into practice by actually designing such a transcutaneous sensor—Chapter

[Previous chapter| [Main Table Of Content (TOC)|

1.1 Carbon Dioxide as a Vital Sign

As Thomas Henry Huxley argued during his 1874 lecture to the British Association|2] “We are
conscious automata”(®). And if we are but machines—although highly sophisticated ones—the
question that arises next when it comes to our survival is that of maintaining our operating
conditions—what biologists calls homeostasis. Maintaining this homeostasis throughout the
human body requires energy and generates wasteful by-products, and just as a petrol engine
needs:

1. some fuel (petrol) and

2. an oxidizing agent (di-oxygen (O3)) to produce

3. a useful work (mechanical motion) as well as

4. unwanted by-products that have to be disposed of (heat and exhaust gases),
our body needs:

1. an energetic substrate (such as carbohydrates, lipids or proteins) and

2. an oxidizing agent (also Os) to produce

3. a useful work (e.g. maintaining homeostasis, moving, breeding) as well as

(1) Actually the exact wording comes from one of his essays, published the same year|3]. Over a century of
scientific research have gone by, and further nails have been added to the coffins of free will and soul, Anthony
Cashmore further adding that “Neither religious beliefs, nor a belief in free will, comply with the laws of the
physical world”|4].



2 CHAPTER 1. INTRODUCTION

4. unwanted by-products that have to be disposed of (heat, carbon dioxide (CO3), and various
excreta)

Medicine, which may be defined as “the process of enabling people to increase control over,
and to improve their health”[5], aims at maintaining homeostasis as long as possible. To this end,
the monitoring of so-called vital signs—blood pressure, temperature, pulse rate and respiratory
rate|6]—is of crucial importance to ensure that no illness or injury impedes the normal functioning
of the body. In addition to these four traditional vital signs, pulse oximetry|7], end-tidal CO2|8|
9], walking speed[10] or pain[11] have all been proposed as supplementary fifth (or sixth) vital
sign by a number of authors. These auxiliary variables, along with others—e.g. arterial blood
glucose level or bicarbonate ion concentration—make up the set of physiological parameters,
whose monitoring can give the clinician valuable clues about their patient’s state.

The choice of which parameter to monitor heavily depends on the patient’s physiology, and
the provided information varies considerably from one parameter to another, some parameters
being very sensitive but not very specific—e.g. heart rate—while others are very specific, but
harder to monitor—e.g. secretin plasma concentration. Among them, blood gases—namely O2
and COs—and their arterial partial pressures (paOs and paCQOs) give respiratory as well as
circulatory clues on the state of a patient|12]. This latter characteristic is particularly valuable
given that, according to the World Health Organisation (WHO), three of the six leading causes
of death worldwide are related to respiratory diseases, as illustrated in Figure As an ex-
ample, Chronic Obstructive Pulmonary Disease (COPD) has been shown to entail a significant
increase in paCQOs combined with a decrease in pulsed di-oxygen saturation (spOg)(Q) along the
course of its progression[17, |1§]. It has further been shown that paCOs is a good predictor of
survival and hospitalisation rates in COPD patients[19-21], as well as in other pathologies—e.g.
tuberculosis[22] or pulmonary embolism|23]. Besides, the chronic accumulation of COg in the
organism—a condition termed chronic hypercapnia—also has several detrimental health effects
related to the messaging role of COs in the body[24-26]. Thus, the continuous monitoring of
paCOs is of paramount importance in medical practice, especially for patients presenting severe
respiratory disorders.

Ischaemic heart disease | 16 -

Stroke | | 11.2 -

Chronic obstructive pulmonary disease { |58 -
Lower respiratory infections | 4.7 =

Neonatal conditions | ]3.7 -

Trachea, bronchus, lung cancers 4 ]3.2 -
Alzheimer disease and other dementias | |3 -
Diarrhoeal diseases | ] 2.7 -

Diabetes mellitus | ] 2.7 =

Kidney diseases | ] 2.4 -

0 ) 10 15
Percentage of global deaths in 2019 (%)

Figure 1.1: The ten leading causes of death worldwide, according to the latest WHO report
(2019)[27]. Three out of ten—in red—concern respiratory-related diseases, which accounted for
13.7% of deaths worldwide in 2019.

1.2 CO, Sensing in Medical Practice

As a by-product of aerobic metabolism, COs is ubiquitous in human body, and its influence on pH
makes its regulation in the organism a key parameter to maintain homeostasis|2§|. In particular,
CO3 equilibrium is controlled by several mechanisms governing the efficiency of gas exchange|29,

PspOy is the name given to the arterial di-oxygen saturation (saO2) when measured by pulse oximetry—
Section saO2 and paOsz are linked together by the oxygen—haemoglobin dissociation curve a.k.a. “Barcroft
curve” from the name of Joseph Barcroft, the British physiologist that discovered it|13|. spOz is thus often used
as a proxy for paO2 in a clinical setting, given its ease of measurement compared to an arterial puncture|14H16],
as discussed below—see Section m
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30] and by renal regulation of plasma bicarbonate ions|31]. Both the excess or deficiency of
COs in the organism—termed hyper- and hypocapnia, respectively—can have either beneficial
or deleterious effects on a patient’s outcome, depending on their condition[32]. As a consequence,
CO3 monitoring is of major importance in clinical care. Its measurement can be performed in
three locations, presented in order of decreasing invasiveness:

1. inside the body with blood or tissues sampling—Section [[.2.1]
2. in the exhaled air with airway capnometry—Section [I.2.2]

3. on the skin with transcutaneous capnometry—Section [1.2.3

An illustration of these locations is provided in Figure For each one of them, the clinical
significance of the corresponding pCO45 measurement is first presented, and its probing modalities
in practice are then described. One should bear in mind through the remainder of this section
that COs transport in the human body takes three distinct forms: dissolved COs, bicarbonate
ions, and carbamate compounds®®. Those are in constant equilibrium for a given blood pH,
and could give rise to as many measurements—blood pCOq, [HCOj3 ], Carbamino-Haemoglobin
(CO2HD) concentration and pH[33} 34]. Yet, for both practical and physiological reasons, pCOq
measurements have been predominantly adopted from a clinical perspective.

e Airway capnometry:

=) - Yields petCO,
- Capnogram plot

= 0

0oo

m - Continuous
. - paCO, / petCO, mismatch
Arterial "blood - Tnvasive

gases" analysis:

[-X-]
E°g Transcutaneous

(]

17 capnometry:

- Yields paCO,
- Gold standard
- Discrete

- Risky, painful,

- Yields tcpCO,
- Continuous
- Heats the skin (~41°C)

invasive

Figure 1.2: The three in vivo CO2 probing modalities and their key features.

