
1 
 

 

A novel optical probe for detection of hypoxia in 
the deeper layers of human buccal tissue  

 
 
 

Thesis for the degree of Doctor of Philosophy (Ph.D.) 

 
Maryam Amini 

 
 

 
 

 
Department of Mechanical, Electronics and Chemical Engineering, Faculty of 

Technology, Art and Design, Oslo and Akershus University College of Applied Sciences, 

Norway 

 
 

 
 
 

Institute of Clinical Medicine, 

Faculty of Medicine, University of Oslo, Norway 
 

2016 
 

 

 
 



2 
 

Table of Contents 
 

Table of Contents ……………………………………………………………………………….2 

Acknowledgements ..................................................................................................................... 4 

List of Papers .............................................................................................................................. 5 

Abbreviations and Definitions ................................................................................................... 6 

Introduction ................................................................................................................................ 9 

1 What is Hypoxia and why is it important to measure it? ....................................................... 9 

2 How to detect hypoxia? ....................................................................................................... 10 

2.1 Direct measurement of biological indicators of hypoxia in tissue .................................................. 11 

2.2 Measuring body temperature gradient ............................................................................................ 14 

2.3 Laser Doppler Flowmetry ............................................................................................................... 14 

2.4 Pulse Oximetry ................................................................................................................................ 15 

2.5 Near Infrared Spectroscopy (NIRS) ................................................................................................ 17 

3 Where to monitor hypoxia?.................................................................................................. 22 

3.1 Ear lobe/ Pinna ................................................................................................................................ 22 

3.2 Gastric Mucosa and Sublingual tissue ............................................................................................ 23 

3.3 Buccal Mucosa ................................................................................................................................ 25 

Aims of the Thesis ..................................................................................................................... 28 

Methodological Considerations ............................................................................................... 29 

1 Study population and design ................................................................................................ 29 

2 Probe Design and Manufacturing ........................................................................................ 30 

3 Validation of the focal depth of the probe ........................................................................... 33 

3.1 Optical measurement bench ............................................................................................................ 33 

3.2 Monte Carlo simulation method ..................................................................................................... 34 

4 Validation of the functionality of the probe ......................................................................... 41 

4.1 Study I ............................................................................................................................................. 41 

4.2 Study II............................................................................................................................................ 43 

4.3 Study III .......................................................................................................................................... 45 

5 Statistical and analytical methods ........................................................................................ 48 

5.1 Receiver Operative Characteristic (ROC) Curve ............................................................................ 48 

5.2 Bland-Altman Plot .......................................................................................................................... 49 

5.3 Peak Threshold Detection ............................................................................................................... 51 

5.4 Coherence Function ........................................................................................................................ 52 

5.5 Multivariate Analysis ...................................................................................................................... 53 

5.6 Two tailed t-test .............................................................................................................................. 53 



3 
 

5.7 Wilcoxon Signed Rank test ............................................................................................................. 54 

6 Ethical approval for performing the tests on human beings ................................................ 54 

Summary of the papers ............................................................................................................ 55 

Study I ..................................................................................................................................... 55 

Study II ................................................................................................................................... 56 

Study III .................................................................................................................................. 57 

Discussion .................................................................................................................................. 59 

1 Where does hypoxia start? ................................................................................................... 59 

2 Why are buccal measurements reliable? .............................................................................. 60 

3 The importance and possibility of measuring in deeper layers ............................................ 61 

4 Design criteria of an optical probe for measuring in deeper layers of a tissue .................... 62 

5 Is only one biological indicator enough for detection of hypoxia? ...................................... 65 

6 Internal and External Validity .............................................................................................. 69 

Limitations ................................................................................................................................ 72 

Future perspectives ................................................................................................................... 73 

Conclusions ................................................................................................................................ 74 

References .................................................................................................................................. 75 

Appendix A. NIRS Instrumentation ....................................................................................... 85 

Appendix B. Probe Pictures ..................................................................................................... 86 

Appendix C. LabVIEW Files ................................................................................................... 91 

Appendix D. MATLAB Files ................................................................................................. 100 

Appendix E. Ethical Approval ............................................................................................... 104 

Appendix F. Deep tissue focal fluorescence imaging with digitally time-reversed 
ultrasound-encoded light........................................................................................................ 106 

Appendix G. Papers I-III ....................................................................................................... 107 

 

  



4 
 

Acknowledgements 
 

The work presented in this thesis has been performed at the Institute of Mechanical, Electronics 

and Chemical Engineering, Faculty of Technology, Art and Design, Oslo and Akershus University 

College of Applied Sciences, from Spring 2010 to Autumn 2015 with about one and half year gap due 

to my maternity. This project was supported by funding from Oslo and Akershus University College of 

Applied Sciences and Norwegian Research Council. 

I have enjoyed the support and help of many people in various ways during the course of my 

work to whom I am very thankful. I especially would like to express my sincere gratitude to: 

Dr. Peyman Mirtaheri, my main supervisor, for providing me with this research opportunity 

and for his valuable guidance and help. His energy and, enthusiasm and knowledge in science is 

impressive and his efforts in development of the field of biomedical engineering are inspiring. 

Dr. Jonny Hisdal, my co-supervisor, for his unconditional and invaluable help, support, 

guidance and inspiring positive attitude when it was needed the most, and for the opportunity of running 

the experiments of the second study and working on the thesis in his labs in the Vascular Investigations 

Section, Oslo University Hospital, Aker. I will always be grateful to him. 

Dr. Terje Gjøvaag, my co-supervisor, for his help and guidance and his always detailed and 

constructive comments on my work. 

Engineer Nihad Kapetanovic, for his enthusiastic attitude, unconditional contribution and help 

with our third study. 

Engineer Rune Orderløkken for his help and contribution to the fabrication of the probe in the 

first study.  

Dr. Trond- Eirik Strand, Dr. Jan Ove Owe and Engineer John Ragnar Hørte at Norwegian 

Armed Forces Medical Services, Institute of Aviation Medicine, Oslo, for providing us with the 

valuable opportunity of using their hypobaric chamber and for all their contribution to the third study. 

Engineer Simone Gilardi, for his help and contribution with the Monte Carlo Simulation. 

Many thanks to the Medical Department of the University of Oslo, for the well-planned Ph.D. 

courses which I found very useful in my PhD project. 

More personally, thanks to my dear parents, and my husband for their patience and the 

unconditional love and support they have always given me, and finally my source of endless love and 

joy, my son Daniel who makes my life so much more worthwhile and gives meaning to it all. 

  



5 
 

List of Papers 

This thesis is based on the following studies, which are referred to by Roman numerals. 

 

Study I 

Amini, M., Gjøvaag, T.F., Hisdal, J., Mirtaheri, P., Novel Design of an Optical Probe for 

Detecting Perfusion Changes in Buccal Tissue. IEEE Sensors Journal, 2012. 12(6): p.1861-

1867. 

Study II 

Amini, M., Hisdal, J., Gjøvaag, T.F., Mirtaheri, P., Evaluation of the capability of a new optical 

probe in providing information about central circulation from deeper layers of the buccal 

tissue- A Case Study - Submitted 

Study III 

Amini, M., Hisdal, J., Gjøvaag, T.F., Kapetanovic, N., Strand, T.E., Owe, J.O., Hørthe, J.R., 

Mirtaheri, P., Near Infrared spectra in buccal tissue as a marker for detection of hypoxia. 

Aerospace Medicine and Human Performance Journal, 2016. 87(4): p.498-504. 

 

 

  



6 
 

Abbreviations and Definitions 

 AC    Alternating Current 

ATP Adenosine Tri Phosphate, which is an energy-carrying molecule found in the 
cells of all living things. ATP captures chemical energy obtained from the 
oxidation of food molecules and releases it to fuel other cellular processes 

BMI Body Mass Index, a numerical computation based on height in meters and 
weight in kilograms, used as an indicator of the degree of obesity  

Capnometry Using a capnometer (capnograph) to measure carbon dioxide concentration in 
expired gases during anaesthesia and intensive care, and in lung function 
studies 

Chromophore   Part of a molecule responsible for its color 

Cladding A sheathing or covering, usually of glass, fused to the core or higher-index 

material 

CNC   Computer Numerical Control 

Cross Talk  The observable leakage of light from one fibre to another 

Cytochrome Oxidase  One of the superfamily of proteins which act as an electron acceptor in the 
mitochondrial respiratory chain 

Czerny-Turner A common design for an optical device that transmits a mechanically 
selectable narrow band of wavelengths of light or other radiation chosen from 
a wider range of wavelengths available at the input                                 

DC    Direct Current 

DPF   Differential path length factor 

dTp-a    The temperature gradients peripheral-to-ambient   

dTc-p   The temperature gradients central-to-peripheral 

ECG   Electrocardiogram 

φ   The relative fluence rate, it the optical energy delivered per unit area 

g Anisotropy factor, which is defined as the average cosine of the scattering 
angle, is a measure of the directionality of elastic light scattering 

HbO2   Oxyhemoglobin  

Hb   Deoxyhemoglobin 

Hyperemia An excess of blood in the vessels supplying an organ or other part of the body 

Hypoperfusion The inadequate blood supply to the body tissues, resulting inadequate supply 
of oxygen and nutrients to the body tissues 

Hypotension Abnormally low blood pressure 

Hypovolaemia  A decreased volume of circulating blood in the body 
 

http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Optics
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Radiation
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In situ   On site 

I/O   Input/ Output 

kPa    Kilopascal (unit of pressure)  

kHz   Kiloherz (unit of frequency)  

Kubelka-Munk  Named after two researchers who studied diffuse reflectance. The equation 
derived by Kubelka and Munk relates the intensity of diffusely reflected light 
to concentration 

LDF Laser Doppler Flowmetry 

LED   Light Emitting Diode 

MAP   Mean Arterial Pressure 

mmolL-1 Millimoles per Liter (unit for measuring concentrations of substances in the 

blood) 

Monochromator A device used to select radiation of (or very close to) a single wavelength or 

energy 

µa Absorption coefficient, is the the fraction of incident radiant energy absorbed 
per unit mass or thickness of an absorber 

 µm Micrometer (unit of length)  

µs Scattering coefficient, is the factor that expresses the attenuation caused by 
scattering when it goes through a medium 

N Refractive index, is the the ratio of the velocity of light in a vacuum to its 
velocity in a specified medium 

 
NADH Nicotinamide Adenine Dinucleotide Hydride, is a naturally occurring 

coenzyme found in all living cells, and is necessary for cellular development 
and energy production 

NIRS Near Infrared Spectroscopy 

nm   Nanometer (unit of length)  

Porphyrin Any of a class of water-soluble, nitrogenous biological pigment derivatives of 
which include the hemoproteins (porphyrins combined with metals and 
protein)  

PO2   Partial pressure of oxygen (O2) 

PCO2   Partial pressure of carbon dioxide (CO2) 

pH Potential of Hydrogen, is the measure of the acidity or basicity of an aqueous 
solution. Solutions with a pH less than 7 are said to be acidic and solutions 
with a pH greater than 7 are basic or alkaline 

PTD   Peak Threshold Detection 

SaO2   Saturation of oxygen in arterial blood 

http://www.britannica.com/EBchecked/topic/261036/hemoprotein
http://en.wikipedia.org/wiki/Acid
http://en.wikipedia.org/wiki/Base_(chemistry)
http://en.wikipedia.org/wiki/Aqueous_solution
http://en.wikipedia.org/wiki/Aqueous_solution
http://en.wikipedia.org/wiki/Acidic
http://en.wikipedia.org/wiki/Base_(chemistry)
http://en.wikipedia.org/wiki/Alkaline
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Sepsis The presence in tissues of harmful bacteria and their toxins, typically through 
infection of a wound 

SMA connectors Sub-Miniature version A connector, ideally suited for large core fibres 

SpO2   Oxygen saturation measured by a pulse oximeter 

StO2    Saturation of oxygen in the tissue 

Synchronization Coordination of events to operate a system in unison  

Vasodilatation  Dilation of blood vessels 

Vasoconstriction The constriction of blood vessels, which increases blood pressure 
 

 

  

http://en.wikipedia.org/wiki/System
http://en.wikipedia.org/wiki/Blood_vessels
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 Introduction 

 1 What is Hypoxia and why is it important to measure it? 

During the past years a tremendous amount of research has been devoted to the 

understanding, detection and treatment of tissue hypoxia [1-8]. Hypoxia refers to an inadequate 

level of oxygen (O2) within the cells caused by an interruption in the chain of the physiological 

processes which bring O2 from the outside air (or breathing gas) to the cells of the body. 

Hypoxia has been classified in four groups as follows [9]: 

1- Hypoxic (metabolic) hypoxia, which is inadequate oxygen content in arterial blood. The 

basic reason for the occurrence of this type of hypoxia is decreased concentration or 

pressure of oxygen in the inhaled air or a disturbance of the respiration. In this thesis, the 

focus has been on this type of hypoxia. 

2- Stagnant (circulatory or ischemic) hypoxia in which O2 transported by the blood fails to 

reach the tissues. 

3- Anemic hypoxia, which is inability of the blood to carry O2 in the presence of adequate 

circulation. An example is carbon monoxide (CO) poisoning, in which CO displaces the 

oxygen bound to the hemoglobin in the blood, as hemoglobin has a greater affinity for 

carbon monoxide than it has for oxygen.  

4-   Histotoxic hypoxia, which is inability of cells to use O2. 

Hypoxia may happen in the entire body, a specific organ or a tissue. A severe case of 

hypoxia can be dangerous or deadly and if the patient's tissue is not provided with adequate 

oxygen, widespread tissue necrosis can occur and cells and tissue may not be able to recover. 

It is also possible that the neighboring organs and other structures of the body would suffer the 

damage caused by hypoxia in one neighboring tissue or organ [10].  

In most cases, hypoxia occurs without any warning and the patient may not be aware 

of it. Mild hypoxia influences the brain causing confusion, impaired judgment and clouding of 

consciousness [11]. More profound hypoxia could cause unconsciousness and in some cases, 

muscular jerking and spasms (especially in the jaw muscles). Severe hypoxia may result in 

cellular damage and ultimately death [12].  

The way tissue hypoxia affects the body in critically ill patients is complex [2]. First, 

hypoxia of one organ may cause dysfunction or failure of a distant one [9]. Second, sepsis, 
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which is an infection of the blood stream and can be a life-threatening illness. Sepsis and the 

systemic inflammatory response syndrome, are associated with increased oxygen consumption 

which is usually met by a hyperdynamic cardiovascular response. Inadequacy of this response 

can cause tissue hypoxia with the risk of organ dysfunction. Severe sepsis can cause persistent 

arterial hypotension despite adequate fluid resuscitation. In addition, it can alter the mental 

status of a patient, cause chills and a general feeling of poor health due to the critical reduction 

in tissue perfusion and low blood pressure [12]. Third, misdistribution of microperfusion and 

alteration of the microvasculature by the systemic inflammatory response, which play a major 

role in organ dysfunction [9]. 

 Hypoxia when associated with ischemia which is a restriction in blood supply to tissues, 

will induce potential lethal types of cellular stress including acidosis which  is the increased 

acidity in the blood and other body tissue due to the increased hydrogen ion concentration [13]. 

It seems that not so much hypoxia alone, but more the combination with side effects from 

ischemic conditions and subsequently reperfusion is a threat to the cells. In addition to acidosis, 

the side effects of ischemia include glucose depletion, waste buildup, and oxidative damage to 

the mitochondria [8].  

Therefore, early recognition and detection of hypoxia is critical for prevention of many 

adverse situations. 

2 How to detect hypoxia? 

  Traditionally, clinicians have used blood pressure, heart rate, systemic measures of 

oxygen transport such as oxygen delivery and consumption, to assess tissue oxygenation [14, 

15]. However, the assessment of global hemodynamic parameters often fails to provide 

sensitive and accurate information on tissue perfusion [16]. Other ancillary signs such as 

tachycardia, tachypnea, mental-status changes, and cyanosis can also be used. However, these 

are unreliable, non-quantitative, and not continuous indicators [9]. A logical technique for 

monitoring hypoxia would be to measure the oxygen content in the blood samples taken from 

the subject. Although, such a method will be invasive, and is not practical as a continuous 

monitoring technique. This section will review a number of clinically relevant approaches to 

the detection of tissue hypoxia. 

https://en.wikipedia.org/wiki/Tissue_(biology)
https://en.wikipedia.org/wiki/Acidity
https://en.wikipedia.org/wiki/Hydrogen_ion
https://en.wikipedia.org/wiki/Concentration
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2.1 Direct measurement of biological indicators of hypoxia in tissue 

2.1.1 Partial pressure of oxygen (PO2)  

The partial pressure of oxygen, which is a key factor of the physiological state of an 

organ, results from the balance between oxygen delivery and its consumption. Tissue 

oxygenation is severely disturbed during pathological conditions such as cancer, diabetes, 

coronary artery disease, stroke, etc., which are associated with decrease in PO2, i.e. 'hypoxia'. 

Therefore, hypoxia can be defined as a decrease in PO2 in a given tissue [10]. Normally, the 

PO2 of dry air at the sea level is 21 kPa, and alveolar PO2 is about 13 kPa [17]. The reference 

ranges of PO2 are 5.3-5.9 kPa in  venous blood and 11-13 kPa in  arterial blood [10],  and the  

mean capillary PO2 is about 6.6 kPa. Hemoglobin normally delivers oxygen to trans-capillary 

tissues at partial pressures between 2.6 and 5.3 kPa. From the capillaries, O2 diffuses from one 

cell to another and within the cells due to the concentration gradients, such that the normal 

mitochondrial PO2 ranges from 0.53 to 2.6 kPa [17]. Though, each organ has its own 

oxygenation status, depending on its function. For instance in the brain, the PO2 value is a more 

sensitive and relevant measure than other parameters for diagnosis and monitoring the injuries 

caused by hypoxia [10].  

2.1.2 Partial pressure of carbon dioxide (PCO2) and pH 

Tissue acidosis and increased production of carbon dioxide (CO2) is common in hypoxic 

conditions. A goal of resuscitation is to improve oxygen delivery and reverse tissue acidosis 

with the global measures such as arterial pH and  lactate, as indicators of acidosis [4].  Oxygen 

extraction may be influenced by a patient’s acid–base balance and CO2 availability [13]. 

Presumably, both acidosis and CO2 enhance the release of oxygen from hemoglobin which can 

be explained by a combination of the Haldane and Bohr effects. The Haldane effect, which is 

a property of hemoglobin, was first described by John Scott Haldane in 1906 and explains that 

the deoxygenation of the blood increases its ability to carry carbon dioxide. Conversely, 

oxygenated blood has a reduced capacity for carbon dioxide [18]. The Bohr effect  is a 

physiological phenomenon first described in 1904 by the Danish physiologist Christian Bohr, 

stating that hemoglobin's oxygen binding affinity is inversely related both to the acidity and to 

the concentration of carbon dioxide [19]. That is to say, an increase in the blood CO2 

concentration that leads to a decrease in blood pH, will result in hemoglobin proteins releasing 

their loads of oxygen. Conversely, a decrease in carbon dioxide provokes an increase in pH, 

http://en.wikipedia.org/wiki/Hemoglobin
http://en.wikipedia.org/wiki/John_Scott_Haldane
http://en.wikipedia.org/wiki/Christian_Bohr
http://en.wikipedia.org/wiki/Hemoglobin
http://en.wikipedia.org/wiki/PH


12 
 

which results in hemoglobin picking up more oxygen. Since carbon dioxide reacts with water 

to form carbonic acid, an increase in CO2 results in a decrease in blood pH  (Equation 1) [20]. 

H2O + CO2          H2CO3        HCO3
- + H+       (Equation 1) 

  Normal or reference ranges of PCO2 are 5.5-6.8 kPa in venous blood and 4.7-6.0 kPa 

in arterial blood [21], while the typical pH value is between 7.35 and 7.45 in blood [22], and 

between 7.0 and 7.2 in tissues [23]. During hypoxia, the PCO2 level in tissue, will accumulate 

to a much larger value than the normal physiological level of 4.8-6.4 kPa  [24], while blood pH 

decreases. Thus, the tissue PCO2 and pH level in blood can be considered as indicators for 

tissue hypoxia [25].  

   2.1.3 Lactate and Glucose 

  Weil and colleagues highlighted the importance of measuring blood lactate 

concentrations in patients with shock many years ago [26]. Shock is a life-threatening medical 

condition of low blood perfusion to tissues resulting in cellular injury and inadequate tissue 

function and measurement of lactate concentrations remains one of the most useful biological 

tests of the this condition [27]. Under anaerobic metabolism, lactate is generated from pyruvate 

in the glycolysis pathway (Figure 1) to allow cellular energy production to continue [26]. 

Lactate equilibrates rapidly across cellular membranes, thus increased intracellular lactate 

results in an increased interstitial and blood lactate concentration [7, 28]. The continuation of 

glycolysis allows for the creation of small amounts of adenosine triphosphate (ATP), but a side 

effect is an acidification of the cells and metabolic acidosis [26], which is  explained in equation 

2 [17]. 

Pyruvate + NADH + H+                lactate + NAD     (Equation 2) 

http://en.wikipedia.org/wiki/Carbonic_acid
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Figure 1.  Glycolysis Pathway; under anaerobic conditions, pyruvate is converted to lactate [29]. 

In critical care, an increase in lactate level reflects an imbalance between lactate 

production and elimination, which represents anaerobic metabolism occurring due to 

inadequate oxygen delivery or impaired oxygen utilization [30]. 

