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Summary

Oxygen in human tissue — both in its bound form, as oxygenated hemoglobin in the
capillaries of skeletal muscle tissue, and in its free form, as oxygen gas in the alveoli of
the lungs — has been explored in this thesis. All studies (I-IV) in this thesis are based

on non-invasive optical measurements.

The overall aim of this thesis is to develop and evaluate techniques, based on light at
different wavelengths, with potential of being compliments for bedside surveillance of
critically ill or injured adult or pediatric patients.

Changes in tissue oxygenation of skeletal muscle under various physiological
perturbations in adult subjects have been evaluated, and possibilities of detecting
alveolar oxygen gas in newborn infants have been explored. The penetration of light
through tissue is limited, leading to different applicability of the techniques studied
depending on tissue layer thickness.

Each specific substance, appearing in bound or gaseous form, absorbs light at specific
wavelengths. A “spectral fingerprint” is obtained — broad and more diffuse for bound
substances, and sharper and easier to identify for free gases. This difference demands
different experimental approaches — broad-band spectral light sources for detection of
oxygen bound to hemoglobin, and narrow-band light (from semi-conductor laser
sources) for detection of free oxygen gas. Since not only the content of oxygen in
blood, but also the blood perfusion are important for oxygen transport, laser Doppler
techniques have been employed to study the transport of bound oxygen in blood. The
amount of blood available is of course another important factor, which is the reason
why tissue viability imaging, a non-invasive technique providing estimates on regional
blood volume, has also been evaluated.

In critical illness or major injury, where perfusion and oxygenation of vital organs
(e.g., heart, brain and kidneys) may be severely compromised, blood is rapidly
diverted to those organs to improve chances of survival. Blood vessels in less
important organs (e.g., skin, skeletal muscle and intestines) are constricted, leading to
reduced local perfusion and oxygenation. Non-invasively determined changes in
regional tissue blood flow and oxygenation in e.g., the forearm, might hence indicate
early medical deterioration. More central measurements, closer to vital organs, are
certainly possible, but since the body struggles to maintain perfusion and oxygenation
of these organs, such measurements could be expected to provide delayed
information, compared with those in peripheral limbs. Moreover, central
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measurements often demand varying degrees if invasiveness, e.g., central venous or
pulmonary artery catheterization.

We have evaluated, in healthy volunteers, how tissue perfusion, blood volume and
oxygenation respond to non-harmful, locally induced physiological perturbations,
designed to resemble early medical deterioration (I-II). Doppler spectroscopy and the
broad-band spectroscopic techniques tissue viability imaging and near-infrared
spectroscopy, detect and reflect changes in tissue perfusion, blood volume and
oxygenation in skin and skeletal muscle under various physiological conditions (I-II).
The latter technique in its time-resolved version seems to be particularly promising,
and might in the future serve as a valuable compliment in the surveillance of critically
ill or injured patients.

Preterm infants are most vulnerable patients. Since their organs, in particular the
lungs, are not fully developed at birth, much of the medical care aims at creating
conditions for optimal respiratory function and oxygenation. We have shown that —
by transmitting light at the right wavelength through the chest wall and detecting the
diffuse light returning from the tissue — it is possible to detect free gas (III-IV), and in
particular oxygen (IV), non-invasively in newborn infants. The results obtained
provide guidance on how treatment could be improved, and the need of potentially
harmful radiological examinations could be reduced.

12



Summary in Swedish

Syre i minsklig vivnad - bade i sin till blodet bundna form, som syresatt hemoglobin
i perifer skelettmuskulatur, och i sin fria form, som gas i lungornas luftfyllda halrum -
har studerats i denna avhandling. I samtliga delarbeten har icke-invasiva optiska
(ljusbaserade) tekniker anvints.

Malet med avhandlingen ir att finna och utvirdera tekniker, baserade pa ljus vid olika
véglingder, med potential att utgora komplement for vervakning av svirt sjuka
patienter, sivil vuxna som barn.

Avhandlingen ir baserad pa fyra delarbeten (I-IV), dir den réda triden ir att studera
syre i kroppen - fran att det kommer ner i lungorna genom inandning tills det i
bunden form nir ut till kroppens vivnader.

Vi har undersoke hur syresittningen i skelettmuskulatur hos vuxna férindras under
olika fysiologiska provokationer. Vidare studeras méjligheterna att kunna mita och
kvantifiera fri syrgas inne i lungans luftfyllda halrum, i de aktuella fallen hos nyfédda
barn. Ljus har begrinsad genomtringlighet i vivnad, vilket gor att de anvinda
mitmetoderna har olika tillginglighet beroende pa vivnadslagrens tjocklek.

Mittekniskt utnyttjas forhallandet, att varje specifikt dmne, vare sig det upptrider
som gas eller i fast form, absorberar ljus vid for amnet karakteristiska viglingder. Man
far ett “spektroskopiskt fingeravtryck”, som nir det giller fria gaser ir ytterst skarpt
och littidentifierbart, medan fasta imnen har bredare och mera diffusa strukeurer.
Denna skillnad leder till olikartade mittekniker - for syrgas utnyttjas smalbandig
laserstrilning fran en halvledarlaser, medan mer bredbandiga ljuskillor utnyttjas for
vivnadsbundet syre. Eftersom inte enbart syrekoncentrationen i blodet, utan 4ven
sjilva blodflédet ir av betydelse for syretransporten, har dven laser-Doppler-teknik
anvinds for att studera transporten av det bundna syret.

Vid kritisk sjukdom, dir livsviktiga organ (t ex hjirna, hjirta och njurar) hotas av
dilig genomblodning och syresittning, omfordelas blodet snabbt i kroppen for att 6ka
mojligheterna till 6verlevnad. Blodkirlen i mindre viktiga organ (t. ex. hud, skelett-
muskulatur och tarmar) dras samman, si att blodflodet och syresittningen dir
minskar. Mitningar fran kroppens utsida av hur blodflode och syresittning i hud och
muskulatur, t. ex. i underarmen, férindras, skulle tidigt kunna varna nir kroppen ér
pa vig in i ett mer kritiske tillstind. Att mita mera centralt, nira de vitala organen
gors idag i klinisk praxis, men da kroppen in i det sista kimpar for att uppritthilla
god blodf6rsérjning dit, kommer dessa mitningar ge utslag senare 4n mitningar i
armar eller ben. Ofta forutsitter dessutom centrala mitningar att man lagt in slangar i
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stora kirl nira hjirtat. Vi har studerat hur blodflédet och syresittningen i huden och
musklerna i underarmen férindras i samband med ofarliga provokationer hos friska
frivilliga vuxna forskningspersoner (I-II). Vi har funnit att bredbandig optisk
spektroskopi, speciellt om den genomfors med tidsupplost teknik, kan registrera och
folja syresittningen i muskelvivnad med hdg noggrannhet och dirfér i framtiden
skulle kunna bli ett anvindbart komplement for patientnira dvervakning vid kritisk
sjukdom eller omfattande kroppskada.

Barn, som f6ds for tidigt, 4r en mycket utsatt patientgrupp. Deras organ, framfor allt
lungorna, ir inte fullt utvecklade, varfor mycket av varden inriktas pd att skapa
forutsiteningar for bista mojliga andningsfunktion och syresittning for att minimera
och helst helt forebygga skador pd viktiga organ. Vi har - genom att lysa med ljus av
ritt viglingd pa brostkorgens hudyta och samtidigt finga upp det diffusa ljus som
kommer tillbaka frin vivnaden (III-IV) - kunnat visa att fri gas (III) och framfor allt
syrgas (IV) kan detekteras i lungorna pa nyfédda barn. Resultaten ger vigledning
kring hur dagens medicinska behandlingar skulle kunna forbattras och hur behovet av
upprepade rontgenundersokningar pa svart sjuka spadbarn skulle kunna minskas.
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Abbreviations

ABP
ADH
ADP
ANF
ATP
ATT
BE
B-Hb
BPD
CcO
CO,
COHb
CPAP
CW-NIRS
2,3-DPG
DAP
DO,
F302
GASMAS
Hb
HbA
HbF
Hb
HbO,
HbT
H,O
HR
IQR
LDI
MAP
MetHb
NEC
NIR
NIRS
PaCO;,
PaOz

Arterial blood pressure
Antidiuretic hormone
Adenosine diphosphate
Atrial natriuretic factor
Adenosine triphosphate
Adipose tissue thickness
Base excess

Blood concentration of Hb
Bronchopulmonary dysplasia
Cardiac output

Carbon dioxide
Carboxyhemoglobin
Continuous positive airway pressure
Continuous-wave NIRS
2,3-diphosphoglycerate
Diastolic arterial pressure
O, delivery

Fraction of inspired O,
Gas in scattering media absorption spectroscopy
Hemoglobin

Adult Hb

Fetal Hb
Deoxyhemoglobin
Oxyhemoglobin

Total Hb count

Water

Heart rate

Inter-quartile range

Laser Doppler imaging
Mean arterial pressure
Methemoglobin
Necrotizing enterocolitis
Near-infrared
Near-infrared spectroscopy
PCO; in arterial blood
PO; in arterial blood
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PO,
P50,
PPG
PTOES
PVR
O,
RDS
RH
8302
SAP
SevO,
SO,
SpOZ
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SV
SVOZ
SVR
TVI
VO,
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Photon time-of-flight spectroscopy
Peripheral vascular resistance
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Respiratory distress syndrome
Reactive hyperemia

Arterial SO,

Systolic arterial pressure
Central venous O, saturation
Hb saturation of O,
Percutaneous SaO;

Tissue oxygenation

Stroke volume

Mixed venous O, saturation
Systemic vascular resistance
Tissue viability imaging
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Preface

This thesis concerns oxygenation, a field of major importance in medicine, not the
least in intensive care medicine - a field catching my interest as a medical student.
The whole journey started as a diploma project, suggested by my present main
supervisor, professor Jonas Akeson. He wanted to explore possibilities and limitations
of different commercially available non-invasive optical techniques in intensive care
medicine. During the course of the project, certainly good opportunities were found,
but also limitations. Absorption is normally used for optical quantification of
chemical substances (oxyhemoglobin being one). A major challenge of human tissue
is the simultaneous presence of extensive light scattering. To combat this, more
advanced approaches are needed, calling for interdisciplinary collaboration. This
became available through my co-supervisor professor Stefan Andersson-Engels, a
physicist with long experience in optical spectroscopy in scattering media. In this way
the most promising technique from the first study — continuous-wave near-infrared
spectroscopy - could be compared with the more advanced time-resolved tissue
spectroscopy technique in studies of relevant conditions in adults. A most fruitful
interdisciplinary collaboration had started!

By coincidence, the physicists had at around this time started to get interested in free
oxygen monitoring in tissue, mainly related to infection, like sinusitis. The idea
emerged of closing the oxygenation loop in the thesis by combining - for the first
time 7z situ in humans - monitoring of free alveolar oxygen within the lungs with
studies of oxygen bound to hemoglobin.

Because of the limited penetration of light in tissue, the smallest individuals -
newborn infants — seemed to be the most suitable starting point for optical lung
monitoring. My other co-supervisor, professor Vineta Fellman, saw particular
potential in such techniques, since lung problems are among the most severe in
neonatology, a particularly demanding area of intensive care medicine. Free oxygen
monitoring calls for quite different experimental techniques, but light scattering in
tissue remained the major issue to address. Towards the end of this most rewarding
interdisciplinary journey, monitoring of free alveolar oxygen also in adults — based on
internal administration of light - emerged as a future possibility.

I sincerely hope that results reported in this thesis might serve as a base for improved
management of severe disease, and ultimately make a real difference for somebody.
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Background

Clinical aspects

Since various aspects of tissue oxygenation are of central importance in the present
thesis, an overview of the complex and interlaced processes is first given as a general

background.

Oxygen is a prerequisite for life. The lungs need to be filled with air with its vital
oxygen crossing alveolar-capillary membranes to enter the blood stream. Proper
expansion of the alveoli in the lungs and short diffusion distances are mandatory for
successful transportation of oxygen. Inhomogeneous distribution of air and thickened
membranes in respiratory diseases in newborn preterm infants lead to a poor
oxygenation. Reduced oxygenation of peripheral tissues (e.g., skin and skeletal
muscle) could be an early indicator of medical deterioration (e.g., in hemorrhagic
shock), reflecting early reduction of peripheral tissue perfusion to improve perfusion
of more vital organs and tissues.

Oxygen

Oxygen is a chemical element with atomic number 8 and atomic weight 16. It exists
as an odorless and colorless diatomic gas (O,) in the lower atmosphere and also as
triatomic oxygen (O3), ozone, in particular in the upper atmosphere. Oxygen is a
reactive element and an oxidizing agent that readily forms compounds (primarily
oxides) with most elements.

Oxygen makes up 21 % of air by volume. It was discovered independently by the
Swedish pharmacist Carl Wilhelm Scheele (1742-1786) (Fig. 1) in 1771 [1-3], and
by the English chemist Joseph Priestley in 1774 [2, 3]. It was also studied by the
French chemist Antoine Laurent de Lavoisier, who explained the process of
combustion [2, 3].
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Figure 1.
Carl Wilhelm Scheele (1742-1786). From [3]; reproduced with permission from John Wiley & Sons,

Inc.

Oxygen is essential for cellular respiration in humans and animals, where carbon
dioxide (CO,) is formed [4, 5]. Conversely, CO; is consumed and O is created by
photosynthesis in plants.

Microcirculation

In the year of 1661, Marcello Malpighi (1628-1694), using the recently invented
light microscope, solved the mystery of how the peripheral arteriovenous connections
are arranged, by discovering the capillaries [6]. Before this, the scientific knowledge
on how blood circulated in the human body from arteries to veins by motions of the
heart, was based on a description in 1628 by William Harvey (1578-1657), leaving
out the detailed connection between the two systems [7].
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Our blood circulation serves the purpose of providing all tissues with oxygen,
nutrients and fluid, and to carry away waste products from the metabolism. The
capillary bed plays a key role in the exchange between the blood stream and the
tissues. There are approximately 25 x 10? capillaries in the body, with approximately
6 % of the total blood volume in systemic, and 3 % in pulmonary capillaries. About
80 % of the total microvascular blood volume is located in the capillaries, venules and
veins [8]. The diameter of capillaries ranges from 5 to 10 pm and the average length is
about 1 mm. The capillary wall is only one cell layer thick, enabling diffusion
distances of only about 0.5 pm. Due to the enormous amount of capillaries, their
total surface area is 800-1000 m* and no cell is more than 20-30 pm away from a
capillary [9, 10].

Oxygen transport

Free and bound oxygen

Oxygen in its gaseous form, present in the air surrounding us, is inhaled during
breathing. It moves by convection along our airways to reach the alveoli of the lungs,
still in its gaseous form. The alveoli are in close contact with the capillaries of the
lungs - only approximately 0.5 pm apart. Oxygen passively diffuses along its
concentration gradient to the low-oxygen containing blood of the lung capillaries,
while CO, diffuses along its gradient from capillary blood to alveoli and is then
exhaled. Transfer of O, across the alveolar-capillary membrane depends on the diffuse
conductance for oxygen, and under basal conditions occurs within one-third of the
capillary transit time for red blood cells (erythrocytes) [5]. Inside the bloodstream,
almost all (97-98 %) O, binds to hemoglobin (Hb) within erythrocytes, thus now
existing in its bound form [10]. The small amount of O, dissolved in blood is directly
proportional to the partial pressure of O, (PO,) of blood, and is 0.003 ml/100 ml
blood/millimeter mercury at 37 C. At normal arterial PO, (PaO,) of 13.3 kPa (equal
to 100 mmHg) the dissolved amount is 0.3 ml of O»/100 ml blood [11]. Oxygen is
then being transported as oxygenated Hb (HbO,) in the erythrocytes to capillaries of
different organs and tissues. Here O is released from Hb, moves by diffusion over the
capillary membrane across the interstitial fluid space and cell membranes, to finally
reach the mitochondria inside the cells, where it has a crucial role in the respiratory
chain. At the same time CO,, a waste product of cell metabolism, rapidly diffuses in
the opposite direction to the capillaries, from which it is transported, 60 % as
bicarbonate, 30 % bound to Hb (and plasma proteins) and 10 % physically dissolved
in the plasma fluid, back to the lungs by the venous bloodstream [11].