1.2.1 Blood Gas Analysis
1.2.1.1 Clinical Significance

Arterial blood sampling is considered to be the gold standard for the assessment of whole-body
COz content. Arterial blood exits the lungs without perfusing any organ. Contrary to capillary
or venous blood, it is thus fully oxygenated with a low CO5 content, and is not impacted by the
activity of the organ that it perfuses[35, 36]—see Section Consequently, the arterial
partial pressure in CO;—paCOs—best represents the global haemodynamic status of patients,
and gives important clues about their metabolism and homeostasis[12,[37]. There is an extremely
large panel of clinical applications for paCO5 measurements, including acute and chronic respi-
ratory failures|[17] [38], mechanical ventilation assessment[19} 22|, general anaesthesia—but also
sedation in patients at risk of hypoventilation—monitoring|39], or resuscitation procedures|40].
Due to the painful and potentially risky aspects of arterial blood puncture[41], other blood sam-
pling techniques have been explored. In particular, arterialised capillary blood sampling was
reported to be an acceptable surrogate for arterial blood sampling[42]. In contrast, peripheral
venous blood cannot be used to this end|43], nor can central venous blood|44H46], even if both
may be used for trend analysis. Venous blood pCOs measurement is nevertheless interesting in

(3)This aspect is further detailed in the jnext chapter
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critically ill patients, for whom measuring the venous-to-arterial carbon dioxide partial pressure
difference (py.,COq)—or calculating the venous-to-arterial carbon dioxide content difference—
makes it possible to detect organ hypo-perfusion[47].

More localised pCO2 measurements have also been performed with intra-tissue probing—in
particular into the brain[48], liver[49] or skeletal muscles|50]—yielding crucial information about
the perfusion of the organ under study. Gastric tonometry and sublingual capnometry have also
been explored, but their clinical interest have yet to be fully demonstrated|51} [52].

1.2.1.2 Probing Modalities

In vivo CO2 probing can be achieved under two distinct modalities. Either pCOs is measured
in situ or a biological sample is collected to be further analysed.

In the first case, the sensor is brought to the analyte. This is notably what happens for
intra-tissue pCOs monitoring. In such cases, the sensor is inserted directly into the organ or
blood vessel that is to be probed by means of a catheter, for instance. This setting allows for
continuous monitoring with a low latency, which is only dictated by the response time of the
chosen pCO3 sensor[53].

In the second case, often used for blood pCOs measurements, the analyte is brought to an
external analyser and an arterial or venous line placement may be performed to facilitate repeated
blood sampling. However, this setting allows only discrete monitoring since a blood sampling
must be performed every single time a pCOg is desired. In addition, the blood samples must be
analysed quickly upon collection, which may lead to additional logistic difficulties compared to
in situ sensing[54], even if recent hand-held blood gas analysers tend to mitigate this issue[55].

In practice, two main technologies have been used to perform blood gas analysis: optodes us-
ing dye-based CO, sensing—as described in Section [4.1.2.4]53] [56]-—and electrochemical sensors
such as the Stow-Severinghaus electrode—described in Section [4.1.2.2[57].

1.2.2 Airway Capnometry
1.2.2.1 Clinical Significance

Airway capnometry—from Greek capnos (kamvos), smoke, vapour—is the measurement of the
amount of CO5 in exhaled air. Please note that there is a semantic distinction between capno-
metry—which consists in the measurement of petCOs, the end-tidal pCOs—and capnogra-
phy—which usually refers to the plot of a capnogram: pCOs in the exhaled air as a function of
time, or volume. The distinction between capnometry and capnography is made clear in Figure

3
A e
: I 1 10T vV 1 petCO,

>
Time

Figure 1.3: A capnogram yields important clinical clues on the state of the patient or quality
of their intubation by analysing the different breathing phases—inspiration (I), and expiration:
dead-space volume (II), mixed dead-space and alveolar air (IIT) and alveolar air (IV)—and the
two a and 8 angles|58|, |59]. More narrowly, capnometry is only interested in knowing the more
concise end-tidal pCOs value reached at the end of the plateau (IV): petCOs.

Capnography is particularly useful in medical practice since it gives information about respira-
tory airflow, COs production and elimination, respiratory quotient, or the quality of endotracheal
intubation. It can also be used to detect ventilation / perfusion inadequacy, apnea, COPD or
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heart failures[60, |61]. For its part, petCO2 has proven to be a reliable proxy for paCOs under
stable haemodynamic conditions, with petCOs being usually 2-5 mmHg lower than paCO2[60].
However, the correlation between petCOs and paCQ; vanishes in case of elevated physiological
dead space or ventilation perfusion mismatch|12} |62]. It can also be difficult to use capnometry
on neonates due to the small volume of exhaled air that they produce[63].

Interestingly, Siobal et al.[60] pointed out that, while airway capnometry is often criticised
for its inaccuracy as a paCOs proxy—e.g. in case of ventilation / perfusion mismatch, elevated
dead space, or poor endotracheal placement—the very root causes of this inaccuracy may be
characterised by performing a simultaneous paCOs measurement. In other words, if simultaneous
paCOs and petCO, measurements are performed in the same patient, discrepancies between the
two values may reveal one of the afore-mentioned issues.

1.2.2.2 Probing Modalities

Two distinct probing modalities exist for airway capnometry: mainstream or sidestream mea-
surements. In mainstream capnometry, the CO5 sensor is positioned on the main airway of the
intubated patient, so that the whole breathed air flow is forced through it. This technique yields
instantaneous petCOs measurement and real-time capnogram plot. Historically, mainstream
capnometry has long been criticised because the additional sensor on the patient’s airway was
bulky, fragile, and led to an additional respiratory dead space. In particular, the bulkiness of
mainstream sensors may dislodge the endotracheal tube in young patients|60} 63]. In response,
recent designs have been improved to become more rugged, compact, and with minimal sampling
volume, partially mitigating these drawbacks|64), |65].

In contrast, sidestream capnometers consist in a small diameter sampling tube, which con-
tinuously aspirates a fraction of the patient’s breathed air. The air is then conveyed to an
external monitor wherein both the analysis and display functions are performed. Contrary to
the mainstream technique, a delay is present between air sampling and the monitoring of its
CO3 content[58|. Additionally, distortions of the measured capnogram may occur, especially on
its more rapidly changing portions, and sidestream-measured petCOs may be slightly underes-
timated compared to the mainstream-measured one|66].

In practice, airway capnometry is more often than not measured using the infrared absorption
of COa4, either using Non Dispersive Infra-Red (NDIR) sensors—see Section or photoa-
coustic sensors—see Section [4.1.1.2]58| [60]. Additionally, colorimetric dye-based sensors—see
Section are also routinely used to assess the correct positioning of endotracheal intuba-
tion, although they only provide a qualitative information about the latter, and not a quantitative
tepCO4 reading[67].

1.2.3 Transcutaneous CQO5 Sensing
1.2.3.1 Clinical Significance

Transcutaneous pCOs—tcpCOs—measurements are clinically relevant in two different situations:
either as a surrogate for paCQOs in patients with a normal tissue perfusion or as an evaluation
tool to measure the paCO2-tcpCO4 gap in patients with an abnormal perfusion|68].

In patients with normal circulation and peripheral perfusion, tcpCOy correlates well with
paCOs and, as such, may be used in all situations where paCOs5 is required[69]. This correlation
is particularly influenced by the choice of the measuring site, and by the probe temperature, as
disclosed in the next section.