  In physiologic steady state, normal plasma lactate concentration remain less than 2 

mmolL-1. Clinical experience suggests that mild systemic hypoperfusion is associated with a 

plasma lactate concentration of 3 to 5 mmolL-1, moderate hypoperfusion with a lactate 

concentration of 5 to 7 mmolL-1, and severe hypoperfusion with lactate levels exceeding 7 

mmolL-1 [31]. Measurements of lactate levels are of prognostic significance and have to be 

performed by a rapid and robust method. Most of the standard clinical methods are based on 

analysis of blood samples by electrochemical enzymatic sensors. Often a hand-held portable 

lactate analyzer is used to determine blood lactate level. It determines plasma lactate levels 

quantitatively (in mmolL-1) in a few μl of whole blood within a few seconds by a single use 

enzyme-coated reagent strip [32]. However, these methods are invasive, require repeated 

punctuations of the skin, and do not offer the possibility of monitoring  lactate levels in a 

continuous manner [30]. 

   On the other hand, the transition to anaerobic metabolism during hypoxia, causes an 

increase in glucose utilization, but compared to aerobic metabolism, the amount of ATP 

produced is significantly reduced and would over time, be insufficient to maintain the energy 

requirements of a normal organ function [7]. The process of anaerobic glycolysis is extremely 

wasteful of glucose because the anaerobic breakdown of one glucose molecule results in the 

net production of only two ATP molecules, two lactic acid molecules and four hydrogen ions 

(Figure 1). By comparison, aerobic metabolism of one glucose molecule results, theoretically, 
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in 36 ATP molecules. Therefore, a severe reduction of glucose in hypoxic conditions due to 

the rapid turnover of glucose to lactate  is observed [8, 33]. Hence, decrease of the glucose 

level in a hypoxic condition is considered as an indicator for hypoxia in a tissue. 

2.2 Measuring body temperature gradient  

          In the presence of a constant environmental temperature, a change in the skin 

temperature is the result of a change in skin blood flow.  

The peripheral-to-ambient (dTp-a) and central-to-peripheral (dTc-p) temperature 

gradients can reflect cutaneous blood flow better than the skin temperature itself [34]. Under 

constant environment conditions, dTp-a decreases and dTc-p increases during 

vasoconstriction. The peripheral skin temperature is measured using a regular temperature 

probe (thermistor) attached to the big toe [35]. The concept of the dTc-p is based on the transfer 

of heat from the body core to the skin. High blood flow causes heat to be conducted from the 

core to the skin, whereas reduction in blood flow decreases the heat conduction from the core 

[36]. This method is considered a valid method to estimate dynamic variations in skin blood 

flow. However, studies have shown that there is an inaccurate relationship between body 

temperature gradient and global hemodynamic parameters due to the dependency of the skin 

temperature on the ambient temperature [37]. In addition, global hemodynamic parameters may 

not be sensitive enough to reflect changes in peripheral blood flow in critically ill patients [34, 

38].  

 2.3 Laser Doppler Flowmetry 

  Laser Doppler flowmetry (LDF) is one of the most commonly used non-invasive 

techniques which enable continuous and real-time monitoring of the tissue perfusion. The 

principle of this method is to measure the Doppler shift, which is the frequency change that 

light undergoes when reflected by moving red blood cells [34]. The basic principle of laser 

Doppler flowmetry is to analyse changes in the spectrum of light reflected from living tissues 

as a response to a beam of monochromatic laser light emitted (Figure 2). LDF reflects the total 

local microcirculatory blood perfusion including perfusion in the capillaries, arterioles, venules 

and shunts. When a beam of light, carried by the fibre-optic probe, enters the tissues and hits 

moving blood cells in a random order, it undergoes changes in wavelength - a Doppler shift - 

while the wavelength of light hitting static tissue structures is unchanged. The magnitude and 
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frequency distribution of these changes in wavelength are directly related to the number of 

moving blood cells, but relatively unrelated to their direction of movement [39]. 

 

 
Figure 2. Schematic depiction of Laser Doppler Flowmetry [40]. 

 

When the tissue is illuminated by the laser light, only about 3–7% is reflected. The 

remaining 93–97% of the light either is absorbed by various structures or scatters [41]. The 

backscattered light is then collected from the tissue by another optical fibre. As a result, LDF 

produces an output signal that is proportional to the microvascular perfusion [42] and is an 

optimal technique for measuring relative perfusion changes in the microcirculated tissue bed 

including neural, skeletal muscle, skin, bone, and intestine [43]. However, the existing laser 

Doppler instruments cannot present absolute perfusion values (e.g., mLmin-1 per 100 g tissue) 

and measurements are expressed as perfusion units, which are arbitrary [42].  

 

 2.4 Pulse Oximetry 

 Pulse oximetry is the most common non-invasive technique for continuous monitoring 

of blood oxyhemoglobin levels and provides an interpretable estimate of arterial blood oxygen 

saturation. Assessment of the arterial oxygen saturation is important for evaluation of proper  
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respiratory function and is performed in the clinical environment using the pulse oximetry 

technique [44].  

The pulse oximeters perform either based on reflection or transmission. Differences in 

the absorption spectra of oxygenated and deoxygenated hemoglobin, allow the measurement 

of relative changes in the hemoglobin concentration through the use of light attenuation at 

multiple wavelengths [45, 46]. The principle of pulse oximetry is based on two to three light 

sources (Light Emitting Diodes or LEDs), which emit light with different wavelengths such as 

660 nm, 850 and 940 nm through the cutaneous vascular bed of a finger, earlobe or nose (figure 

3). The deoxygenated hemoglobin or Hb absorbs more light at 660 nm while the oxygenated 

hemoglobin (HbO2) has a greater absorption at 940 nm, and the overall hemoglobin 

concentration can be determined by a third wavelength at around 850 nm, with a spectrum that 

resembles both Hb and HbO2 spectra. A photodetector measures the intensity of the transmitted 

or reflected light at each wavelength. The amount of light absorption at each wavelength 

depends upon the degree of oxygenation of hemoglobin within the exposed tissues [44].   

 

 
 

Figure 3. Reflectance pulse oximetry probe [47]. 

Modern pulse oximetry is based on the fact that pulsatile changes in light transmission 

through living tissues are due to alteration of the arterial blood volume in the tissue. 

Measurement of the pulsatile component largely eliminate the variable absorption of light by 

bone, tissue, skin, pigment, etc. from analysis. The most important assumption of pulse 

oximetry therefore, is that, the only pulsatile absorbance between the light source and the 

photodetector is that of arterial blood [44]. As other tissues such as connective tissue, bone, 
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and venous blood also absorb light, the pulse oximetry distinguishes the pulsatile component 

of arterial blood from the non-pulsatile component of other tissues. The non-pulsatile 

component is then discarded, and the pulsatile component is used to calculate the arterial 

oxygen saturation [34]. 

2.5 Near Infrared Spectroscopy (NIRS) 

Ultraviolet light ( wavelength 10-400 nm) and visible light (wavelength 450-700 nm) are 

strongly attenuated as a result of powerful absorption and scattering by the tissue constituents 

[48]. However, there is a window of wavelengths in the near infrared region between 600 and 

950  nm, where photons are able to penetrate into tissue far enough (up to 10 cm) [34] to 

illuminate deeper structures, and this wavelength range is used in near infrared spectroscopy 

[49]. Near-infrared spectroscopy offers a technique for continuous, noninvasive, bedside 

monitoring of tissue oxygenation. In biological tissues like bone, fat, muscle and skin, the NIRS 

signal can be affected by absorbing and scattering of the NIR light at a particular wavelength. 

NIRS readings are independent of arterial pulse and researches have confirmed that NIRS is 

faster in reaching oxygen saturation benchmarks compared to a finger pulse oximeter [6]. NIRS 

is able to provide a global assessment of oxygenation in all vascular compartments including 

arteries, veins and capillaries [34] and can be considered as a sensitive tool in the discrimination 

between normal and pathological states in many applications [50]. 

NIRS methodology is comprised of different approaches, including: (1) Continuous-

wavelength spectroscopy, (2) spatially resolved spectroscopy, (3) time-resolved spectroscopy, 

and (4) phase-modulation spectroscopy [51]. The most versatile and widely used approach is 

continuous-wavelength spectroscopy which is also used in this project. 

Aside from the conventional near infrared spectroscopy or transmission NIR 

spectroscopy which measures the light transmitted from a tissue, the reflection near infrared 

spectroscopy was also developed using combination of near infrared spectroscopy and 

reflection theories. In the reflection spectroscopy techniques, the absorption properties of a 

tissue can be extracted from the reflected light. Reflectance techniques may be used for tissues 

that are difficult to analyze by the conventional transmittance method [52].  
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A spectroscopic system consists of the following basic components:  

- A light source to deliver light of a known intensity and wavelength to the tissues. A 

light source is an illumination source needed for applications such as transmission, absorption 

and reflection. A light source can typically be a laser, LED or a white light source such as a 

xenon, mercury or halogen lamp. Dielectric band pass filters, monochromators, or double 

monochromators can be used as filters according to the requirements for spectral purity and  to 

eliminate signals produced in the fibres, and the scattered light that enters into the collection 

fibres [53]. 

- A light transport conduit or an optical fibre [53]. Fibre optic cables provide a flexible 

solution for an adequate optical interface between the spectroscopic device and the sample to 

be interrogated in situ [53, 54]. The optical fibre probe transports the remitted light from the 

tissue to the spectrometer. Optical fibre probes can be made of glass or plastic e.g., acrylic or 

polystyrene,  and can be advanced into cavities and tubular structures, put in contact with 

epithelial surfaces, and inserted into structures that can be punctured by rigid devices such as 

needles [54] (More information in Appendix A.1). 

- An optical analyzer or a spectrometer with a detector to measure the intensity of the 

light exiting the tissues. A spectrometer generally consists of an entrance slit, a collimator, a 

dispersive element, such as a grating or prism, focusing optics and a detector (More information 

in Appendix A.2). 

- A computer to translate the changes in light intensity to clinically useful information 

such as concentration of HbO2, and Hb [49].  

 2.5.1 Optical features of blood 

NIRS uses the principles of light transmission, reflectance, absorption and scattering to 

noninvasively measure the concentration of molecules [49], and the molecules that account for 

the NIRS light absorption are: hemoglobin, myoglobin and cytochrome oxidase [55]. The 

concentration of cytochrome oxidase can be neglected in most cases as only one of its 

component species with a concentration less than 10% of that of hemoglobin [56] can be 

detected in the NIR region between 700 to 980 nm [57]. Myoglobin is a chromophore found in 

muscle tissue, with the hemoglobin/myoglobin ratio equal to 10:1 in human [58, 59] and NIRS 

is unable to differentiate between the signal attenuation from hemoglobin and myoglobin as 

the absorbance signals of these two chromophores overlap in the NIR range. Myoglobin is 
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much less sensitive to tissue oxygenation than hemoglobin; therefore oxygen delivery must be 

greatly reduced before the myoglobin spectrum is affected [59, 60].  

The absorption characteristics of blood irradiated with NIR light are mainly due to 

hemoglobin absorption as it is the main absorber of infrared light in the blood. Hemoglobin 

(Figure 4) is a large, complex protein consisting of two α-globin and two β-globin chains, 

containing four heme groups. Each heme group is composed of a porphyrin ring, which 

contains an iron atom in its center, which is able to bind to oxygen. Hemoglobin is present only 

in red blood cells and its absorption properties alter when it changes from its oxygenated to its 

deoxygenated form. Its oxygenation state can therefore be used as an indicator of blood 

oxygenation [61]. Adult blood contains two more species of hemoglobin including 

methemoglobin (MetHb) and carboxyhemoglobin (COHb) which are incapable of binding with 

O2 and are present in the blood in small concentrations, except in pathological conditions. The 

presence of COHb with the absorption peaks of 539 and 569 nm, and MetHb with the 

absorption peak of 630 nm [62], will contribute to the absorption of light in the red and infrared 

range, and when they are present in appreciable concentrations, the readings of hemoglobin 

saturation would be erroneous [44].  

 

Figure 4. Structure of Hemoglobin [63].                                       

Light absorbance spectra of two hemoglobin species: oxyhemoglobin and 

deoxyhemoglobin are shown in figure 5, where the oxygenated hemoglobin absorbs less red 

light (600 to 750 nm) and more infrared light (850 to 950 nm) than Hb does [49]. In addition, 
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the absorption peaks of these two components in the NIR region differ; Hb and HbO2 have 

absorption peaks at 760 nm and 920 nm, respectively [64]. 

 

Figure 5. Optical absorption spectra of HbO2 (oxygenated hemoglobin) and Hb (de-oxygenated 
hemoglobin). The isobestic wavelength is where oxygenated and deoxygenated hemoglobin have 

identical absorption coefficients. Lines A and B correspond to Hb  and HbO2 absorption peaks 
correspondingly  [65]. 

 

Therefore, the oxygenated blood can be differentiated from the deoxygenated blood by 

its light absorbance characteristics, which is the fundamental physical property used for the 

measurement of oxygen saturation expressed in  equation 3 [44]. 

 

StO2= [HbO2 / (HbO2+Hb)].100%                (Equation 3) 

 

Oxygen saturation in the tissue (StO2) is a measure of the fraction of oxygenated hemoglobin 

in relation to the amount of hemoglobin capable of transporting O2 [44]. 

 2.5.2 Propagation of light in a tissue 

           Light passing through a homogenous, non-scattering medium of a colored compound 

(chromophore) is absorbed by the compound, and the intensity of the emerging light is 

therefore reduced. The relationship between the concentration of a chromophore, c (µmolar), 

and its extinction coefficient 𝜀𝜀 (µmolar cm -1), which describes the optical characteristics of a 
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compound at a given wavelength, the thickness of solution, l (cm), and the ratio of incident to 

emergent light intensity  
𝐼𝐼˳
𝐼𝐼
 , which depicts the amount of light absorption  A, is given by the 

Beer-Lambert law [66] (Figure 6), in equation 4:  

A= log [𝐼𝐼˳
𝐼𝐼
] = 𝜀𝜀. 𝑐𝑐. 𝑙𝑙      (Equation 4) 

 
Figure 6.  Schematic explaining Beer-Lambert law in which I˳ is the intensity of the incident light and I is the 

intensity of the transmitted light from a solution with a thickness of l, concentration of c and extinction 

coefficient of 𝜀𝜀, (a) Transmittance (b)  Total Reflectance [67]. 

 
As mentioned, equation 4 holds for a homogenous, non-scattering tissue, where the 

photons travel in a straight line directly to the detector. For a tissue with significant light 

scattering properties (such as biological tissue), the scattering effects must be taken into 

consideration and the modified Beer-Lambert law should be used (Equation 5) [66].  

Scattering of light in tissue is due to the chaotic variation in refractive index at a 

microscopic and macroscopic scale. This occurs at the membrane boundaries of the cells 

themselves as well as at the boundaries between various organelles inside the cell.  

 

𝐴𝐴 = log (𝐼𝐼0/𝐼𝐼) = 𝜀𝜀 · 𝑐𝑐 · 𝐿𝐿 · 𝐷𝐷𝑃𝑃𝐹𝐹 + 𝐺𝐺   (Equation 5) 

 

Equation 5, includes the increased optical path length, DPF (differential path length 

factor), and the loss of light, G, both due to the light scattering. The DPF is a function of how 

much scattering and absorption occurs and hence depends on the optical characteristics of the 

tissue. The factor G is unknown and depends mainly on geometrical factors and scattering  

coefficients of the tissue [66]. 
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3 Where to monitor hypoxia?  

          When failure in local blood circulation occurs, blood flow is diverted from the less 

important tissues and organs (skin, subcutaneous fat, skeletal muscle, gastrointestinal tract) to 

vital organs (heart, brain, kidneys). Therefore, monitoring perfusion in these less vital tissues 

could be an early indication of hypoperfusion of vital organs. A suitable monitoring site for 

hypoxia would be  a tissue that is subject to the early redistribution of blood flow in response 

to acute volume loss and with a metabolic rate that is sensitive to changes in oxygen delivery 

by significantly increasing the ratio of extracted oxygen in response to a decrease in oxygen 

delivery [68]. This must also be balanced by the ease of access and expenses. Previous studies 

have suggested that the ear, cheek, and tongue enable more rapid detection of interrupted 

ventilation than any commonly used peripheral location [69, 70]. 

3.1 Ear lobe/ Pinna  

Previous studies have shown that assessment of oxygenation and alveolar ventilation by 

measuring SpO2 and transcutaneous PCO2, from the ear as a pulsating arteriolar bed, are faster 

than measurement at other peripheral sites such as finger and arm [71]. On the other hand, the 

earlobe is very susceptible to vasoconstriction due to cold or hypovolaemia. Sometimes the 

circulation can be improved by gently rubbing the ear lobe and then re-applying the probe. 

Bellow, a common technique for measuring SpO2 and transcutaneous PCO2 in the ear is 

described: 

3.1.1 Combined transcutaneous PCO2 and pulse oximetry at the ear  

The TOSCA monitoring system (TOSCA 500, Linde Medical Sensors, Basel, 

Switzerland) combines a reflectance pulse oximeter of Masimo technology (Masimo SET, 

Masimo Corporation, USA) with the Stow-Severinghaus electrode [72] for transcutaneous 

PCO2 measurement in a single sensor [71]. The transcutaneous PCO2 measurement is based on 

the observation that this gas has a high tissue solubility and diffusion through the skin, and that 

the application of local heat dilates blood vessels and enhances skin permeability [73]. The 

sensor is also equipped with a heating element to increase the local perfusion by heating the 

tissue to 42ºC, as by warming up the sensor, a local hyperemia is induced, which increases the 

supply of arterial blood to the dermal capillary bed below the sensor [71]. The sensor is attached 

to the ear by a clip having an adhesive holder and a reflective element placed onto the inner 

surface (figure 7). This technique has the ability to assess both ventilation and oxygenation 
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noninvasively, and to serve as a tool for respiratory monitoring with potential applications in 

critical care, anaesthesia and sleep medicine [74, 75].  

 

 

Figure 7. Application of the TOSCA sensor at the ear pinna [75]. 
 

3.2 Gastric Mucosa and Sublingual tissue 

 Previous literature [76-82], have demonstrated that the internal lining of the gastric 

mucosa and the sublingual tissue, have served as appropriate sites for the direct measurement 

of tissue PCO2 to estimate tissue perfusion and oxygenation. These two monitoring sites are 

very susceptible to hypoperfusion, as they are parts of the digestive system and are connected 

to the same nerves. Gastric tonometry and sublingual capnometry, as methods for direct 

measurement of PCO2 in the tissue, are explained. 

 

3.2.1 Gastric Tonometry  

        The stomach is one of the first organs to suffer from hypoperfusion and the last to be 

restored to normality by resuscitation [80]. These alterations are reflected by increase in the 

gastric intramucosal pH and CO2 [80]. Gastric tonometer measures intramucosal pH and PCO2 

in gastric mucosa (Figure 8) to assess the adequacy of gut mucosal blood flow [83]. The 

physiological basis of tonometry is measuring an increase in tissue CO2 production that 

accompanies anaerobic metabolism, as anaerobic metabolism results in the generation of 

hydrogen ions that are buffered by tissue bicarbonates resulting in excess CO2 production [77]. 

The method applies a catheter, which includes a gas–permeable silicone balloon at its distal 

end into the stomach. In modern tonometry, the monitor automatically fills the catheter balloon 

with room air. CO2 equilibrates freely between the gastric mucosa, the gastric lumen, and 
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contents of the balloon. The gas sample is automatically drawn from the balloon after the 

equilibrium and measured in the monitor unit equipped with infrared transmission analysis [77, 

83].  

Considering that the normal arterial concentration of HCO3
- is 22-26 mmolL-1 and that 

it is in equilibrium with concentration of bicarbonate in the gastric mucosa [84], the gastric 

intramucosal pH could be calculated by means of Henderson-Hasselbalch equation (Equation 

6). Measurement of gastric intramucosal pH in gastric tonometry is of importance, as it 

provides a measure of the tissue acid base balance and its low levels can serve as a marker of 

inadequate tissue perfusion/ oxygenation (shock) and an end point of resuscitation [80]. 

 
pH = 6.1+log  [HCO3

-]/[CO2]      [  ] = concentration of dissolved CO2      (Equation 6) 

               

Figure 8. Gastric Tonometry in which CO2 diffuses into the gastric tonometer balloon  
[85].   

 

3.2.2 Sublingual Capnometry 

           A new method was developed by the introduction of sublingual capnometry for the 

determination of tissue perfusion [86, 87]. In comparison with gastric tonometry, this new 

method was simpler and could even be used in fully conscious patients [76, 88]. Previous 

studies demonstrated high correlation between sublingual tissue PCO2 and gastric tissue PCO2 

in various conditions, confirming sublingual tonometry as a rapid, minimally invasive method 

[79, 81, 82]. Unfortunately, in spite of these advantages, owing to the manufacturing and 

distribution challenges, the device serving for the sublingual capnometry was withdrawn from 

the market. 
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 The latest sublingual capnoprobe was introduced by Rózsavölgyi et al. in 2014 [89]. The 

probe for sublingual PCO2 measurement (figure 9) is a specially coiled silicone rubber tube 

produced by Medisintech Ltd., Budapest, Hungary. The gas content inside the tube of the 

sublingually inserted probe gets in equilibrium by diffusion with the gases of the blood 

circulating in the capillaries of the sublingual mucosa. Then it is transferred into a capnograph 

(Oridion Microcap, Oridion Capnography Inc., Needham, MA, USA) to measure its CO2 

content. The probe is kept under the patient’s tongue and is connected to a capnometer via a 

Luer lock connection, and its gas content is transferred into it.  