Hemoglobin and the dissociation curve of oxygen

Our bone marrow produces about two million erythrocytes per second [12]. This
production, erythropoiesis, is a highly prioritized process in the human body. The
erythrocyte is an anuclear biconcave disc, on average 7.5 pm wide and 2 pm thick,
with a large surface area relative to its volume, promoting gaseous diffusion into the
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cell. Hemoglobin, a red-colored pigment in the erythrocytes, is essential for O,
transport in the human body. Normal adult Hb (Hb A) consists of four sub units,
two a and two B polypeptide chains, while fetal Hb (Hb F) consists of two a and two
Y chains. One heme moiety, a porphyrin derivate, containing one iron ion in its
ferrous (Fe*) state, is bound to each chain. Each iron ion can reversibly bind one O,
molecule, whereby deoxygenated Hb (Hb) shifts to HbO,. Each Hb molecule can
bind four O, molecules, and 1 g of Hb (if totally pure) can bind 1.39 ml of O..
However, since methemoglobin (metHb) and carboxyhemoglobin (COHDb), both
unable to bind O, as further discussed below (p. 30), make up some percentage of
total Hb in the human body, the physiological oxygen-binding capacity is 1.34 ml per
g of Hb (Huffner’s constant). This capacity is proportional to the hematocrit level
(concentration of erythrocytes) in the blood. In Hb" the sub units are held in a tense
conformation by electrostatic bonds, leading to low affinity for oxygen. However,
when one molecule of O, binds, the linkages between o and B chains are broken,
leading to an increased affinity of Hb for further binding of O, [13, 14]

(Fig. 2).
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Figure 2.

Schematic drawing of a fully oxygenated molecule of adult hemoglobin (HbA). Modified from [12].

This cooperative nature of O, binding to Hb results in a sigmoidal dissociation curve
of oxygenation, where O, affinity is reduced by increased temperature, partial
pressure of carbon dioxide (PCO,), acidity (Bohr effect) and concentration of 2,3-
diphosphoglycerate (2,3-DPG) [15] (Fig. 3). The PO, at which binding sites of Hb
for O, are half-saturated (at 50 %) is referred to as PsoO,. HbF has a greater affinity
for O, than HbA, which is an essential aspect of intrauterine oxygenation [16]. Hb"
has a higher affinity for CO, than HbO, (Haldane effect) [17]. As mentioned, when

O; is delivered to organs and tissues, approximately 30 % of CO; reversibly binds to
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amino groups of polypeptide chains to form carbaminohemoglobin, whereas most of
it is transported as bicarbonate (60 %) or dissolved (10 %) in plasma [11].
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Figure 3.

The sigmoidal oxygenated hemoglobin dissociation curve. Influence of temperature, partial pressure of
carbon dioxide (PCOy), 2,3-diphosphoglycerate (2,3-DPG), and pH on the oxygen (O:) affinity for
hemoglobin is shown by vertical arrows. P5005 is the partial pressure of Oz, for which hemoglobin is
half-saturated (at 50 %). For normal conditions, the solid red curve, P500: is 3.6 kPa, as indicated.
Modified from [18].

The driving gradient of PO, determines O, flux by diffusion across membranes and
barriers in lungs and various organs and tissues The non-linearity of the O,
dissociation curve promotes maximal diffusion of O, across alveolar-capillary
membranes at the higher levels of PO; in the lungs. Accordingly, lower levels of PO,
in other organs and tissues promote unloading of O, (Fig. 3).

The rates of loading and unloading of O, are slow, since erythrocytes are “squeezed”
through the narrow capillaries in the tissues, the capillary diameters are 5-10 pm,
while the diameter of an erythrocyte is 7.5 pm. Diffusion constant values are
approximately 100 000 times higher in alveolar gas than in tissue. Unless diffusion in
the lungs is compromised by prolonged diffusion distances, as in pulmonary edema or
interstitial lung disease, tissue unloading of O, is the limiting factor in O,
transportation.
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Tissue oxygenation

Adequate tissue oxygenation (StO,) is the fundamental purpose of the respiratory and
cardiovascular system in humans (Fig. 4). Factors determining StO, are discussed in
the following section.

[Cardiac output] [Oxygen content]
Oxygen Ti .
ISssue oxygenation
[ Y8 ]—[ Oxygen transport]
[ Oxygen upta ke] [Oxygen delivery]

Figure 4.

Schematic figure of factors determining tissue oxygenation (StO2).

Efficient supply of O, and substrates is essential for aerobic cellular respiration. A
single enzyme, cytochrome C oxidase, accounts for more than 90 % of O,
consumption in the human body. This is the final enzyme complex of the cellular
respiratory chain in the mitochondria. It oxidizes cytochrome C, whereby O, and H*
are reduced to form water (H,O). Energy needed in our cells is obtained from high
energy phosphate bonds in adenosine triphosphate (ATP). Oxidative phosphorylation
with glucose as a substrate and molecular O, as the terminal electron acceptor is the
most efficient way of producing ATP, primarily from adenosine diphosphate (ADP).
In total 38 molecules of ATP are generated per molecule of glucose under aerobic
(compared with 2 ATP under anaerobic) conditions [5].

Continuous and adequate supply of O, and substrates (e.g., glucose) to different
tissues in the body relies on proper function of the respiratory, cardiac, and macro-
and microvascular systems. At rest, there are normally wide margins between arterial
delivery of O, (DOy) to organs and tissues (approximately 1.0 1/min) and their uptake
(VO,) of O, (approximately 0.25 |/min). This allows for maintenance of aerobic
respiration and VO, also when DO; is considerably reduced.

Oxygen delivery is determined by the cardiac output (CO), blood concentration of
Hb (B-Hb), and arterial saturation of O, (Sa0,) according to a somewhat simplified
equation,

DO, = CO x B-Hb x Sa0, X 1.34, 1)
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where the O, dissolved in arterial blood (0.003 x PaO,) under normobaric conditions
is considered to be negligible. The normal adult value of CO, calculated as heart rate
(HR) times stroke volume (SV), is approximately 5 I/min. Reference ranges of B-Hb
are 123-153 g/l in female, and 140-175 g/l in male adults [19]. Normally, SaOs is
above 95 %. The factor 1.34 (Huffner’s constant) denotes the volume of O, (in ml)
approximately carried by each g of Hb under clinical conditions (as mentioned, the
theoretical maximum capacity is 1.39 ml/g).

Contents of O, in arterial (CaO,) and mixed venous (CvO,) blood are calculated as

Ca0, = B-Hb X Sa0, x 1.34 )
Cv0, = B-Hb X Sv0, % 1.34, (3)

where Sv0, is the mixed venous saturation of O,.

According to Fick’s principle it is possible to calculate total tissue VO, as

V0, = CO X (Ca0, — Cv0,). 4)

Accordingly, uptake of O, by a specific organ or tissue corresponds to its regional
blood flow times its regional arteriovenous gradient of O, content.

The pathway of O, from gas in the atmosphere to the respiratory chain in the
mitochondria of human cells contains several steps. The diffusion of O, in the
pulmonary system is extremely efficient, keeping the arterial blood well saturated
(around 95 %) also during maximal work [20]. However, trained individuals, who are
able to increase their CO up to 40 I/min (compared with 25 I/min in less trained
individuals), may undergo arterial desaturation during intense exercise. This occurs
since the transit time of erythrocytes in the pulmonary capillaries falls below the time
required (approximately 0.25 s) for saturation to be completed [21].

The arterial blood pressure (ABP) is determined by CO and the systemic vascular
resistance (SVR) according to the equation

ABP = CO x SVR. (5)

At rest, approximately 5 % of CO is distributed to the heart, 15 % to the brain, 20 %
to the kidneys, 20 % to the muscle tissues, 25 % to the liver, and 15 % to other
organs and tissues [10]. Maximal VO, correlates to CO and regional blood flow,
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where the latter determines the rate of convective transport of O, to different organs
and tissues.

Both DO, and VO, are directly affected by lowered concentrations of Hb. Also,
according to the Hagen-Poiseuille law (stating that the laminar flow through a
cylinder (e.g., a vessel) is directly proportional to the fourth power of the radius and
inversely proportional to the viscosity of the fluid) - reducing the concentration of Hb
(which normally determines 70-80 % of the blood viscosity) will increase CO and
regional blood flow [5].

The microvascular system is under rigorous physiological control, where the
distribution of blood flow is determined by coordinated interaction between
arteriolar, capillary and venular vessels according to local and regional metabolic
demands. Skeletal muscle tissue has a wide dynamic range of blood flow, where, due
to interaction between regulatory events, blood flow can increase almost 100-fold
during intense aerobic exercise compared with the situation at rest. The vascular
reactivity determines the distribution of DO, between and within organs and tissues,
where dilation of terminal arterioles increases the capillary surface area for diffusion to
increase tissue extraction of O,. The venules, by diffusion of metabolites, provide

additional feedback [22, 23].

A particular example of acute control of regional and local blood flow (of particular
importance in this thesis) is reactive hyperemia (RH), defined as a transient increase
in organ or tissue blood flow in response to a brief period of recent ischemia (induced
by e.g., arterial occlusion). This vascular response is proposed to result from both
myogenic and local metabolic factors [24]. In RH regional or local blood flow
increases by four to seven times over a period of time lasting from few seconds (if the
interruption of blood flow has been quite short) to several minutes. During a period
of hypoperfusion or vascular occlusion, regional ischemia with tissue hypoxia induces
progressive local acidosis with release of vasoactive metabolites (like prostaglandins
and adenosine), which dilate arterioles and reduce the vascular resistance to improve
tissue perfusion [25]. When the occlusion is released and the perfusion pressure is
rapidly restored, the reduced vascular resistance will allow a higher blood flow. The
high peak capillary velocity after a short period of occlusion suggests involvement of
myogenic control mechanisms [24]. The increased blood flow during RH normally
lasts long enough to re-establish StO, and wash out acid and vasodilating metabolites
from the tissue [10].

Clinically available measurement techniques

In clinical practice, most bedside techniques evaluate global parameters of
oxygenation to estimate StO,. Furthermore, varying degrees of invasiveness are often
required to retrieve this information. This section discusses some techniques available
for measurements of vital physiological parameters, some of which can also be used
for estimation of regional StO..
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Pulmonary artery catheterization

Pulmonary artery catheterization is an almost 40 years old invasive technique, using a
flow-directed balloon-tipped catheter, to evaluate hemodynamics in critically ill
patients [21]. The catheter is inserted through the right internal jugular vein, passes
through the right atrium and ventricle and is positioned inside the pulmonary artery.
Information can be obtained on right atrial, ventricular and pulmonary (mixed
venous) tensions of O, and CO,, on Sa0; and SvO,, right atrial and ventricular
pressures, and on arterial pulmonary and capillary wedge pressure, right ventricular
ejection fraction and CO. Information obtained can be used to calculate VO,
according to Eq. 4 (p. 25). This technique enables bedside measurements, and has
previously been widely used. However, severe complications may arise, e.g.,
infections, mechanical damage to cardiac valves or the pulmonary artery, pulmonary
thromboembolism and infarction [26, 27], and observational studies have indicated
that the technique is associated with increased risks of death compared to controls
with illness of similar severity [28].

Transpulmonary thermodilution

Transpulmonary thermodilution is another invasive technique for CO measurement.
An indicator solution (e.g., cold saline 0.9 %), injected through a central venous
catheter, passes through the right heart, lungs and left heart to be detected in a central
arterial catheter, e.g., in the femoral artery. The Stewart-Hamilton equation [29] is
then used to calculate CO.

Pulse pressure analysis

Many systems combine thermodilution with pulse pressure analysis for continuous
trend monitoring of CO. This technique also enables levels of preload volume and
extravascular lung water content to be estimated [30].

Pulse pressure variation

Another approach, based on variations in the arterial pressure curve measured with a
catheter in e.g., the radial artery, has been used to estimate CO and SV levels for
hemodynamic bedside guidance in critically ill patients. However, this technique
requires mechanical ventilation for appropriate function [31, 32].

CE?IZ'VLZ[ venous oxyger saturation

Measurement of central venous O, saturation (ScvOy) is a less invasive option, useful
for estimations of DO,, CO and StO; in various clinical settings [27, 33, 34]. Ideally,
SvO; reflecting mixed venous oxygenation from the whole body, in blood obtained
from the right ventricle or the pulmonary artery, should be determined. However,
this requires pulmonary artery catheterization, described above. However, ScvO; has
been shown to correlate well with SvO, [33]. The normal value for ScvO, is
approximately 70 %, and lower levels may reflect too low levels of CO, B-Hb or SaO,
to meet tissue demands for O..
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Indirect calorimetry

Indirect calorimetry is a non-invasive method, where the metabolic rate is estimated
from measurements of O, consumption and CO, production. Briefly, VO, is
calculated from differences in concentrations and volumes of O, and CO, between
inspired and expired gases. However, this technique needs specific equipment and
careful calibration. Moreover, for correct measurements no volume loss is allowed.
This leads to particular problems in neonatal care settings, where un-cuffed
endotracheal tubes are often used [35, 36].

Gastric tonometry

Gastric tonometry is a monitoring technique, based on tonometric determination of
PCO; in the stomach, and on determination of arterial content of bicarbonate.
Information obtained is used to calculate gastric intramucosal pH [37]. A recent
meta-analysis suggests that treatment guided by gastric tonometry is associated with
lower overall mortality in critical care patients, but more investigations are needed

(38].

Esophageal Doppler

Determination of blood flow in the descending thoracic aorta by esophageal Doppler
techniques is another method for monitoring of CO to guide decisions in e.g.,
volume replacement and the need for inotropic or vasopressor support [39]. The
principles behind the Doppler effect are described under Technical aspects (pp. 57-
58). Perioperative studies, e.g., in cardiac [40] and abdominal surgery [41, 42], have
reported improved outcome when esophageal Doppler monitoring has been used.

Base excess and lactate

Blood analyses can also be used to detect and follow-up clinical deterioration. When
there is an imbalance between O, supply and demand, anaerobic respiration will start
and metabolic acidosis develops, shown as reduced blood levels of base excess (BE)
and as increased blood levels of lactate levels, indicating poor StO,. Although blood
levels of BE and lactate are both considered as good markers of clinical outcome, they
respond slowly to tissue hypoxia [43].

Near-infrared spectroscopy

All techniques mentioned above enable assessment of vital physiological bedside
information of potential use for optimization of critical care in severe illness or major
injury. However, none of them directly determines regional StO, or blood flow.
Near-infrared spectroscopy (NIRS) is a non-invasive optical technique providing
continuous or frequent values of StO; in e.g., skeletal muscle or brain. This technique
is described in detail below (pp. 49-53). Two studies (I-II) in this thesis focus on
determination of StO, in muscle tissue, and on how reduced perfusion and
oxygenation in peripheral organs or tissues might be used to detect clinical
deterioration at an early stage in critical illness.
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Tissue oxygenation in critical illness

Maintenance of aerobic metabolism depends on adequate StO,. There is an essential
link between microcirculatory function and adequate DO, and thus normal organ
function. Tissue blood supply is a crucial indicator of injury and disease [44]. Low
DO, may occur despite normal levels of mean arterial pressure (MAP) and HR, both
used for basic hemodynamic monitoring [27]. Tissue hypoxia occurs when too little
O, is available due to abnormal key determinants of O, transport. Regulatory
mechanisms in the cardiovascular and respiratory systems, and in the blood, all aim at
ensuring adequate oxygenation of organs and tissues.

In major trauma or critical illness, blood flow is redistributed from less vital organs
(e.g., skin, skeletal muscle, intestines) to more vital organs (e.g., brain, heart, kidneys)
to increase the possibilities of adequate StO, and hence individual survival. Therefore,
detection of reduced peripheral StO; resulting from hypoperfusion might be used to
early detect, and hence improve initial management of clinical deterioration in
severely ill or injured patients [45]. In clinical practice today, StO; is often indirectly
assessed by invasively measuring global parameters of oxygenation, as described above

(pp- 27-28).

Tissue hypoxia may have several causes, depending on where in the chain of O,
transportation the problem is located. The following section describes the four most
common types of tissue hypoxia.