Alternatively, measurements of the paCOs—tcpCOq gap proved to be a reliable predicator of
mortality in case of shock|70|. In such a view however, a simultaneous measurement of paCOx is
required in addition to tcpCO2 monitoring. One may notice the similarity between this technique,
and the proposal of Siobal et al. for petCOy mentioned earlier—see Section [1.2.2.1

1.2.3.2 Probing Modalities

tcpCO2 measurements can be performed with the attachment of a transcutaneous probe on the
skin by means of a disposable, adhesive mounting ring. The measuring site and sensor tempera-
ture depend on what is to be measured: for instance, when searching for a paCQOs surrogate, it is
recommended to place the tcpCOs probe at the earlobe with a setpoint temperature above 42 °C
for the best results|69]. However, an elevated skin temperature can be a source of skin burn or
thermal injury, especially in the neonates, requiring a frequent change of the probe site|71]. A
compromise may then be found between skin temperature—and thus site change frequency—and
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accuracy of the tcpCOy measurement|72|. When assessing local perfusion or shock condition—on
the contrary—a temperature as low as 37 °C may be used at the site of interest[73]. Different
temperatures can also be used to assess changes in perfusion as a function of temperature[70].

Technically speaking, the tcpCOs is measured by means of a miniaturised Stow-Severinghaus
electrode—mainly a pH-meter bathing in a bicarbonate solution, see Section [4.1.2.2—which can
be heated anywhere in the 37-45 °C range[68].

1.3 The Need for a Better Alternative

While the above-mentioned monitors are routinely used in clinical practice, they are not only
expensive and invasive, but also bulky and unpractical—for they require frequent external in-
terventions for calibration or sampling purposes. These drawbacks, in addition to turning pCOq
monitors into a coveted resource used sparingly in the hospital, make them unusable outside the
clinical setting.

Yet, bringing pCO4 monitors in homes would be highly desirable in a telemonitoring context
for home use, reducing the need for hospital visits, and thus the risk of contracting a nosocomial
disease. Indeed, if the positive impact of tcpCO4 telemonitoring is yet to be demonstrated—
for the obvious reason that the corresponding wearable tcpCOs monitor does not exist at the
time being—several clinical trials demonstrate the beneficial contribution of telemedicine—a.k.a.
telehealth—on both patient’s outcome and costs of admission in a variety of conditions|74-
76]. Additionally, the outbreak of contagious pandemics—such as COVID-19[77]—and the rapid
development of the health wearable market|78-81] may also promote the use of telemonitoring
in medical practice. Non-invasive paOs and paCOs monitoring techniques have been an active
research field for decades[82-84], but while pulse oximetry proved to be a reliable proxy for
paO2 |14} [15], no satisfactory equivalent exists for paCOs.

In this context, the development of a non-invasive, low-cost, and portable—
if not wearable—biomedical pCO5 monitor appears highly desirable.

To this end, two main research avenues were explored in the course of this doctoral work: the
first one focuses on COsHb and proved to be but a dead end, while the second one focuses on
transcutaneous CO5 diffusion and led to some successes.

1.3.1 The Carbamino-Haemoglobin (CO2Hb) Avenue

The idea behind the CO2Hb avenue was the following: since (%) the oxygenation state of haemo-
globin influences its absorption spectrum|85] and (%) this change in absorption can be detected
optically transcutaneously via pulse oximetry[14} [15], if (éii) a similar change in haemoglobin ab-
sorption spectrum can be triggered by the formation of haemoglobin carbamate compounds—i.e.
COyHb—then (iv) the theory behind pulse oximetry could be applied to the optical transcuta-
neous determination of the arterial COsHb concentration. Then, since an equilibrium exists
between this concentration and paCO3[33], the latter could be measured non-invasively.

Of course, this train of thought could only succeed if hypothesis (7)) were valid. Due to the
absence of information on the absorption spectrum of COsHDb in the literature in 2019, the first
part of this doctoral work focused on the spectrophotometry of haemoglobin derivatives—this is
the object of Chapter |2} In brief, I literally gave my blood for Science: human haemoglobin was
equilibrated with three gases—ambient air, di-nitrogen (Ng), and COs—and the corresponding
absorption spectra were subsequently measured over the 235-1000 nm range. These measure-
ments were published in the Journal of Biomedical Optics in 2020[86], but revealed no differences
between Deoxy-Haemoglobin (HHb) and COsHb absorption spectra. Additional fluorescence
measurements were also performed, searching for differences in either the excitation or emis-
sion spectra of haemoglobin upon COs exposition. There again, no major variations could be
observed between the fluorescence properties of HHb and COgHb.

In light of the above, hopes of using a technique akin to pulse oximetry for determining the
arterial blood CO3Hb concentration shattered. Subsequently, I reoriented my studies towards
transcutaneous CO, diffusion.
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1.3.2 The Transcutaneous CQO, Diffusion Avenue
1.3.2.1 Skin Permeability Towards CO»

The transcutaneous diffusion of CO4 is at the very core of current tcpCO2 monitors. Yet, this
phenomenon was poorly documented in the literature, with only a few ageing studies available,
which were often performed on a limited number of subjects, and without skin temperature
regulation. Since skin permeability towards COs is expected to have a major influence on the
response time of tcpCQOs sensors, 1 first aimed at better characterising it. In particular, the influ-
ence of skin temperature on the latter permeability was vastly unknown. Yet, this temperature
/ permeability relationship is of crucial importance in the design of a sensor: not heating the
skin—or heating it as little as possible—is highly desirable from an energy consumption point-of-
view, thus favouring the integration of the said sensor into a wearable. To fill this knowledge gap,
a custom sensor was developed and a clinical study was conducted, allowing the measurement of
transcutaneous CO4 diffusion rates at the arm and wrist on 40 healthy subjects at five different
temperatures. These works are summarised in a 2023 Frontiers in Physiology article[87], and are
the object of Chapter

1.3.2.2 Choosing a CO5 Sensing Technique

Once the rate of diffusion of CO5 through the skin was better known, the next logical step was
to choose a COs sensing technique for the tcpCO5 sensor-to-be. To this end, a comprehensive
review of COs sensing techniques was performed and published in MDPI’s Sensors journal[88].
From this review, I concluded that COs-responsive fluorescent thin film sensors were a promising
avenue. Further research on this sensing modality brought into light the Dual Lifetime Referenc-
ing (DLR) sensing scheme—a phase-based approach with sinusoidal illumination power|89]—for
which extensive mathematical derivation were performed. Briefly, those derivations aimed at
knowing the reachable accuracy on a CO5 measurement, given the illumination power, measure-
ment duration, and noise levels—they were published in the APSIPA Transactions on Signal
and Information Processing[90]. Finally, the chemistry of fluorescence-based CO2 sensing was
also modelled, although corresponding experimentations confirming or infirming the presented
influence of the different chemicals’ concentration are lacking. These different works are compiled
in Chapter