This method is a new mean of sublingual tissue PCO2 determination. Though, it cannot 

be recommended for everyday clinical practice as, for example, in shock or other acute life-

threatening conditions, due to the time consuming process of diffusion of CO2 through the 

silicone layer of the probe. Currently, this method can only be a useful tool in the differential 

diagnosis of some diseases, such as panic disorder and pseudoasthma, or in the determination 

of CO2 accumulation in patients on continuous oxygen therapy [89]. 

 

Figure 9.  Scheme of the sublingual tonometer [89].  

3.3 Buccal Mucosa      

In 1988,  Jobes and his coworkers [69], modified a standard pulse oximeter probe to be 

attached to the tongue. Later in 1989, Gunter [70], noting the difficulty in applying the tongue 

sensor, modified the probe and placed it across the lip at the corner of mouth (i.e. buccal tissue) 



26 
 

by means of a metal strip, arguing that the buccal site was always available and easy to apply. 

There are other studies about the accuracy and precision of buccal pulse oximetry [90, 91] and 

consequently, buccal tissue was chosen as the monitoring site for this PhD project. 

The buccal mucosa is a specific area of the oral mucosa (a mucous membrane covering 

the mouth area) [92]. The buccal mucosa area extends around the inside of the cheek and lower 

mouth area, the bottom of the tongue, out to the lips and to the back of the throat. This region 

surrounds the tooth structures in the lower jaw and contains muscles used during chewing. It 

also contains a fat pad between the muscles — called the buccal fat pad — as well as nerves, 

blood vessels, and lymph glands. Buccal mucosa is a part of the membrane system that lines 

the entire gastrointestinal tract, and is open to exterior surfaces at both ends. A similar type of 

membrane also lines the exterior entrances to the respiratory system at the nose and throat areas 

[93]. The buccal mucosa is 500-800 μm thick and the thickness of its epithelium is around 500-

600 μm, leaving the rest of the structure in a depth of 600 to 800 μm (Figure 10) [93, 94]. 

 

Figure 10. Structure of the oral mucosa [94]. 

The reliability of pulse oximetry probes when applied to the fingers or toes may be 

compromised in certain patients, such as those who become hypothermic, have decreased 

cardiac output, and have increased systemic vascular resistance [95, 96]. Having extremities 

mechanically interfered with, any kind of  injuries or obstacles such as burns, dirt and nail 

polish on the monitored digits or moving and shivering them can also influence the 

measurements [97].  

http://www.wisegeek.com/what-is-the-mucosa.htm
http://www.wisegeek.com/what-are-blood-vessels.htm
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As a result, other sites less subject to mechanical interference or a pathophysiologic 

decrease in pulse amplitude, or both, have been sought, to allow SpO2 monitoring over a wider 

variety of surgical and physiologic conditions. In addition, anatomically, buccal tissue is a 

homogenous tissue and its arteries which are located in the deeper layers of the buccal tissue 

are supplied by buccal artery which is a branch of the internal maxillary artery. The latter is 

supplied by the external carotid arteries on each side of the neck (figure 11). The regional 

redistribution of blood during acute hypotension, includes suppression of external carotid 

artery blood flow to maintain the internal carotid artery blood flow in order to support the brain 

[98]. Therefore, it is reasonable to assume that the blood flow in the deeper layers of buccal 

tissue may provide information about the hypovolemia and central circulation. In addition, in 

several studies, buccal tissue has been suggested as a monitoring site for detection of hypoxia 

in shock patients [97, 99, 100], and monitoring of oxygen saturation or metabolites, in adult or 

pediatric patients [68, 70, 90, 101]. 

 

Figure 11. Anatomical position of the buccal artery [102]. 
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 Aims of the Thesis 

The in vivo characterization of a tissue layer is of significant importance for many 

biomedical applications, as it provides information regarding the microcirculation and blood 

perfusion in the layer of interest. Due to the multi-layered structures of most of the biological 

tissues, the characterization of each layer is often confounded by the contribution of the 

scattering and absorption from the other existing tissue layers. To selectively assess a specific 

layer, it is crucial to distinguish photons originating in the layer of interest from those 

propagating into the other tissue layers.  

Considering the advantages of buccal tissue as a monitoring site for oxygenation and 

perfusion measurements and also its unique vascular and tissue structure, monitoring the deeper 

layers of this tissue where the capillaries exist, eliminates the influence of the superficial layers 

and provides precise and sensitive measurements of the local and central circulation. Therefore 

the specific aims of this thesis are: 

• To design an optical probe which is capable of focusing the light into the vascular bed 
of the buccal tissue to monitor the tissue perfusion changes from that specific layer. 

 
• To determine whether the newly designed optical probe can reflect information about 

the central circulation in addition to the local microcirculation. 
 

• To evaluate the applicability of the newly designed optical probe in detection of hypoxia 
in the buccal tissue by simultaneous measurements of oxygen saturation and blood flow 
as reliable markers of hypoxia, using the NIRS technique.  

The approach to fulfill these aims was designing a set of specific experiments which are 
outlined in the following pages. 
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Methodological Considerations 

1 Study population and design 

In Studies I & II, single subject research design, also known as single case experiment, 

was used which refers to a unique type of research methodology that is characterized by 

repeated assessment of a particular phenomenon over time.This research strategy is designed 

to minimize testing effects and unrelated changes in the participant’s condition [103].  In single 

subject research design the participant's biological signal before and after application of a 

stimuli is compared. In other words, the test participant acts as his or her own control. The four 

methodological issues that must be considered when using a single-case research design were 

taken into account in the design of our study: baseline, changing one variable at a time, length 

of phases which should be long enough for a stable pattern to occur, and assessment of stimuli 

effect, to decide if  the stimuli caused a change in the dependent variable, for which, visual 

inspection and statistical analysis are used [104]. Single subject research design is flexible and 

enables one to track down unexpected findings as they emerge, while it prevents treatment 

factors from varying [105]. Though, there are some limitations to the single-subject designs 

including problem with generalizations since designs use only one participant, or that multiple 

observations can affect participant’s responses, and also the absence of statistical controls and 

reliance on visual inspection of the data [104]. 

 

  In Study III, a quasi-experimental design was used in which the causal impact of an 

intervention on a target population is estimated. 

In Study I, the basic AB design (baseline-stimuli) was used. In this study, perfusion 

changes before and during the application of CO2, each for the period of 60 seconds were 

monitored. In Study II, ABAB design, which is one of the most powerful design strategies of 

a single subject research was used. ABAB design relies on the reversibility of the biological 

signal to baseline levels after the stimuli is withdrawn. With this design the degree of control 

over biological signal is demonstrated first by introducing the stimuli condition (B), then by 

removing it (A) [105]. In this study, the main concern was detecting the flow changes in buccal 

tissue at two different depths under a controlled breathing condition as the stimuli. In Study 

III, reduction of the air pressure inside the hypobaric chamber which induced a hypoxic 

condition, was used as an intervention. 
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In Study I, the test subject was a 33 year old female, with the height of 165 cm and 

weight of 60 kg. In Study II, the test subject was a 34 year old female, with the height of 165 

cm and weight of 65 kg. The subjects were both healthy and did not have any chronic diseases. 

In Study III, six healthy non-smoking male adults with the average (± SD) age of 31±7 yrs., 

height 186 ± 4.4 cm, and weight 83.9 ± 10.4 kg with no cardiovascular diseases, and no regular 

use of medications that could affect the measurements, volunteered as test participants. 

2 Probe Design and Manufacturing 

In the most common non-invasive techniques which enable continuous and real-time 

monitoring of the tissue perfusion and oxygenation, the probe design is the way that the 

reflective light does not collect data from a specified target area. Therefore, what the probe 

measures, is the average blood perfusion or oxygen saturation in different layers of the tissue, 

which leads to less sensitive measurements. This was one of the issues that was considered in 

designing the novel optical probe. 

          Considering that the epithelium of buccal tissue is around 500-600 μm thick and most of 

the capillaries are found in a depth of 600 to 800 μm in buccal tissue [93], the optical probe 

was designed with the purpose of focusing light at the depth of between 600 to 800 μm  which 

would provide a more sensitive and precise detection of changes in tissue perfusion.  

In designing the optical probe, the following was taken into consideration as the  

technical factors that could affect the penetration depth of an optical probe  [106]:  

1- Width of the illumination and collection pathways 

2-  Separation distance between the illumination and collection pathways  

3-  Physical dimensions of the lens  

A computer numerical control (CNC) machine (Nexus 100-II MY, Mazak, Japan) was 

used to manufacture the probe parts out of the medical grade titanium. Medical grade titanium 

was used due to its high biocompatibility properties and also its mechanical robustness. The 

probe consists of two symmetrical pieces which contain two pathways of a depth of 0.5 mm on 

each piece of the probe. Guiding both the incident and the reflected light within optical fibres 

towards and back from the buccal tissue would demand a 90° bending of the optical fibres, 

which could lead to optical noise and signal attenuation [107, 108]. The dimensions of the 

cylindrical optical guides were chosen based on the dimensions of the optical fibres attaching 

to the probe (core: 1 mm, core with plastic cover: 2 mm). The distance between two light 
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pathways was chosen such a way to prevent the cross-talk effect between the incident and 

reflected light beams (Figure 12).  

      

 
                     
 

 
 
 
 
 
 
 
(a)                                                        (b) 

 
 

Figure 12. Showing (a) top view and (b) 3-D view drawings of the optical probe. The respective dimensions are 
in millimetres. 

 

The two pieces of the probe, were aligned with two small screws and the pathways 

filled with optical glue (Norland Blocking Adhesive 107, THORLABS, USA), while the fibres 

were placed at the end of the probe. The optical glue has a refraction index of 1.51, which is 

the same index as the core of the optical fibre. The glue was cured by UV light at 365 nm with 

a UV lamp (CS410-EC Complete UV curing system, THORLABS, USA). In order to achieve 

a focal zone in the depth of 600 to 800 μm, the radius of the lens should be considered between 

2 to 2.4 mm (figure 13). This calculation was done by using equation 7 [109]: 

 
𝑓𝑓
𝑅𝑅

=  𝑛𝑛
√𝑛𝑛2−1

− 1                  (Equation 7) 

 

Where f is the focal depth in mm, R is the lens radius in mm and n is the index of refraction of 

the lens which is 1.51 divided by the refraction index of air which is 1. A  Plano convex lens 

with a radius of 2 mm would focus the light on average with a bending angle of 30 degrees 

from the vertical line (Equation 8) to a depth of about 670 μm when the distance between the 

light pathways is 1 mm (Figure 13) [109] . In order to avoid signal loss, the lens should have 

Light Pathways 
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the same refraction index as its connective fibre optics. Therefore, the lens was manufactured 

with the same optical glue as used in optical guides in the probe.  

 
        

 
                       
 

Figure 13. Arrangement of the optical pathway in the lens in order to achieve a focal zone as deep as  f= 670 μm, 
where the radius of the lens R= 2mm, the bending angle from the vertical line ξ=30º, the diameter of the light path 
is 1mm, the distance x is considered to be 1mm and the refraction index of the lens Nl=1.51 while the refraction 
index of the air Ne= 1[109].  

 
 
 
 

sin𝜃𝜃0
sin𝜃𝜃1

= 𝑁𝑁𝑁𝑁
𝑁𝑁𝑁𝑁

    (Equation 8) 

 

The above equation is called Snell’s law, which states that when light travels from one 

medium to another, it generally bends, or refracts. This law gives the relationship between angles 

of incidence and refraction for a light beam impinging on an interface between two media with 

http://scienceworld.wolfram.com/physics/AngleofIncidence.html
http://scienceworld.wolfram.com/physics/AngleofIncidence.html
http://scienceworld.wolfram.com/physics/AngleofRefraction.html
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different indices of refraction [110]. According to Snell’s law and also considering the angles 

depicted in figure 13, where sin θ0 = x/R, this way θ0 would be 30 degrees. Considering that   

Nl =1.51 (lens) and Ne=1 (air), then θ1 can be calculated to be about 60 degrees and since θ1= 

θ0+ ξ, then the bending angle of ξ from the vertical line would be 30 degrees. 

More pictures of the novel optical probe and its manufacturing process are available in 

Appendix B. 

 
3 Validation of the focal depth of the probe 

3.1 Optical measurement bench 

A measurement bench was made to validate the focal depth of the probe (Figure 14). 

Considering that a Laser Doppler instrument which transmits a laser light of 785 nm would be 

used later in the experiment, two light sources (Avalight-LED, Avantes, USA) using LEDs of 

780 nm (THORLABS, USA) were connected to each optical fibre of the newly designed probe. 

The newly designed probe was then fixed on an optical bench. A testing probe with the 

diameter of 1 mm was aligned with the centre line of the lens of the new probe and then fixed 

in front of the new probe on a movable wagon (Figure 14). The testing probe was connected to 

a spectrometer (AvaSpec-2048x14, Avantes, USA). By moving the testing probe in front of 

our optical probe on a straight line, a spectra with a peak at 780 nm was detected. When 

changing the distance between the optical probe and the testing probe, it was possible to detect 

different intensities for the respective peaks of the spectra. The testing of the probe was 

repeated five times and the measurements were averaged to show the highest intensity which 

was expected to be around our probe’s calculated focal point (Figure 15).  

http://scienceworld.wolfram.com/physics/IndexofRefraction.html
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       Figure 14. Schematic of the focal depth measurement setup.  

 
 
 
 
 

 
 

Figure 15. The results of the light intensity measurements when the detector was moved away from the new 
probe on the optical measurement bench. 

 
 
 
 

3.2 Monte Carlo simulation method 

The experimental validation of the focal depth conducted out of the body tissue, does not 

take into account multiple scattering, which may substantially alter average depth penetration, 

therefore a Monte Carlo simulation was performed to confirm the average photon penetration 

depth for the newly designed probe. 
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  Monte Carlo methods are a category of computational methods that involve the 

repeated random sampling of a physical quantity to obtain numerical results [111]. In the 

general procedure of Monte Carlo modelling, light transport in tissues is simulated by tracing 

the random walk steps that each photon packet takes when it travels inside a tissue model. For 

each launched photon packet, an initial weight is assigned as it enters the tissue model. The 

step size will be sampled randomly based on the optical properties of the tissue model. If it is 

about to hit a boundary, either of the following two methods could be used to handle this 

situation. In the first method, the photon packet will either transmit through or be reflected 

from the boundary. In the second method, a fraction of the photon packet’s weight will always 

be reflected and the remaining fraction of the photon packet’s weight will transmit through. At 

the end of each step, the photon packet’s weight is reduced according to the absorption 

probability; meanwhile, the new step size and scattering angle for the next step will be sampled 

randomly based on their respective probability distributions. The photon packet propagates in 

the tissue model step by step until it exits the tissue model or is completely absorbed. Once a 

sufficient number of photon packets are launched, the cumulative distribution of all photon 

paths would provide an accurate approximation to the true solution of the light transport 

problem and the contribution averaged from all photons can be used to estimate the physical 

quantities of interest [111, 112]. 

For the simulation purpose a MATLAB based code (mcxyz.c, a 3D Monte Carlo 

simulation of heterogeneous tissues, Oregon Medical Laser Centre, Oregon Health & Science 

University, Portland State University and the Oregon Institute of Technology, USA) [113], was 

used. mcxyz.c is a computer simulation of light transport in a multi-layered turbid media with 

an infinitely narrow photon beam as the light source.  

Each layer has its own optical properties of absorption coefficient µa [cm-1] which is the 

the fraction of incident radiant energy absorbed per unit mass or thickness of an absorber, 

scattering coefficient µs [cm-1] which is the factor that expresses the attenuation caused by 

scattering when it goes through a medium, anisotropy factor g which is a measure of the 

directionality of elastic light scattering, and refractive index N which is the the ratio of the 

velocity of light in a vacuum to its velocity in a specified medium. The simulation yields a map 

of the optical energy delivered per unit area called the relative fluence rate φ [W/cm2] 

throughout the tissue. 

http://omlc.org/software/mc/mcxyz/index.html
http://omlc.org/software/mc/mcxyz/index.html
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The software also includes MATLAB programs that generate input files to mcxyz.c, such 

as:   

-A program that generate the palette of tissue types (i.e., the optical properties) for a 

chosen wavelength of light. 

- A program that allows the user to create an input file that directs mcxyz.c with regard 

to the parameters governing the simulation (size of cube, number of voxels, duration 

of simulation, etc.), and how the light is delivered (collimated beam, focused beam, 

uniform irradiance, Gaussian beam shape, isotropic point source).  

-A program that allows the user to create the 3D structure of the desired tissue.  

Buccal tissue was simulated as a two layered tissue consisting of epithelium (µa= 1 cm-1, 

µs= 80 cm-1 and g=0.95) and stroma (µa= 0.1 cm-1, µs= 160 cm-1 and g=0.88) with the refractive 

index of N=1.4 [114-116]. As buccal mucosa is considered a non-keratinized homogenous 

tissue, therefore the influence of boundary layers were ignored in this simulation. Due to the 

converging effect of the lens and considering its radius of 2mm, and according to the Snell’s 

Law (Equation 8), the average incident light beam bends with the angle of 30 degrees from the 

vertical line which is perpendicular to the tissue surface (Figure 13). Also, considering the 

Snell’s law (equation 8), it should be noted that when the incident angle of the light which is 

entering the tissue from the lens (θ0) is more than the critical angle (θc), then total reflection of 

the light would happen and the light beam would not enter the tissue [110]. For our probe, 

based on equation 8, the critical angle is calculated to be around θc= 67 degrees, meaning that 

for θ0 equal to 67 degrees, θ1 would be 90 degrees and for angles bigger than θc =67 degrees, 

there would be total internal reflection. Therefore the maximum possible bending angle of the 

reflected light from the vertical line in the tissue would be ξ=60 degrees. 

Therefore, for the Monte Carlo simulation, considering that the light beams are launched 

from a pathway with the width of 1mm, the effective launching angle of the photons with the 

wavelength of 780 nm which would provide us with a focal zone in the depth of interest was 

considered to be ranging from 30 to 60 degrees from the horizontal line (surface of the tissue). 

The map of the relative fluence rate φ (optical energy per unit area W/cm2) for the simulation 

of photon trajectory in the buccal tissue is shown in figure 16a &c.  

Simulation results by a two-layer buccal tissue, demonstrate the maximum path length or 

penetration depth of 620 µm for the bending angle of 60 degrees from the vertical line 

perpendicular to the tissue or the 30 degrees from the horizontal line or the tissue surface (figure 
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16b), while the bending angle of 30 degrees or launching angle of 60 degrees from the tissue 

surface, provided a penetration depth of around 790 µm (figure 16d). In both cases, the 

maximum path length of the high intensity photons is calculated based on the coordinates of 

the two extreme points at the beginning (launching point A) and end of the trajectory of the 

photons (path length). 

Figures 16 e& f, show the photon trajectory in the buccal tissue when no lens is used. For 

this purpose the trajectory angle is considered 90 degrees from the horizontal line which 

resulted in the maximum path length of the averaged photons that are traveling into the tissue 

to be about 870 µm. It should be noted that due to the dimensions of the probe (Figure 13), 

including the distance between the light pathways (1mm) and the diameter of each light 

pathway (1mm), the x coordinate of the photons’ launching and end point are considered to be 

between 0 and 1 mm. Therefore, in this simulation, only the sender of the light which is half of 

the probe is considered. 

 

 

(a) 
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(b) 

       

      (c) 
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(d)  

 

(e) 
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(f) 

Figure 16.  (a, c, e) : The relative fluence rate φ [W/cm2] of photons with the wavelength of 780nm launched with 

the angles of 30, 60 and 90 degrees from the tissue surface or the horizontal line are shown in figures (a), (c) and 

(e) respectively. In these figures buccal tissue is simulated as a two-layer tissue consisting of epithelium and 

stroma and the path length or trajectory of the high intensity photons is shown in red color. (b, d, f): The 

coordinates of the two extreme points at the beginning A(x1, y1) and the end of the trajectory of the photons (x2,y2) 

with the launching angles of 30, 60 and 90 degrees from the horizontal line or the tissue surface are shown in 

figures (b), (d) and (f) respectively. From these coordinates the maximum path length of the high intensity photons 

is calculated (y2-y1) to be around 620 µm, 790 µm and 870 µm for the launching angles of 30, 60 and 90 degrees 

respectively.  

*Coordinates chosen for the launching point A on the Y axis are arbitrary. 

The theoretical calculation of the focal depth of the probe and also the experimental 

validation of the focal depth conducted in the air on the optical measurement bench provided 

us with a focal depth of around 600 to 670 µm. While according to the Monte Carlo Simulation 

method in which the optical properties of the buccal tissue are taken in to consideration, and 

considering the range of the light bending angles in the tissue (30 to 60 degrees), the newly 

designed probe which uses a lens with the radius of 2mm, light paths with the width of 1mm, 

and the light beam with the wavelength of 780 nm, creates a focal zone ranging from minimum 

620 to maximum 790 µm, in the buccal tissue. But as the end point of the path length of the 

high intensity photons launched with the angle of 30 degrees is closer to the focal axis of the 
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lens located at x=0 than when the photons are launched with the angle of 60 degrees, then it 

can be concluded that our focal zone has its highest resolution closer to the depth of 620 µm 

which is achieved when the photons are launched with the angle of 30 degrees. This is well 

within the depth of 600-800 µm of capillary rich buccal mucosa (Figure 10). This minor 

difference between the penetration depth calculated in the air and the tissue can be considered 

to be the result of the absorption and scattering, refraction index and other optical properties of 

the biological tissue. 