Stagnant hypoxia

Stagnant hypoxia occurs when the blood flow is abnormally low e.g., in ischemia or
due to reduced CO. In terms of O, transport, hypoperfusion is the primary
limitation, and hence, cardiovascular problems lead to inadequate DO, [46]. The
amount of O, extracted from the blood must now increase in order to meet the tissue
demands, and SvO, will fall. The PaO, remains unchanged, so respiratory
chemoreceptors (carotid bodies) do not sense any decrease. Increasing the inspired O,
fraction (F:O,) does not correct stagnant hypoxia, and instead bedside interventions
to improve CO or regional blood flow are required [14].

Hypoxic hypoxia

When the PaO, falls, hypoxic hypoxia is present. This may occur at high altitudes,
where the inspired PO, is lower than normal. In clinical settings, hypoxic hypoxia is
mostly due to respiratory problems, e.g., hypoventilation, ventilation-perfusion
mismatch, pulmonary edema (impaired diffusion) or shunting of blood. The key
problem is respiratory, and low arterial oxygenation limits proper StO,. Physiological
responses to reduced tissue PO, comprise dilation of precapillary arterioles (resistance
vessels) increasing perfusion, and opening of additional capillaries to reduce diffusion
distances and increase the total area available for diffusion of O,, all leading to an
increased DO,. SvO; is decreased due to higher tissue extraction of O,. Respiratory
chemoreceptors promote respiration by sensing arterial hypoxemia. Increasing the

29



FiO; helps to restore the balance between supply and demand of O,, except in severe
pulmonary shunting [14].

Anemic hypoxia

In anemic hypoxia, the carrying capacity of O, is reduced, because of fewer Hb
molecules or O binding sites. The most common reason is anemia, but anemic
hypoxia also occurs in carbon monoxide poisoning (carboxyhemoglobinemia). When
carbon monoxide poisoning occurs, O is outrivaled by carbon monoxide with more
than 200 times higher affinity to heme-binding sites. Carboxyhemoglobinemia also
inhibits tissue delivery of O, by shifting the dissociation curve to the left, thereby
increasing the affinity of O, to Hb [47] (Fig. 3).

In methemoglobinemia, the iron ion of heme is oxidized from the normal ferrous
(Fe*) to the ferric (Fe’*) (normally <1 %) state, which leads to inability of binding O,
and also to a shift of the dissociation curve to the left. Nitrates and prilocaine are
examples of drugs which may induce methemoglobinemia [48]. Hemodynamic
responses to anemic hypoxia include arteriolar dilation, increased capillary perfusion
and increased tissue extraction of O, with lower levels of SvO,. Since PaO, is
maintained, anemic hypoxia is not sensed by respiratory chemoreceptors. The only
cause of this kind of hypoxia where high levels of FiO, can help, preferably at
hyperbaric pressures, is in carbon dioxide poisoning, where O, may competitively
more easily replace carbon monoxide at the binding sites [14].

Histotoxic hypoxia

The fourth case of reduced tissue oxygenation is histotoxic hypoxia, induced mainly
by cyanide, with a tragic record of genocide and in prohibited warefare, and also
released in industrial disasters and by the drug sodium nitroprusside [49].
Histotoxicity makes cells unable to utilize delivered O,, since its mitochondrial
reaction with cytochrome C oxidase is blocked, leading to a reduced production of
ATP and subsequent energy depletion. Oxygen extraction and consumption
decreases, resulting in progressive tissue hypoxia with metabolic acidosis and increased
lactate levels, and increased levels of SvO,. Respiratory chemoreceptors are stimulated,
but respiratory stimulation or increasing the F,O, does not help, since there is already
enough O; in the circulatory system, but the cells are unable to utilize it [14, 50].
Treatment involves rapid administration of amyl nitrate, sodium thiosulfate and
sodium nitrate (the cyanide antidote kit). If smoke inhalation is the cause of cyanide
poisoning, hydroxocobalamin is the antidote of choice [49].

Tissue oxygenation in hemorrhage

A significant loss of blood volume, enough to reduce ABP below normal baseline
levels, is referred to as hemodynamically relevant hemorrhage. The immediate
physiological effect is a reduction in venous return to the right heart, whereby CO
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and MAP are both reduced. The decrease in CO reduces blood flow to all tissues,
leading to a fall in DO,. In massive hemorrhage, the DO, might fall to levels too low
to support oxidative phosphorylation in the tissues, forcing anaerobic metabolism to
take over. Poor tissue blood flow, with increased production of lactate, severely
compromises cellular function. Multiple compensatory mechanisms are activated, to
redistribute CO for optimal oxygenation of vital organs by change of vascular
resistance in other organs and tissues.

The brain, heart and kidneys are under autoregulation to maintain appropriate
regional blood flow levels. Autoregulation is able to maintain adequate perfusion of
the brain and heart as long as the MAP does not fall below approximately 70 mmHg.
The systolic arterial pressure (SAP) must be 75-170 mmHg to maintain
autoregulation in the kidneys. Compensatory mechanisms in hemorrhage start almost
immediately by reduced signaling rate of baroreceptors in the carotid sinus region, in
response to the decrease in ABP, whereby activation of the vasomotor inhibitory
center in the brainstem decreases and the vasomotor center is activated [14, 51].

Vasomotor activation reduces inhibitory vagal baseline influence on the sinoatrial
node, whereby HR increases towards its internal basic level of approximately 100
min’. In addition, sympathetic activation induces higher myocardial contractility and
HR, and also arteriovenous vasoconstriction, to maintain CQO. Arterial
vasoconstriction increases SVR and also, by precapillary vasoconstriction, reduces the
capillary hydrostatic pressure to increase fluid absorption from the interstitial volume.
This reabsorption may increase intravascular blood volume by up to one liter.

Other hormonal responses to hemorrhage include reduced release of atrial natriuretic
factor (ANF) from the right atrium in response to decreased venous return. Reduced
blood levels of this hormone promote release of antidiuretic hormone (ADH) from
the posterior pituitary gland. Renal vasoconstriction increases the release of renin
activating the renin-angiotensin pathway, which leads to increased release of
aldosterone. Both ADH and aldosterone promote renal reabsorption of sodium and
water to restore intravascular volume at the expense of dilutional anemia. Within few
days the kidneys increase their production of erythropoietin to stimulate erythrocyte
maturation, whereas protein synthesis in the liver is promoted by lower levels of
plasma proteins [14, 51], resulting from dilution of the plasma volume.

Since one of the early compensatory mechanisms in hemorrhage is powerful
peripheral vasoconstriction, measurements of changes in the peripheral circulation
could be helpful in detecting early hypovolemia [52].

Diseases affecting newborn infants

Respiratory distress syndrome

Infants born preterm (before 37 weeks of gestational age) are most vulnerable
patients, accounting for 75 % of perinatal mortality and for more than 50 % of long-
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term morbidity [53]. Infants born before 32 weeks of gestational age account for two
thirds of perinatal deaths. Reported rates of preterm delivery are 12-13 % in the USA
and 5-9 % in Europe [54]. Overall numbers of preterm births seem to increase, for
complex reasons [55]. Most organs in a preterm infant are immature, and the lungs
and brain are especially vulnerable [56, 57]. The lungs are not fully mature until after
approximately 35 weeks of gestation. Infants born in gestational weeks 24-28 have
lungs where development of distal alveoli and capillary beds has just begun [58].
Surfactant, a complex lipid and protein aggregation lowering the alveolar surface
tension, is normally detected in fetal lungs at 24 weeks of gestation, although in very
low concentrations [59, 60].

Respiratory distress syndrome (RDS) is a lung disease, caused by a combination of
insufficient amounts of surfactant and structural immaturity. The prevalence is
approximately 1 % of all live births, but the incidence strongly increases with lower
gestational age at birth. Approximately 90 % of infants born in gestational weeks 22-
28 are affected, while around 50 % develop the disease if delivered in weeks 30-31
[61, 62]. An infant born in gestation week 25 with RDS is shown in Fig. 5. The
pathophysiology of RDS is explained by surfactant-deficient alveoli with high surface
tension, prone to collapse during expiration, resulting in atelectatic regions with
ventilation-perfusion mismatch, hypoxemia and hypercarbia, and in lung injury
associated with required mechanical ventilation [63]. Epithelial lung damage and
leakage of plasma proteins into the alveoli result in development of hyaline alveolar
membranes, a characteristic histopathological finding, with impaired conditions for
diffusion of O,. The disease presents shortly after birth with tachypnea, cyanosis,
grunting, and sternal and intercostal recession, and deteriorates within the first two
days of postnatal life. Chest X-ray (Fig. 6) shows inhomogeneous aeriation, with
pathognomonic findings including “ground-glass” appearance of the lung fields and
air bronchograms [64]. Management of RDS begins before birth, by administration
of steroids to the mother, which significantly reduces neonatal mortality [65].

Cornerstones in the treatment of RDS are exogenous surfactant administered into the
trachea and continuous positive airway pressure (CPAP) to prevent the lungs from
collapsing [66]. Great effort is taken to avoid O, toxicity, barotrauma and retinopathy
of prematurity. If possible, mechanical ventilation (conventional or high-frequency
(3-15 Hz; oscillatory) is avoided, since it can be associated with pneumothorax or
pulmonary interstitial emphysema, and, in the long run, also with bronchopulmonary
dysplasia (BPD) [64]. A large clinical trial, where preterm infants were randomized to
CPAP treatment or intubation with surfactant treatment, did not show significantly
different rates of mortality or BPD between the two study groups [67]. A proposed
way of avoiding prolonged mechanical ventilation in infants requiring surfactant, is
the INSURE technique, including intubation, instillation of surfactant and rapid
extubation, followed by CPAP [68, 69].
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Figure 5.
Image of an intubated preterm infant with respiratory distress syndrome (RDS) born in gestational week

25. Note the pen for comparison of size. From Bild-Zeitung/Udo Weger.

Figure 6.

X-ray image showing the lungs of a preterm infant with respiratory distress syndrome (RDS) under
mechanical ventilation via an endotracheal tube positioned with the tip above the tracheal bifurcation.
Note the symmetrical ground-glass (whitish) appearance of the lung fields making it difficult to
distinguish the heart and air bronchograms, i.e. the air in the bronchi makes them visible. (Case courtesy

of Radiopaedia.org, rID: 11510).
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To assess the severity of RDS, especially regional areas with hyperinflation and
atelectasis, remains difficult even though preterm infants in intensive care units are
continuously monitored with sophisticated equipment. Information on O, delivery,
ventilator settings, SpO,, StO,, and various vital parameters are examples of data
needed in surveillance. Therapeutic effects of ventilator adjustments are evaluated
mainly by arterial and venous blood gas assessments. Recently, ultrasonography for
non-invasive assessments of various air-filled spaces and tissues within the body has
been proposed as a diagnostic tool in neonatal lung diseases [70-72]. However, an
important drawback of this technique is that different constituents of the pulmonary
gas mixture cannot be identified.

Pulmonary X-ray is today the diagnostic method of choice for RDS to evaluate the air
content in the lungs, and is also used to follow the clinical course of the disease.
However, it is well known that repeated exposure to ionizing radiation is potentially
harmful, and more so in infants and young children than in adults. Exposition to a
standard dose of radiation in a one-year-old child compared with a 50-year-old adult,
is considered to be associated with 10-15 times higher life-risk of developing
malignant neoplasia [73]. Nevertheless, the number of radiographic computerized
tomographic examinations increased by approximately 25 % in a large children’s
hospital over a five-year period between 1998 and 2003 [74]. In neonatal intensive
care, currently aiming at more non-invasive diagnostic and therapeutic strategies, an
important goal is to limit the number and extent of potentially harmful radiological
examinations.

Necrotizing enterocolitis

One of the most severe gastrointestinal complications in newborn infants is
necrotizing colitis (NEC), with a prevalence of up to 7 % in preterm infants weighing
500-1500 g [75]. This is an acute inflammatory disease, where portions of the
intestine undergo necrosis, carrying high risk of perforation. The mortality rate is 15-
30 %. Approximately 90 % of the NEC cases occur in premature infants. Low birth
weight (<1500 g) and gestational age are associated with higher risk of developing
NEC. In contrast to RDS, NEC mainly affects premature infants who have survived
the early postnatal period and constitutes a new threat to survival [76].

The disease hardly occurs in infants who have never been fed; and over 90 % of the
cases are seen after enteral feeding has been provided [77]. However, human breast
milk has been shown to be protective, with a three- to ten-fold risk reduction
compared with formula milk [78]. The pathogenesis is still not fully understood, but
immaturity of the immune defense, the circulatory regulation, gastrointestinal
motility, intestinal barrier function, and digestive ability, could be of importance for
disease development. Hypoxic/ischemic injury, colonization by pathological bacteria
and formula milk feeding are also potential risk factors for development of NEC [79-
82]. The “diving reflex” might be a possible explanation for the hypoxic/ischemic
injury, since this reflex leads to redistribution of blood from less vital organs and
tissues to organs necessary for survival. Predisposing or underlying diseases, like
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perinatal asphyxia, respiratory distress or congenital heart disease, are often associated
with development of NEC in full-term infants [76].

Initial clinical signs include intolerance to feeding, gastric residuals, abdominal
distension and bloody stools. The diagnosis is based on patient history, clinical
assessment and X-ray imaging (Fig. 7), where pneumatosis intestinalis (intramural
gas) and intrahepatic gas, dilated bowel loops, paucity of gas and pneumoperitoneum
are typical findings. Treatment includes gastric decompression, bowel rest,
rehydration, and correction of deranged electrolytes and metabolic acidosis. Frequent
laboratory analyses and radiological examinations are needed to follow the clinical
course. Surgical treatment may be required if there is severe deterioration with bowel
necrosis and even perforation [83]. Acute complications are wound infection, intra-
abdominal abscess formation and sepsis, and the most common long-term
complications are intestinal stricture and short gut syndrome [84]. To improve
clinical outcome, prompt recognition of early clinical signs is essential. Furthermore,
infants on enteral nutrition should preferably be fed with breast-milk, and surgical
intervention should be avoided if possible.

Figure 7.
Abdominal X-ray image at two months of age in a premature infant born at 27 weeks of gestation. The
image shows multiple distended bowel loops, with prominent intramural gas. (Case courtesy of Prof.

Frank Gaillard, Radiopaedia.org, rID: 5961).
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In the context of intestinal conditions it should be mentioned that colic is well-
known to most parents. Although far from life-threatening it renders sleepless nights
and considerable worry. Colic affects both preterm and full-term infants. It is
reported in 10-20 % of infants [85], and is defined as excessive crying for more than
three hours a day, more than three days a week, and for more than three weeks, in
otherwise healthy and thriving infants. The onset is usually within the first weeks of
life, and spontaneous termination occurs within three to four months of age [80].
The etiology is not fully understood, but according to several investigators, abdominal
pain is induced by large volumes of intestinal gas [85].

Technical aspects

Spectroscopy, the science about how light interacts with matter, is the technical
cornerstone of this thesis. The aim of this chapter is to provide a technical
background on basic concepts, and a broad review of the spectroscopic techniques
used to study detection of free O, gas, tissue perfusion, blood volume, and StO..

Some physics of optical spectroscopy

Optical spectroscopy, as employed in this thesis, regards visible light (400-700 nm)
and near-infrared (NIR) radiation (700-1000 nm). As shown in Fig. 8, this region
constitutes a small part of the entire electromagnetic spectrum of radiation, with
wavelengths stretching from 0.001 nm (gamma rays), to several 100 m (radio waves).
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Figure 8.

Wavelength ranges of electromagnetic radiation. Corresponding frequencies and photon energies are also
given. Note that the wavelength scale is logarithmic. The visible and near-infrared regions are enlarged
on a linear scale. Fundamental relations between energy (E), frequency (v) and wavelength (1) are given.
co is the speed of light in vacuum, and 4 is Planck’s constant.

Energy levels and optical transitions in atoms and molecules

There are about 90 stable elements in the periodic table. Many of them are of interest
in the medical field, some as key constituents in human tissue, and some as hazardous
compounds.