1.3.2.3 CO;-Sensitive Fluorescent Thin Films

The theoretical aspects of the issue at hand having been sufficiently delineated to allow for initial
in vitro experiments, the next step was the fabrication of COs-sensitive fluorescent thin films,
probed through a DLR sensing scheme. To this end, the luminescence properties of the selected
luminophores were characterised at different temperatures and in the presence / absence of
humidity and COy. Early bi-layer films showed promising results, having the ability to measure
COs; levels in the 0-10% range with a response time below 1 min. These results were the object
of a short communication at the NEWCAS 2024 conference[91]—4-pages paper and lecture—and
are reviewed in much more details in Chapter

1.3.3 Further Research is Needed

In spite of the relentless years of meticulous work that were dedicated to this doctoral thesis,
many an aspect of the presented research have been left in the shadows. Those are explicitly
indicated by the “further research is needed symbol”—as mentioned in the [foreword}—and are
reviewed in the concluding chapter—Chapter [f} Among them, the study of the influence of skin
temperature on the tcpCO2 / paCO4y correlation is probably the strongest remaining lock to the
development of wearable tcpCQOs sensors, as we shall see...
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Chapter 2

Carbamino-Haemoglobin
(CO2HDb) Optical Properties

TL;:DR

CO; blood transport follows three different pathways: as a dissolved gas, as bicarbonate
ions, or as COoHb (and other carbamate compounds). An equilibrium exists between
these three quantities and blood pH. Thus, determining blood COsHb concentration
would give valuable insights for total blood COs content estimation. The non-invasive
determination of the concentration of certain haemoglobin species can already be achieved
by pulse oximetry, which leverages the oxidation dependence of haemoglobin’s absorption
spectrum to estimate the relative fractions of HHb and Oxy-Haemoglobin (O2Hb). Thus,
it was expected that a similar technique, termed pulse carbametry, could be envisioned
for transcutaneous COsHb concentration measurement, given that HHb and COsHb ab-
sorption spectra would be different.

Alas, COoHDb spectrophotometry revealed no exploitable difference between the latter
spectra, even if those results still have the merit of being the first report of CO;Hb ab-
sorption spectrum. Additional research was conducted to assess the feasibility of transcu-
taneous haemoglobin fluorescence measurements but also yielded negative results. Con-
sequently, this research avenue was abandoned, and further chapters focus on transcuta-
neous gaseous COq diffusion and sensing.

[Previous chapter] [Main Table Of Content (TOC)|

2.1 Blood Gases Transport in the Body

Before delving into the intricacies of COsHb optical properties, some basic knowledge of gaseous
transport throughout the body is necessary, and is the object of the present section. As mentioned
in the previous chapter, cellular respiration consumes Os—which needs to be brought from the
outer air to the cells that need it—and produces COo—which in turns need to be drained away
from the cells that produce it so as to be exhaled in the outer air. These gaseous exchanges are
predominantly performed by the lungs(?), which act as a large exchange membrane between the
diaphragm-ventilated air and the capillary blood that perfuses them.

In a nutshell, Os-rich and COs-poor arterial blood is first pumped by the heart throughout
the body, where it goes from arteries to arterioles and finally capillaries to perfuse all organs.
There, O is released from the red blood cells—a.k.a. erythrocytes—of the capillary blood to
the surrounding cells that will consume it and release CO5 as a result. This CO5 is then carried
away by the exiting capillary blood, which is subsequently collected by venules and drained
by veins, carrying the Os-depleted, COs-rich venous blood back to the heart. The latter then
pumps it through the lungs, wherein it will replenish in Os from—and release some of its CO9
into—the alveolar air. This Os-rich and COs-poor blood then enters the heart again, to be
pumped throughout the whole body, and the cycle goes on. This is, of course, a somewhat

(D The skin is also involved in human respiration, accounting for about 1-3% of total exchanges in adults|92],
and up to 6-9% in newborns|93|; cutaneous CO2 diffusion will be discussed in greater detail in Chapter

9
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simplified view of what actually happens, and I can only recommend the curious reader to dig
into Michael Levitzky’s Pulmonary Physiology, or Andrew Lumb’s Nunn’s Applied Respiratory
Physiology for a much more complete overview of the subtleties of the respiratory function
in humans.

This crude outline of respiratory physiology emphasises the crucial role of blood for gas
transport, as it must be able to convey large quantities of Oy and COs between the lungs and
the perfused organs. This is achieved by various mechanisms, which are presented in Figure [2.1
with their relative contributions to gas transport, and described in the following sections.

[l Bicarbonate ions (90%)
@ CO-Hb (5%)
O Dissolved gas (5%)

@ O-Hb (97%)
[ Dissolved gas (3%)

O5 blood transport COs blood transport

Figure 2.1: Blood gases transport for Os and COs.

2.1.1 O3 Transport

Os is present in human blood in two different forms: as dissolved gas (only 3% of the total amount
of Oz in blood) and combined with haemoglobin (the remaining 97%). Although O, is not at the
heart of this thesis, the following developments are relevant to introduce the notions of solubility,
dissociation curves, and haemoglobin (oxygen) binding. This short digression on Os transport
is also mandatory to understand the pulse oximetry principle—presented in Section [2.2.2}—that
is extrapolated to COs with the concept of pulse carbametry—introduced in Section

2.1.1.1 As dissolved gas

O, is present in blood as a dissolved gas according to Henry’s law—mnamed after the English
chemist William Henry (1774-1836)—which states that the amount of dissolved gas in a liquid
is proportional to its partial pressure in the gas phase. The coefficient linking the partial
pressure of the gas phase to the amount of gas dissolved in the liquid is known as the solubility.
The latter is function of the nature of the considered gas and liquid, as well as the temperature.
For instance, Os solubility in human blood at 37°C is known to be equal to 0.023 mL of O per
mL of blood and per 1 atm (760 mmHg)® of pOz. Given a normal paOs of 100 mmHg,
the concentration of Oy dissolved in human arterial blood is®®

[O2(gas)] = 3 mLo, L™ = 1.2 mM (2.1)

As pointed out by Lewitzky p. 143], if dissolved Oy were the only oxygen source in blood,
the required cardiac output to match the body consumption in Oy should be around 83 L.min~!.
Knowing that the maximum cardiac output is about 25 L.min~!, dissolved oxygen is clearly not

sufficient for the needs of human metabolism.

2.1.1.2 Combined with haemoglobin

Indeed, dissolved oxygen is only the top of the iceberg, and most blood-carried O is in fact
bound to haemoglobin in the erythrocytes. Haemoglobin is an iron-containing metalloporphyrin
that is composed of four subunits called haems. The latter act as fixation sites for O2, each haem
being able to bind to one Oq molecule. Haemoglobin concentration in healthy human blood
is about 14 g.dL~!, and given that 1 g of haemoglobin can carry up to 1.39 mLo,, human blood
can theoretically carry up to about 200 mLoz.L_1 Chap. 11] (i.e. ~ 80 mM). Compared to
the 3 mLo,.L~! of dissolved Og, this explains the 98%—2% repartition for Oy transport in blood
presented in Figure Since the overwhelming majority of blood Os is transported bound to
haemoglobin, only the latter mechanism is considered in the next paragraph.