 
                                 

4 Validation of the functionality of the probe  

4.1 Study I 

In order to test the ability of the new optical probe in detecting perfusion changes in the 

buccal tissue, measurements of the new probe were compared to the measurements of a 

commercial laser Doppler probe (VP8c titanium tipped low profile disc probe, Moor 

Instruments, UK) with a fibre separation of 0.5 mm. According to another study [43] which 

has applied a laser Doppler probe with the similar specifications, the commercial laser Doppler 

probe is assumed to have a maximum penetration depth of around 1mm with its focus on the 

depth of 450 to 550 µm. Both the new and the commercial probes were connected by the 

identical cables and connectors from the Moor Instruments to two identical laser Doppler 

instruments (VMS-LDF, Moor Instruments, UK). The laser Doppler instruments transmit a 

laser light with the wavelength of 785 nm and the power of 2.5 mW through the optical probes 

to the tissue and receives the reflected light which is the light scattered by the movement of 

blood cells. The term “flux” is used for the output of the laser Doppler flowmeter devices and 

is expressed in arbitrary units. This quantity is proportional to the product of the average speed 

of moving blood cells and their concentration (blood volume) [43, 117]. Probe Flux standard 

(PFS 10ml, Moor Instruments, UK which uses the Brownian motion of polystyrene micro-

spheres in water provided the standard reference when calibrating the commercial laser 

Doppler probe. In order to avoid motion artefacts and undesired pressure to the buccal tissue, 

both probes were fixed inside the mouth and facing the buccal tissue by the use of a silicone 

mold (Figure 17).  
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Figure 17. Fixation of the probe inside the mouth by means of a silicone mold. 

Carbon dioxide is known to have a powerful vasodilatative effect on the smooth muscle 

of blood vessels. The effect of CO2 on cutaneous microcirculation has also been measured by 

laser Doppler flowmetry and it is concluded that the CO2 concentration is one of the factors 

that significantly affect blood flow [118]. After one minute of recording the base line flow, 

100% CO2 gas with a constant flow of 14.8 ml min−1 was introduced in to the mouth cavity of 

the test participant through a tiny polyurethane tube for one minute. The perfusion changes 

monitored by both probes before and during application of CO2, each for the period of 60 

seconds, were then recorded. Measurements obtained by the newly designed probe and the 

commercial laser Doppler probe were then compared using the Receiver Operating 

Characteristic (ROC) curve for evaluation of the accuracy and sensitivity of the probes in 

monitoring perfusion changes in the buccal tissue. The level of agreement between the two 

probe measurements was further evaluated by using Bland-Altman plot. The measurement 

setup is shown in figure 18. 
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Figure 18. Schematic of the measurement setup for testing the newly designed optical probe with a 

laser Doppler flowmeter produced by Moor Instruments, UK. 

4.2 Study II 

In this study, perfusion changes in different depths of the buccal tissue and under a 

controlled breathing protocol was monitored using the newly designed optical probe and a 

commercial laser Doppler probe to investigate if information of the central circulation was 

detectable from the flow signals. For this purpose, physiological parameters where recorded 

and automatically synchronized using a custom-made measurement system (REGIST 3, M. 

Eriksen, Norway), while changing the frequency of the respiration in a controlled manner was 

used as the intervention method.  According to this breathing protocol (Figure 20), the test 

participant breaths spontaneously through the nose for a period of 30s which is considered as 

the baseline measurement, followed by a controlled breathing period of 2s. Furthermore, the 

same pattern was repeated while the controlled breathing periods were increased to 3s and then 

4s, respectively.  

The physiological parameters recorded were as follows: 

 1-Blood perfusion of the buccal tissue was measured by the commercial LDF probe 

(VP8c, Moor Instrument, UK) (Figure 19a from both superficial and deeper layers and the 
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newly designed buccal probe from deeper layers (Figure 19b. Both probes were connected to 

identical laser Doppler Flowmeter instruments (Moor VMS-LDF2, Moor Instrument, UK) 

which transmits the 785 nm laser light with the power of 2.5 mW. Probe Flux standard (PFS 

10 ml, Moor Instruments, UK which uses the Brownian motion of polystyrene micro-spheres 

in water provided the standard reference when calibrating the commercial laser Doppler probe.  

As the probes sample different volumes of the buccal tissue, all blood flux measurements are 

expressed as a percentage change from the baseline (relative changes in %) for each probe. The 

silicon mold used in Study I, was used to fix the placement of the probes to eliminate 

displacement variations.  

2-Respiration rate was monitored with a highly sensitive temperature sensor 

(Respindicator developed by E. Stranden, Norway) (Figure 19c).   

3-Heart rate was measured beat to-beat by a standard three-lead ECG (SD-50; GE 

Vingmed, Norway).   

4-Arterial blood pressure was recorded continuously from the third finger (Figure 19d) 

of the left hand by a photo plethysmographic pressure recording sensor (Finometer, FMS 

Finapres Medical Systems BV, Netherlands). The analogue pressure signal was transferred 

online to the recording computer where the beat-to-beat systolic and diastolic pressures were 

recorded, and the mean arterial pressure (MAP) for each beat was calculated by numerical 

integration and averaging of the pressure curve between the R-waves.  

The flow measurements of the newly designed optical probe and the commercial laser 

Doppler probe were then compared and evaluated for their level of noise using the peak 

detection method. Coherence function was then applied to study the degree of correlation of 

the flow signals measured by the two probes with the simultaneously recorded and calculated 

mean arterial blood pressure which was considered as a measure of central circulation. 
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Figure 19. Placement of the probes: (a) Commercial LDF probe, (b) Newly designed probe, (c) 

Temperature or respiration monitoring probe, (d) Finometer for monitoring blood pressure. 

 
 

 
Figure 20. Breathing protocol used in the experiment. According to this respiration protocol, the test participant 

is breathing spontaneously for a period of 30s which is considered as the baseline (A, C, E, G), followed by 
controlled breathing periods of 2s (B), 3s (D), and 4s (F), respectively. 

 
 

4.3 Study III 

In this study, near infrared spectroscopy was used in combination with the newly 

designed optical probe to measure flow and oxygen saturation as markers of hypoxia in buccal 
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tissue under a hypoxic condition induced in a hypobaric chamber (Figure 21). To obtain the 

desired hypoxic condition, the air pressure inside the chamber was reduced to its corresponding 

altitude. The altitude changes during these profiles were a climb from ground level to 2000 ft. 

which were selected as ground level pressure. This was done to avoid atmospheric changes in 

day pressures for the ground level measurements. From 2000 ft. to 6.000 ft., 8000 ft., 10.000 

ft., 12.000 ft., 14.000 ft. and 16.000 ft.  

 

Figure 21.  Inside the hypobaric chamber. 

A pre-test preparation was performed in which the participants underwent a general 

medical screening including blood pressure measurements and a pulmonary function testing. 

A preliminary familiarization test was then performed in the hypobaric chamber with a 

simulated altitude of 8200 ft. to test the pressure equalization of the ears and sinuses.  

During the main experiment the following probes were used and immobilized by a 

silicone-based impression material (Affinis Putty Soft 6530, COLTENE, Switzerland) inside 

the mouth and towards the buccal tissue for each individual:  

1-The laser Doppler flowmeter (VP8c, Moor instruments, UK) with the fibre separation 

of 0.5 mm to transmit the 785 nm laser light with the power of 2.5 mW. 

2-The reflectance pulse oximeter (PRO2, CONMED, USA), with a light source of three 

wavelengths (one red: 660 nm, and two infrared: 850 and 940 nm) [119]. 

3- The newly designed NIRS probe which was connected to the light source (Avalight-

Hal-S 10W tungsten halogen lamp, Avantes, US) with an external glass filter to cut off the 
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visual light (GL600, Avantes, US) and the spectrometer (AvaSpec-2048x14 fibre optic 

spectrometer, slit-50µm, Avantes, US).  

 The blood pressure peak signal was measured by a pulse transducer (Model 1010, UFI, 

USA) attached to the finger of the subjects and were used as the manual trigger to start the 

measurements as soon as the peak of the pulse wave was reached (Figure 22). 

           

 
Figure 22. Schematic overview of the measurement set up of the third experiment with a software controlled 

synchronization. 

 

The three measuring devices were connected to a USB-6211 DAQ  digital input/output 

(I/O) device (National Instruments, US) (Figure 22) to be synchronized with the beat to beat 

peaks of the blood pressure using a custom made LabVIEW software (LabVIEW version 11.0, 

National Instruments, US). The LabVIEW files can be found in Appendix C. 

Considering the strength of SpO2 and flow effects in different wavelengths of the 

achieved spectra (600-950 nm), the spectra was divided into three segments of 620-750, 770-

830 and 840-950 nm. The relationship between the buccal SpO2 and flow measured by 

reference probes, and the near infrared spectra obtained from the buccal tissue by the novel 
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optical probe in the three above segments, was then studied using multivariate analysis method 

for evaluation of the degree of correlation between the spectral data and the absorption features 

of buccal flow and oxygenation. 

The data recorded from the above synchronized devices including the buccal SpO2 were 

then compared with the recordings of a LIFEPAK monitor /defibrillator (LIFEPAK 15, Physio-

Control, USA) during the same experiment, including SpO2 from finger pulse oximeter (LNCS 

reusable sensor, Masimo Corporation, USA),  and  heart rate from a 12-lead electro cardiogram. 

 

  5 Statistical and analytical methods 

5.1 Receiver Operative Characteristic (ROC) Curve 

 Sensitivity and specificity are the basic measures of accuracy of a test; however, they 

depend on the cut-off point used to define “positive” and “negative” test results. As the cut-off 

point shifts, sensitivity and specificity shift. A ROC curve is a plot of true positive rate 

(sensitivity) versus its false positive rate (100 -specificity) for different cut-off points, where 

sensitivity is inversely related with specificity. The diagonal line y = x represents the strategy 

of randomly guessing. A completely random guess would give a point along a diagonal line 

(line of no-discrimination) from the left bottom to the top right corners. The area under the 

curve (AUC), can be considered  as an effective measure of accuracy and describes the inherent 

validity of the tests [120]. ROC curves could be used to assess the accuracy of a test or 

comparing two alternative tests when each test is performed on the same subject [121]. The 

ROC plot has many advantages over single measurements of sensitivity and specificity: 1-The 

scales of the curve (sensitivity and specificity) are the basic measures of accuracy and are easily 

read from the plot. 2- Because sensitivity and specificity are independent of the prevalence of 

what that is being tested, so too is the ROC curve. 3- The curve does not depend on the scale 

of the test results. 4- ROC curve enables a direct visual comparison of two or more tests on a 

common set of scales at all possible cut-off points [122].  

ROC curve analysis was used in Study I (Figure 23) in order to compare the performance 

of the two probes (the newly designed probe and the commercial Laser Doppler probe). The 

obtained results were presented using MedCalc, version 11.6 (MedCalc Software, Belgium).  

 

https://en.wikipedia.org/wiki/Randomness
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Figure 23. Comparison of the ROC curves for the laser Doppler probe and the new probe, where the 

diagonal line is the line of no-discrimination, representing the random guessing strategy. 

 

The comparison of the ROC curves showed a 15% increase of accuracy of the new probe, 

compared to the commercial laser Doppler probe. A test with perfect discrimination (no overlap 

in the two distributions) has a ROC curve that passes through the upper left corner (100% 

sensitivity, 100% specificity). Therefore the closer the ROC curve is to the upper left corner, 

the higher the overall accuracy of the test. The area under the curve (AUC) which can be used 

as an overall estimation of the accuracy of each test was 0.821 for the laser Doppler probe and 

0.964 for the new probe.  

 
5.2 Bland-Altman Plot  

Assessing the agreement between two quantitative methods of measurement is very 

common in a clinical laboratory. Correlation and regression methods study the relationship 

between one variable and another, not the differences, and are not recommended as methods 

for assessing the comparability between methods. The Bland-Altman plot [123] or difference 

plot, is a graphical method to compare two measurement techniques, based on the 

quantification of the agreement between two quantitative measurements by studying the mean 

difference and constructing limits of agreement. The basic concept of Bland-Altman’s 

approach is the visualization of the difference of the measurements made by the two methods.  

In this graphical method the differences (or alternatively the ratios) between the two techniques 

are plotted against the averages of the two techniques. The plot of difference against mean also 
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allows us to investigate any possible relationship between the measurement error and the true 

value. We do not know the true value, and the mean of the two measurements is the best 

estimate we have. The Bland-Altman plot analysis is a simple way to evaluate a bias between 

the mean differences, and to estimate an agreement interval, within which 95% of the 

differences of the second method, compared to the first one, fall [124].  

The Bland-Altman assessment for agreement was used in Study I (Figure 24) as an 

alternative method to compare measurements of perfusion changes in the buccal tissue by the 

newly designed optical probe and the commercial laser Doppler probe after inducing CO2 into 

the mouth. A range of agreement was defined as mean bias ±2 SD. 

 

 
 

Figure 24. The Bland-Altman plot to compare measurements of perfusion changes in the buccal tissue 

by the newly designed optical probe (method 2) and the commercial laser Doppler probe (method 1) after 

inducing CO2 into the mouth. 

 

Data collected during a 60-second experiment, consisting of 60 points (each point as the 

mean of measurements in each second), were normalized to the measurements from the same 

probes before applying CO2. The Bland Altman analysis of the normalized data shows the 

positive mean difference of 63.33 which indicates that on average, normalized flow values 
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measured by the newly designed probe were higher and therefore more sensitive to the effects 

of CO2 gas than the measurements by the commercial laser Doppler probe. The increasing trend 

seen in this plot, demonstrates that the difference between the methods increases due to the 

vasodilation in the buccal tissue as the result of applying CO2. This non-zero positive bias 

demonstrates that the two methods are producing different results. In addition, measurements 

of the new and the commercial probe met a priori precision criterion (45.7; 95% confidence 

limit, -26.24 to 152.92). As the regression line has a positive slope and intersects the 95% 

confidence interval band, it can be concluded that a large and significant non-systematic bias 

exists between the two methods with the magnitude of 23.6, which agrees with the results of 

the ROC curve with regards to the higher sensitivity and accuracy of the new probe in 

comparison to the commercial Doppler probe. 
 

5.3 Peak Threshold Detection 

Many physiological signals are inherently periodic such as arterial blood pressure, 

respiratory flow, and the electrocardiogram. One of the first steps in the processing of periodic 

data is usually the identification of the peaks and valleys; for example, systolic and diastolic 

blood pressure, inspiratory and expiratory volumes, and the various waves of the 

electrocardiogram (ECG) [125]. Accurate measurements are especially important when 

frequency analyses are performed or short recordings are used. There are a variety of peak 

detection algorithms, but most require a threshold value in order to distinguish peaks from the 

rest of the data. The operation of the algorithm depends upon the value chosen for the threshold. 

Automated threshold estimation greatly improves the peak detection algorithm [126]. 

 Peak threshold detection (PTD) signal processing method was used in Study II.  The 

peaks of the blood flow signals measured by the new probe and the commercial laser Doppler 

probe, were detected by using a peak detector algorithm in MATLAB which was based on 

detection of peaks as the maximum between two valleys (MATLAB script Peakdet made by 

Eli Billauer, 3.4.05) (Appendix D.1). Moreover, the detected peaks were compared to the actual 

tops that were measured by the ECG and then an average residual for all measurements were 

estimated. The number of peaks were counted in segments of 10 seconds and averaged for the 

different segments of the experiment. The peak detection analysis indicated almost the same 

peak number for the ECG signal for deeper layer tissue measured by the newly designed optical 

probe. The results also showed a noisy signal for the commercial laser Doppler probe that 
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measures both superficial and deeper layers compared to the deeper layer measurements by the 

new optical probe. 

5.4 Coherence Function 

Coherence function is a frequency domain measure which allows to find common 

frequencies in two signals and to evaluate the similarity of signals. Therefore, it can be useful 

in analyzing two simultaneously recorded biomedical signals and it can provide some 

diagnostic values [127]. The coherence (sometimes called magnitude-squared coherence) 

between two signals x (t) and y (t) is a real-valued function that is defined as follows in equation 

8 [128]:            

 𝐶𝐶𝐶𝐶𝐶𝐶(𝑓𝑓) = |𝐺𝐺𝐺𝐺𝐺𝐺(𝑓𝑓)|2

𝐺𝐺𝐺𝐺𝐺𝐺(𝑓𝑓)𝐺𝐺𝐺𝐺𝐺𝐺(𝑓𝑓)
   (Equation 8) 

Where Gxy (f) is the cross-spectral density between x and y, and Gxx (f) and Gyy (f) the auto-

spectral density of x and y respectively. The coherence function lies between 0 and 1 for all 

frequencies f.  A noise free linear relationship between one signal and the other would yield 

Cxy (f) =1 implying that the signals are essentially showing the same thing [128]. However, in 

the physical world, noise is an inherent component of system measurement and that is when 

Cxy is less than one but greater than zero. The coherence function can thus be seen as a method 

for comparing the degree of linear relationship between two signals over the range of 

frequencies of interest. If the coherence is equal to zero, it is an indication that the compared 

signals are completely unrelated, given the constraints mentioned above [129].  

In Study II, the coherence signal processing method was used to study the correlation of 

the mean arterial blood pressure (MAP) signal as a representative of central circulation to the 

flow signals obtained by the new optical probe and the commercial LDF probe. MATLAB, 

version R2014b (MathWorks, Sweden) (Appendix D2&3), was employed to analyze the data, 

which were logged as text files by our synchronization system. The results showed an average 

coherence more than 0.5 when comparing the signals for MAP and the flux measured from 

deeper layers of the buccal tissue by the newly designed probe. This is an indication that more 

than 50% of the MAP signal could be explained by the signals from the deeper layer tissue 

suggesting that the signals from the vascular bed in deeper layers of buccal tissue are more 

prominent at the cardiogenic frequency range. On the other hand, the low coherence function 

values (less than 0.2) between the MAP and flux measured by the commercial laser Doppler 

probe from both deeper and superficial tissue layers, revealed a low linear correlation between 

http://en.wikipedia.org/wiki/Spectral_density
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the two signals, implying that only less than 20% of the MAP signal could be explained by 

both tissue beds. 

5.5 Multivariate Analysis 

Multivariate calibration methods are applied to instrumental data of a variety of sources, 

mainly spectroscopic, in order to construct predictive models for selected substances in 

biomedical samples, starting from rather unselective signals. Linear calibration models are 

generally preferred, because they are simple to apply and can have a straightforward physico-

chemical interpretation [130]. Many linear regression methods have been proposed for 

multivariate analysis, among which the most popular one is Partial Least Squares (PLS), which 

owes its popularity to the performance of its calibration models, availability of software and 

the ease of implementation. 

In Study III, A Partial Least Square (PLS) calibration method (PLS Toolbox version 

10.2, Unscrambler, CAMO, Norway) was used to study the correlation between the smoothed 

values of SpO2 and calibrated flow and reflectance spectra variations measured in the 

wavelength range of 600-950 nm which was divided into three segments considering the 

strength and effects of SpO2 and flow in different segments. In the calibration data set, the 

measured variables consisted of the intensity values for 1370 different wavelengths for 306 

different measurements while the reference variables consisted of the smoothed SpO2 and  

(flow*time)-1 values for all the 306 different measurements. The results for all participants 

confirmed an average correlation of R2= 0.889 between the measured oxygen saturation and 

spectral output for the ranges of 620-750 and 840-950 nm, while the average correlation of 

flow and measured spectra was R2= 0.888 for the range of 770-830 nm. Model validation 

indicated low prediction errors (RMSEP) of 0.003 for blood flow, and higher average RMSEP 

of 0.266 for buccal SpO2. 

5.6 Two tailed t-test 

The two tailed t-test [131] is used to determine if two population means are equal. A 

common application is to test if a new process or treatment is superior to a current process or 

treatment. In Study III, to confirm the selectivity of the spectra and reference probe 

measurements, a two-sample t-test was run for R2 values of buccal SpO2 and (flow*time)-1 in 

each segment, and the results showed t (10) = 3.2, p= 0.0088; t (10) =2.26, p=0.0474 and t (10) 

=5.132, p=0.0004 for the first, second and the third segments of the NIR spectra respectively. 
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These results demonstrated a significant difference between the measurements of buccal SpO2 

and blood flow within the selected regions. 

 

5.7 Wilcoxon Signed Rank test 

The Wilcoxon Signed Rank test is often considered the nonparametric alternative to the 

paired t-test and unlike the t-test which compares means values between two groups it 

compares the median. Thus, it is applied in the same data situation as a t-test for dependent 

samples, except that it is used when the data are either not normally distributed, the 

measurement scale of the dependent variable is ordinal (not interval or ratio), or from a very 

small sample [132].   

In Study III, due to the small sample size, Wilcoxon signed rank test was used an 

alternative for the two-tailed t-test to compare the median R2 values of buccal SpO2 and 

(flow*time)-1 in each segment of the spectra to test for significant differences between the 

measurements of buccal SpO2 and blood flow within the selected regions. The distributions in 

the two groups for each of the three segments differed significantly with W= -21, 21, -21; Z 

(based on positive ranks) = -2.201, 2.201, -2.201; and P values of 0.031; P < 0.05 two-tailed; 

n1=n2=6 for the first, second and third segments respectively. 

The results of the Wilcoxon Signed Rank test also indicated that there is a significant 

difference between the measurements of buccal SpO2 and blood flow within the selected 

regions, which agrees to the results demonstrated by the two tailed t-test for the Study III. 