Atoms are built up by a positive nucleus, containing positive protons and neutral
neutrons, surrounded by negatively charged electrons. The electrons are arranged in
shell structures around the nucleus. A configuration of electrons in different shells
leads to a specific internal energy of the atom. This internal (or binding) energy is
quantized in specific allowed energy levels that the atom can configure itself in. The
electrons in the outer shell contribute least to this binding energy (they are furthest
away from the nucleus and thus more weakly bound). Consequently, they are the
ones that easiest participate in interactions with the surrounding, leading to a change
of the atomic energy level [87]. Charges of atoms are balanced, and the net charge
equals zero. If the atom loses or gains an electron in interactions with the
surrounding, it becomes a charged ion. Free atoms are very rare in human tissue and
instead they combine into free molecules (gases) or condensed matter (tissue), being
the corner stones of proteins and amino acids, lipids, carbohydrates and of the water
in body fluids. However, ions, such as Na*, K, Mg*, Ca** and CI', appear dissolved
in body fluids and are of major importance for many physiological processes [88].
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Molecules, consisting of arrangements of atoms bound together by electrons, also
show energy level structures, but much more complicated because of vibrational and
rotational motions. Free atoms and gases exhibit sharp energy levels and
correspondingly sharp transitions of energy. However, in liquids and solid matters the
energy levels smear out because of perturbations from neighboring molecules, and
energy transitions are correspondingly much broader. Atoms and molecules change
energy levels by absorption and emission of photons, with energy corresponding to
the energy change [87]. Fig. 9 shows a typical Jablonski diagram of energy levels and
transitions including the fundamental relationships between energy, frequency and
wavelength.

E

E; i

0

F

E; i

0
)
>
o

2 AE = E,— Ey=hv=h<2
S =Ee—Eo=hv=h=

4

Eo i

0
c
0
s
2
(o]
1%}
el
<

Wavelength

Figure 9.

Jablonski diagram of absorption, showing energy levels and corresponding spectra. Solid blue and green
arrows represent radiative transitions. Absorption following irradiation of light occurs in response to
transitions from a lower to a higher energy level. Return to lower energy levels normally occurs on the
nanosecond scale, with emission of fluoroscence light (not shown), or by collisions leading to
temperature increase. Eyis the ground state and E. (E; or E>) higher electronic states, / = Planck’s
constant, V = frequency, A = wavelength and co = speed of light in vacuum.

Light absorption

When light absorption occurs, the energy of a photon is taken up by the constituent,
which in our case could be a free O, gas molecule or HbO,. For this to occur, the
wavelength of light must precisely match the energy difference of the involved energy
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levels of the molecule. The extinction coefficient o(4) defines at a given wavelength
(A) how strongly a substance absorbs light per molar concentration and cm path

length of the light.

Examples of optical absorption spectra of particular relevance to the present work are
given in Fig. 10. Different substances have different absorption lines, making
identification possible. Note the much broader (approximately 20 nm) absorption
bands of HbO, and Hb" (Fig. 10a) compared to the extremely sharp (exact to the 6*
digit) absorption lines of gaseous O, (Fig. 10b).

At about 800 nm the absorption curves of HbO, and Hb" cross at the isobestic point
[89]. At shorter wavelengths HbO, has lower, and at longer wavelengths higher
absorption of light than Hb". This wavelength-dependent difference in absorption is
used to calculate the O, saturation of Hb, either in arterial blood by pulse oximetry or
in tissue by NIRS, as evaluated in Papers I and II.

At around 760 nm there are some extremely sharp, narrow lines, corresponding to the
absorption of free O, gas. Detection of approximately ten thousand times sharper
absorption lines, reflecting presence of free O, inside tissue cavities, calls for another
experimental technique; “gas in scattering media absorption spectroscopy”

(GASMAS), evaluated in Papers III and IV.
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Figure 10.

Absorption of light by molecules of HbO: (bright red line) and Hb*(dark red line) is shown in (a), and
by oxygen (O2) gas around 760 nm (oxygen A-band) in (b). HbO2 and Hb" have identical absorption of
light at the isobestic point (approximately at 800 nm). The absorption lines of free O2 gas are
approximately 10 000 times sharper than those of HbO2 and Hb" molecules.
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Light scattering

Scattering occurs when light interacts with structures, where there are changes in
refractive index. Tissue is a perfect example of a highly scattering medium, where
typical scattering structures are lipids, collagen, cells, or cell organelles such as
mitochondria [90]. Some typical biological structures scattering light are presented in
Fig. 11. The strength of the scattering is expressed by the reduced scattering
coefficient (z 5(A)). Scattering typically increases for shorter wavelengths in the
wavelength range of interest in this work. In practical spectroscopy, scattering often
reduces the amount of light reaching the detector.
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Figure 11.
Biological structures of various sizes causing photon scattering. Modified from [90].

Tissue optical window

The tissue optical window refers to a portion of the visible and NIR region of the
electromagnetic spectrum covering wavelengths from 600 to 1400 nm. In this
window the tissue is relatively transparent, so light can reasonably well be transmitted
without major absorption to gain spectroscopic information on the tissue interior.
However, within the tissue optical window, light scattering is still very strong, leading
to multiple scattering and light attenuation [91]. Major tissue absorbers are shown in
Fig. 12. Proteins strongly absorb light at short wavelengths (in the ultra-violet region).
Below 600 nm Hb dominates the absorption [92] and beyond 1400 nm liquid water
absorbs massively [93], leading to a very shallow penetration depth. Melanin, giving
the natural coloring of human skin, shows continuously lower absorption towards the

NIR region [94].
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Figure 12.

Diagram showing the tissue optical window with absorption spectra of major tissue constituents, with
concentrations approximately corresponding to skin-covered muscle. Indicated are: HbO: (bright red
curve), Hb™ (dark red curve), liquid water (blue curve), melanin (green dashed curve) and lipids (black
curve). In addition, sharp lines due to free oxygen (O2) gas (green lines) and water (H20) vapor (dark
blue lines) are shown.

The Beer-Lambert-Bouguer law

The relation between attenuation of light and properties of the material through
which the light is travelling is given by the Beer-Lambert-Bouguer law. Pierre
Bouguer described the law in 1729 and Johann Heinrich Lambert stated that the
absorbance (A) of a material sample is directly proportional to its thickness, the path
length of light (/). About twenty years later, August Beer discovered that the
absorbance of light by a compound in a sample is proportional to its concentration
[95]. This law (commonly named the Beer-Lambert law) states that the remaining
light (Z(A)) after passage through the sample is determined by both the concentration
(CO) of the compound and / in an exponential way [87],

I(A) = Ih(N)e~ 7D, (6)
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where Iy(A) is the initial light intensity and the extinction coefficient o) is a
constant, characteristic of the specific transition. A mathematically equivalent way of
expressing this law is

A=1In (%) = g(A)Cl 7)

where A is the absorbance introduced by Beer and Lambert. Since absorbance is
normally expressed as the ’logarithm (log), rather than as the natural logarithm (‘log
= In), the above expression should be multiplied by the factor 0.434. We note that the
product of the C and / determines the amount of absorption. Sometimes the
absorption coefficient (#,(4)), with

a(d) = o(H)C (8)

is preferred to express the absorption, especially when dealing with complex matter,
like tissue, containing many kinds of molecules with various concentrations and
extinction coefficients. Thus,

I1(A) = I;(A)e HaDl )

Since the exponent does not have any unit, the unit for p,(A) is cm™ (if / is expressed
in cm) and that for 0(A) is molar'cm™ (if Cis given in molar (mol/l) and /in cm).

If the absorption through the sample is small (as in our gas measurements

(III-1V)), then
1) = Iy(D(A = o)D) (10)

since ¢ = I — x for small values of x. Eq. 10 can then be written

Al
Iy

= a(A)Cl (1

where Al = I[)(A) — I(A).

Scattering, characterized by the reduced scattering coefficient (x (1)), with unit cm™,
also leads to a reduction of a collimated light beam:
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I(A) = I,(D)e™HsM (12)

As mentioned, scattering increases at shorter wavelengths (also explaining the general
observation that the sky is blue on a clear day).

Within the tissue optical window, where spectroscopic measurements on bulk tissue
are possible, the optical properties of tissue lead to that, on average, a photon
travelling in tissue will change its direction completely approximately ten times per
cm (x5 = 10 cm™). This leads to a greatly prolonged path length as light is
propagating through tissue from the position of light injection to its detection.
Approximately 10-40 % of the light is absorbed per every centimeter of path length
(#s = 0.1-0.4 cm™), while approximately 10 % remains after diffusely propagating
through 1 cm of tissue according to

P(A) = Po(A)e HerrML (13)

where @A) is the light fluence rate and pp is the effective diffuse attenuation
coefficient (pp~ 1.7-3 cm™) [96].

According to the Beer-Lambert law, concentrations of e.g., a specific gas can be
calculated from a transmission measurement as long as the geometry of the sample is
well defined and scattering events are absent (the path length of the detected light is
known). The law is universally used in chemistry when analyzing different
solutes/gases with regard to their concentration. However, when the absorbing
molecules of interest are located inside a scattering medium, such as human tissue,
certain modifications are required, since the path length of the transmitted light now
becomes undefined, due to scattering [97, 98] The path length (/) may then be
replaced by an effective path length (L), relating to scattering as well as geometry.

These general principles can be applied in spectroscopy of the human body to assess
bound as well as free molecules. The absorption line widths are very different, calling
for quite different experimental approaches, which will be described in detail below.
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Broad-band spectroscopy

Tissue viability imaging
Tissue viability imaging (TVI) enables estimation of the blood volume by polarization

spectroscopy, with illumination in the visible spectral region (400-700 nm). White
linearly polarized light is emitted by an electronic photo flash towards the skin
surface. Due to Fresnel reflection, related to the change in refractive index (n),
approximately 4 % of the light is directly reflected by the skin surface, with
maintained linear polarization [99]. Light penetrating into deeper dermal layers,
becomes diffusely scattered and hence randomly polarized. By using a crossed
polarizer in front of a camera the linearly polarized light from the surface is prevented
to reach the detector, enabling monitoring of the microcirculation in deeper dermal

layers through the skin surface [100], as shown in Fig. 13.
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Figure 13.

Linearly polarized white light from an electronic photo flash becomes depolarized when scattered inside
skin tissue. By using a crossed linear polarization filter in front of the detector, directly reflected light
from the skin surface (with maintained polarization) is blocked out, whereas randomily polarized light
scattered from deeper tissue structures is detected and available for analysis. Assessment of skin blood
volume is done by comparing absorption in the red and green spectral regions, selected by optical filters.

Modified from Paper I.
This quite new optical non-invasive technique is based on wavelength-dependent
differences in spectral absorption between erythrocytes and surrounding tissue.
Absorption varies between different tissue components (Fig. 12), and green
components of the scattered light are highly absorbed by the erythrocytes (blue even
more), whereas red components are much less absorbed (Fig. 14). This is of course
related to the obvious observation that blood is red! Surrounding tissue structures
45



have similar absorption spectra in the green and red regions (Fig. 14). Relative
estimations of erythrocyte concentrations, indirectly reflecting the regional blood
contents or volume, can be obtained with TVI by applying an algorithm, where the
light intensity recorded in the green spectrum for every picture element of the camera
is “subtracted” from the corresponding element recorded in the red spectrum [101].
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Figure 14.
Wavelength dependency of light absorption by blood (red curve), and by surrounding tissue (orange
curve). Blue, green and red bands of the visible spectrum of light are also indicated.

The technique has been used to assess and quantify skin erythema (vasodilation),
blanching (vasoconstriction) and RH [101-103], and was recently proposed as a
promising tool for detection of venous stasis [104].

Pulse oximetry

Pulse oximetry has, since its introduction about 30 years ago, become an essential
bedside tool for non-invasive estimation of arterial O, saturation (SpO,). For
comparison, saturation determined in arterial blood by blood gas co-oximetry is
referred to as SaO,. Pulse oximetry is today routinely used in almost all clinical
settings, and is of particular interest in critically ill, injured and/or anesthetized
patients [105].

§a0; is defined by the concentration (C) ratio of oxygenated Cypp, (frequently
denoted [HbO.], etc) to total hemoglobin (Cypo, + Cyp-) concentrations according
to the equation

Sa0, = —2H02 100, (14)

CHbO,+CHD—
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Throughout the arterial vascular system SaO, has the same value, since extraction of
O; only occurs in the capillaries (pp. 21, 23). Note that O dissolved in arterial blood
is measured by PaO,. PaO; is routinely measured by an arterial blood gas analyzer,
but can also be measured non-invasively, by a transcutaneous PaO, electrode.
However, this method has low accuracy and requires warming of the skin to 43-44 °C
[106]. The correlation between SaO, and PaO, is determined by the sigmoidal
oxygenated hemoglobin dissociation curve (Fig. 3).

A recent thorough review of pulse oximetry is given in [107]. This technique is briefly
described below, since it shares some fundamental principles with NIRS - a technical
cornerstone in this thesis. Pulse oximetry was also used for SpO, monitoring in
Papers I and II.

Pulse oximetry is based on the different light absorption spectra for HbO, and Hb" in
the visible red and near-infrared wavelength region (Fig. 10a). In most pulse
oximeters, two wavelengths are used, e.g., 660 and 940 nm. To be able to determine
the oxygenation in arterial blood only, pulse oximetry uses photoplethysmography
(PPG), to measure increases in light absorption resulting from systolic increases in
arterial blood volume, leading to a decreased intensity of the transmitted light [108]
(Fig. 15).

Light transmission (a.u.)

Time (s)

Figure 15.
The photopletysmography signal at a particular wavelength. DC refers to the signal baseline and AC to
the pulse amplitude. Light transmission is given in arbitrary units (a.u). Modified from [107].

By recording curves like this one at two suitably selected wavelengths, the SpO, can
be calculated and presented on the pulse oximeter. The signal from the pulsatile
arterial blood flow is divided by its baseline level, representing light transmitted
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through tissue, venous blood and non-pulsatile arterial blood flow, in order to obtain
the PPG signal amplitude, which is related to the maximum blood volume change
during systole [109]. The ratio of the transmitted pulsatile light (the PPG signals) at
the two wavelengths, sensitive to the degree of oxygenation, is calculated and then
compared with stored calibration curves derived in healthy subjects, to give an
estimate of SpO,. Since the technique utilizes the pulsations, pulse rate is also
automatically obtained.

Typical locations of probe positioning are fingertips and earlobes, since light
transmission through the tissue is used. These locations yield PPG pulses with a high
signal-to-noise ratio, since blood flow, because of its role in heat regulation, normally
exceeds that required for baseline metabolism [107].

For ethical reasons it is not possible to reduce SpO, below 80 % in healthy
volunteers, and since empirical calibration of pulse oximeters has been based on values
obtained on healthy volunteers, inaccuracy of SpO, measurements has been shown in
critically ill patients, with lower levels of arterial oxygenation [110], and particularly
so in pediatric patients [111]. However, it is important to accurately assess not only
hypoxia but also hyperoxia (high PaO,), since excessive administration of O, may be
harmful [112], especially to infants. Detecting hyperoxia by pulse oximetry is
problematic, since the dissociation curve is almost flat in the upper range (>95 %) of
Sa0;, leading to small changes in SaO for large changes in PaO,. Preterm infants are
particularly vulnerable in this respect, since hyperoxia may induce retinopathy of
prematurity [113]. A recent meta-analysis of three large studies comprising 4911
preterm newborns concludes that SpO, should be targeted at 90-95 % in preterm
infants born before 28 gestational weeks [114].

Conventional pulse oximeters, using only two wavelengths, are based on the
assumption that HbO, and Hb" are the only absorbers of light in blood. However,
COHD and metHb (p. 30) also absorb light at the wavelengths used in pulse
oximetry, causing potential errors in SpO, readings. Recently introduced pulse
oximeters using more wavelengths can make it possible to differentiate between
various kinds of hemoglobin [115].

Perfusion of the fingertips or earlobes might be low in intensive care patients, often
because of low CO with reduced PPG signals, leading to reduced accuracy in the
measurements. Local vasoconstriction with low perfusion decreases the PPG signal
and is associated with an increase in the SpO, value obtained [116, 117]. Conversely,
vasodilation is associated with a decrease in the SpO; value, probably due to altered
transmission of the arterial pulsations to the venous blood in the finger [116, 118].