(2)Alth0ugh I tried to stick with SI units throughout this thesis, pressures are conventionally expressed in mmHg
in medical practice. The reader should bear in mind that 1 atm = 1.01325 bar = 101 325 Pa = 760 mmHg. Also
volumes of gases are noted with the gas name in subscript, e.g. mLo, or mLco,.

(3)The symbol “M” stands for 1 molar, i.e. 1 mol.L=1.
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2.1.1.3 The oxygen-haemoglobin dissociation curve

The binding of haemoglobin with Os can be described by the oxygen-haemoglobin dissocia-
tion curve, represented in Figure First evidenced by Joseph Barcroft in 1909|13]—hence
its alternate designation as the “Barcroft curve”—it represents the percentage of Os-carrying
haemoglobin—i.e. OsHb—over the total active haemoglobin concentration—i.e. OsHb and
HHb. This quantity—referred to as the oxygen saturation—is defined as follows:

[0,Hb]
[O2Hb] + [HHb]

When measured in arterial blood, the latter quantity becomes the saO5. Of note, there
has been some confusion in the definition of the oxygen saturation in the past decades, with the
denominator in Equation 2.2 being replaced by the total haemoglobin concentration instead of the
active one. Although those two quantities are close enough in the absence of dishaemoglobins—
such as Met-Haemoglobin (MetHb) or Carboxy-Haemoglobin (COHb)—the gap between them
widens as their concentration in blood increases[99]—e.g. in case of methaemoglobinemia[100]
or carbon monoxide (CO) poisoning|101], for instance.

oxygen saturation = (2.2)

pO2 (kPa)
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100
X 80
o
.S
® 60
—
=
E
240
]
0
£
%
o 20 _

0 T T T T

T T T
0 20 40 60 80 100 120 140
pO2 (mmHg)

Figure 2.2: The standard oxygen-haemoglobin dissociation curve, as given by Severinghaus at
pH = 7.40 and T = 37°C[102]. For reference, the arterial pOy is about 100 mmHg while the
venous one is about 40 mmHg. However, the corresponding points were not indicated on the curve
since (i) pH is slightly lower in venous than in arterial blood, and (i) the oxygen dissociation
curve is pH-sensitive, shifting to the right as pH decreases|94, Chap. 7].

Yet, granted that the total haemoglobin concentration is known and there are neither sig-
nificant dishaemoglobins concentrations nor arterial pH changes, the oxygen-haemoglobin dis-
sociation curve can be used to directly convert between a given saOy and the corresponding
paOs and O9 concentration|34, Chap. 11]. This explains why measuring saO2 non-invasively has
gathered significant efforts for decades, leading to the advent of pulse oximetry—as we shall see

in Section 2.2.2

2.1.2 CO; Transport

Blood conveys COg under three different forms: (i) as a dissolved gas, (%) bound to proteins—
mainly haemoglobin—in the form of carbamate compounds, and (7i%) as bicarbonate ions HCOj5 .
This section briefly details the three corresponding mechanisms before discussing the equilibria
that take place between them, explaining why the determination of blood COsHb concentration
may be relevant to paCO4 estimation.

2.1.2.1 As dissolved gas

Similarly to Og, CO4 can also dissolve in blood according to Henry’s law, the solubility coefficient
of COgz in plasma at 37°C being 0.231 mM.kPa~! (0.0308 mM.mmHg~1)|34, Table 10.1]. A nor-
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mal paCOj in arterial blood®) of 5.3 kPa (40 mmHg) thus leads to a dissolved COy concentration
equal to
[CO2(gas)] = 1.2 mM(= 3.1 mLco,. L") (2.3)

2.1.2.2 Combined with haemoglobin

COg can also combine chemically with the terminal amine groups of blood proteins—i.e. plasma
proteins and haemoglobin—according to the following scheme:

H H
% %
R—N_ 4+ CO; = R—N_ + HTf (2.4)
H COO~
Terminal Carbon Carbamino Proton
amine group dioxide compound

When CO3 binds to haemoglobin, the so-obtained molecule is called Carbamino-Haemoglobin
(CO2HD), while for other proteins the more general terms carbamate compound or carbamino car-
riage are generally used. For reference, plasma total protein levels are normally in the 6-8 g.dL !
range|103, [104]—which would translate into whole blood concentration of 13-18 g.dL~! assum-
ing a 45% haematocrit—while normal haemoglobin concentration in blood is about 13.24+1.1¢ /
14.74+1.49 g.dL~! (mean value + Standard Deviation (SD))|105]. Nevertheless, despite plasma
proteins and haemoglobin concentrations being relatively close, the latter accounts for over twice
as much COq transport as the former, owing to the greater capacity of haemoglobin for binding
to CO2 molecules. Indeed, under a 5.3 kPa (40 mmHg) paCO2, CO2Hb accounts for a concen-
tration of COs in arterial blood of 0.75 mM, while the carbamate compounds of plasma proteins
account only for 0.30 mM|[33]. Overall, the carbamate-bound COs content of whole arterial blood
is thus about 1.05 mM (or 2.7 mLco,.dL™1).

Of note, certain textbooks—e.g. Nunn’s [.../[34, Chap. 10]—completely neglect plasma protein
carbamates, presenting only CO;Hb when mentioning carbamino carriage. Given the orders of
magnitude involved, this may be acceptable in first approximation for educational reasons, and
also explains why only CO3Hb was mentioned in Figure [2.1] For further information about
COyHb formation mechanisms, the curious reader may refer to the works of Van Kampen|106],
Gros et al.[107], and Blake et al.|108].

Regarding modelling the formation mechanism of carbamino compounds, while the following
formula appears to be valid for plasma proteins carbamates[109)

7" tei : as
[R-NHCOO | = > i [profelns [Coz(g[HlL

Ht+
i=a,e [COQ(gaS)] + % + K., K,

(2.5)

no equivalent formula exists for haemoglobin binding. Indeed, although attempts have been
made to obtain a similar formula for COoHb concentration, these were not successful because
most of them ignored the crucial role of 2,3-BisPhosphoGlyceric acid (2,3-BPG)—a.k.a. 2,3-
DPG—in haemoglobin CO5 binding|107, |109]. To the best of my knowledge, a single exception
resides in the work of Perrella, who suggests a rational function of [COg(gas)] and [2,3-BPG] in
his short 1975 letter[110], although (%) this function holds only for a pH of 7.4—which is slightly
above that of inner erythrocytes (7.2, as mentioned above)—and (i) Perrella might have just
fitted an equation with enough degrees of freedom to his data, which could result into a poor
generalisation of his approach.