 

6 Ethical approval for performing the tests on human beings 

The study protocol was approved by the Regional Committee for Research Ethics based 

on the approval No.2011/2548b (Appendix E). An extensive written and verbal description of 

the study and its procedures were given to all attending participants. Study participants were 

informed and reassured that they had an option to withdraw from the study without providing 

a reason at any time. All participants gave written, informed consent to the participation in the 

study. The work was conducted in accordance with the Helsinki declaration. 
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Summary of the papers 

Study I: Novel design of an optical probe for detecting perfusion 
changes in buccal tissue  

 

Aim: The aim of the first study was to design a novel optical probe, capable of focusing 

the light into the vascular bed of the buccal tissue to monitor the tissue perfusion changes from 

that specific layer. Measuring the blood perfusion and microcirculation at a specific depth in 

human tissue, is an important method to monitor tissue oxygenation in critically ill patients.  

Methodology: The optical probes that are currently available in the market are not capable of 

monitoring the blood perfusion from a given tissue layer and at a specific depth. As most of 

the capillaries are found in a depth of 600 to 800 μm in buccal tissue, the optical probe was 

designed with the purpose of focusing light at the depth of 670 μm. The new probe was 

designed the way that it consists of two light guides for sending and detecting the reflected 

light from the sampling area (tissue), and a lens to focus the light into the desired depth of the 

tissue and collect it back from the same area. Validation of the measurement depth of the optical 

probe was performed by Monte Carlo simulation method which yielded a focal zone of 620 to 

790 μm with the highest resolution close to the depth of 620 µm which is close to the 

theoretically calculated focal depth and well within the vascular bed of the buccal mucosa. A 

probe without a lens, might provide a deeper penetration of around 870 μm as shown by the 

Monte Carlo simulation method, but would only measure the average of photon reflection from 

different layers and would not be able to collect the reflected photons from a specific depth 

which may result in a reduction of selectivity and sensitivity of the measurements. Furthermore, 

measurements of the local effects of CO2 gas on the buccal tissue by the newly designed probe 

were compared to that of a commercial laser Doppler probe. ROC curve and Bland Altman 

plot were used to compare the performance of the new optical probe with a commercial laser 

Doppler probe while collecting data from the same sampling area. Achievements: The 

comparison of the ROC curves shows 15% increase of accuracy of the new probe compared to 

the commercial laser Doppler probe. On the other hand, the analysis of the Bland-Altman plot 

shows the non-zero positive bias of 63.33 which indicates that the two methods are producing 

different results. The two measurements of the new and the commercial probe meeting a priori 

precision criterion of 45.7 and the positive slope of the regression line, indicate a significant 

non-systematic bias between the two methods with, indicating a higher sensitivity and accuracy 
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of the measurements of the new probe in comparison to the commercial Doppler probe. The 

absence of capillaries in the epithelium of buccal tissue decreases the sensitivity of perfusion 

measurements by the commercial laser Doppler probe, while the newly designed optical probe 

has a focal depth below the epithelium of the buccal tissue which enables us of sensitive and 

precise perfusion measurements of the capillaries in this tissue.  

 

Study II: Evaluation of the capability of a new optical probe 
in providing information about central circulation from deeper 
layers of the buccal tissue- A Case Study 

Aim: The aim of this study was to determine whether the newly designed optical probe 

was able to reflect information about the central circulation in addition to the local 

microcirculation. Oscillations in the mean arterial blood pressure signal indicate the blood flow 

fluctuations, which in particular can reveal heart rate in the frequency range of 0.6-2 Hz. In 

addition, flow and pressure fluctuate periodically, and those oscillations can be seen in the heart 

beat and mean arterial blood pressure.  Therefore in this study mean arterial blood pressure was 

considered to contain information about arterial hemodynamic and central circulation and the 

possibility of extracting mean arterial blood pressure signals from the blood flow 

measurements of the buccal tissue was investigated. Methodology: The newly designed fibre 

optical probe was used to measure blood flow in deeper layers of the buccal tissue, and its 

measurements were synchronized and compared to the buccal flow measurements by a 

standard commercial laser Doppler probe which reflects information from both superficial and 

deeper layers. Respiration rate, heart rate and arterial blood pressure were recorded 

simultaneously, while changing the frequency of the respiration in a controlled manner 

(intervention method). Evaluation of the changes of the blood flow signals measured in 

different depths of the buccal tissue with the two different probes and under a controlled 

respiration protocol, should in particular detect the heart rate and the mean arterial blood 

pressure (MAP). Achievements: The results from comparison of the peaks of the synchronized 

blood flow signals from the commercial and the newly designed probe with the ECG signals, 

showed that the blood flow signals from the deeper layers contained less noise, and therefore, 

there was no need for additional filtering or smoothing algorithms. The magnitude square 

coherence estimation between the measured blood flow signals and the mean arterial pressure 
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(MAP), confirmed significant correlation with significant averaged coherence above 0.5 for 

the new probe compared to the standard commercial probe where the averaged data showed 

coherence less than 0.2. Therefore, it can be concluded from the results that the flow 

measurements by the new optical probe from deeper layers of the buccal tissue, contain 

information about the central circulation in addition to the local microcirculation. 

Study III: Near Infrared spectra in buccal tissue as a marker for 
detection of hypoxia  

Aim: The aim of this study was to test the applicability of a newly designed NIRS probe 

in the detection of hypoxia in the buccal tissue. The hypothesis was that the spectra from the 

newly designed NIRS probe would contain information about both oxygen saturation and flow 

as reliable markers for detection of hypoxia. Methodology: For this purpose, a hypobaric 

chamber was used, where the hypoxic condition was induced by simulating altitudes from 2000 

to 16000 feet. The buccal reference measurements of blood flow and oxygen saturation were 

synchronized with the spectral measurements of the novel near infrared probe and the 

relationship between the reference measurements and spectral data was evaluated by 

multivariate partial least square method. The finger oxygen saturation was also measured 

during the experiment, and the recordings were compared with the buccal oxygen saturation.  

Achievements: The results of spectral analysis by the partial least square method, showed that 

the spectral data from the near infrared probe, correlated strongly with the absorption features 

of both buccal flow and oxygenation measured by the reflectance sensors (average R2= 0.89). 

Dividing the infrared spectral range into three particular spectral ranges (620-750, 770-830 and 

840-950 nm), effectively reduced the impact of other ranges to describe the buccal SpO2 versus 

flow. The results demonstrated that the influence of buccal SpO2 was more obvious in the first 

and the third segment of the spectra, while flow had a higher influence in the middle segment. 

Both two-tailed t-test and its non-parametric alternative, Wilcoxon signed rank test, were used 

to check for the significance of the difference between the measurements of buccal SpO2 and 

flow within each spectral segment. The results of both methods indicated that there was a 

significant difference between the distributions in the two groups for each of the three 

segments. The reference buccal pulse oximeter, probably overestimated values for buccal 

oxygen saturation in comparison with finger oxygen saturation with the mean difference 

increasing from 1.8% at 2000 ft. to 11.4% at 16000 ft. As the novel near infrared probe showed 

promising results for simultaneous measurement of blood flow and oxygen saturation in the 
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buccal tissue, therefore, it was concluded that this method can be used as a new technique for 

early indication of hypoxia in future clinical applications. 
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 Discussion 

Oxygen supply and diffusion into the tissues of the body are necessary for the survival 

of cells and organs.  Detection of hypoxia as early as possible, can stop the progress of hypoxia, 

reverse the process and prevent damages to the tissue or the organ. Based on the high clinical 

importance of early detection of hypoxia, this project has been designed to address fundamental 

concerns such as identification of a reliable site for measurement of hypoxia and how to 

optimize measurements that may serve as early detectors of hypoxia.  

1 Where does hypoxia start?   

Different clinical practices have led to the use of diverse sites for monitoring the tissue 

perfusion and oxygenation. Early and accurate detection of changes in oxygenation, although 

desirable, may not be uniformly achievable. The central sites are difficult or impossible to use 

before and during anesthesia, consequently, anesthesiologists usually wrap the sensor around 

a peripheral vascular bed such as the finger or toe (peripheral sensors). The peripheral sites 

frequently become progressively inaccurate, often cease functioning in the cold operating room 

environment, and are more subject to motion artifacts [96, 133]. Traditional probe placement 

on the finger, toes, forehead, and earlobe sites is not always possible for casualties with severe 

burns, extremity amputations, vasoconstriction, hypothermia, or severe oedema [91]. 

Peripheral vasoconstriction with decreased pulse amplitude is the primary reason for failing to 

consistently obtain a reliable saturation when using traditional peripheral sensor sites [69]. The 

failure of peripheral sensors to function reliably in the presence of conditions promoting 

peripheral vasoconstriction, such as hypothermia, decreased cardiac output, and other causes 

of increased systemic vascular resistance, has motivated the use of alternative sites for 

monitoring perfusion and oxygenation [95]. Optical sensors placed over vascular beds, which 

are more central, such as the tongue and buccal tissue (central sensors) are more reliable and 

accurate in the presence of vasoconstriction promoting conditions [69, 70, 134]. Studies with 

simultaneous oximetry at these sites have suggested that central sensors detect oxygen 

desaturation and re-saturation more quickly than the peripheral sensors [90, 91, 134].  
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2 Why choosing buccal tissue as measuring site? 

Previously, it was shown that the circulation to the buccal mucosa is less subject to 

peripheral vasoconstriction and decreased pulse amplitude than the peripheral sites used for 

pulse oximetry, such as the fingers and toes [70]. This is because buccal mucosa is well 

vascularized with venous blood draining the buccal mucosa reaching the heart directly via the 

internal jugular vein [68, 135]. Changes in SpO2 are detected more rapidly at the buccal site 

than at the finger site. Given that clinicians find it difficult to detect hypoxemia visually, yet 

must rapidly assess and treat these patients, this earlier indicator of hypoxemia is beneficial 

and relevant in clinical practice [90]. It is also shown that the buccal SpO2 values are closer to 

the central perfusion measurements and agree more closely with arterial blood oxygen 

saturation or SaO2 , whereas, finger SpO2 does not agree nearly as closely with SaO2 and is 

lower than buccal SpO2  [91]. In addition, the buccal SpO2 values are shown to be more 

homogeneous and more normally distributed than the finger SpO2 values, a measurement 

property that is desirable when calibrating against a gold standard [91]. The relatively protected 

intraoral site is less influenced by motion of the surgical team than a peripheral site. Protection 

from electrosurgical interferences may be in part explained by the fact that the mouth functions 

as a Faraday shield when the sensor is placed well inside the oral cavity [69]. It is also 

demonstrated in previous studies that buccal SpO2 is higher than finger SpO2. It may be that 

buccal pulsations are stronger under a wider variety of clinical conditions and result in more 

accurate oximeter saturation readings [90]. The divergence between buccal SpO2 and SaO2 or 

finger SpO2 values increase as hypoxemia worsens. More specifically, the buccal method tends 

to overestimated oxygen saturation in proportion to the degree of hypoxemia [90]. Therefore, 

the anesthesiologist using buccal SpO2 monitoring, either from convenience or necessity, can 

be confident that the readings are at least as accurate as the commonly used finger probe in 

determining the patient's level of oxygen saturation [90].  

The motivation to choose the buccal tissue as the monitoring site for detection of 

hypoxia in this project, was the concept of luxury metabolism and the homogeneity of this 

tissue. Luxury metabolism states that in circulatory failure, blood flow is delivered from the 

less important  tissues (skin, subcutaneous, muscle, gastrointestinal tract) to vital organs (heart, 

brain) [34]. The reason is believed to be that blood flow and oxygenation of the brain are 

preserved at the cost of peripheral tissues [136]. Since the gastrointestinal tract or the digestive 

system is considered of a lower priority compared to brain and heart according to the concept 
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of luxury metabolism [25], there will be a reduction of blood to the digestion system when 

oxygen content in blood is reduced. Sublingual and buccal tissue are connected to the same 

nerves as the digestive system, and thus a reduction of blood flow to these tissues is expected 

as well. Therefore, monitoring perfusion and oxygenation in these less vital tissues or organs 

could be an early marker of tissue hypoxia. This idea led to the design of an optical probe 

capable of producing a focal zone to monitor perfusion changes in the deeper layers of the 

buccal tissue in Study I. 

In Study III, a larger change was shown by finger SpO2 compared to the buccal SpO2 

under the hypoxic condition. This way, the finger SpO2 can indicate a hypoxic condition while 

the metabolism might still be aerobic and therefore measurements of SpO2 from finger can be 

misleading. In addition, the extremities are prone to errors due to movements and temperature 

changes. Another explanation could be the peripheral vasoconstriction in the extremities during 

hypoxia, which results  in a reduction in the  pulse wave signal and the portion of the signal 

used to measure haemoglobin saturation by pulse oximeters [137, 138]. Therefore, from the 

results of Study III, it could be concluded that choosing extremities as a site for detection of 

hypoxia can result in false conclusions regarding the degree of hypoxia.  

3 The importance and possibility of measuring in deeper layers 
of a tissue 

Depth-sensitive detection is important for fibre-optic assessment of layered structures. 

Depending on the specific application, a reflectance sensor can be designed to preferentially 

probe the superficial layer or furnish information about deeper tissue layers. The optical probes 

that are currently available in the market, are not capable of monitoring perfusion changes in a 

given tissue layer and at a specific depth. The optical monitoring techniques such as LDF, pulse 

oximetry, measure reflected light from different layers of the tissue, and are not capable of 

collecting data from a specific depth within the tissue. This, results in reduced sensitivity and 

selectivity of the measurements, as different layers of tissue are oxygenated differently. 

There have been attempts to eliminate the error from superficial tissue layers in 

reflectance optical probes by using a “two distance” fibre optic probe [139, 140]. Although the 

arrangement of the fibres, light source or detector may be different in each design, the common 

idea was using a light source and more than one detector for different depths which may reduce 

the effect from the superficial tissue. While this design solution may function in a combination 
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of skin and muscle tissue, the distance between the light source and detector may be difficult 

to achieve in other tissues such as buccal tissue.  

In Study I, choosing the buccal tissue as the strategic position for monitoring perfusion, 

provides the opportunity of assessing a tissue in which the skin layer does not exist. The 

absence of capillaries in the epithelium of buccal tissue decreases the sensitivity of perfusion 

measurements with the commercial laser Doppler probes. Therefore the optical probe was 

designed the way that it would be able to focus the light below the epithelium of the buccal 

tissue and at a depth of around 670 μm where the capillaries are located.  This design, provided 

the possibility of a more sensitive and precise detection of changes in tissue perfusion. The 

15% higher accuracy in monitoring perfusion changes from the deeper layers of the buccal 

tissue by the newly designed optical probe in Study I, confirmed the potential of the deeper 

layers of the buccal tissue as a strategic monitoring site for indicators of hypoxia such as blood 

perfusion. 

In Study II, it was demonstrated that the blood flow monitored from the deeper layers 

of the buccal tissue, was less influenced by noise and movement artefacts compared to the 

signals from a commercial laser Doppler flowmeter which may reflect information from all 

tissue layers. There are studies which have highlighted the output of different laser Doppler 

flowmeter probes to explore their potential in the measurement of blood flow in deeper tissues 

of finger, forearm or the leg in human [43, 141, 142]. However, to the best of my knowledge, 

there are no studies that have compared the simultaneous measurements of laser Doppler 

flowmeter probes at different depths of the buccal tissue.  

 In Study III, evaluation of the near infrared spectral data obtained from the deeper 

layers of the buccal tissue, suggested that monitoring oxygenation and flow from these deeper 

layers, can be used as early indicators of hypoxia. 

 

4 Design criteria of an optical probe for measuring in deeper 
layers of a tissue 

Light that enters a tissue will be scattered and absorbed. The portion of scattered light 

that escapes the tissue in the backwards hemisphere is termed the diffuse reflectance. The 

diffuse reflectance contains information regarding the scattering and absorption properties of 

the tissue [143]. The measured reflectance data can be employed to retrieve tissue optical 

properties, chromophore concentrations, and tissue scattering parameters. To extract the tissue 
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optical properties, the measured reflectance must be fit to an analytic equation, which allows 

for separation of the absorption and scattering properties. Accurate optical property separation 

and determination requires that at least one detector fibre be positioned close to the source. 

This is because measurements close to the sources are more indicative of the reduced scattering 

coefficient, while optical attenuation far from the source represents a combination of both 

scattering and absorption [144]. 

Scattering is a complex phenomenon and could be linear or non-linear, making it difficult 

to minimize or remove entirely. In designing the probe in study I, where the focus was on 

reflectance measurements, the absorption and scattering properties of the buccal tissue were 

taken into consideration by using the Monte Carlo simulation method. In conclusion, it was 

possible to verify that the lens has an effect on the extraction of information from deeper tissue 

layers which was in accordance with the actual human tests.  In Study III, PLS multivariate 

calibration was used as the implicit method to remove scattering. The explicit scatter correction 

was done through appropriate data pre-treatment such as smoothing transformation for 

reducing the noise and smoothing of the spectra. In addition, spectroscopic transformation, for 

transforming reflectance data into Kubelka-Munk units, was used to compensate for scatter in 

diffuse reflectance measurements. In Study II, where the LDF monitoring technique was used, 

the flow signals measured by the new optical probe from the deeper layers of the buccal tissue 

needed no filtering or smoothing algorithms to remove scattering effects in comparison to the 

signals from the commercial LDF probe. This indicated the ability of the new probe in 

suppressing additional noises and improve the signal to noise ratio due to its unique design.  

         To achieve some degree of depth-resolved perfusion monitoring, some studies have 

considered either using different wavelengths or changing the source-detector distance. Since 

the optical absorption by blood and, to a smaller extent, the scattering level of the tissue differ 

significantly for red and infrared light, this may be utilized to measure blood perfusion in tissue 

volumes of different size and depth [145]. Short source-detector separations result in shorter 

penetration depths while long source-detector separations result in deeper sampling volumes 

[145]. Furthermore, the mean penetration depth increases with decreasing optical attenuation. 

Mourant et al. [146], were the first to demonstrate experimentally that an optimum source-

detector separation of approximately 1.75 mm resulted in reflectance measurements that were 

virtually independent of the scattering properties of the measured phantom. These findings 

were later verified theoretically using diffusion theory [147].  The large range of source-
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detector separations results in a higher signal magnitude, while at the same time complicating 

simultaneous reflectance measurements at all detector positions [143]. 

The fibre-optic probe designs that collect the integrated light from both the epithelium 

and the underlying tissue layers, require sophisticated analysis strategies to unfold the 

spectroscopic data and to provide quantitative concentrations of chromophores. Therefore only 

a little information about depth-related changes is obtained. Fibre-optic probes that can localize 

spectroscopic information by depth to distinguish epithelial and its underlying tissue layers, 

improve the ability of spectroscopy to be able to noninvasively evaluate the tissue perfusion 

changes. A variety of probe designs for obtaining localized or depth-resolved spectroscopic 

data have been reported by other researchers [148].  

Single-fibre probe configurations, in which the same fibre is used for illumination and 

collection of the reflected/ scattered light, are sensitive to the light scattering from superficial 

tissue regions [149]. However, the use of single-fibre probes for optical measurements is 

limited by lower signal-to-noise ratios that are generated by impurities in the fibre core and by 

specular reflection from fibre surfaces [150].  

Multiple-fibre probes, can offer different configurations. Straight-fibre geometries with 

different source–detector separations, permit some depth discrimination; however, in epithelial 

tissue the signal from the tissue layers under the epithelium tends to dominate, even at 

minimum source– detector separation [151]. Angled illumination and collection fibres have 

been used to target specific depth regions [152]. Other strategies include variation of the 

diameters of the illumination and collection fibres and variation of the probe-to-tissue distance 

[153]. 

Spherical tips and ball lenses have been used for a variety of purposes in optical probes 

for biomedical applications such as improving light delivery in photodynamic therapy. As an 

example, a ball lens probe with a central illumination fibre surrounded by collection fibres was 

used for signal enhancement in depth resolved  spectroscopy of  epithelial tissue [150]. 

In summary, there are not so many techniques which are capable of performing 

measurements only from deeper layers of a tissue. The existing techniques might be 

complicated or require the simultaneous use of a monitoring system to help with distinguishing 

the measurements from different depths, such as the following technique, which is under 

examination and not yet clinically applied. 
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- Deep tissue focal fluorescence imaging with digitally time-reversed ultrasound-

encoded light which provides the possibility of high-resolution fluorescence imaging deep 

inside biological tissues. This technique provides the first demonstration of focal fluorescence 

imaging in the diffusive regime with time reversal of ultrasound-tagged light. The technique 

takes advantage of the capabilities of a digital optical phase conjugation scheme to digitally 

manipulate the phase-conjugate map to dynamically estimate and subtract the fluorescence 

contribution of the phase conjugate background that would otherwise obscure the focal 

fluorescence signal. Therefore presence of a time-reversed optical focus along with a diffuse 

background — a corollary of partial phase conjugation —  develops an approach for dynamic 

background cancellation [154]. (A figure describing the method with explanation is shown in 

Appendix F). 

In this project and particularly in Study I, the main focus was on designing a unique, 

optical probe based on diffuse reflectance concept. The small dimensions of the probe 

including the light pathways, separation width between the sender and receiver of the light, and 

the lens, provide a practical small size for the probe to be used on measurement sites especially 

inside the mouth. On the other hand, using the optical pathways in the design of the probe, 

makes it possible to use the probe on the measuring site without the need for bending the optical 

fibres which can lead to bending loss effect. This probe when used along with common optical 

measurement systems such as LDF and NIRS, would provide information regarding depth-

related changes in a selected body tissue (buccal tissue) with less noise and almost no need for 

additional filtering due to its light converging lens. 