Reflection pulse oximetry, where light is injected and detected on the same surface of
the skin, provides more options for probe positioning, and has been reported to be
more reliable when peripheral perfusion is low [119]. Forehead reflection sensors have
been found to be as accurate as standard finger-tip sensors in well-perfused pediatric
patients [120]. Reflection pulse oximetry also enables mucosal SpO, measurements in

e.g., the larynx, trachea and esophagus [121-123].
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Near-infrared spectroscopy

Near-infrared spectroscopy (NIRS) is a non-invasive optical technique, used to
monitor non-pulsatile StO; - in contrast to pulse oximetry, where the arterial pulsatile
oxygenation is in focus.

In 1977 Frans J6bsis first reported non-invasive detection of myocardial and brain
S$tO; in the near-infrared wavelength region by transillumination spectroscopy [124].
This was the starting point for NIRS as a tool for measuring StO, non-invasively.

Many interventions, in various fields of medicine, aim to maintain, restore or
optimize StO; [125]. It therefore remains important to directly assess StO,. Systemic
arterial and venous (central/mixed) oxygenation can on a routine basis be measured
with established techniques like pulse oximetry, blood gas analysis and central venous
or pulmonary artery catheters. Methods are required to allow for early detection of
regional hypoxia and to guide therapy to restore oxygenation, since concealed regional
ischemia, non-detectable systemically, is considered to contribute to mortality and
severe morbidity in critical illness or major trauma [126]. Also, hyperoxia should be
avoided, as it might be deleterious (p. 48). To optimize critical care management,
monitoring of regional oxygenation is essential.

NIRS can provide an optical non-invasive tool, enabling estimation of local StO,.
The following sections discuss fundamental principles of the technique, and two
specific ways of measuring StO, - by using continuous light or ultra-short pulses of
light - and their advantages and limitations.

The NIRS technique is based on specific wavelengths (700-1000 nm) of near-infrared
light [89]. Human tissue is quite transparent within this spectral range - falling in the
tissue optical window. Light that has travelled as far as few cm through the tissue can
be detected. The corresponding distance for visible light is restricted to less than 1
cm, because of the strong absorption by hemoglobin in this spectral region. At
wavelengths above 1000 nm, water starts to become a heavy absorber, preventing
deeper penetration into tissue [93].

Light injected into human tissue is highly scattered, some is absorbed and some finds
its way to the detector. Approximately 80 % of the total attenuation of light is due to
scattering and 20 % due to absorption [127]. Light travels through tissue in a
“banana-shaped” distribution, with maximum penetration depths approximately one-
third to half of the surface distance between the light source and the detector [128].
Detection of light at different distances from the point of injection favors different ray
paths.

Absorption of light in the tissue, causing attenuation, depends on different
compounds (chromophores). Each chromophore has its particular absorption
spectrum, where the specific extinction coefficient is expressed as a function of
wavelength (0(1)) in Eq. 6 on p. 42) (Fig. 12). The extent of light absorption, mainly
by the chromophore hemoglobin, is influenced by its oxygenation. Other
chromophores, such as myoglobin, are generally assumed to contribute less to the
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total absorption of light [129] (discussed below, pp. 83-84). Melanin has a high
absorption of light at shorter wavelengths (e.g., 400 nm), with gradually reduced
absorption at longer wavelengths [94] (Fig. 12). The influence of melanin is discussed
in Papers I-II.

A modified Beer-Lambert law, considering absorption as well as scattering (Eq. 13, p.
44) can be used to calculate StO, by matching the measured spectrum with reference
spectra at known levels of saturation [97]. By using at least two defined wavelengths
of light, with different values of absorption for HbO, and Hb" (Fig. 10a), their
relative content can be determined, and StO; calculated (Eq. 14, p. 46). Since the
absorption of light by HbO, and Hb' is the same at the isobestic point (Fig. 10a), it
can be used to calculate hemoglobin concentration regardless the level of oxygenation

[89].

Light is completely absorbed by vessels above 100 pm diameter. Values obtained with
NIRS therefore reflect the O, saturation within the microcirculation only, and mainly
so in capillaries and venules, since only about 15-20 % of the hemoglobin is located
in arterioles [130].

As noted, a challenging issue, when attempting quantitative measurements of StO,
with NIRS, is that human tissue represents a highly scattering medium (typically
responsible for 80 % of light attenuation). Today, most commercially available
clinical devices are based on non-time-resolved continuous-wave techniques (CW-
NIRS), providing relative values of StO,. However, with CW-NIRS, it is not possible
to separate light attenuation resulting from scattering and from absorption, rending
full interpretation difficult. Instead empirical calibration has to be applied.

There are two major strategies for differentiation of tissue scattering from absorption -
frequency domain NIRS and time-resolved NIRS. In frequency domain NIRS,
sinusoidally intensity-modulated near-infrared light is used. The signal received is
observed with a phase shift and a demodulation, which depend on tissue optical
properties and the modulation frequencies used (-100 MHz), enabling independent
quantitative analysis of tissue absorption and scattering [131]. In time-resolved NIRS
the tissue is instead exposed to ultrashort pulses of light, and the time-dispersion of
the detected light is recorded, enabling differentiation between scattering and
absorption [132]. Time-resolved NIRS is of central importance in Paper II, and is
described in detail below.

During the last three decades numerous studies have been conducted using NIRS, in
adults mainly in skeletal muscle or brain tissue [133]. Available studies in human
skeletal muscle and cerebral physiology have recently been summarized [129, 134].
NIRS has also been evaluated as a possible tool for StO, assessments in sepsis [135],
trauma [125], and during resuscitation in hemorrhagic shock [136]. In the pediatric
field, NIRS has mainly been used to assess cerebral oxygenation [137], but also
postoperatively to measure renal oxygenation/perfusion [138]. A recent multinational
clinical trial has evaluated possibilities to guide treatment in extremely preterm
infants, based on cerebral oxygenation values obtained by NIRS, in order to reduce
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brain injury [139]. Primary outcome results [140] propose that cerebral NIRS,
combined with evidence based treatment guidelines [141], can stabilize cerebral
oxygenation in extremely preterm infants.

Continuous-wave near-infrared spectroscopy

Continuous-wave NIRS uses continuous near-infrared light emitted by e.g., light
emitting diodes with a typical spectral width of 20 nm. Values of regional StO, are
calculated from relative levels of tissue absorption by oxygenated and total
(oxygenated and deoxygenated) hemoglobin [89]. Detection of light at different
distances (e.g., 3 and 4 cm) from the point of injection, allows for both less and more
tissue penetrating light to be examined (Fig. 16). Values of deeper regional StO, can
be calculated by taking signal levels measured at both 3 and 4 cm distance into
account. Although CW-NIRS is unable to provide absolute values of StO2 [142,
143], since time-resolved information on the photons is required to determine the
relative extent of scattering and absorption of light in the tissue [144], the technique
may still be used to monitor intra-individual changes in StO; over time [143, 145].

4 cm
3cm Detectors
Light source
—
sl
_____ e e o e e mmm e 7 | Skintissue
\‘\\\\\ Adipose tissue

Skeletal muscle tissue

Figure 16.

Schematic picture showing fundamental principles of continuous-wave near-infrared spectroscopy. Light
at two defined wavelengths is injected (I) through skin and subcutaneous adipose tissue into skeletal
muscle tissue. Relative values of tissue saturation (StO2) are obtained by comparing corresponding
extents of absorption by oxygenated (Hb") and deoxygenated hemoglobin (HbO>) at the two
wavelengths. Emerging light reflecting deeper locations of tissue is detected further away (B) from the
injection point, whereas detection closer (A) to the injection point favors shallower ray paths. Modified
from Paper II.

Time-resolved near-infrared spectroscopy

Time-resolved near-infrared spectroscopy, sometimes called photon time-of-flight
spectroscopy (PTOEFS), measures light intensity as a function of time as the photons
travel through the tissue. Later arrival times at the detector for photons from a pulsed
laser source correspond to longer path lengths through tissue given the defined
velocity of light in tissue [146]. According to the Beer-Lambert law (Eq. 6, p. 42) the
transmission of light (7=/(A)/I(A)) depends on C and / which in turn is given by /=cz,
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where ¢ is the speed of light in tissue of refractive index 7 (c=co/n), and ¢ is the
observed time delay. Clearly, there is such transmission expression for each time
delay, and the net absorption in a scattering medium becomes a complicated sum of
different contributions.

For clear solutions, absorption is more predictable, since there is almost no scattering
or variation in /. The challenging issue of scattering media, like human tissue, is the
presence of both shorter and longer /in the same measurement (Fig. 17). By emitting
photons in laser pulses of ultrashort (< 10 ps) duration, and detecting the differences
in the photon arrival times at the detector, histograms can be obtained with arrival
time on the x-axis and number of photons on the y-axis [146] (Fig. 17).

According to the Beer-Lambert law, absorption is most prominent for the delayed
photons that have travelled longer distances within the tissue. As a consequence, the
absorption modifies the recorded curve shape and a larger absorption especially
attenuates the tail of the curve. Likewise, with increased scattering the peak of the
curve is delayed. By analyzing the shape of the curve with mathematical models of
light propagation in scattering materials (i.e. photon migration), the distribution of
photon time-of-flights can be used to determine the absorption and scattering
properties separately, hence allowing their relative contributions to be individually
assessed [147]. The absorption spectrum, free from scattering artifacts, can be used to
accurately estimate absolute values of HbO, and Hb" concentrations, from which a
much more robust and precise calculation of StO; can be made [148].
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Figure 17.

upper part (A), an injected short pulse of light with input intensity /o, propagates through a sample with
a clear solution, exiting with the output intensity /. Since the path length (/=cz) is the same and known
for all photons (no scattering), the absorption is determined by the concentration ([C]) of the solute
according to the Beer-Lambert law. Below, (B), a short pulse of light is injected into a highly scattering
medium (human tissue), where the photons have different path lengths. A distribution of arrival times
will be obtained because of the scattering. In the histogram of photon arrival times earlier arriving
photons are marked in green, while later arriving in blue color. From Paper II.

Within the medical field, PTOFS and the frequency modulated technique have e.g.,
been used to study characteristics [149] and detection possibilities [150] of breast
cancer, optical properties of the brain in adults [151] and infants [152], and skeletal
muscle physiology during exercise [153, 154]. The technique has also found many
applications in other areas, e.g., to determine scattering properties of pharmaceutical

tablets [155].

Gas sensing in human tissue

Due to the huge differences in line width for absorption of light between gaseous and
solid matter, gas pockets enclosed in highly scattering solid tissue can be examined.
Biological tissue, solid or liquid, exhibits quite broad spectral structures of absorption,
with absorption peaks seldom narrower than 20 nm (pp. 39-40). Hence, the demand
for light at extremely well defined wavelengths (monochromatic light) is low and e.g.,
LED:s can be used.

For measurements on free gas, where the line width of the absorption line is only
determined by the magnitudes of Doppler and pressure broadening, related to
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molecular motion and collisions [87], respectively, the light beam must have a
wavelength precision better than the 6t digit.

Various techniques for breath analysis are used in established clinical fields to assess
gas properties. Capnography is routinely used to estimate exhaled concentrations of
CO; [156], in cardiopulmonary resuscitation [157] and during anesthesia [158, 159],
and in intensive care medicine [160]. This is done by infra-red or mass spectroscopy,
and requires extraction of gas from the airways or the breathing circuit [156].

More recently, minor gas constituents, related to different medical conditions, have
been studied by laser absorption spectroscopy on expired gas [161]. A further example
of gas analysis outside the human body is investigations on nitrous oxide produced in
the sinus cavities [162]. However, laser spectroscopy can also be used to monitor free
gas, in situ, inside highly scattering tissue, with the technique “gas in scattering media
absorption spectroscopy” (GASMAYS), introduced in 2001 [163], and discussed in

more detail below.

Gas in scattering media absorption spectroscopy

The main difference between GASMAS studies and studies for monitoring of solid or
liquid tissue constituents is that the demands on the light source are much higher.
The line width of a free O, transition is about 0.001 nm (1 pm, corresponding to 10’
Hz), calling for a light source, with more narrow line width than this (pp. 39-40).
Single-mode semiconductor lasers used have a typical line width of 107 Hz. High-
resolution laser spectroscopy, where the wavelength of the laser is continuously
changed, has been much employed for studying atmospheric pollution gases [164]
and GASMAS is an extension of such techniques [163, 165]. The GASMAS method
has also been used in many non-medical applications, e.g., for studying food
packaging [166], fruits [167], wood drying [168], pharmaceutical tablets [169] and
ceramics [170].
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Figure 18.

Schematic figure showing basic principles of gas in scattering media absorption spectroscopy (GASMAS).
Light with the intensity /ois injected into tissue (A). If the light only encounters solid matter, there is a
broad decrease in intensity (B), resulting from absorption and scattering. If the light also passes through
gas-filled cavities, there is also a sharp drop in intensity in the detected light (C) in addition to the broad
decrease.

The principles are shown in Fig. 18. Laser light is sent into tissue, which contains
cavities and pores, filled with gas. Because of tissue scattering (p. 41), photons travel
in complicated pathways through the tissue and some of them will reach the light
detector, placed at a certain distance from the point of injection. The similarity to
NIRS should be noted. The detected light will have a slow intensity variation, when
the wavelength of the laser is changed (scanned) — basically the broad-band structures
of the heavily absorbing bound molecules, discussed in the preceding sections, are
observed. However, light, which has passed through the gas-filled cavities will in
addition have a very sharp imprint, due to absorption by the gas (Fig. 19). The gas
absorption signals, which were studied in the present work for the case of O, and
H,O vapor, are very weak; only about 0.1 % or less of the detected laser light
intensity is absorbed at the peak of the absorption line. In order to detect such a small
signal in the weak light reaching the detector, so called lock-in techniques can be
used, requiring a fast modulation of the laser wavelength. This leads to the detection
of signals, which resemble the mathematical derivatives of the absorption curve, as
indicated in Fig. 19. There are advantages of using the 2™ derivative of absorption, as
frequently occurring in Papers III and IV.
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Spectroscopic signals from a molecular absorption line. a) shows the sharp symmetrical intensity
reduction, when the laser is tuned through the absorption line. The background is sloping, since the
tuning is done by increasing the current. b) shows the 1*, 2" and 3! derivatives (approximately) of a
symmetric absorption signal, as recorded by a lock-in amplifier. The 204 derivative was used in Papers III
and IV. From Paper III.

However, like in broadband spectroscopy (NIRS), gas concentration measurements
become complicated due to the absence of a well-defined path length of the detected
light, and a corresponding straight-forward Beer-Lambert law. Instead, GASMAS
results are frequently expressed as equivalent path lengths (Z,), which would give rise
to the same fractional absorption for light travelling through an atmospheric gas with
a known concentration, e.g., O at 21 %. Only the product of path length and
concentration occurs in the Beer-Lambert law.

The path length problem could in principle be solved by PTOFEFS, as described above
(pp. 51-53). However, PTOFS measures the total path length between the light
source and the detector. In order to determine the concentration of gas, e.g., O, the
actual path length through the gas only must be known. Different approaches to solve
this problem have been proposed [171]. One way is to normalize the O signal to a
simultaneously measured H,O vapor signal. In a gas volume embedded in tissue,
containing liquid water, the relative humidity will be close to 100 %, and the
concentration of the H,O vapor is then determined by the temperature only (known
for the human body), through the Arden-Buck relation [172]. The path length can
thus be calculated from the H,O vapor signal, and - assuming similar path-lengths for
light providing O, and H,O vapor data - be used to derive the O, concentration.
These aspects will be discussed more closely in the Methods section.

In the medical field, GASMAS has already been applied successfully for monitoring of
gas in the human sinus cavities [173-175] and mastoid bone [176]. Model
experiments for measurements of GASMAS signals through the ear drum have also
been carried out [177].
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Laser Doppler spectroscopy

The laser Doppler technique has an interesting status with regard to broadband and
narrow-band spectroscopy. Very small frequency shifts are measured, suggesting that
extreme laser frequency control would be needed, like in narrow-band spectroscopy.
However, since shifts rather than absolute frequencies are being measured, the
demands on the laser are much relaxed. Hence, like for non-time-resolved broadband
spectroscopy (p. 51), equipment based on the laser Doppler principle is rather simple.