2.1.2.3 As bicarbonate ions

The total COy concentration in arterial blood being around 21.50 mM (or 55 mL¢o,.dL™1), the
dissolved CO5 (1.2 mM) and carbamate-bound COz (1.05 mmol.L~!) only account for roughly
10% of the overall amount of CO2[33]. The 90% left are indeed present in the form of bicarbonate
ions which are created through the hydration and dissociation of COs, which is a di-acid:

carbonic

CO, + H,0 H,CO3 == H" + HCO; (== 2H" 4+ CO3") (2.6)

anhydrase

M1t seems to be common practice to use the solubility of CO2 in plasma for both the erythrocytes and the
whole arterial blood|33]. I could not find appropriate justifications for this in the literature, although the root
cause may be that (%) erythrocyte are mainly bags of haemoglobin-rich salty water, and that (i) CO2 plasma
solubility is also close to that of water, so that (i) what really matters for COg2 solubility is only the presence of
water.
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Of note, the second dissociation of COs into carbonate ions (CO3 ) has a pK, above 9¢) and
carbonate ions are thus present in negligible concentration in human blood, hence the parentheses
around the corresponding reaction. The creation of carbonic acid (HyCO3) from dissolved CO4
is normally very slow in water, however the presence of carbonic anhydrase—an enzyme vastly
present inside the erythrocytes—speeds up the reaction by a factor of 13000 up to 25000[94][33].
Thus, carbonic acid accounts for a negligible part of CO in blood (only 0.0017 mmol.L~![34]
Table 10.2]) and the equilibrium actually takes place between dissolved COs and bicarbonate
ions. In other words Equation is virtually equivalent to:

CO; + HyO == H' + HCO3 (2.7)
in human blood. This equilibrium is described by the following Henderson-Hasselbach equation

1003 ) 1005 |
H=pK, +1 L) ) C bk, 41 s
b 1% + Oglo ([CO2(gas)} 1% + Oglo S'PC02

wherein pK, = 6.10 in human body at 37°C|33| [113], s ~ 30 pM.mmHg~! is the solubility
coefficient of CO4 in plasmal|34, Table 10.1] and Pgo, its partial pressure. A normal pH value
for human blood is considered to be between 7.35 and 7.45[114]. Taking a pH value of 7.4 and a
paCOs of 5.3 kPa (40 mmHg) thus leads to a bicarbonate concentration [HCO4 ] of about 24 mM
in plasma. Given that the erythrocytes have an intracellular pH of 7.2|115| [116], this leads to
a lower erythrocytic [HCO4] of about 15 mM. Taking into account the relative proportions of
plasma and erythrocytes in blood—i.e. the haematocrit—the total bicarbonate concentration in
arterial blood is about 19 mM. There again, this value—when compared with the respective con-
centrations of dissolved COy and carbamate-bound COs—explains the 90%-5%-5% repartition
for CO4 transport in blood presented in Figure [2.1

(2.8)

2.1.2.4 CO; repartition and equilibria
To wrap it all up, CO is present in the body in three distinct forms(©):

1. Dissolved as a gas, according to Henry’s law:

g = .
[CO2(gas)) a . paCOy (2.9)
1.2 mM 0.231 mM.kPa™ " 5.3 kPa (40 mmHg)

2. Bound to proteins, forming carbamate compounds with both haemoglobin (CO2Hb) and
plasma proteins (R—NHCOO ™). No mathematical model describes whole blood haemo-
globin carriage in the literature, although the following kind of relation can reasonably be
assumed:

[Carb] = f( pH , [proteins], [Hb] ,[2,3-BPGlintra; [COQ(gaS)]) (2.10)

1.05 mM 7.4 extra g . —1 = —1 4-5 mM
m 73 Tntra 6-8 g.dL 13-15 g.dL m 1.2 mM

wherein f is a rational function and [Carb] denotes the concentration of COy bound to
carbamates (i.e. [Carb] = [R—NHCOO™] 4+ [COHDb]).

3. As bicarbonate ions (HCO, ) accounting for the vast majority of blood COs transport:

7.4 extra
7.2 intra 6.1
[HCO37] = [COg(gas)]-10 PH  —PKa (2.11)
24 mM extra 1.2 mM
15 mM intra

Alas, the task of deriving a global equilibrium for whole blood CO5 content from these three
equations is by no means a trivial one. Indeed, variations in paCQOs usually entail pH changes
both in the plasma and the erythrocytes which are not necessarily of the same order of magnitude.
Thus, in practice, many more equilibria take place between paCOs2, pH, [HCO3 |, [proteins], and
[Hb] than the few above-described ones, not to mention other species such as 2,3-BPG, plasma
phosphates, and extra- and intra-erythrocytic ions—i.e. Na®, Mg?", etc. Navigating through

(5)The pKa of the CO%’ / HCOg pair is 10.25 in water at 25°C, but decreases markedly with increasing
temperature and ionic strength|111}, |112].

(6)Indicative values for arterial blood are given as undersets (or oversets when needed), all numerical values come
from above-cited references, except for [2,3-BPG] which comes from Meen et al.|[117]. The “extra” and “intra”
terms refer to extra-cellular—i.e. plasmatic—and intra-cellular—i.e. erythrocytic—values, respectively.
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this chemical hell has generated significant research efforts for decades, resulting into the creation
of several whole blood acido-basic models, with major contributions from Siggaard—Andersen
and Stewart in the seventies and early eighties. Recent improvements were added within
the last two decades, which provided faithful modelling of blood acid-base equilibria, taking into
account paCO, and saOs (cross-)influences|[120122]. Yet, the resulting models are not easily
usable by common mortals due to the large number of equations and parameters they involve,
and they often gain in accuracy what they lose in readability.

Consequently, T will limit myself here to presenting the simple cases of respiratory acidosis
and alkalosis along with their influences on the total COy content of whole arterial blood, but
the reader is now warned that this is a gross simplification of a much more complex and nuanced
picture. To do so, the following two equations from the well-known Davenport diagram were

used|123] Fig. 17):

[HCO3~] = a-paCOq-10PH—PKa o = 0.231 mM.kPa~!
[HCO3 ] =m —s-(pH—7.40) m =24 mM (2.12)
s =31.6 mM(.pH™!)

Then, the following hypotheses were made:

H1: pH changes occur with the same magnitude in plasma and erythrocytes, i.e. if plasma pH
decreases from 7.4 to 7.3, erythrocytic pH also goes down from 7.2 to 7.1.

Ho: the proportion of intra- / extra-erythrocytic [HCO3 ] remains constant, i.e. 27% / 73%
(using Geers’s data[33]).

Doing so made it feasible to derive single [HCOj3 | and pH values for any given paCOs. Then,
using Mochizuki’s data for total CO5 blood content (M), Figure could be plotted con-
sidering fully oxygenated arterial blood with a plasmatic pH of 7.4 at equilibrium. The latter
figure represents the so-called CO2 dissociation curve—by analogy with the oxygen-haemoglobin
dissociation curve—along with carbamate and dissolved COs contributions to the total blood
CO3 content.

paCOy (kPa)
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Figure 2.3: Stack plot of the respective contributions of dissolved COs, carbamate compounds,
and bicarbonate ions to the total arterial whole-blood CO5 content. The upper curve in black
is the so-called COs dissociation curve, with the normal arterial blood equilibrium marked with
a black dot. Again, this curve was obtained using strong hypotheses and is given here for
information only.