5 Is only one biological indicator enough for detection of 
hypoxia? 

An important goal of hemodynamic monitoring is the early detection of inadequate tissue 

perfusion and oxygenation. In clinical practice, tissue oxygenation is frequently assessed by 

using conventional global indicators such as blood pressure, oxygen derived variables and 

blood lactate levels. However, the assessment of global measurements fails to reflect increased 

blood lactate levels, the imbalance between oxygen demand and oxygen supply or the status of 

microcirculation and it often requires invasive monitoring techniques [34]. In addition, the 

sensitivity of global indices of hypoxia to detect regional hypoxia is limited by the diluting 

effect induced by the contribution of blood from tissues with normal perfusion and 

oxygenation. This also means that regional hypoxia may not always result in measurable 
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changes in global indices [28], and that the conventional global measurements of tissue hypoxia 

are not specific for a certain region and may not be sensitive enough to detect regional hypoxia. 

Hence, there is a need for a more sensitive and specific non-invasive measurement technique 

for hypoxia. 

The relevant clinical approaches for assessing tissue hypoxia can be grouped into those 

techniques which largely measure the consequences of anaerobic metabolism (e.g. lactate) and 

those which indicate that the patient has a relatively low flow state that would predispose them 

to tissue hypoxia. Recognition of the latter condition is important as therapeutic interventions 

to prevent tissue hypoxia maybe possible at this time [2]. In clinical practice a more complete 

evaluation of tissue oxygenation can be achieved by adding the complementary approach of 

noninvasive assessment of perfusion in peripheral tissues to global parameters [34]. Although 

it should be considered that the noninvasive techniques come with advantages and 

disadvantages. 

In pulse oximetry, normal levels for oxygen saturation are considered between 95-100% 

and values under 90% are considered as low [44]. It might be difficult to estimate the true 

hypoxia based on these small percentage variations and therefore the parameter have to be 

combined with other indicators in order to estimate the hypoxemia with more certainty. In 

addition, factors such as changes in the strength of the arterial pulse due to for example 

hypothermia and hypovolemia, body movements, plasma lipids and bilirubin, colour 

interferences, venous pulsations, absorbance of one or both wavelengths by methaemoglobin 

or carboxyhaemoglobin, and various physical factors can adversely influence the pulse 

oximeter readings [155]. Pulse oximetry, unlike blood gas analysis, provides no information 

about acid-base balance or alveolar ventilation; abnormality of either can reduce oxygen 

delivery, even if oxygen saturation is within normal limits. Additionally, oxygen delivery is 

compromised by anemia, a condition that does not affect SpO2. The other limitation of pulse 

oximetry is that pulse oximeters are calibrated empirically against SaO2 measured by 

cooximetry in normal volunteers subjected to various levels of oxygenation down to 70% 

(dynamic range) and therefore saturations below this level are determined by extrapolation 

[156]. 

 
In Laser Doppler Flowmetry technique, the back scattered and Doppler shifted light 

carries information about the speed and concentration of blood cells traversing the scattering 

volume. The quantity that is measured is referred to as perfusion is the product of local velocity 
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and concentration of blood cells and the velocity measurements represent only the average of 

velocities in all vessels of the window studied [157]. Physiological factors such as temperature, 

the position and motion of the probe relative to the tissue surface, anatomical site and mental 

stress, food and drugs have effects on the microcirculation. In addition, technical limitations 

such as motion artifacts, multiple sequential Doppler shifts, variations in the specification of 

instruments from different manufacturers, the instrument zero and/or biological zero, should 

also to be taken into consideration when analyzing a measurement using this technique [34, 

39].  

Sublingual capnometry  have been used as a hypoxia monitoring method [79, 81, 82, 89, 

158, 159], and might have shown high sensitivity for identifying the presence of shock and 

response to therapy [27]. Although correct tissue PCO2 interpretation is not always easy to 

achieve by this method, as some variables can potentially interfere with the measurement. For 

example,  a tactile stimuli such as the  presence of the capnometer under the tongue can increase 

sublingual blood flow and production of saliva [134]. Also, it has the disadvantage of the 

measurements being influenced by the ambient air [89]. In addition, recent studies have shown 

that progressive reduction in central blood volume cannot be detected by sublingual 

capnography [160]. 

The methodological limitations of gastric tonometry such as the position of the balloon, 

food digestion, gastric acid levels, and bacterial colonization in segments of the intestine, and 

that the balloon is not always in contact with the gastrointestinal wall,   were the reasons why 

this method never got a widespread use and caused the need for search for a tissue in which 

PCO2 can be measured easily in a noninvasive approach [161].  

Furthermore, studies have shown that Visual Light Spectroscopy (VLS) oximetry of the 

gastrointestinal mucosa can provide an accessible, reliable reference point for the monitoring 

of systemic flow [162]. However, the disadvantage of VLS is that it is only able to measure 

small, subsurface tissue volumes [49].  

         In this perspective, NIRS offers several advantages compared to other radiological 

techniques. For example, its non-ionizing nature, makes it possible for humans to be exposed 

to NIRS for a long time without harm. In addition, unlike ultrasound, for which heating of 

tissues  presents a significant hazard, NIRS does not lead to excess heat [163]. Though, one 

drawback of the NIRS method is that it does not measure tissue PO2, but provides information 

on vascular oxygenation (oxygen saturation) [164].  
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          The combined measurement of transcutaneous PCO2 and pulse oximetry at the ear, 

although has made it possible to assess alveolar ventilation and oxygenation by the use of one 

sensor, but requires heating of the monitoring site and due to the elevated temperature of the 

sensor, the transcutaneous PCO2 is always higher than the arterial value. Therefore it needs 

applying a correction to the transcutaneous value to provide a monitor readout which 

corresponds as close as possible to arterial PCO2 [165]. Other disadvantages of this method are 

the risk of skin burn at the site of monitoring [74], that the transcutaneous systems lacks 

sufficient accuracy for monitoring PCO2 in ventilated surgical patients with intubated tracheas 

or critically ill patients [165], and the long time needed for the probe to calibrate and stabilize 

before starting the PCO2 measurements. Therefore this parameter is not useful during the early 

resuscitation immediately after birth. Moreover, the measured PCO2 levels are less precise if 

compared to the conventional transcutaneous monitoring [166]. 

Consequently, most of the common hypoxia monitoring techniques that are currently 

used, despite their advantages and disadvantages, are able to measure only one biological 

indicator of hypoxia. While clinically, there is no evidence to prove that only one indicator can 

be accurate and enough for detection and determining the degree of hypoxia. Therefore, the 

possibility of monitoring more than one biological indicator in the tissue, would provide us 

with a more sensitive and reliable method for detection of hypoxia. 

In study II, it was shown that the flow signals achieved from deeper layers of the buccal 

tissue by the newly designed probe, could reflect information about the central circulation, in 

particular, the heart rate and the arterial blood pressure. This indicates the possibility of 

obtaining information about both local microcirculation and central circulation of the buccal 

tissue as markers for studying perfusion changes in the tissue. The approach in this study has 

therefore, distinguished between locally and centrally generated oscillations in the blood flow 

and has enabled exploration of the interaction between blood flow in deeper layers of the buccal 

tissue and central mechanisms such as the cardiac pulse pressure wave.  

In study III, Oxygen saturation and blood flow measurements in the buccal tissue were 

combined to achieve an indicator with higher selectivity for hypoxia than each parameter 

measured individually. The results of study III demonstrated the possibility of the real time 

and simultaneous measurement of buccal SpO2 and flow as indicators of hypoxia, by using the 

special made optical probe and the NIRS technique. 
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There are studies which have applied NIRS technique to measure regional blood flow 

and oxygen consumption simultaneously [167-169], while comparison of the NIRS method 

with other conventional methods in quantifying blood flow and oxygenation at the same time, 

has been reported only in a few studies [167, 169]. These studies though, have used only a few 

wavelengths in the near infrared range to study blood flow and oxygenation of peripheral 

tissues under stagnant hypoxia caused by venous and arterial occlusion.  

In another recent study [170], although the oxygenation and flow measurements were 

combined, the measurements were restricted to the skin due to the limited measurement depth 

of the white-light reflectance spectroscopy technique that was used. To the best of my 

knowledge, there are no studies on NIRS spectra in the whole range of NIR wavelengths, with 

the purpose of monitoring oxygen saturation and blood flow changes simultaneously. This 

approach, with the use of an optical probe which focuses the light into a defined depth of the 

buccal tissue, makes it possible to study perfusion changes closely and in more detail.   

6 Internal and External Validity 

Internal and external validity are important terms related to the degree to which 

conclusions can be drawn from a study [171]. 

         Internal validity when  associated with experimental research,   refers both to how well 

the study was executed (research design, operational definitions used, how variables were 

measured, what was/was not measured, etc.), and how confidently one can conclude that the 

change in the dependent variable(s) was produced solely by the independent variable(s) and 

not external ones [172]. Conclusions are said to possess internal validity if a causal relation 

between two variables is properly demonstrated [173]. In the experimental settings of the 

studies in this thesis, the independent variable(s) were manipulated to examine what effect it 

has on the dependent variable(s).  

In study III, the oxygen pressure of the inhaled air was changed to monitor its effects on 

the blood flow and oxygenation of buccal tissue in a group of healthy subjects. Therefore, in 

this study, a causal conclusion was made, namely, that changes in the oxygen pressure of the 

inhaled air is responsible for changes in the oxygenation and blood flow in the buccal tissue of 

healthy human subjects. As one can confidently attribute the observed changes or differences 

in the dependent variable(s) to the independent variable(s), and rule out other explanations for 

these changes, then the causal conclusion is internally valid.  The fact that in the present study 
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design, the participants were randomized to experimental conditions and that all measures were 

taken to ensure that changes in the oxygenation and blood flow in the buccal tissue of healthy 

human subjects (dependent variables) can be attributed to the experimental manipulation of the 

oxygen pressure of the inhaled air (independent variable), both indicate that the present study 

is internally valid.  

In Studies I& II, the single subject research with AB (baseline – stimuli) design for 

Study I and ABAB (reversal) design for Study II, were used. The aim of single subject 

research design is to demonstrate that the stimuli causes any observed change in biological 

signal and not some other factor [105]. In addition, a principal issue for these designs, is that 

they should be high in internal validity and demonstrate a causal effect of the stimuli [104]. In 

Study I, perfusion changes before and during the application of CO2 were studied. The result 

of this study demonstrated that the buccal tissue perfusion changes as the result of applying 

CO2 in to the mouth as the stimuli. In Study II, the concern was detecting the flow changes in 

buccal tissue at two different depths under a controlled breathing condition. The results of this 

study showed changes in the flow signals of the buccal tissue due to the intentional changes in 

the breathing frequency, which was considered as the stimuli in this study.  

The extent to which a study's results  can be generalized/applied to populations or settings 

that did not participate in the study, reflects its external validity [171].  

In other words, how representative is the sample of the population and how widely does 

the finding apply?  The more representative, the more confident one can be in generalizing 

from the sample to the population. Generalizing across populations occurs when a particular 

research finding works across many different kinds of people, even those not represented in the 

sample.    There are several ways of evaluating and improving external validity. One approach 

is to try to ensure that the sample is representative of the target population. The deliberate 

inclusion of a heterogeneous sample can be used to determine if particular variables predict the 

results [173]. A study that has a large, randomly selected sample or a carefully matched sample 

is said to have external validity. With a random sample of sufficient size research findings can 

generalize to the larger population. 

In Study III, the test participants were chosen randomly which helps with improving the 

external validity of the study, while the low number of test participants can lead to the 

conclusion that the result of this study might not be of a high external validity in the 

heterogeneous population. In Studies I& II, a single case study design was used, which leaves 
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us with the problem of generalization as one might have more confidence in the generalizability 

of findings from a group design involving many participants than from a single case design. 
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Limitations  

One of the factors that influenced the new probe design, was the bending loss in the 

optical fibre when the probe had to be placed towards the buccal tissue. In traditional cladding 

of an optical fibre, light seeps out at the bends and a few tight bends could make the signal to 

get totally attenuated. The use of optical glue instead of the optical fibre in the design of the 

probe eliminates the problem of bending loss, but contributes to a bulkier probe design and 

difficulties in applying the probe on the measurement site. 

Saliva accumulation during the application of the buccal probe can influence the 

measurements, but this can be overcome in future studies by placing the probe for example in 

the upper corner of the mouth.  

During the main experiments on human subjects with laser Doppler in study I, II and 

III, it was observed that the movement of the tissue or the fibre can lead to errors in the 

readings. Although the available commercial laser Doppler flowmeters are designed to 

decrease these errors as much as possible, the errors caused by movement still seem to be 

inevitable. Nevertheless, the new probe design showed that the perfusion changes with local 

stimuli might still be in the detection range even under the influence of these artifacts. 

Furthermore, in study III, the raw NIRS spectra, and the buccal reference measurements, all 

needed data pre-processing due to the noise in the recordings. As most of the optical probes 

are sensitive to movement, it can be assumed that movement of the probes could be the source 

of the measurement errors.  Therefore, a more stable fixation method for the buccal probe to 

reduce the negative influence of the motion artefacts on the sensitivity and accuracy of its 

measurements is suggested.   

Results of study III also indicated that the very high sampling rate used in this 

experiment is also a source of noise in the measurements. The high sampling rate might be 

necessary to measure flow due to its very high variations but not necessarily for SpO2 as it has 

less variations in comparison to flow, which should be considered in future studies. 

In all three studies, it was noticed that the spectral data and other measurements can be 

influenced substantially by temperature. Since the temperature of the room was not controlled 

in all of the studies, the body core temperature of the participant should have been measured. 

Thus, temperature monitoring during the measurements while applying the new optical probe 

is recommended in future studies.  
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In study III for ethical reasons, arterial oxygen saturation from blood samples which is 

considered as the gold standard for oxygen saturation measurements, was not measured. These 

measurements can provide us with a reliable reference for the oxygen saturation recordings 

from the buccal tissue. Thus, measurement of arterial oxygen saturation is definitely 

recommended in the future studies for developing our new NIR technique and probe.  

Future perspectives  

• Developing the design of the probe 

A future perspective would be improving the design of the new probe by using optical 

fibers that can be bent 90 degrees.  Eliminating the bending loss effect in optical fibres  can be 

achieved  by using little bumpers in the cladding which guide the light back into the core of the 

fibre, even when fibre is bent at a 90-degree angle [174].  

The other important factor in designing the probe is its physical dimensions and the 

materials used for the fabrication of its parts. Therefore, benefiting the development of the 3-

D printing and rapid prototyping technology is suggested for the future studies in order to 

facilitate manufacturing the probe and its lens. 

• Developing algorithms for objective analysis 

The main and complementary future perspective for the newly designed optical probe 

would be developing algorithms to process the raw probe data (spectra) and present the results 

in a meaningful form, i.e. calculating concrete values of oxygen saturation and blood flow from 

the NIR spectra monitored by the buccal NIR probe. 

Finally we wish to have the opportunity of investigating the possibility of expanding 

the application of this probe for prognosis and diagnosis purposes in the clinical field. 
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Conclusions 

Buccal tissue is an interesting monitoring site in comparison to the other central and 

peripheral monitoring sites of the body. Tissue homogeneity, ease of access and monitoring 

possibility in comparison to the central sites, as well as the higher accuracy and sensitivity of 

perfusion measurements in this tissue, makes buccal tissue a good choice as a monitoring site 

for hypoxia and cardiovascular studies. In addition, the corner of the mouth is usually less 

prone to temperature changes and sudden movements in comparison to peripheral sites such as 

extremities in which the measurements can be affected by vasoconstriction. Also, in patients 

who have burns or other serious injury to their extremities, buccal tissue may be the only 

available site for monitoring the vital signs such as blood oxygenation and flow. As a result of 

this work, a novel optical probe with the capability of focusing the light in a given depth of the 

buccal tissue, was successfully developed. The light converging lens made of optical glue, 

made it possible for measurements to be done at the desired depth in the buccal tissue. The 

results of the work also indicated that the flow measurements by the newly designed optical 

probe from the deeper layers of the buccal tissue provide more information about the central 

circulation in addition to the local microcirculation.  It was also shown that the novel optical 

probe has the ability to measure oxygenation and blood flow simultaneously in buccal tissue 

and under a hypoxic condition by the use of NIRS technique, which presents a new method in 

an interesting monitoring site for detection of hypoxia.  Finally, it can be concluded that the 

capability of the newly designed optical probe in non-invasively monitoring oxygen saturation 

and the blood flow at the same time and from the deeper layers of the buccal tissue may be 

promising in clinical situations were continuous monitoring of oxygen saturation and blood 

flow is critical.   

  



75 
 

 References 

1. Vander, A.J., Sherman, J.H., Luciano, D.S., Respiration: Hypoxia. Human physiology, 
The mechanism of body function. 6th ed. ed. 1994, New Caledonia: McGraw –Hill, Inc. 

2. Carlet, J., Artigas, A., Bihari, D., Burchardi, H., Tissue Hypoxia, How to Detect, How to  
Correct, How to Prevent. American Journal of Respiratory And Critical Care Medicine, 
1996. 154: p. 1573-1578. 

3. De Backer, D., Creteur, J., Regional hypoxia and partial pressure of carbon dioxide 
gradients: what is the link? Intensive Care Med, 2003. 29: p. 2116-2118. 

4. El-Desoky, A.E., Seifalian, A.M., Davidson, B.R., Effect of graded hypoxia on hepatic 
tissue oxygenation measured by near infrared spectrsocopy. Journal of Hepatology, 
1999. 31(1): p. 71-76. 

5. Harshman, S.W., Geier,B.A.,  Fan, M.,  Rinehardt, S.,  Watts, B.S., Drummond, L.A., 
Preti, G., Phillips, J.B.,  Ott, D.K., Grigsby, C.C., The identification of hypoxia 
biomarkers from exhaled breath under normobaric conditions. Journal of Breath 
Research, 2015. 9(4). 

6. Philips, J.B., Horning, D.S., Dory, R.E., A Comparison of pulse-oximetry, Near- Infrared 
spectrometry (NIRS), and gas sensors for in-cockpit hypoxia detection 2012, Naval 
Medical Research Unit– Dayton. 

7. Puyana, J.C., Pinsky, M. R., Searching for non-invasive markers of tissue hypoxia. Crit 
Care, 2007. 11(1): p. 116. 

8. Solaini, G., Baracca, A., Lenaz, G., Sgarbi, G., Review: Hypoxia and mitochondrial 
oxidative metabolism. Biochimica et Biophysica Acta, 2010. 1797: p. 1171-1177. 

9. Simonenkov, A.P., Fedorov, V. D., Kliuzhev, V. M., Ardashev, V. N., Korotchenko, S. 
V., A revised classification of hypoxic conditions. Vestn Ross Akad Med Nauk, 2004. 
1(1): p. 46-8. 

10. Carreau, A., El Hafny-Rahbi, B., Matejuk, A., Grillon, C., Kieda, C., Why is the partial 
oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia. J 
Cell Mol Med, 2011. 15(6): p. 1239-1253. 

11. Subudhi, A.W., Dimmen, A. C., Roach, R. C., Effects of acute hypoxia on cerebral and 
muscle oxygenation during incremental exercise. J Appl Physiol (1985), 2007. 103(1): 
p. 177-83. 

12. Annane, D., Bellissant, E., Cavaillon, J.M., Septic shock. The Lancet, 2005. 365(9453): 
p. 63-78. 

13. Hart, D.W., Chinkes, D. L., Gore, D. C., Increased tissue oxygen extraction and acidosis 
with progressive severity of sepsis. J Surg Res, 2003. 112(1): p. 49-58. 

14. Abramon, D., Scalea, T.M., Hitchcock, R., Trooskin, S.Z., Henry, S,M., Greenspan, J., 
Lactate clearance and survival following injury J. Trauma, 1993. 35: p. 584-588. 

15. Bishop, M.H., Shoemaker, W.C., Appel, P.L., Meade, P., Umali, R., Prospective, 
randomized trial of survivor  values of cardiac index, oxyen delivery, and oxygen 
consumption as resuscitation endpoints  in severe  trauma. J. Trauma, 1995. 38: p. 780-
787. 

16. Rady, M.Y., Rivers, E. P., Nowak, R. M., Resuscitation of the critically ill in the ED: 
responses of blood pressure, heart rate, shock index, central venous oxygen saturation, 
and lactate. Am J Emerg Med, 1996. 14(2): p. 218-25. 

17. Loiacono, L.A., Shapiro, D.S., Detection of Hypoixa at the Cellular Level. Crit Care 
Clin, 2010. 26: p. 409-421. 

18. Haldane, J.S., Priestley, J.G., Respiration. 2nd edition ed. 1935, London: Oxford 
University Press. 



76 
 

19. Bohr, C., Hasselbalch, K., Krogh, A., Concerning a Biologically Important Relationship 
-The Influence of the Carbon Dioxide Content of Blood on its Oxygen Binding. Skand. 
Arch. Physiol, 1904. 16: p. 401-412. 

20. Lumb, A.B., Carbon dioxide, in Nunn's Applied Respiratory Physiology. 2000, 
Butterwoth-Heinemann: Oxford. p. 220-248. 

21. Byrne, A.L., Bennett, M., Chatterji, R., Symons, R., Pace, N.L., Thomas, P.S., 
Peripheral venous and arterial blood gas analysis in adults: are they comparable? A 
systematic review and meta-analysis. Respirology., 2014. 19(2): p. 168-175. 

22. Korostynska, O., Arshak, K., Gill, E.,  Arshak, A., Review Paper: Materials and 
Techniques for In Vivo pH Monitoring. IEEE Sensors Journal, 2008. 8(1): p. 20-28. 

23. Gerweck, L.E., Seetharaman, K., Cellular pH Gradient in Tumor versus Normal Tissue: 
Potential Exploitation for the Treatment of Cancer. CANCER RESEARCH, 1996. 56: 
p. 1194-1198. 