Laser Doppler spectroscopy is an optical technique, where laser light is used to non-
invasively monitor superficial perfusion. The most common light source is a
continuous helium-neon laser with a wavelength of 633 nm or a dark red NIR diode
laser (wavelength 630-690 nm). The frequency shift of light emitted into the tissue
observed between photons scattered by fixed structures, and by moving particles in
the tissue, is determined. In the human skin, erythrocytes are the main moving
particles, and their speed can be determined from the frequency shift. The reflected
light will have a higher frequency than the irradiated light (positive Doppler shift) if
the particle moves towards the laser beam and a lower frequency (negative Doppler
shift) if it moves away from the beam [178].

In the capillary bed, however, all flow directions are present, leading to registration of
a signal, symmetrically broadened around the laser frequency. The signal magnitude
and size of the Doppler shift are related to the concentration and speed, respectively,
of the erythrocytes, and the perfusion is defined as the product of erythrocyte
concentration (erythrocyte volume fraction, or hematocrit) and average speed in the
volume probed. The output signal gives information on relative perfusion, expressed
in arbitrary units [179].

The technique uses the Doppler equation, relating the frequency shift (4v) to the
speed of the erythrocytes (z,) in the direction of the impinging photon along the x-

Uy = (—) c, (15)

where v is the emitted frequency, and ¢ is the speed of the laser light. A rough
estimate of Av for visible light (with v, ~ 2 mm/s) is approximately 10* Hz. The
frequency shift is thus very small, and can only be measured through registrations of
the beat frequency between the originally emitted and the frequency-shifted light,
using the so called heterodyne technique [178]. Fundamental principles are shown in
Fig. 20.
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Figure 20.

Schematic illustration of fundamental principles of the laser Doppler technique. The frequency of the
injected light (v) is changed by moving red blood cells. Blood perfusion of the skin is estimated from the
frequency shifts (4v) between the injected light (solid arrows) and the light reflected by red blood cells in
the vessels (dashed arrows). Modified from Paper II.

Primarily, measurements based on the laser Doppler principle provide information
from single investigated spots - laser Doppler flowmetry [178]. However, information
from extended areas can be obtained by using a laser beam scanned over the area with
sequential measurements in multiple points — laser Doppler imaging (LDI). Clearly,
this takes time, resulting in lower time resolution [180].

Laser Doppler measurements in medicine constitute a well-recognized and established
technique for studying skin perfusion. The method has been used for nearly 30 years
to monitor blood flow in the microcirculation, e.g., in burn wounds, transplanted
flaps, wound healing and endothelial (dys)function [181, 182].
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Aims

A general aim of this thesis, based on studies in humans (I-IV), was

® to optimize and evaluate spectroscopic techniques, based on light at different
wavelengths, with potentials of being non-harmful complements for
surveillance in critical illness or severe injury.

Specific aims of the thesis were

® to evaluate to what extent values of StO,, capillary perfusion, and blood
volume, obtained by CW-NIRS, LDI and TVI techniques, respectively,
reflect defined hemodynamic perturbations in dermal and skeletal muscle
tissue, and how those techniques can provide complimentary information (I).

e to compare CW-NIRS and PTOEFS techniques under defined physiological
conditions, with respect to accuracy, appropriateness and individual
dependence of values of muscle StO; obtained (II).

e to test the GASMAS technique for non-invasive detection of alveolar and
intestinal gas in healthy newborn infants (III).

® to explore opportunities and limitations of the GASMAS technique for non-
invasive detection of alveolar O, in newborn healthy infants (IV).
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Methods

Details on study design, subjects, and methods applied in this thesis are given in each
paper (I-IV). Here a summary of the methods used is presented.

Tissue oxygenation, perfusion and blood volume (I-II)

Capabilities and limitations of three established non-invasive optical techniques —
NIRS (I-1I), LDI (I) and TVI (I), presented above (pp. 49-53, 57-58, 45-46) — for
determination of regional StO,, tissue perfusion and blood volume, respectively, -
were evaluated and systematically compared in healthy volunteers, subjected to
experimentally induced regional vasodilation, vasoconstriction, increased venous

return, tissue edema and impaired arterial inflow. Two NIRS techniques — the
established CW-NIRS (I-II) and the newer PTOES (II) — were evaluated.

Subjects

The studies were approved by the Regional Ethics Review Board of Lund University,
Lund, and carried out at the Department of Clinical Physiology, Skiane University
Hospital, Malmé (I), and the Department of Physics, Lund University, Lund (II),
Sweden. Eighteen (I) and 21 (II) healthy volunteers were included after individual
informed consents. For technical reasons, four subjects were excluded, from the
volunteers enrolled in Study II. Another two subjects had to be discarded due to a
software bug in the CW-NIRS system. Hence, the study results in Paper II were
based on 15 and 17 volunteers for CW-NIRS and PTOFS, respectively.

Preparations and monitoring

As shown in Fig. 21, the volar side of the proximal forearm was used for dermal and
muscle tissue measurements (I-IT). Similar values of muscle StO, can be determined
over extended skin areas within this region [183], the adipose tissue thickness (ATT)
covering the muscle is relatively low, and skin surface is quite flat [45] (making probe
attachment easier). The forearm is subjected to early regional vasoconstriction in
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systemic hemodynamic distress [184], and has been reported to respond more readily
than the thenar region in this respect [52].
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Blood
pressure
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Figure 21.
Schematic illustration of technical arrangements for optical measurements in Paper I (upper drawing)
and Paper II (lower drawing). From Papers I and II.

At high ATT, measurements of muscle StO; by NIRS are often influenced, since light
probing then is limited mostly to the fat layer only [185]. Hence, many studies on
muscle StO, based on NIRS have been restricted to slim male subjects [129]. In
contrast, LDI and TVI techniques, both probing at tissue depths of 0.5-1 mm, are
not considerably influenced by ATT. Skinfold thickness was determined by slide
caliper measurements; half of that value was used as an estimate of ATT (I-II) [185].
The subjects were divided into three groups with regards to ATT — low (<9 mm),
moderate (10-17 mm), or high (>18 mm) (II).

The Fitzpatrick scale [186] was used to classify all subjects into five groups (1-5)
according to skin content of melanin (II). Five subjects differing in relative levels of
ATT and melanin content were chosen for comparison of individual study recordings

(ID).

Teflon cannulas were positioned in the ipsilateral radial artery and medial cubital vein
(I), for determination of individual arterial (baseline) and venous (baseline, and after
each study event) levels of pH, PO,, PCO, and base excess (BE). Blood pressure was
monitored invasively by the arterial catheter (I).

All subjects were monitored by transcutaneous pulse oximetry on a finger of the
contralateral hand (I-II) to detect any decrease in SpO..
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Two different, commercially available CW-NIRS devices were used - InSpectra™ (I;
Hutchington Technology Inc, Arnhem, Netherlands), and INVOS™ 5100C (II;
Somanetics, Troy, Michigan, USA) — providing values on StO, (I-II), and total
hemoglobin count (HbT), reflecting regional tissue blood volume (I); see Table 1.
Our PTOES system (II) used a broad-band, short-pulse light source and a tunable
filter to select the wavelength bands employed. Time-resolved photon-counting
detection was used to generate the time dispersion curves. Time-resolved
measurements with this technique were done at 30 and 40 mm source-to-detector
distances to provide technical conditions similar to those used by the CW-NIRS
system (II).

A PIM I Laser Doppler Perfusion Imager (Perimed, Linkdping, Sweden),
employing imaging areas of 15 x 15 mm, was used for the LDI measurements (I).

For TVI measurements, a TiVi600 tissue viability imager (Wheelsbridge AB,
Linkoping, Sweden), including a standard digital camera (Canon S$80, Canon Inc.,
Tokyo, Japan), was used (I). The same 15 x 15 mm region of interest as used in LDI
measurements was subjected to TVI image analysis.

Table L.
Features of the two commercially available CW-NIRS devices used (I-II). Cyt AA3 = cytochrome AA3,
Hct = erythrocyte volume fraction (hematocrit).

InSpectra™ INVOS™ 5100C
Wavelengths employed (nm) 680, 720, 760, 800 730, 810
Source-to-detector distance (mm) 25 30, 40
Measurement intervals (s) 3.5 6
Parameters presented StO2, HbO», Hb, HbT, Cyt AA3, | StOa

Here

Study design and measurements

Study designs (I-II) are shown in Fig. 22. The study events (marked by italic Roman
numbers /-/I] or I-IV in the figure) were designed to resemble pathophysiological
conditions in the clinical setting. Efforts were made to arrange those perturbations in
chronological order, starting with the least demanding ones. The study protocols (I-
IT) have one study event - gradual venous-through-arterial occlusion (/7 in Fig. 22) -
in common.
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Elevation and lowering of the arm above and below heart level — to evaluate
the effects of “non-intentional” repositioning of the limb subjected to
measurements (I:/).

External cooling (at 21 °C) and heating (at 39 °C) of the forearm to evaluate
effects of regional cooling/vasoconstriction and warming/vasodilation on the
measurements (I:77).

Induction of gradual venous-through-arterial occlusion (at 30, 60, 90, 120
and 150 mmHg, and on cuff release) by inflation of a cuff around the upper
arm — to evaluate effects on gradually compromised venous outflow and
arterial inflow (resembling development of compartment syndrome with
increased tissue edema and decreased nutritional flow), and of RH (I-11:77)).

Elevation of both legs at 60-degree angle - to evaluate effects of increased
central venous blood flow (II:/).

Instant regional venous occlusion (at 60 mmHg) by inflation of the cuff
around the upper arm — to evaluate effects of a situation resembling a
moderate regional fluid overloading (I1:7]).

Instant regional arterial occlusion (at 150 mmHg) by inflation of the cuff
around the upper arm — to evaluate effects of a situation resembling arterial
thromboembolism, external compression, injury, or major vasoconstriction

(IL:1V).

Values of SpO, (I-1I), pulse rate (I-II), heart rate (I) and invasively measured blood
pressure (I) were recorded together with the study measurements, which are indicated

by arrows in Fig. 22.

64



150

P v ] 1]
Loaper’ |

gradual occlusion

1t

8 9 10 11 121314 15
-y i
L LA A | T

0 10 20 30 40 60 70 80

o —

Time (min)

o

. venous
(o} leg lift S X
occlusion

gradual arterial
occlusion occlusion
Pttt trreettt t ot
:El 2” 345”678 9”10
o 30 50 ’ 75 90
Time (min)

Figure 22.

Schematic study designs (I-II). The Roman numbers in italic (/~/7]) and (/-/V) indicate the different
provocations in Study I and II, respectively. Determinations of tissue oxygenation (StO2) (I-II),
perfusion (I) and blood volume (I) were done during every physiological provocation and in between, as
indicated by arrows. Denotation C indicates baseline measurements and RH reactive hyperemia.

Modified from I-II.

Data handling and statistics

Results obtained with the CW-NIRS, LDI and TVI techniques (I) were normalized
to the median value of baseline measurements in each subject. No such normalization
was done when comparing data obtained with the CW-NIRS and PTOEFS techniques
(I1).

Non-parametric statistics were employed since optical results obtained were not
normally distributed (I-II). Optical results are reported as median with interquartile
range (IQR) (I-II) and range (I). The Wilcoxon signed ranks test was used (I-II) for

statistical comparisons. P values <0.05 were considered to be statistically significant.

65



Detection of oxygen gas and water vapor (I1I-IV)

Here the GASMAS technique was used to enable and evaluate non-invasive detection
of free gas in the lungs (primarily O,) and intestines (H,O vapor) in newborn infants

(III-1V).

Subjects

The studies were carried out at the Department of Physics, Lund University, as a pilot
study (III), and at the Postnatal ward, Skine University Hospital, Lund (IV) after
approval by the Regional Human Ethics Review Board of Lund University, Sweden.
Informed consents were obtained from the parents. Three full-term infants aged 19-
36 days (III) and 29 newborn full-term infants (IV) were included.

Preparations

The infants were either resting in the arms of a parent or sleeping in a cot. Clothes
were removed from areas of measurement, to allow free access for the optical
measurements. Ambient light was dimmed. Optical components in direct contact
with the child were enclosed in disposable plastics to avoid contamination. The
measurements were performed on a time scale where maximum attention was put on
the infant’s needs.

Study design and measurements

Since non-invasive gas monitoring in young infants was a new aspect of optical
diagnostics and monitoring, both studies were by necessity exploratory. Finding
optimal locations for initial gas detection was an important aspect of Study IIL
Although detection of O, in the lungs was of primary interest, the presence of H,O
vapor was also investigated. Water vapor measurements are useful to enable
determination of absolute O, gas concentrations in the lungs (since the vapor
concentration in closed volumes at 37 °C is known), and for assessing gas-filled
volumes in the lungs, intestine interior and walls, and possibly other intra-abdominal
locations.

Relative difficulties associated with detection of O, gas and H,O vapor were assessed
with respect to line strengths and absorption of tissue. Most promising locations for
lung measurements in Study IV, as suggested in Study III, are indicated in Fig. 23.
The investigation (IV) was mainly directed at detecting O, gas with sufficient
recorded signal-to-noise ratios (SNR). Since the gas signals correspond to
approximately 0.1 % or less of the recorded light intensity (also very much attenuated
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compared to the laser light injected), signal recording times of typical several tens of
seconds were chosen. Considering that multiple recordings were done, the typical
investigation time for each infant was about 20 min.

369

2@

1

0 (0]
Figure 23.

Preferred localizations for light injection (red dots) along the midclavicular line (1-3) for non-invasive
optical gas measuremens on lungs in newborn infants (IV). The detector (blue cylinder) was placed in
the armpit. From Paper IV.

Two tunable semiconductor lasers emitting at around 760 nm for O,, and 937 nm
for H,O vapor, were used (III-IV). Their linewidth was about 0.01 pm in order to
enable accurate monitoring of the narrow absorption lines. The output power of the
O, probing laser was about ten times higher in the later study (IV), to enable
detection of O; in the lungs (-30 mW compared with ~4 mW). For convenience,
outputs from both lasers were transmitted from the same optical head, and then
recorded by a single detector. Still, the two signals could be separated by using
different frequencies for the wavelength modulations, necessary for recording of the
faint signals, employing lock-in techniques. This technique provides signal shapes,
which resemble mathematical derivatives (see Fig. 19). The reason for choosing the
2 derivative is that it is less sensitive to fluctuations in light intensity.

To ensure proper functioning of the system, measurements through a block of
polystyrene foam, containing large amounts of air, were used to confirm the expected
presence of signals, while measurements through an adult forearm were accordingly
used to confirm absence of gas signal.
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Data handling and statistics

Recorded signals were fitted to reference signals of very high SNR, as registered from
O, and H>O vapor in normal air, without scattering (III-IV). In the curve fitting the
product of concentration and path length is obtained, according to the Beer-Lambert
law (Eq. 11, p. 43). A problem in scattering tissue is that the path length is unknown
(p. 56), preventing the concentration to be directly determined. Therefore, we can
evaluate our results as an equivalent path length (/,) which could be the distance
needed in normal air, (containing 21 % O,) for the case of O, detection, or air of
known temperature and humidity for the case of H,O vapor, to produce the same
fractional signal, as recorded from the air-containing tissue. From Eq. 11 (p. 43) we
have the experimentally measured signal S as:

s=2 =g, (16)

Io

and thus with our chosen definition of /g

Cunknown X lunknown = Cref X leq > (17)

where C,rcan be the concentration of O; in normal air (21 %). For H,O vapor the Z,
would primarily relate to ambient (e.g., 22 °C and 40 % relative humidity)
conditions. However, it can be more physiological to recalculate the Z, to human iz
situ (37 °C and 100 % relative humidity) conditions (III). Alternatively, measured
results can be expressed by directly reporting the product of C and / in percentage
meters (%om) (IV). Clearly, to be clinically useful we must have the O, concentration
in %, i.e. the path length through gas must be determined. As discussed above, this is
difficult, but could be achieved by normalization to H,O vapor. Based on Eq. 16
experimental signals from O, (Sp,) and H,O vapor (Sy, o) form the ratio:

SOZ 0'02 COZ loz (18)

SHy0 OH,0 CHy0 lHy0

Here the signal ratio is measured, the extinction coefficient ratio is known and Cy,¢
is known for air at 100 % humidity of given temperature through the Arden-Buck
relation [172]. The path lengths / are unknown, but if they can be assumed to be the
same they cancel each other, and the unknown O, concentration (Cp,) can then be
calculated. This approach to the concentration problem is discussed in the original
Papers III and IV and further addressed in the Discussion section below (pp. 84-85).
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Since possibilities of detecting O, gas in infants was an open question (it was not
observed in III), our refined study (IV) focused on the quality of the O, signals
(which were actually detected). This is why the observed signal-to-noise ratio (SNR),
defined as the ratio between the amplitude of the best fitted reference curve to the
typical noise, expressed by the standard deviation, was given much attention and used
in the evaluation (IV). In addition, O, signals were expressed, now in %m rather than
L. This means that for 21 % oxygen, 1 %m corresponds to a path length of
approximately 4.8 cm.