(") First equation, using B=0.45. This equation was chosen because it yielded results in-between those of Tazawa,
et al. and those of Loeppky et al. , short of a better heuristic.
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This figure illustrates what happens in case of respiratory acidosis, for instance: a decrease
in ventilation entails an increase in paCQO5, which translates into higher concentrations of car-
bamates, bicarbonate ions, and dissolved COs, while the opposite happens in case of respiratory
alkalosis. Of particular interest (point (2.) of the box below), Figure depicts the positive
effect of paCO4 on blood carbamates content—and thus on [COzHb]—already reported in the
literature|110}, {127, [128].

The idea at the very heart of the present chapter was thus the following:
1. if we can find a non-invasive method to measure [CO2Hb] and
2. if we can uncover a satisfactory relation between [CO2Hb] and paCOaq,
3. then we should be able to perform non-invasive paCOs measurements.

To this end, I began my research with (1.): finding a non-invasive measure-
ment technique for [CO2Hb]. By analogy, this led me to investigate the
basic principles of pulse oximetry.

2.1.3 Disclaimer on the Above Considerations

As mentioned above, the afore developments are of course a gross simplification of the equilibria
involved in blood gas transport, and many well-known mechanisms have not been detailed here.
In particular the Oy and CO, binding properties of the haemoglobin molecule depend on its
oxygenation and carbamation states, as well as on the surrounding pH and 2,3-BPG concentra-
tions. This translates in practice into the notorious Bohr and Haldane Effect—first described in
1904 by the Danish physiologist Christian Bohr (1855-1911)[129], and in 1917 by the Scottish
physiologist John Scott Haldane (1860-1936)[130], respectively. The curious reader may refer to
Chapter 10 and 11 of Nunn’s ...[34] for a more wide-angled, educational view of the situation, or
may read the excellent reviews by Geers et al. on CO3[33] and by Mairbaiirl et al. on O3]131],
for more technical and profound insights.

Of note, some of the above-discussed aspects are still in need for further clarification. In
particular, a better model for the formation-dissociation of carbamate compounds would be
welcome, and is still an open research avenue|108]. Thorough modelling of the whole blood acid-
base equilibrium including respiratory and metabolic influences is also still an open research field,
and the creation of an open-source, easily implementable—i.e. by means of a fully sourced (in
terms of literature references used to derive its parameters) Application Programming Interface
(API) implemented using a popular programming language such as Python—appears to be highly
desirable. In this direction, the recent works of O’Neill and JeZek appear quite promising|121}
122|, although they chose closed (Matlab) or confidential (Modelica) programming languages,
and only Jezek provided what is closer to a script than to a proper API.

2.2 Haemoglobin Optical Properties and Their Application
to Pulse Oximetry

2.2.1 Spectrophotometry of Human Haemoglobin Derivatives

One noticeable property of the haemoglobin molecule is its strong optical absorption in the
visible spectrum, which gives blood its characteristic red taint. Even better, the haemoglobin
absorption spectrum depends on its oxygenation state—i.e. HHb and OsHb absorption spectra
differ markedly—and other haemoglobin species such as COHb, MetHb or Sulf-Haemoglobin
(SulfHb) also have their specific spectral features, see Figure

Spectrophotometry of human haemoglobin derivatives began as far back as the 17th century,
with the pioneering works of Fracassiti|133] and Mayow|134], who both observed a change in the
colour of blood depending on its exposure to ambient air(® . However, it took no less than three
centuries to translate these early qualitative observations into accurate quantitative measure-
ments. In particular, we must salute the many contributions from van Assendelft, van Kampen

(8)See Engelhart for an interesting early history of haemoglobin studies|135|. Further historical considerations
can be found in the introduction of Assendelft’s monograph|136, Chap. 1].
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Figure 2.4: Haemoblobin absorption spectra. Data compiled from various sources: OsHb and
HHDb spectra come from Prahl[85], while MetHb, COHb, and SulfHb spectra come from Zijlstra
et al.[132].

Note: Zijlstra’s coefficients were converted to molar extinction coeflicients according to Prahl’s
recommendations. Indeed, they were initially reported as equivalents—a.k.a. quarter millimolar
absorptivities—i.e. using haem concentration instead of haemoglobin concentration. The reader
eager to indulge in haemoglobin spectrophotometry should be aware of the factor of four existing
between the two quantities, one haemoglobin molecule being composed of four haems.

and Zijlstra, from the University of Groningen, Netherlands. They worked relentlessly on haemo-
globin spectrophotometry from the early fifties to the late nineties with two major monographs
on the topic|132} [136]. In particular, their 2000 book Visible and Near Infrared Spectra of Hu-
man and Animal Haemoglobin condenses fifty years of research on the topic, and is an essential
reading for anyone interested in haemoglobin spectrophotometry. Additional references are also
given in Table with indications of covered spectral ranges and measured haemoglobin species.

Haemoglobin spectrophotometry drew the attention of many a researcher for two main rea-
sons. First, because it allows the total haemoglobin concentration to be determined from a blood
sample using the photometric cyanmethaemoglobin method[145], which is particularly interesting
from a medical viewpoint—e.g. when focusing on anaemia[l54]. Second, because the differences
in absorption spectra between O2Hb and HHb can be used to non-invasively estimate a patient’s
saOaq: this is the goal of pulse oximetry.

2.2.2 Pulse Oximetry

Photometric oximetry—i.e. optically measuring the oxygen saturation of a blood sample—
emerged in the early 20th century, following the afore-mentioned discovery that OoHb and HHb
had different absorption spectra. From then, it took over half a century before Aoyagi’s major
breakthrough, with the invention of pulse oximetry in 1974[155]. For a thorough history of the
development of both classic oximetry and pulse oximetry, I kindly redirect the curious reader
to the excellent historical reviews written by Severinghaus et al.[83, |156]”). For more recent
developments, current medical practice, and challenges, I would rather orient them towards
several publications by Jubran|15], Nitzan et al.[14], and Tamura|l6]. In the remainder of this
section, I will briefly outline the core principles of pulse oximetry from a more technical point
of view. Further reading on the topic include Urpalainen’s work, which—despite being only
a master’s thesis—is extremely clear and educational, making her work quite valuable for a

(9)Make sure to read both papers—and not just the first one—as the second primarily serves as an erratum to
the first. As a side note, those two papers are part of an heptalogy on the topic of blood gas analysis by one of
the leading experts on the subject, and are worth reading from a historical viewpoint.
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Measurement

Year Author Ref. window (nm) O2Hb HHb COHb MetHb CNMetHb SulfHb CO2Hb Notes
Amin  Amax