24. Mirtaheri, P., Gjøvaag, T., Worsley, P.R., Bader, D.L., A Review of the Role of the Partial 
Pressure of Carbon Dioxide in Mechanically Loaded Tissues: The Canary in the Cage 
Singing in Tune with the Pressure Ulcer Mantra. Annals of Biomedical Engineering, 
2015. 43(2): p. 336-347. 

25. Tønnessen, T.I., Biological basis for PCO2 as a detector of ischemia. Acta Anaesthesiol. 
Scand., 1997. 41: p. 659-669. 

26. Weil, M.H., Afi fi,  A.A., Experimental and clinical studies on lactate and pyruvate as 
indicators of the severity of acute circulatory failure (shock). Circulation, 1970. 41: p. 
989-1001. 

27. Vincent, J.L., Ince, C.,  Bakker, J., Clinical Review: Circulatory shock- an update : a 
tribute to professor Max Harry Weil. Critical Care 2012. 16(239). 

28. Maar, S.P., Searching for the Holy Grail   A review of markers of tissue perfusion in 
pediatric critical care. Pediatric Emergency Care, 2008. 24(12): p. 883-887. 

29. Tullis, Z. Aerobic vs Anaerobic. Anaerobic respiration 2009.  [cited 2015, June 5]; 
Available from: 
http://oakridgeapbio.pbworks.com/w/page/9716882/Aerobic%20vs%20Anaerobic. 

30. Lafrance, D., Lands, L. C., Burns, D. H., Measurement of lactate in whole human blood 
with near-infrared transmission spectroscopy. Talanta, 2003. 60(4): p. 635-41. 

31. Boag, A.K., Hughes, D., Assessment and Treatment of Perfusion Abnormalities in the 
Emergency Patient Vet Clin Small Anim, 2005. 35: p. 319-342. 

32. Kulandaivelan, S., Mukhopadhyay, S.,  Vignesh, N., Test Retest Reproducibility of a 
Hand-Held Lactate Analyzer in Healthy Men. Journal of Exercise Science and 
Physiotherapy, 2009. 5(1): p. 30-33. 

33. Bartrons, R., Caro, J., Hypoxia, glucose metabolism and the Warburg's effect. J Bioenerg 
Biomembr. , 2007. 39(3): p. 223-229. 

34. Lima, A., Bakker, J., Noninvasive monitoring of peripheral perfusion. Intensive Care 
Med, 2005. 31(10): p. 1316-26. 

35. Joly, H.R., Weil, M.H., Temperature of the great toe as an indication of the severity of 
shock. Circulation, 1969. 39: p. 131-138. 

36. Ibsen, B., Treatment of shock with vasodilators measuring temperature of the great toe: 
ten years experience in 150 cases. Dis Chest, 1967. 52(425). 

37. Papaioannou, V.E., Chouvarda, I. G., Maglaveras, N. K., Pneumatikos, I. A., 
Temperature variability analysis using wavelets and multiscale entropy in patients with 
systemic inflammatory response syndrome, sepsis, and septic shock. Crit Care, 2012. 
16(2): p. R51. 

http://oakridgeapbio.pbworks.com/w/page/9716882/Aerobic%20vs%20Anaerobic


77 
 

38. Ross, B.A., Brock, L., Aynsley-Green, A., Observations on central and peripheral 
temperatures in the understanding and management of shock. Br J Surg, 1969. 56(12): 
p. 877-82. 

39. Hoff, D.A.L., Gregersen, H., Hatlebakk, J. G., Mucosal blood flow measurements using 
laser Doppler perfusion monitoring. World Journal of Gastroenterology, 2009. 15(2): p. 
198-203. 

40. Laser Doppler blood flow assessment. Basic theory and operating principles of Laser 
Doppler blood flow monitoring and imaging, Issue 1. n.d.  [cited 2015, April 7]; 
Available from: 
http://www.moor.co.uk/ckfinder/userfiles/files/Moor_Laser_doppler_theory_Issue_1.p
df. 

41. Schabauer, A.M., Rooke, T. W., Cutaneous laser Doppler flowmetry: applications and 
findings. Mayo Clin Proc, 1994. 69(6): p. 564-74. 

42. Young, J.D., Cameron, E. M., Dynamics of skin blood flow in human sepsis. Intensive 
Care Med, 1995. 21(8): p. 669-74. 

43. Clough, G., Chipperfield, A., Byrne, C., Mul, F., Gush, R., Evaluation of a new high 
power, wide separation laser Doppler probe: Potential measurement of deeper tissue 
blood flow. Microvascular Research, 2009. 78: p. 155-161. 

44. Kamat, V., Pulse oximetry. Indian J. Anaesth., 2002. 46(4): p. 261-268. 
45. Ward, K.R., Ivatury, R. R., Barbee, R. W., Terner, J., Pittman, R., Filho, I. P., Spiess, B., 

Near infrared spectroscopy for evaluation of the trauma patient: a technology review. 
Resuscitation, 2006. 68(1): p. 27-44. 

46. Cohn, S.M., Near-infrared spectroscopy: potential clinical benefits in surgery. J Am 
Coll Surg, 2007. 205(2): p. 322-32. 

47. Pulse Reflectance Oximetry. PRO2. n.d.  [cited 2015, April 6]; Available from: 
http://www.conmed.com/products/pro-2.php. 

48. Owen-Reece, H., Smith, M., Elwell, C.E., Goldstone, J.C., Near infrared spectroscopy 
Br J Anaesth, 1999. 82: p. 418-426. 

49. Aenugu, H.P.R., Kumar, D.S., Parthiban, N., Ghosh, S.S., Banji, D., Near Infra Red 
Spectroscopy- An Overview. International Journal of ChemTech Research, 2011. 3(2): p. 
825-836. 

50. Scheeren, T.W.L., Schober, P., Schwarte, L.A., Monitoring tissue oxygenation by near 
infrared spectroscopy (NIRS): background and current applications. J Clin Monit 
Comput., 2012. 26: p. 279-287. 

51. Hajime, M., Application of Near Infrared Spectroscopy in Medicine, Handbook of 
Modern Biophysics, ed. T.M. Jue, K. 2013, New York: Springer Science+ Business 
Media. 

52. Monsef Khoshhesab, Z., Reflectance IR Spectroscopy. Infrared Spectroscopy - Materials 
Science, Engineering and Technology. 2012: InTech. 

53. Utzinger, U., Richards-Kortum, R. R., Fiber optic probes for biomedical optical 
spectroscopy. J Biomed Opt, 2003. 8(1): p. 121-47. 

54. Todd, T.R., Fiber-Optic probes for Near-Infrared Spectrometry. Handbook of 
Vibrational Spectroscopy. 2006: John Wiley & Sons, Ltd. 

55. Boushel, R., Piantadosi, C.A., Near-infrared spectroscopy for monitoring muscle 
oxygenation. Scand J Med Sci Sports, 2001. 11(4): p. 213-222. 

56. Cooper, C.E., Springett, R., Measurement of cytochrome oxidase and mitochondrial 
energetics by near-infrared spectroscopy. Phil. Trans. R. Soc. Lond., 1997. 352: p. 669-
676. 

57. Mason, M.G., Nicholls, P.,  Cooper, C.E., Re-evaluation of the near infrared spectra of 
mitochondrial cytochrome c oxidase: Implications for non invasive in vivo monitoring of 

http://www.moor.co.uk/ckfinder/userfiles/files/Moor_Laser_doppler_theory_Issue_1.pdf
http://www.moor.co.uk/ckfinder/userfiles/files/Moor_Laser_doppler_theory_Issue_1.pdf
http://www.conmed.com/products/pro-2.php


78 
 

tissues. Biochimica et Biophysica Acta (BBA) - Bioenergetics, 2014. 1837(11): p. 1882-
1891. 

58. Seiyama, A., Hazeki, O., and Tamura, M., Noninvasive quantitative analysis of blood 
oxygenation in rat skeletal muscle. J. Biochem, 1988. 103(419). 

59. Seiyama, A., Virtual cooperativity in myoglobin oxygen saturation curve in skeletal 
muscle in vivo. Dynamic Medicine, 2006. 5(3): p. 1-8. 

60. Ferrari, M., Mottola, L.,  Quaresima, V., Principles, techniques, and limitations of near 
infrared spectroscopy. Canadian journal of applied physiology, 2004. 29(4): p. 463-487. 

61. Grant, A., Waugh, A., Anatomy and Physiology in Health and Illness. 10th ed. 2007, 
London: Churchill Livingstone Elsevier. 

62. Wukitsch, M.W., Petterson M.T., Tobler, D.R., Pologe, J.A., Pulse Oximetry: Analysis 
of Theory, Technology, and Practice. Journal of Clinical Monitoring, 1988. 4(4): p. 290-
301. 

63. Mader, S.S., Inquiry into Life. 8th ed. 1997: McGraw-Hill Companies. 
64. Lima, A., Bakker, J., Near-infrared spectroscopy for monitoring peripheral tissue 

perfusion in critically ill patients. Rev Bras Ter Intensiva, 2011. 23(3): p. 341-351. 
65. Wang, R., Zhang, F., NIR luminescent nanomaterials for biomedical imaging J. Mater. 

Chem. B, 2014. 2: p. 2422-2443. 
66. Wahr, J.A., Tremper, K. K., Samra, S., Delpy, D. T., Near-infrared spectroscopy: theory 

and applications. J Cardiothorac Vasc Anesth, 1996. 10(3): p. 406-18. 
67. Rolfe, P., In vivo near-infrared spectroscopy. Annu Rev Biomed Eng, 2000. 2: p. 715-

54. 
68. Shojaei, A.H., Buccal Mucosa As A Route For Systemic Drug Delivery. Journal of 

Pharmacy and Pharmaceutical Sciences, 1998. 1(1): p. 15-30. 
69. Jobes, D.R., Nicolson, S. C., Monitoring of Arterial Hemoglobin Oxygen-Saturation 

Using a Tongue Sensor. Anesthesia and Analgesia, 1988. 67(2): p. 186-188. 
70. Gunter, J.B.A., A buccal sensor for measuring arterial oxygen saturation. Anesth Analg, 

1989. 69: p. 417-418. 
71. Eberhard, P., Gisiger, P.A., Gardaz, J.P., Spahn, D.R., Combining transcutaneous blood 

gas measurement and pulse oximetry. Anesth Analg, 2002. 94(1): p. 76-80. 
72. Severinghaus, J.W., Bradley, A. F. , Electrodes for Blood pO2 and pCO2 Determination. 

. Journal of Applied Physiology, 1958. 13: p. 515-520. 
73. Severinghaus, J.W., Transcutaneous blood gas analysis. Respir. Care, 1982. 27(152-

159). 
74. Senn, O., Clarenbach, C.F., Kaplan, V., Maggiorini, M., Bloch, K.E., Monitoring Carbon 

Dioxide Tension and Arterial Oxygen Saturation by a Single Earlobe Sensor in Patients 
With Critical Illness or Sleep Apnea. CHEST, 2005. 128(3). 

75. Lacerenza, S., De Carolis, M.P., Fusco, F.P., La Torre, G., Chiaradia, G., Romagnoli, C., 
An evaluation of a new combined SpO2/PtcCO2 sensor in very low birth weight infants. 
Anesth. Analg, 2008. 107: p. 125-129. 

76. Povoas, H.P., Weil, M. H., Tang, W. C., Moran, B., Kamohara, T., Bisera, J., 
Comparisons between sublingual and gastric tonometry during hemorrhagic shock. 
Chest, 2000. 118(4): p. 1127-1132. 

77. Cerny, V., Cvachovek, K., Gastric Tonometry and intramucosal pH-Theoretical 
principles and clinical application Physiol. Res., 2000. 49: p. 289-297. 

78. Povoas, H.P., Weil, M. H., Tang, W. C., Moran, B., Kamohara, T., Bisera, J., Decreases 
in mesenteric blood flow associated with increases in sublingual PCO2 during 
hemorrhagic shock. Shock, 2001. 15(5): p. 398-402. 



79 
 

79. Creteur, J., Gastric and sublingual capnometry. Curr Opin Crit Care, 2006. 12(3): p. 272-
277. 

80. Upadhyay, K.K., Singh, V.P., Murthy, T.V.S.P., Gastric Tonometry as a Prognostic 
Index of Mortality in Sepsis. MJAFI, 2007. 63(4): p. 337-340. 

81. Baron, B.J., Dutton, R.P., Zehtabchi, S., Spanfelner, J., Stavile, K.L., Khodorkovsky, B., 
Nagdev, A., Hahn, B., Scalea, T.M., Sublingual capnometry for rapid determination of 
the severity of hemorrhagic shock. J Trauma, 2007. 62(1): p. 120-124. 

82. De Backer, D., Creteur, J., Sublingual Capnometry. 2012, Encyclopedia of Intensive 
Care Medicine: Springer. 

83. Gomersall, C.D., Joynt, G. M., Freebairn, R. C., Hung, V., Buckley, T. A., Oh, T. E., 
Resuscitation of critically ill patients based on the results of gastric tonometry: a 
prospective, randomized, controlled trial. Crit Care Med, 2000. 28(3): p. 607-14. 

84. Coleman, N., Houston, L., Demystifying acid-base regulation. Australian nursing 
Journal, 1998. 5(8): p. 23-26. 

85. Ackland, G., Grocott, M.P.W., Mythen, M.G., Understanding gastrointestinal perfusion 
in critical care: so near, and yet so far. Critical Care    2000. 4(269-281). 

86. Weil, M.H., Nakagawa, Y., Tang, W., Sato, Y., Ercoli, F., Finegan, R., Grayman, G., 
Bisera, J., Sublingual capnometry: a new noninvasive measurement for diagnosis and 
quantitation of severity of circulatory shock. Crit Care Med, 1999. 27(7): p. 1225-9. 

87. Marik, P.E., Sublingual capnography: a clinical validation study. Chest, 2001. 120(3): 
p. 923-7. 

88. Marik, P.E., Bankov, A., Sublingual capnometry versus traditional markers of tissue 
oxygenation in critically ill patients. Crit Care Med, 2003. 31(3): p. 818-22. 

89. Rózsavölgyi, Z., Boda, D., Hajnal, A., Boda, K., Somfay, A., A Newly Developed 
Sublingual Tonometric Method for the Evaluation of Tissue Perfusion and Its Validation 
In Vitro and in Healthy Persons In Vivo and the Results of the Measurements in COPD 
Patients. Critical Care Research and Practice, 2014. 2014. 

90. O'Leary, R.J., Landon, M., Benumof, J.L., Buccal Pulse Oximeter Is More Accurate 
Than Finger Pulse Oximeter in Measuring Oxygen Saturation. Anesth Analg, 1992. 75: 
p. 495-498. 

91. De Jong, M.J., Schmelz, J.,Evers, K., Bradshaw, P., McKnight, K., Bridges, E., Accuracy 
and precision of buccal pulse oximetry. Heart Lung, 2011. 40(1): p. 31-40. 

92. Noble, S., Clinical Textbook of Dental Hygiene and Therapy. second edition ed. 2012: 
Wiley- Blackwell. 

93. Chen, S.Y., Squier, C.A., In the Structure and Function of  Oral Mucosa 1984, Oxford: 
Pergamon. 7-30. 

94. Harris, D., Robinson, J. R., Drug Delivery Via the Mucous-Membranes of the Oral 
Cavity. Journal of Pharmaceutical Sciences, 1992. 81(1): p. 1-10. 

95. De Kock, J.P., Tarassenko, L., In vitro Investigation of the Factors Affecting Pulse 
Oximetry. Journal of Biomedical Engineering, 1991. 13: p. 61-66. 

96. Reynolds, L.M., Nicolson, S.C., Steven, J.M.,  Escobar, A.,  McGonigle, M.E.,  Jobes, 
D.R. , Influence of Sensor Site Location on Pulse Oximetry Kinetics in Children. Anesth 
Analg, 1993. 76: p. 751-754. 

97. Cammarata, G.A., Weil, M. H., Castillo, C. J., Fries, M., Wang, H., Sun, S., Tang, W., 
Buccal capnometry for quantitating the severity of hemorrhagic shock. Shock, 2009. 
31(2): p. 207-11. 

98. Ogoh, S., Lericollais, R., Hirasawa, A.,  Sakai, S.,  Normand, H.,  Bailey, D.M., Regional 
redistribution of blood flow in the external and internal carotid arteries during acute 
hypotension. Am J Physiol Regul Integr Comp Physiol, 2014. 306: p. R747–R751. 



80 
 

99. Ristagno, G., Tang, W., Sun, S., Weil, M.H., Role of buccal PCO2 in the management 
of fluid resuscitation during hemorrhagic shock. Crit Care Med, 2006. 34(12): p. 442-
446. 

100. Cammarata, G.A., Weil, M.H., Fries, M., Tang, W.,  Sun, Sh.,  Castillo, C.J. , Buccal 
capnometry to guide management of massive blood loss. . Journal of applied physiology, 
2006. 100(1): p. 304-306. 

101. Aleshchenko, A.V., Alchinova, I.B., Dmitrieva, O.S., Dmitrieva, G.P., Karganov, M., 
Kozhevnikova, M.I., Noskin, L.A., Serebrianyĭ, A.M., Khlebnikova, N.N., Pelevina, I.I.. 
Use of a cytogenetic method for buccal epithelium study, and a method of laser 
correlation spectrometry for health disturbances monitoring in children. . Tsitologiia, 
2006. 48(2): p. 169-172. 

102. Gray, H. Gray's Anatomy of the Human Body. Plan of branches of internal maxillary 
artery. 1918.  [cited 2015, September 20]; Available from: 
http://www.bartleby.com/107/illus510.html. 

103. Waalen, J.K., Single subject research designs. The Journal of the CCA, 1991. 35(2). 
104. Janosky, J.E., Leininger, SH.L.,  Hoerger, M.P.,  Libkuman, T.M. , Overview of the 

Single Subject Design. Single Subject Designs in Biomedicine, 2009: p. 1-7. 
105. Fraenkel, J.R., Wallen, N. E. , How to design and evaluate research in education 2006, 

Boston: McGraw Hill. 
106. Fang, C., Brokl, D., Brand, R. E., Liu, Y., Depth-selective fiber-optic probe for 

characterization of superficial tissue at a constant physical depth. Biomedical Optics 
Express, 2011. 2(4): p. 838-849. 

107. Hobbs, A.K., Kath, W.L., Losses for full vector mode solutions of arbitrarily bent optical 
fibres. IMA J. Appl. Math., 1990. 44: p. 197-219. 

108. Hobbs, A., Kath, W.L., Kriegsmann, G.A., Bending losses in optical fibers. Asymptotics 
beyond All Orders, ed. H. Segur. 1991, New York: Plenum Press. 

109. Lawrence, S.A. Spherical Lenses. 2009.  [cited 2015, April 20]; Available from: 
http://www.physicsinsights.org/simple_optics_spherical_lenses-1.html. 

110. Wolf, K.B., Geometry and dynamics in refracting systems. European Journal of Physics 
1995. 16: p. 14-20. 

111. Zhu, C., Liu, Q., Review of Monte Carlo modeling of light transport in tissues. Journal 
of Biomedical Optics, 2013. 18(5). 

112. Li, W., Lin, L., Bao, L., Zhao, L., Li, G.,, Monte Carlo simulation of photon migration 
in multi-component media. Optical and Quantum Electronics, 2015. 47(7): p. 1919-1931. 

113. Jacques, S., Li, T.,  Prahl, S.,. mcxyz.c, a 3D Monte Carlo simulation of heterogeneous 
tissues. Optics Software n.d.  [cited 2016, May 04]; Available from: 
http://omlc.org/software/mc/mcxyz/index.html. 

114. Sung, K.B., Chen, H.H.,, Enhancing the sensitivity to scattering coefficient of the 
epithelium in a two-layered tissue model by oblique optical fibers: Monte Carlo study. J 
Biomed Opt, 2012. 17(10). 

115. Du Le, V.N., Nie, Z., Hayward, J.E. Farrell, T.J., Fang, Q.,, Measurements of extrinsic 
fluorescence in Intralipid and polystyrene microspheres. Biomed Opt Express., 2014. 
5(8): p. 2726-2735. 

116. Jacques, S.L., Optical properties of biological tissues: a review. Phys. Med. Biol., 2013. 
58: p. R37-R61. 

117. Humeau, A., Chapeau-Blondeau, F., Rousseau, D., Abraham, P. Numerical simulation 
of laser Doppler flowmetry signals based on amodel of nonlinear coupled oscillators. 
Comparison with real data in the frequency domain. in IEEE Eng.Med. Biol. Soc. 2007. 

http://www.bartleby.com/107/illus510.html
http://www.physicsinsights.org/simple_optics_spherical_lenses-1.html
http://omlc.org/software/mc/mcxyz/index.html


81 
 

118. Svensson, H., Svedman, P., Holmberg, J., Jacobsson, S., Laser Doppler flowmetry and 
transcutaneously measured carbon dioxide tension for observing changes of skin blood 
flow in fingers. Scand J Plast Reconstr Surg, 1983. 17(3): p. 183-6. 

119. Kugelman, A., Wasserman, Y.,  Goldinov, L.,  Geller, Y., Bader, D., Reflectance Pulse 
Oximetry from Core Body in Neonates and Infants: Comparison to Arterial Blood 
Oxygen Saturation and to Transmission Pulse Oximetry. Journal of Perinatology, 2004. 
24: p. 366-371. 

120. Zweig, M.H., Campbell, G., Receiver-operating characteristic (ROC) plots: a 
fundamental evaluation tool in clinical medicine. Clin Chem, 1993. 39(4): p. 561-77. 