Purely explorative findings (III) were not tested statistically. Other results obtained
(IV) were not normally distributed and are reported as median values with IQR and
range. Group differences were analyzed with the Mann-Whitney U-test. Differences
between groups were considered statistically significant for P values <0.05.
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Results

Tissue oxygenation, perfusion and blood volume (I-II)

All three study techniques provided valuable information on physiological changes in
the microcirculation (I). Important to keep in mind is that LDI and TVI both
provide information on superficial (dermal) tissue, while CW-NIRS provides
information on deeper (skeletal muscle) tissue. Results obtained with the three optical
techniques are given in Fig. 24.

Figure 24 shows that skin perfusion (measured by LDI) responded prominently to
limb repositioning, whereas muscle StO, (measured with NIRS) did not change. On
lowering of the arm, HbT (also measured by NIRS) and blood volume (estimated by
TVI) both increased significantly. Skin perfusion and blood volume both increased
considerably on local cooling (at 21°C), while no change in StO, or HbT was seen.
Local heating (at 39 °C) was associated with a ten-fold increase in perfusion and a
smaller increase in StO,, HbT and blood volume. The perfusion and StO, levels
decreased on gradual venous-through-arterial occlusion, and approached baseline
levels on release of the occlusion, with an overshoot of the StO, (RH). On progressive
occlusion, HbT and blood volume levels increased at first, and then decreased until
full arterial occlusion had been achieved.
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Figure 24.

Results obtained by laser Doppler imaging (LDI), continuous-wave near-infrared spectroscopy (CW-
NIRS), yielding StO2 and HbT, and tissue viability imaging (TVI) under three different physiological
study conditions (separated by vertical dashed lines) (I). All data has been normalized to individual
baseline levels. The graphs show median values with 1* and 3" quartiles (box) and range (bar).
Statistically significant differences from baseline levels (P <0.05) are indicated by black stars. For clarity,
left parts of the upper diagram (within dashed lines) have been expanded 10-fold. From Paper I.

One volunteer, with higher skin melanin content, had higher TVI values, however
with relative responses to various perturbations similar to those of other subjects. In
contrast, results obtained by LDI and CW-NIRS were less influenced by melanin
content.

Invasive blood pressure recordings showed that systolic and diastolic blood pressure
levels gradually approached each other during gradual venous-through-arterial
occlusion (/]), and also that complete occlusion was preceded by transiently higher
diastolic arterial pressure (DAP) levels (Fig. 25). Reduced outflow of blood from a

tissue compartment, resulting from moderate venous occlusion, increases hydrostatic
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transcapillary pressure levels with loss of fluid from intravascular to interstitial
compartments. By external vascular compression, higher tissue pressure resulting from
this fluid shift increases local diastolic pressure levels. These alterations were
accompanied by an approximately 30 % decrease in venous oxygenation levels
(representing outflow of blood from the occluded limb). The other measurements on
systemic influence during the study yield that HR and SpO; remained unchanged.
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Figure 25.

Arterial systolic and diastolic blood pressures levels (mean + SD) at wrist level before, during, and after
gradual vascular occlusion achieved by inflation of a blood pressure cuff fitted around the left upper arm
(I). The pulse pressure level, i.e. the difference between the systolic and diastolic blood pressures levels,
gradually approached zero as the venous-through-arterial occlusion proceeded, and was rapidly restored

on release of the cuff pressure. From Paper L.

Levels of StO, determined by either NIRS technique (Fig. 26) reflected various
experimentally induced regional physiological conditions (II). However, values
obtained by PTOFS (compensated for tissue scattering) were judged to be more
accurate with smaller inter-individual differences, also when taking different
subcutaneous ATT and cutaneous melanin content levels into consideration.
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Median values and interquartile ranges (in light shaded grey) of muscle tissue oxygenation (StO2)
obtained by photon time-of-flight near-infrared spectroscopy (PTOFS; upper curves) in 17 adult
subjects (including those 15 below) and by continuous-wave near-infrared spectroscopy (CW-NIRS;
lower curve) in 15 subjects. The volunteers were subjected to four different physiological study events (/-
1V), separated by vertical dashed lines. Denotations PTOFS 30 mm and PTOFS 40 mm indicate values
obtained at corresponding emission-to-detection distances. Baseline periods are labeled by C and reactive
hyperemia by RH. From Paper II.

Elevation of the legs did not influence StO, values obtained by CW-NIRS and
PTOES (II). Venous occlusion was associated with lower, venous-through-arterial
occlusion with gradually reduced, and RH with higher values of StO,, obtained by
either technique (II). Accordingly, instant arterial occlusion rapidly reduced StO,

values, and the RH following immediately on the release of cuff pressure was observed
as an increase in StO; values, obtained by CW-NIRS and PTOES (II).

Values of SpO,, obtained by contralateral pulse oximetry, were >95 % in all subjects
throughout the study protocol.

To better understand potential influence of inter-individual differences on values of
StO; obtained with the two study techniques (II), we also compared those results
between subjects, which were considerably differing in subcutaneous ATT and
cutaneous melanin content (Fig. 27).

74



Continuous-wave near-infrared spectroscopy
\

- 0
(%) “ois™

.
........ T
=
20 o
T I
e —
£ a
o}
3 . .
S 2
. .
2 i
S
Attt
0 N T M o
1USIU0D UluBB|A|
“““““““““““““““ o
T [}
e —
[ ————a—
R B 7
— - — ©
5 = —
[ ]
2 A
£ = 7
£ = s
- o
= E S )
~ T
o
o 0] o)
w o) z < -
(%) “o18
““““““““““““““ o
3 [}
= 1.nun|\|vvuv1n1.!w11
S
———eeee O
— - o ©
£ = —
m\ \\\\\ .m\.ww. \\\\\\\\\\\\\\\\\\\\
I b
£ ~ T B
= = .
— o
= \\\\4 \\\\\\\\\\\\\\\\\\\\\\\ (3]
b
L.
-~ 3
i
)
- o
o’y o

Adipose tissue thickness {mm)

S

Adipose tissue thickness

Photon time-of-flight spectroscopy

Cc

B

“““““““ S 7
P ©
““““““ b S
Y <ol 3
wwwwwwwwww Qe
!
. 2 2
[)
(%) “01s
wwwwwwwwwwwwwwwwwwwwwwwwwwwww o
- o
i ] 10
= ©

50
)
wwwwwwwwwwwwwwwwwwwwwwwwwwww o
3 (&}
S e 1
I S
““““““ . T 3
““““““ S
7
) o
©
(%) ‘o1s

Time (min)

Time (min)

25

High
Adipose tissue thickness {mm)

20

15

Low  Moderate
5 10

(a]

o
o

w
(%) ‘ois ¥

S

Time (min)

JuLluod uluerN

A

Jualuod ulug_IN

Adipose tissue thickness

Figure 27.

Diagrams showing influence of skin content of melanin and adipose tissue thickness in five individual

recordings of StO: with continuous-wave near infrared spectroscopy (upper) and photon time-of-flight

techniques under various experimentally induced regional physiological conditions

)

(I-1V)). Subject characteristics, corresponding to curves A-E, are shown in the lower right part of each

spectroscopy (lower

diagram. From Paper II.
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There were considerable inter-individual differences in StO, levels obtained (II).
Whereas values obtained by both techniques were influenced by high ATT levels, the
PTOFEFS technique seemed less sensitive to high melanin content at moderate ATT

levels (IT).

Detection of oxygen gas and water vapor (III-IV)

Clear pulmonary and intra-abdominal H,O vapor signals were detectable with the
GASMAS technique in full-term infants (III). Typical signal recordings with
acceptable SNR are shown in Fig. 28. The SNR values for the lung measurements
were considerably lower than those for the abdomen. Lung signals were weak and 60-
second integration time was required for these measurements, while 10 seconds was

enough for intra-abdominal recordings.
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Figure 28.

Wavelength modulation spectroscopy (WMS) signals for water (H20) vapor in the lungs (a) and
intestines (b). Curves for each subject and each location are shown (III).
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However, no O, signals were detectable (III), mainly related to the weaker absorption
strength (0(A)) for this gas, as further discussed below (p.84). Tissue thickness aspects
were also very relevant, as studied by standard ultrasound techniques.

By using considerably higher laser power (30 mW) in the following study, distinct O,
signals could be detected (IV). Typical lung recordings (of O, gas and H,O vapor)
and a recording on forearm muscle (expected to yield zero signal) are shown in Fig.
29. Oxygen signals with a reasonable SNR >3 were obtained at least once in each
infant (and in 60 % of in total almost 400 measurements). If higher SNR thresholds
were set, fewer “successful” measurements were obtained, e.g., 24 of the infants
yielding a SNR >5. Data of similar quality was recorded at all three midclavicular
positions proposed for light injection (Fig. 23), and optimal signal quality was
obtained at approximately 15 mm source-to-detector distances (IV). No differences in
signal quality or absorption magnitude were found between the right and left sides,
nor any effect of gender (Fig. 30) or body weight (within the 3-4 kg range).
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Figure 29.

Examples of wavelength modulation spectroscopy (WMS) curves with different signal-to-noise ratios
(SNR). a) High quality (SNR = 11) alveolar recording of oxygen (O2). b) Corresponding high-quality
(SNR = 12) alveolar recording of water (H20) vapor. ¢) Moderate-quality (SNR = 3.1) alveolar
recording of O2. d) Adult forearm recording (SNR = 0.9) with no O: gas present.
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Figure 30.

Histograms showing values of signal-to-noise ratio (SNR) (a-f; black) and absorption magnitude (g-I;
grey) for measurements of oxygen (O:) gas in lungs (a, g), skeletal muscle (b, h), left lungs (c, i), right
lungs (d, j), female lungs (e, k) and male lungs (f, I). Absorption magnitude values were calculated for
measurements with values of SNR 25. Corresponding median values with 1* and 3¢ quartiles, range and
outliers are reported as boxplots.
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Discussion

This thesis deals with different clinical aspects of O, and oxygenation. Actually, the
oxygen is followed from its free form in the alveoli to its bound form as
oxyhemoglobin in the capillaries.

The reason why completely different kinds of subjects were chosen for studies of free
and bound O is that probing the light has limited penetration (few centimeters),
making deeper air-containing structures in adults inaccessible with the present
equipment. However, since non-invasive measurement of free gas is particularly
relevant in the smallest subjects - preterm infants — gas monitoring in infants is a most
relevant field with future potential impact on intensive care medicine.

The major findings in the present thesis will now be discussed.

Tissue oxygenation, perfusion and blood volume (I-II)

We have noted that all three study techniques investigated (I) are influenced by tissue
absorption as well as tissue scattering. Light scattering and frequency shifts are basic
concepts of LDI (pp. 57-58), whereas values obtained by TVI or NIRS are influenced
by absorption but also scattering. Scattering considerably influences oxygenation
measurements, which are based on deeper tissue probing requiring longer path
lengths (I-II). Determination of StO, by PTOFS, is based on absorption only,
enabled by the use of time-resolved photon detection, and provides more realistic and
accurate information on StO, (II).

There is no independent gold standard clinically available for determinations of StO,
in deeper regions (e.g., brain or skeletal muscle tissue), since NIRS is the only feasible
way of direct determination [45, 137, 143]. Available alternatives (pp. 27-28) are all
based on indirect estimations.

The PTOFS technique, based on time-resolved detection of photons from ultra-short
and spectrally broad-banded pulses of light, enables spectral information to be
obtained at specific wavelengths by using a tunable filter. For optimal comparison
between this technique and conventional CW-NIRS, oxygenation data was obtained
at the same two wavelengths (730 and 810 nm) with both study techniques. Clearly,
use of more wavelengths would have reduced influence on the PTOES results by
other tissue components than HbO, or Hb’, such as H,O, lipids or melanin.
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However, considering that measurements at each wavelength took approximately 15
seconds, it would have been too time-consuming to cover the entire spectrum
accordingly. Since the CW-NIRS system enabled measurements at six-second
intervals, and since the duration of each study event by necessity was brief, PTOFS
measurements were limited to two wavelengths. Here frequency-domain NIRS, based
on use of multiple lasers or LEDs [149], could have an advantage in reduced
acquisition time as compared to PTOFS, and otherwise being basically equivalent.

Normalization of results obtained with either study technique in each subject to
median baseline values (I) was done to reduce inter-individual variation and facilitate
comparison of individual responses to the study events. Data obtained with time-
resolved and continuous-wave techniques (II) was not normalized accordingly, since
here a comparison on how well each technique can provide reliable values, despite
inter-individual differences, was evaluated. Significantly lower IQR of results obtained
by PTOEFS compared with CW-NIRS (II) indicate that data accuracy is considerably
improved by determination of StO; from tissue absorption only (II).

Time-resolved measurements are considered to provide more correct values on StO»,
since determination is based on absorption only. Our time-resolved baseline values of
StO; at around 55-60 % should be more realistic than the ones obtained by CW-
NIRS (at just above 80 %), since nearly 80 % of the total microvascular blood
volume is located in veins and venules [8]. Our time-resolved values of StO, are also
in accordance with findings by other groups [144, 187].

Different non-invasive optical techniques were compared (I-II), to evaluate their
ability of detecting defined regional physiological perturbations resembling clinical
confounders or major clinical deterioration. Laser Doppler imaging and TVI provide
superficial information on dermal tissue perfusion and blood volume, respectively,
whereas NIRS probes considerably deeper regions, including skeletal muscle tissue.

Our studies complement recent other work on NIRS responses to various
perturbations, including venous occlusion [188-190], arterial occlusion and
consecutive RH [191], as well as issues of repeatability [192] and reproducibility
[193].

Influence of repositioning (I)

In contrast to CW-NIRS measurements on StO, (I-II), values obtained by LDI or
TVI were consistently more influenced by potentially confounding regional
perturbations — like repositioning of a limb (I) — not reflecting clinical deterioration.
This relative advantage of NIRS should be born in mind in clinical settings, where
few false bedside alarms improve the quality of care. Prolonged elevation of the lower
limb (typically 25 min) has been reported to decrease local StO, [194]. Very recently,
lower limb elevation, both in volunteers with a simulated leg injury (using a pressure
cuff of 50 mmHg) and in an uncompromised control group, was shown to gradually
decrease regional StO, with increasing elevation angle [195].
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Influence of temperature (I)

Hypothermia is common in emergency, perioperative and intensive care medicine.
Local and superficial cold-induced vasodilation [196], confirmed by increased dermal
capillary blood flow and blood volume (I), resulted from rapid and marked external
regional cooling (I). Parallel changes in local perfusion and blood volume in response
to external cooling (I) imply that the local blood flow velocity did not change. That
values of StO, obtained by NIRS (probing deeper regions) did not reflect transient
external local cooling (I) seems to be a relative advantage of this technique for clinical
bedside use. In contrast, regional hypothermia in response to severe shock, due to
e.g., major bleeding (mainly resulting from precapillary arteriolar constriction
promoting capillary absorption of interstitial fluid and vital organ perfusion), is
associated with higher vascular resistance and lower regional blood flow — detectable
by NIRS as a reduction of StO, [125]. It should also be considered in clinical
applications that values obtained by all study techniques evaluated, particularly LDI,
reflected vasodilation and hyperperfusion associated with regional hyperthermia
induced by rapid external warming (I). These observations are in accordance with
recent findings [197] in volunteers subjected to external heating.

Influence of leg lift (1)

Elevation of both legs was part of the study design (II) to resemble initial bedside
management in severe hypotension. No resulting change in StO, was detected by
either technique in our healthy subjects, in accordance with their originally
uncompromised medical conditions.