1919 Newcomer [137] 241 700 v v v

1938 Sidwell [138] 230 780 v v

1943  Horecker [139) 600 1000 v v v

1962 Barlow [140] 600 1900 v v

1970  Assendelft [136] 390 1000 v v v v v (a)

1971 Sugita [141] 200 660 v v v

1977 Dijkhuizen  [142] 450 700 v v

1978 Waterman [143] 370 650 v v v v

1979 Mook (144 600 1000 v v

1983 Van Kampen [145] 380 1000 v v v v v (a)

1988  Wray [146) 650 1050 v v

1989 Mendelson [147) 600 1000 v v (b)

1991  Cope [148] 650 1050 v v

1991  Zijlstra [149] 450 1000 v v v v (b)

1994 Kuenstner [150] 620 2500 v v v v

1997  Grosenbaugh [151] 600 1000 v v

1997  Kuenstner [150] 2500 11800 v v v v

1998  Prahl [85] 250 1000 v v (c)

2000  Zijlstra [132] 450 1000 v v v v v (a),(b)

2006  Friebel [152] 250 1100 v (d)

2012 Kolyva [153] 650 1000 v v

2020 Dervieux [86) 235 1000 v v v

Table 2.1: Selected works on the spectrophotometry of human haemoglobin derivatives. (a): ad-
ditional dyshaemoglobins species reported’, (b): foetal haemoglobin also reported, (c): compiled
from various data sources, (d): measurement performed on unlysed erythrocytes.

t: MetHb is sometimes called haemiglobin and noted Hi, while CNMetHb refers to cyan-
methaemoglobin, also called haemiglobincyanide and noted HiCN. Many more haemoglobin
species exist combining the sulf-, meth- and cyan- prefixes, as detailed by Zijlstra[132, p. 11
and Figure 2.2].

newcomer to the field[157, Chap. 2].

To understand the basic idea behind pulse oximetry, let us consider Figure which illus-
trates the following. Light is shone onto a limb—e.g. a finger or earlobe—by means of a Light
Emitting Diode (LED), with an initial incident intensity Iy. The light entering the skin is then
partially absorbed inside the tissues before it eventually exits them with an intensity I, which
may finally be measured with a photodiode. The absorption of light by the tissues may then be
quantified by plotting the absorbance—i.e. A = log,,(I/Iy)—of the tissues with respect to time.
When doing so, the absorbance can be decomposed into two parts: (i) a constant signal—termed
DC from the electrical engineering / signal processing analogy—due to the absorbance of tissues,
venous blood, and the volume of arterial blood that remains constant throughout a cardiac cy-
cle, and (ii) a pulsatile signal—termed AC—which corresponds to the change in arterial blood
volume with each heartbeat.

Indeed, during diastole—the relaxed phase of the cardiac cycle—the arterial blood pressure
is minimal, and the arteries thus occupy their minimum volume. On the contrary, when systole
occurs—i.e. when the heart contracts and ejects its blood content into the arteries—the arterial
blood pressure is maximal and the arterial volume increases—it is this volume variation that can
be felt when taking the pulse of a person. This volume change is in fact a change in the volume
of blood contained in the said arteries, and since blood is one of the most absorbing substances
within human tissues|158], this change in blood volume in turns translates into a measurable
change in tissues absorbance. This ability of measuring changes in (blood) volume by optical
means is called photoplethysmography (PPG), derived from Greek photo- light, -plethysmo-
increasing, enlarging (relative to volume changes), and -graphy writing.

Mathematically speaking, the absorbance of the perfused limb at a given wavelength A may
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Figure 2.5: The pulse oximetry principle. Left: time-varying absorbance of perfused tissues,
with decomposition of the said absorbance between different compartments (not to scale). Of
note, the arterial blood is divided into a non-pulsatile and a pulsatile components, with the
systole and diastole indicated with the “S” and “D” letters. Center and Right: schematised
cut-views of perfused tissues during the diastole and systole. Skin, muscle, veins, and arteries are
represented using the same colours as in the left-hand side diagram. Note the change in arteries
diameter between the systole and the diastole, which accounts for the change in the amplitudes
of Igys and Ipj,s between the two phases of the cardiac cycle.

be written
1(t)
AN(t) = —logyo | = Aspc + Arac(t) (2.13)
0 ~——

pulsatile
arterial blood
where the total absorbance A is decomposed into its DC and AC components. Ay pc represents
the sum of the respective absorbances of the non-varying afore-mentioned compartments—i.e.
skin, muscle and bones, venous blood, and non-pulsatile arterial blood—while Ay ac specifically
represents the absorbance of pulsatile arterial blood, i.e.

Ay ac(t) = ZEA,i'Ci'ék,i(t) (2.14)

wherein ¢ represents the different absorbing species in blood (mainly haemoglobin species), e are
their molar extinction coefficients, C their concentration, and ¢ the optical path taken by the
illuminating light—i.e. the length of blood that would produce the same absorbance as the sum
of all the optical paths actually taken through the many arteries of the perfused limb. Note
that this path length ¢ is time-varying, being zero during diastole, and reaching its maximal
value when the systole occurs. We can study the difference between the maximum (systolic) and
minimum (diastolic) absorbance value:

I S I ias
A)\,max - A)\,min = - IOglo ( jy ) + loglo ( ]; )
0 0 (2.15)

_ log <IDias )
10 ISys

A)\,max - A)\,min = Z EA,i'Ci'AK)\,i (216)
[

On the other hand we also have
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wherein A/, ; is the amplitude of £y ;(t), d.e. Alx; = €y, sys — £x,iDias. Using two different
LEDs of wavelengths A\; and As, the following ratio can then be computed:

Iy, Dias

lo ==

_ A)q,max - A}q,min o g10 Iy, sys
A)\g,max - A)\g,min 10%10 (M)

Ikz,Sys
Yo ien,iCir ALy,
Y i Exa,iCir ALy,

R

(2.17)

R:

Then, the following hypotheses are made—they will be discussed later on:
Hi: Aly, i = Aly, i, i.e. the light path inside the tissues is independent of the wavelength.

Ho: i € [HHb, OxHb], i.e. the only two light-absorbing substances in arterial blood are the
oxy- and deoxygenated haemoglobin species.

Hs: Crp,ror = Cumb+Coyub, Wherein Crp ror, Chmb, and Co,mp are the total haemoglobin, HHb,
and OoHb arterial blood concentration, respectively, i.e. haemoglobin is either present in
the form of HHb or OsHb, and no dishaemoglobin is present. In particular, Hs leads to:

COQHb = SaOQ'CHb,TOT and Cuaap = (1 — SaOQ)'CHbJ@T (2.18)

Those three hypotheses then lead to

R sa02-€x,,0,1b + (1 —5a02)-€x, HHDB (2.19)

sa02-€x,,0,1b + (1 —5a02)-€x, HHD

from which saOs can be expressed as:

Ex,,HHb — R-ex, 1HHD
(€, HHb — €x1,0,Hb) — R- (€1, HHD — €x5,0,Hb)

saOq = (2.20)

This latter relation is fundamental in pulse oximetry, as it allows to compute the saOs from
R, which can itself be calculated using the right-hand-side of Equation and the measured di-
astolic and systolic light intensities—represented in Figure at two different wavelengths. Of
note, when the saO, is computed by pulsed oximetry it is termed “pe