Influence of venous occlusion (II)

How impaired tissue perfusion, with pooling of deoxygenated venous blood, affects
StO; was tested with the regional venous occlusion event, intended to resemble
moderate fluid overloading. As expected, StO, levels decreased significantly, as
detected by both study techniques (II).

Influence of gradual venous-through-arterial occlusion (I-II)

All study techniques evaluated responded strongly (in the order of 50 %) to gradual
venous-through-arterial occlusion (I), experimentally designed to resemble
hemodynamic changes associated with progressive compartment syndrome including
tissue edema and reduced nutritional blood flow. Similarly, reduced values of StO,
were obtained by CW-NIRS and PTOEFES in response to gradual veno-arterial

occlusion (II), as earlier observed (I).

We also confirmed over-shoots in StO, on rapid release of the pressure cuff —
reflecting RH (I-II) [24], induced by rapid inflow of blood through dilated
precapillary arterioles and opening of closed capillary beds [135] (p. 26). Reactive
hyperemia can be considered as a test of microcirculatory reactivity [198], evaluating
how well a tissue is able to adjust the extraction of O after a hypoxic stimulus. This
ability has been shown to be reduced in septic patients [135, 199].
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Tissue oxygenation levels obtained by CW-NIRS responded well to gradual vascular
occlusion (I), also when compared with values obtained by PTOEFS (II). For those
comparisons (Fig. 22), physiological regional perturbations resembling major
hemodynamic changes potentially associated with medically deteriorated conditions
(IT) replaced previously evaluated minor physiological events normally not associated
with clinical deterioration (I).

That values of systolic and diastolic arterial blood pressure (measured invasively
distally to the inflatable cuff) gradually approached each other during venous-
through-arterial occlusion (I), as shown in Fig. 25, reflects gradually reduced regional
perfusion pressure levels. Early increase in regional diastolic blood pressure is
considered to mainly reflect increased transcapillary hydrostatic and interstitial tissue
pressure levels induced by venous congestion. The observed slight delay in return of
DAP to baseline levels, after release of the occlusion pressure, most likely results from
the increased interstitial pressure levels. To our knowledge, these changes have not
previously been reported in humans.

Influence of arterial occlusion (II)

Instant arterial occlusion, rapidly blocking inflow of arterial blood, was included in
the study design to resemble arterial thromboembolism, compression, injury, or
extensive vasocontriction (II). Levels of StO,, determined by both techniques, rapidly
approached levels similar to those determined at 150 mmHg occlusion pressure
during the venous-through-arterial occlusion, with approximately half of the decrease
occurring after half of the five-minute occlusion period.

Influence of skin melanin content and adipose tissue thickness (I-1I)

An interesting aspect of non-invasive optical techniques for physiological probing is
the influence of skin pigmentation on the measurements. Our observation that higher
values of blood volume were obtained by TVI in the only subject with enhanced skin
melanin content (I) is quite understandable, considering that visible wavelengths of
light were used for tissue probing. The algorithm for assessing blood volume with
TVI is based on the fact that blood absorbs more green than red light, whereas
surrounding tissue has similar absorption characteristics in the green and red spectral
regions (Fig. 14). However, since melanin also absorbs more green than red light
[94], as shown in Fig. 12, the blood volume appears to be higher in subjects with
darker skin or pronounced sun tan. This should be taken into future consideration.
That LDI, in contrast, was insensitive to skin pigmentation is reasonable, since
measurements are done at a single wavelength without involving spectroscopic
aspects. The NIRS technique is also largely insensitive to melanin content (I-II),
related to the fact, that the wavelengths used are much longer than for TVI, and thus
in a region where melanin absorption is considerably lower [143] (Fig. 12).

Efforts were made to understand the influence of cutaneous melanin content and
subcutaneous ATT on CW-NIRS and PTOFS measurements (II). Since values of
StO; obtained by PTOFS consistently had smaller IQR levels compared with CW-
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NIRS, it is obvious that PTOFS is less sensitive. The discussion below is based mainly
on results obtained in individual subjects differing in cutaneous melanin content and
subcutaneous ATT (Fig. 27), since there were too few subjects for statistical analysis.

Melanin, located in the epidermis, has a high absorption of light at shorter
wavelengths (e.g., 400 nm), with gradually reduced absorption at longer wavelengths
[94], as shown in Fig. 12. Recently, the melanin skin volume fraction has been
estimated (by multiphoton microscopy and frequency domain spectroscopy), to be
approximately 5 % in non-sun-exposed skin type I and approximately 20 % in sun-
exposed skin type VI [200]. Evaluation problems may arise in CW-NIRS
measurements in subjects with extremely high cutaneous levels of melanin content,
due to signal loss during vascular occlusion [201]. Individually obtained values of
StO, (Fig. 27) indicate that cutaneous melanin content influenced the CW-NIRS
signals associated with various physiological perturbations at higher levels of ATT.
This does not seem to apply for PTOFS (II). This makes sense, since the time-
resolved technique extracts the values from the shape of the dispersion curve of
transmitted light, rather than from the light intensity, as is the case for the
continuous-wave technique. Even dramatic reductions of detected light intensity
levels, due to strong absorption by melanin, would not significantly alter the path of
the remaining, unabsorbed light and consequently not the time dispersion of the

detected light (II).

It is well known that subcutaneous ATT can influence CW-NIRS measurements
[129, 185]. Since the effective light penetration into tissue, within the tissue optical
window, is estimated to one third to half the distance between emitted and detected
light [128], high levels of ATT mean that the detected light reflects probing of mostly
subcutaneous fat, rather than muscle tissue. According to individual values of StO,
(Fig. 27), we note that both study techniques seem to be sensitive to increasing ATT,
with smaller response to physiological perturbations noted (II). Subcutaneous adipose
tissue, having a lower baseline metabolism than skeletal muscle tissue [202],
represents more of the tissue volume probed at higher ATT [185]. Accordingly, the
mean optical path length that light has traveled through muscle tissue decreases,
resulting in an underestimation of muscle StO, [203]. Monte Carlo simulations
(computer modeling of the movements of individual photons) suggest that very little
light passes through skeletal muscle tissue at ATT levels above 15 mm [204].
Recently, a correction curve was proposed for time-resolved measurements on muscle
tissue, suitable for ATT between 2 and 6 mm [203].

Influence of myoglobin (I-1I)

One aspect, that also needs to be addressed, is that NIRS signals can be influenced by
myoglobin (Mb), since Mb and Hb have similar spectral absorption characteristics
[202]. However, within a given volume of muscle tissue, the concentration of Hb is
about 1.5 times higher than that of Mb. Hemoglobin has four bindings sites for O,
(Fig. 2) compared with one binding site in Mb [205, 206]. Many researchers suggest
that Mb contributes to less than 20 % of measured StO, in muscle tissue [129, 205-
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207]. However, recent research indicates that Mb might contribute to ~50-70 % of
NIRS signals [208]. This is of course a serious statement, which should be
investigated further.

Detection of oxygen gas and water vapor (III-IV)

Our studies showed that H,O vapor (III) as well as O, gas (IV) could be detected in
full-term healthy infants.

The main reason why H;O vapor signals were considerably stronger with
correspondingly better SNR, is the considerably higher absorption strength (o(4)) of
H,O vapor, resulting in a more prominent absorption imprint (larger A7/Iy) in the
detected light. Furthermore, the actual thickness of overlaying tissue is important, and
possibilities of shallower tissue depths were higher for the abdominal measurements.

The locations chosen for alveolar O, monitoring were light injection in the
midclavicular line and detection in the armpit on the same side (IV). Those locations
are not necessarily the most desirable ones for future determination of O, gas content
and distribution in preterm or full-term infants. However, since H,O vapor signals
were initially detectable here (III), indicating light propagation through air-filled
cavities, the same geometry was chosen for detection of O, gas (IV). A main reason
for successful detection was the use of much higher O, probing light levels, to increase

the SNR (IV).

The observation, that while detection of O, gas was possible at least once in each
infant (IV), but sometimes not, implies that non-optimal sites were sometimes used
for emission and/or detection of light.

As could be expected, no significant differences were found between body sides, or
between infants of opposite genders. All these findings were also valid for the
measured absorption magnitudes (%m). Several of these aspects are shown in Fig. 30.
More surprisingly, there was no significant difference in signal quality between infants
differing in body weight within an approximate range of 3.0-4.0 kg.

Detection of O, gas is of course encouraging, but clearly determination of O,
concentrations would be the desired goal. Concentration values might be obtained
based on normalization to H,O vapor (Eq. 18, p. 68). However, this would require
identical path lengths probed for the two wavelengths, which is unfortunately not the
case, especially not for the “reflection” geometry available, (p. 48).

One reason for this problem is that light is absorbed considerably more by liquid
H,O at 937 nm (used to detect H,O vapor) than at 760 nm (used to detect O, gas).
This will result in fewer photons with longer path lengths at 937 nm. If a
“transmission” type of arrangement is used, the detected photons must have passed
the gas-containing cavities, and these problems are not very severe, as noted in frontal
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and maxillary sinus measurements in humans [175]. However, the “reflection mode”
had to be used (III-IV), because of the size of the full-term infants, leading to the
H,O vapor light missing some of the gas.

One solution to this problem is to identify and use H,O vapor absorption lines closer
to the ones of O,. Such lines, although weaker, can be found at about 820 nm (Fig.
12).

Moreover, the favorable “transmission” geometry could also be found for pulmonary
measurements in very preterm infants or, if the irradiation is done from inside the
upper airways, also in larger children, and even adults (pp. 89-91). This might
ultimately lead to less use of radiography in certain areas of intensive care medicine.
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Conclusions

Optical techniques, being non-invasive and providing data in real-time, are attractive

as potential tools for surveillance of critical illness, in particular concerning
oxygenation.

Based on results obtained in the present thesis, the main conclusions are:

1.

The CW-NIRS, LDI, and TVI techniques can non-invasively provide
complementary information on regional hemodynamic changes in dermal
and skeletal muscle tissue in humans, since CW-NIRS mainly responded to
venous-through-arterial occlusion (I-II), reactive hyperemia (I-II), and
heating (I), whereas LDI and TVI rather reflected repositioning, cooling, and

heating, in addition to veno-arterial occlusion (I).

The CW-NIRS technique better than LDI or TVI reflects major regional
hemodynamic changes, since it responded prominently to venous-through-
arterial occlusion and RH (I-1I).

The CW-NIRS technique is less sensitive to bedside confounders compared
to LDI and TVI, since it responded far less to local repositioning or cooling

D).
The CW-NIRS and PTOES techniques both respond to major

hemodynamic changes, since values of tissue oxygenation obtained by either
technique similarly reflected various extents of local venous or arterial
occlusion (II).

More accurate and realistic absolute values of tissue oxygenation are obtained
by the PTOFS technique than by CW-NIRS, as judged from lower inter-
individual variation and better agreement of tissue oxygenation levels with
previous reports (II).

High dermal adipose tissue thickness strongly attenuates muscle tissue
responses obtained by CW-NIRS as well as PTOEFS, as shown by lower tissue
oxygenation signal response to physiological provocations at increasing
subcutaneous adipose tissue thickness levels (II).

The CW-NIRS and LDI techniques are less sensitive than TVI to skin
contents of melanin, since results based on those techniques were less
influenced than results obtained by TVI in subjects with darker skin color

@.
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10.

11.

At increasing adipose thickness levels PTOFS seemed to be less sensitive to
melanin content than CW-NIRS (II).

The novel GASMAS technique is able to monitor physiological gases in sizu,
since we were, for the first time, able to record useful signals on water vapor
non-invasively from lungs as well as intestines in three full-term infants (III).

Oxygen can be non-invasively monitored iz situ in the human body, since,
for the first time, signals were obtained in each individual in a group of
newborn infants (IV). This opens up a new field of non-invasive medical
measurements of oxygen in situ.

Oxygen concentration determinations in the alveoli require a knowledge of
the optical path length, which might be determined from the water vapor
signal, where the corresponding concentration is known. However, this could
not be achieved with the present setup, but indications for a solution are

given (IV).



Future perspectives

Future work along the main directions of this thesis work would primarily focus on
development and clinical testing of improved, more user-friendly and reliable
equipment for monitoring in severe illness.

Monitoring of tissue oxygenation

Regarding the broad-band NIRS method, more widespread use of time-resolved
techniques, PTOFS and frequency-domain NIRS, for monitoring of severely ill or
injured patients should be encouraged. With the rapid development of more compact
and cheaper laser sources, as well as electronics and computers, this is a quite realistic
scenario. In particular, incorporating more laser wavelengths might prevent
confounding tissue components from interfering with oxygenation measurements.

Future clinical scientific work should preferably be directed to bedside measurements
in critically ill or injured patients with true and severe pathophysiological problems.
Clearly, technical performance must always be balanced to price and ease of operation
in the clinical setting.

Monitoring of free oxygen gas iz situ

An important long-term goal of all our efforts on gas monitoring is to be able,
ultimately, to reduce potentially detrimental radiological investigations by using
harmless optical measurements in connection with the severe diseases of early infancy
- respiratory distress syndrome (RDS) and necrotizing enterocolitis (NEC). The
demonstrated capability to detect lung gases gives the hope that this could materialize
in the future.

Regarding preterm and full-term infants, stronger pulmonary signals, enabled by
more powerful continuous-wave lasers, are desirable. Furthermore, use of a
monitoring wavelength of H,O vapor closer (say, at 820 nm) to that of O, would
enable more robust determination of the O, gas concentration based on assumed
equal path lengths (Eq. 18, p. 68) of O, and H,O vapor 7z sizu. In addition, applying
laser illumination from inside the lungs, as recently proposed (Figs 31 and 32) [209],
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might result in much higher recorded levels of light, and also stronger recorded gas
signals, since almost all detected photons are forced to pass air-containing tissue. This
also again favors the validity of the H,O vapor assumption (Eq. 18). Although
internal irradiation would mean that the advantage of non-invasiveness is lost, it
should be borne in mind that most premature infants who might benefit from this
kind of surveillance do have an endotracheal tube, which could be combined with
light delivery [209] to envision true 24-hour cot-side monitoring.
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Figure 31.

Schematic diagram showing possible implementation of internal laser illumination for medical gas
analysis. The patient is connected to the ventilator by the endotracheal tube. Semi-conductor lasers for
detection of oxygen (O2) (at 760 nm) and water (H20) vapor (at 820 nm), interconnected to laser
drivers, are controlled by a computer. Emitted laser light is merged and sent in through the endotracheal
tube to illuminate the lung from the inside. Detectors (D) in defined positions on the outside of the
thoracic cavity are used to record the diffusely spread light, carrying information on gas concentration
and distribution. Based on measured values, the computer might also be used to adjust a regulator for
interactive control of ventilator settings and administration of drugs. Activation of an alarm system may
alert hospital staff of alveolar O: levels outside defined threshold limits. Modified from [209].
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Figure 32.

Schematic diagram showing a possible implemantation of laser light coupling for studies of lung function
through the working channel of a flexible bronchoscope. The diffusely spread light is detected at the skin
surface by single or multiple detectors (D). Modified from [209].

Actually, efforts on the European level are now being initiated to develop a clinically
useful system in a new collaboration between our group and industrial companies, as
funded within the EU EUROSTARS program. In particular, higher power semi-
conductor lasers at the relevant wavelengths (presently not available) are being
developed by industry, and realistic practical equipment will be constructed.

Such efforts might also make it possible to find valuable additional applications of
medical GASMAS. These might include adult lungs, intestines, necrotic tumor
differentiation and various indications of decay, such as caput necrosis. Regarding
adult-lung monitoring, which might become realistic with internal light
administration (Figs 31 and 32), intensive care situations, such as adult respiratory
distress syndrome and severe pneumonia come to mind. Again, severely ill intensive
care patients are mostly tracheally intubated.

An additional future aspect, which would require high-quality signals/short measuring
times, could be studies of dynamics, e.g., the response on a short-time scale to an
abrupt change in F,O,, or even to follow the oxygenation during the breathing cycle.

In view of the positive ongoing developments there could be real hopes for the early
work, described in this thesis, to bear rich fruits in intensive care, for infants as well as
adults.
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