121. De Long, E.R., DeLong, D.M., Clarke-Pearson, D. L., Comparing the areas under two 
or more correlated receiver operating characteristic curves: a nonparametric approach. 
Biometrics, 1988. 44(3): p. 837-45. 

122. Obuchowski, N.A., Receiver Operating Characteristic Curves and their Use in 
Radiology. Radiology, 2003. 229: p. 3-8. 

123. Bland, J.M., Altman, D.G., Measuring agreement in method comparison studies. Stat 
Methods Med Res., 1999. 8(2): p. 135-160. 

124. Giavarina, D., Understanding Bland Altman analysis. Biochemia Medica, 2015. 25(2): 
p. 141-151. 

125. Todd, B.S., An Algorithm for the Detection of Peaks and Troughs in Physiological 
Signals. 1997, Ocford University Computing Laboratory: Oxford, England. 

126. Jacobson, M.L., Auto-Threshold Peak Detection in Physiological Signals, in 23rd 
Annual International Conference of the IEEE Engineering in Medicine and Biology 
Society. 2011: Istanbul, Turkey. 

127. Kramer, M.A., An Introduction to Field Analysis Techniques: The Power Spectrum and 
Coherence. 2013. p. 18-25. 

128. Bendat, J.S., Piersol, A.G., Engineering Applications of Correlation and spectral 
analysis. 1993: John Wiley and Sons. 

129. Priestly, M.B., Spectral Analysis and Time Series. 1981: Academic Press. 
130. Siesler, H.W., Fundamental Chemometeric methods, in Near-infrared spectroscopy. 

Principles, instruments, applications. 2002, Weinheim: Wiley-VCH. 
131. Snedecor, G.W.a.C., W. G. , Statistical Methods. Eighth ed. 1989: Iowa State University 

Press. 
132. Klotz, J.H., The Wilcoxon Signed Rank Test, in A computational approach to statistics. 

2006. 
133. Trivedi, N.S., Ghouri, A. F., Shah, N. K., Lai, E., Barker, S. J., Effects of motion, ambient 

light, and hypoperfusion on pulse oximeter function. J Clin Anesth, 1997. 9(3): p. 179-
83. 

134. Maciel, A.T., Creteur, J., Vincent, J.L., Tissue capnometry: does the answer lie under 
the tongue? Intensive Care Med, 2004. 30(12): p. 2157-2165. 

135. Mohamed, M.I., Haider, M., Mohamed Ali, M.A., Buccal Mucoadhesive Films 
Containing Antihypertensive Drug: In vitro/in vivo Evaluation. J. Chem. Pharm. Res., 
2011. 3(6): p. 665-686. 

136. Torella, M., Romano, G.,Nappi, G., Clinical evaluation of normothermic 
cardiopulmonary bypass and cold cardioplegia. J Cardiovasc Surg 2002. 43(1): p. 31-
36. 

137. Falconer, R.J., Robinson, B.J., Comparison of pulse oximeters: accuracy at low arterial 
pressure in volunteers. British  Journal of Anaesthesia, 1990. 65: p. 552-557. 

138. Mannheimer, P.D., Design and validation of pulse oximetry for low saturation. 
Anesthesia and Analgesia, 2002. 94(Supp 1): p. S21-25. 



82 
 

139. Nogawa, M., Kaiwa, T., Takatani, S., A Novel Hybrid Reflectance Pulse Oximeter Sensor 
with Improved Linearity and General Applicability to Various Portions of the Body. 
IEEE 1998. 20(4): p. 1858-1861. 

140. Yang, Y., Landry, M.R., Soyemi, O.O., Shear, M.A., Anunciacion, D.S., Soller, B.R., 
Simultaneous correction of the influence of skin color and fat on tissue spectroscopy by 
use of a two-distance fiber-optic probe and orthogonalization technique. Opt. Lett., 
2005. 30(17): p. 2269-2271. 

141. Hirata, K., Nagasaka, T., Noda, Y.,, Partitional measurement of capillary and 
arteriovenous anastomotic blood flow in the human finger by laser-Doppler-flowmeter. 
. Eur J Appl Physiol.Occup.Physiol., 1988. 57: p. 616-621. 

142. Freccero, C., Holmlund, F., Bornmyr. S., Castenfors, J., Johansson, A.M., Sundkvist, G., 
Svensson, H., Wollmer, P., Laser Doppler perfusion monitoring of skin blood flow at 
different depths in finger and arm upon local heating. Microvasc.Res., 2003. 66: p. 183-
189. 

143. Farrell, T.J., Patterson, M.S., Wilson, B., A diffusion theory model of spatially resolved, 
steady-state diffuse reflectance for the noninvasive determination of tissue optical 
properties in vivo. Med. Phys.,, 1992. 19(4): p. 879-888. 

144. Chin, L.C.L., Whelan, W.M., Vitkin, I.A., Optical Fiber Sensors for Biomedical 
Applications, in Optical-Thermal Response of Laser-Irradiated Tissue,, A.J. Welch, Van 
Gemert, M.J.C., Editor. 2011. 

145. Rajan, V., Varghese, B., Van Leeuwen, T. G., Steenbergen, W., Review of 
methodological developments in laser Doppler flowmetry. Lasers Med Sci, 2009. 24(2): 
p. 269-83. 

146. Mourant, J.R., Bigio, I.J., Jack, D.A., Johnson, T.M., Miller, H.D., Measuring absorption 
coefficients in small volumes of highly scattering media: Source-detector separations for 
which path lengths do not depend on scattering properties. Appl. Opt., 1997. 36(22): p. 
5655-5661. 

147. Kumar, G., Schmitt, J.M., Optimal probe geometry for near-infrared spectroscopy of 
biological tissue. Appl. Opt., 1997. 36(10): p. 2286-2293. 

148. Pfefer, T.J., Matchette, L.S., Ross, A.M., Ediger, M.N., Selective detection of 
fluorophore layers in turbid media: the role of fiber-optic probe design. Opt Lett, 2003. 
28(2): p. 120-122. 

149. Mallia, R., Thomas, S. S., Mathews, A., Kumar, R., Sebastian, P., Madhavan, J., 
Subhash, N., Oxygenated hemoglobin diffuse reflectance ratio for in vivo detection of 
oral pre-cancer. Journal of Biomedical Optics, 2008. 13(4). 

150. Schwarz, R.A., Arifler, D., Chang, S.K.,   Pavlova, I.,  Hussain, I.A.,   Mack, V.,  Knight, 
B.,   Kortum, R., Ball lens coupled fiber-optic probe for depthresolved spectroscopy of 
epithelial tissue. OPTICS LETTERS, 2005. 30(10): p. 1159-1161. 

151. Zhu, C., Liu, Q., Ramanujam, N., Effect of fiber optic probe geometry on depth-resolved 
fluorescence measurements from epithelial tissues: a Monte Carlo simulation. J Biomed 
Opt, 2003. 8(2): p. 237-47. 

152. Skala, M.C., Palmer, G. M., Zhu, C., Liu, Q., Vrotsos, K. M., Marshek-Stone, C. L., 
Gendron-Fitzpatrick, A., Ramanujam, N., Investigation of fiber-optic probe designs for 
optical spectroscopic diagnosis of epithelial pre-cancers. Lasers Surg Med, 2004. 34(1): 
p. 25-38. 

153. Pfefer, T.J., Schomacker, K.T. Ediger, M.N., Nishioka, N.S., Multiple-fiber probe design 
for fluorescence spectroscopy in tissue. Appl Opt., 2002. 41(22): p. 4712-4721. 

154. Wang, Y.M., Judkewitz, B.,  DiMarzio, C.A., Yang, C., Deep-tissue focal fl uorescence 
imaging with digitally time-reversed ultrasound-encoded light. Nature 
COMMUNICATIONS, 2012. 



83 
 

155. Mardirossian, G., Schneider, R.E., Limitations of Pulse Oximetry. Anesth Prog, 1992. 
39: p. 194-196. 

156. DeMeulenaere, S., Pulse Oximetry: Uses and Limitations. The Journal of Nurse 
Practitioners-JNP, 2007. 3(5): p. 312-317. 

157. Fredriksson, I., Fors, C., Johansson, J., Laser Doppler Flowmetry- A theoretical 
Framework. 2007, Department of Biomedical Engineering: Linkoping University. 

158. Marik, P.E., Sublingual capnometry: a non-invasive measure of microcirculatory 
dysfunction and tissue hypoxia. Physiol Meas, 2006. 27(7): p. 37-47. 

159. Boerma, E.C., Spronk, P.E., Ince, C., Relationship between sublingual and intestinal 
microcirculatory perfusion in patients with abdominal sepsis. Crit Care Med, 2007. 35: 
p. 1055-1060. 

160. Chung, K.K., Ryan, K.L., Rickards, C.A., Hinojosa-Laborde, C., Pamplin, J.C., Patel, 
S.S., Herold, T.S., Convertino VA., Progressive reduction in central blood volume is not 
detected by sublingual capnography. Shock, 2012. 37(6): p. 586-591. 

161. Rokyta, J.R., Novak, I., Matejovic, M., Impact of internal feeding on gastric tonometry 
in healthy volunteers and critically ill patients. Acta Anaesthesiol. Scand., 2001. 45: p. 
564-569. 

162. Benaron, D.A., Parachikov, I.H., Friedland, Sh.,  Soetikno, R., Brock-Utne,J., 
Continuous, Noninvasive, and Localized Microvascular Tissue Oximetry Using Visible 
Light Spectroscopy. Anesthesiology, 2004. 100: p. 1469-1475. 

163. Hebden, J.C., Delpy, D.T. , Diagnostic imaging with light. . Br J Radiol, 1997. 70: p. 
206-214. 

164. Irwin, M.S., Thorniley, M.S., DorC, C.J.,  Green, C.J., Near infra-red spectroscopy  a 
non-invasive monitor of perfusion and and oxygenation within the microcirculation of 
limbs and flaps. British Journal of Plastic Surgery, 1995. 48(1422). 

165. Bolliger, D., Steiner, L.A., Kasper, J., Aziz, O.A., Filipovic, M., Seeberger, M.D., The 
accuracy of non-invasive carbon dioxide monitoring: A clinical evaluation of two 
transcutaneous systems. Anaesthesia,, 2007. 62: p. 394-399. 

166. Rubortone, S.A., De Carolis, M.P., Lacerenza,S., Bersani, I., Occhipinti, F., Romagnoli, 
C., Use of a combined SpO₂/PtcCO₂ sensor in the delivery room. Sensors 2012. 12(8): 
p. 10980-10989. 

167. De Blasi, R.A., Ferrari, M., Natali, A., Conti, G., Mega, A., Gasparetto, A. , Noninvasive 
measurement of forearm blood flow and oxygen consumption by near-infrared 
spectroscopy. Journal of Applied Physiology 1994. 76(3): p. 1388-1393. 

168. Casavola, C., Blood flow and oxygen consumption with near-infrared spectroscopy and 
venous occlusion: spatial maps and the effect of timeand pressure of inflation. Journal of 
Biomedical Optics, 2000. 5(3): p. 269-276. 

169. Van Beekvelt, M.C.P., Colier, W.N.J.M., Wevers, R.A., Van Engelen, B.G.M. , 
Performance of near-infrared spectroscopy in measuring local O2 consumption and 
blood flow in skeletal muscle. Journal of Applied Physiology  2001. 90(2): p. 511-519. 

170. Kuliga, K.Z., McDonald, E. F., Gush, R., Michel, C., Chipperfield, A. J., Clough, G. F., 
Dynamics of microvascular blood flow and oxygenation measured simultaneously in 
human skin. Microcirculation, 2014. 21(6): p. 562-573. 

171. Campbell, D.T., Stanley, J. C. , Experimental and quasi-experimental designs for 
research. 1963, Chicago: Rand-McNally. 

172. Isaac, S., Michael, W. B., Handbook in research and evaluation. 1971, San Diego: 
EdITS. 

173. Taylor, S., Asmundson, G.J.G., Internal and External Validity in Clinical Research. 
2007: McKay. 23-34. 

174. Mehta, S.N., Bend It Like Corning, in Innovators Flexible Fiber. 2007, Fortune. 



84 
 

175. Davis, C.C. Fiber Optic Technology and its Role in the Information Revolution. n.d.  
[cited 2015, April 22]; Available from: http://www.ece.umd.edu/~davis/optfib.html. 

176. Spectrometers. Optical Bench Design. n.d.  [cited 2015, May 11]; Available from: 
http://www.avantes.com/products/spectrometers. 

177. Roux, P., Porter, M.B., Song, H.C., Kuperman, W.A., Hyperthermia Therapy using 
Acoustic  Phase Conjugation. Acoustic Imaging, 2002. 24: p. 385-392. 

 

  

http://www.ece.umd.edu/%7Edavis/optfib.html
http://www.avantes.com/products/spectrometers


85 
 

Appendix A. NIRS Instrumentation 

A.1. Optical fibre 

An optical fibre for spectroscopy consists of a core, a doped cladding, and a protective 

jacket. Light is transmitted based on the principle of total internal reflection which is an optical 

phenomenon that occurs when a ray of light strikes a medium boundary at an angle larger than 

the critical angle with respect to the normal to the surface. If the refractive index is lower on 

the other side of the boundary no light can pass through, so effectively all of the light is 

reflected [175]. The critical angle is the angle of incidence above which the total internal 

reflection occurs. 

 

Figure A.1. Total internal refraction in an optical fibre [175]. 

A.2. Optical bench 

The heart of most spectrometers is an optical bench developed in a symmetrical Czerny-

Turner design. Light enters the optical bench through a standard SMA connector and is 

collimated by a spherical mirror. A plain grating diffracts the collimated light; a second 

spherical mirror focuses the resulting diffracted light. An image of the spectrum is projected 

onto a one dimensional linear detector array. The relation between light energy entering the 

optical bench and the amount hitting a single detector pixel depends on the optical bench 

configuration. The efficiency curve of the grating used, the size of the input fibre or slit, the 

mirror performance and the use of a detector collection lens are the main parameters [53], 

[176]. 
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Figure A.2. The optical bench design for Avantes Ultra Low Stray Light spectrometer (Avaspec-ULS, 

Avantes, USA): Symmetrical Czerny-Turner Design; 1-Detector, 2-Connector, 3-Grating,4-Slit, mode 

stripper 5- 2nd mode stripper, 6-Collimating mirror, 7-Focusing mirror, 8-light traps, 9-light traps, 10-

Detector collection lens, 11-Filter [176]. 

Appendix B. Probe Pictures 

 

Figure B.1. Aluminum mold for the negative silicone mold consisting of two parts. 
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(a) 
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(b) 

Figure B.2.  The top and the 3-D view drawing of the first part (a) and the second part (b) of the 
aluminum mold for the negative silicone mold. 
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Figure B.3. Vaccuum chamber used to make silicone free of air bubbles. 

 
 
 

 
 

Figure B.4. Negative Silicone mold for making the lens which was cured in an oven with 200 °C 
for three hours and vulcanized at 70 °C for about 12 hours. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.5. The final assembled optical probe connected to two optical fibres. 
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Figure B.6. The top and the 3-D view of the optical probe 
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Appendix C. LabVIEW Files 

 Due to the huge volume of the LabVIEW files used in this study, only the main programs are 
displayed here. 
 

C.1 Control Panel (Front Panel) 
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C.2 Control Panel 
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C.3 Data Saving 
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C.4 Date Time 
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C.5 Display  
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C.6 Light Source- Spectrometer Trigger 
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C.7 ECG 
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C.8 Peak Detection 
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C.9 Spectrometer 
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Appendix D. MATLAB Files 

D.1 'peakdet.m'   

 
function [maxtab, mintab]=peakdet(v, delta, x) 
%PEAKDET Detect peaks in a vector 
%        [MAXTAB, MINTAB] = PEAKDET(V, DELTA) finds the local 
%        maxima and minima ("peaks") in the vector V. 
%        MAXTAB and MINTAB consists of two columns. Column 1 
%        contains indices in V, and column 2 the found values. 
%       
%        With [MAXTAB, MINTAB] = PEAKDET(V, DELTA, X) the indices 
%        in MAXTAB and MINTAB are replaced with the corresponding 
%        X-values. 
% 
%        A point is considered a maximum peak if it has the maximal 
%        value, and was preceded (to the left) by a value lower by 
%        DELTA. 
 
% Eli Billauer, 3.4.05 (Explicitly not copyrighted). 
% This function is released to the public domain; Any use is allowed. 
 
maxtab = [ ]; 
mintab = [ ]; 
 
v = v(:); % Just in case this wasn't a proper vector 
 
if nargin < 3 
  x = (1:length(v))'; 
else  
  x = x(:); 
  if length(v)~= length[177] 
    error('Input vectors v and x must have same length'; 
  end 
end 
   
if (length(delta(:)))>1 
  error('Input argument DELTA must be a scalar'); 
end 
 
if delta <= 0 
  error('Input argument DELTA must be positive'); 
end 
 
mn = Inf; mx = -Inf; 
mnpos = NaN; mxpos = NaN; 
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lookformax = 1; 
 
for i=1:length(v) 
  this = v(i); 
  if this > mx, mx = this; mxpos = x(i); end 
  if this < mn, mn = this; mnpos = x(i); end 
   
  if lookformax 
    if this < mx-delta 
      maxtab = [maxtab ; mxpos mx]; 
      mn = this; mnpos = x(i); 
      lookformax = 0; 
    end   
  else 
    if this > mn+delta 
      mintab = [mintab ; mnpos mn]; 
      mx = this; mxpos = x(i); 
      lookformax = 1; 
    end 
  end 
end 

 

D.2 ‘Smoothing_normalizing-coherence.m’ 

Fs=5 
newProbe_smooth= fastsmooth(newProbe6,3); 
Moor_probe_smooth= fastsmooth(Moor_probe6,3); 
  
BP_norm = BP./max(BP); 
Moor_probe_norm=Moor_probe_smooth./max(Moor_probe_smooth); 
newProbe_norm=newProbe_smooth./max(newProbe_smooth); 
Acral_norm=Acral./max(Acral); 
MAP_norm=MAP6./max(MAP6); 
  
[Cxy1,f1] = mscohere(Moor_probe_norm,MAP_norm,[ ],[ ],[ ],Fs); 
[Cxy2,f2] = mscohere(newProbe_norm,MAP_norm,[ ],[ ],[ ],Fs); 
%Pxy     = cpsd(Moor_probe_norm,newProbe_norm,[ ],[ ],[ ],Fs); 
%phase   = -angle(Pxy)/pi*180; 
%[pks,locs] = findpeaks(Cxy,'MinPeakHeight',0.75); 
  
figure 
ha(1)=subplot(211); 
axis tight 
xlabel('Frequency (Hz)'); 
plot(f1,Cxy1); 
title('Coherence Estimate'); 
xlabel('Frequency (Hz)'); 
ylabel('Moor Probe'); 
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grid on; 
hold on; 
ha(2)=subplot(212); 
axis tight 
plot(f2,Cxy2); 
xlabel('Frequency (Hz)'); 
title('Coherence Estimate'); 
ylabel('New Probe'); 
grid on; 
hold on; 
linkaxes(ha,'x');  
 
 
 
 

D.3 ‘Averaging_segmenting.m’ 

Fs=5; 
 %newProbe_smooth= fastsmooth(newProbe,2); 
 %Moor_probe_smooth= fastsmooth(Moor_probe,2); 
  
 %BP_norm = BP./max(BP); 
 Moor_probe_norm1=Moor_probe1./max(Moor_probe1); 
 Moor_probe_norm2=Moor_probe2./max(Moor_probe2); 
 Moor_probe_norm4=Moor_probe4./max(Moor_probe4); 
 Moor_probe_norm6=Moor_probe6./max(Moor_probe6); 
  
 newProbe_norm1=newProbe1./max(newProbe1); 
 newProbe_norm2=newProbe2./max(newProbe2); 
 newProbe_norm4=newProbe4./max(newProbe4); 
 newProbe_norm6=newProbe6./max(newProbe6); 
  
 %Acral_norm=Acral./max(Acral); 
 MAP_norm1=MAP1./max(MAP1); 
 MAP_norm2=MAP2./max(MAP2); 
 MAP_norm4=MAP4./max(MAP4); 
 MAP_norm6=MAP6./max(MAP6); 
  
 [Cmoormap1,fm1] = mscohere(Moor_probe_norm1,MAP_norm1,[ ],[ ],[ ],Fs); 
 [Cmoormap2,fm2] = mscohere(Moor_probe_norm2,MAP_norm2,[ ],[ ],[ ],Fs); 
 [Cmoormap4,fm4] = mscohere(Moor_probe_norm4,MAP_norm4,[ ],[ ],[ ],Fs); 
 [Cmoormap6,fm6] = mscohere(Moor_probe_norm6,MAP_norm6,[ ],[ ],[ ],Fs; 
 %coherence betweeen new probe and MAP pressure 
 [Cnewprobe1,fn1] = mscohere(newProbe_norm1,MAP_norm1,[ ],[ ],[ ],Fs); 
 [Cnewprobe2,fn2] = mscohere(newProbe_norm2,MAP_norm2,[ ],[ ],[ ],Fs; 
 [Cnewprobe4,fn4] = mscohere(newProbe_norm4,MAP_norm4,[ ],[ ],[ ],Fs); 
 [Cnewprobe6,fn6] = mscohere(newProbe_norm6,MAP_norm6,[ ],[ ],[ ],Fs); 
 %Pxy     = cpsd(Moor_probe_norm,newProbe_norm,[ ],[ ],[ ],Fs); 
 %phase   = -angle(Pxy)/pi*180; 
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 %[pks,locs] = findpeaks(Cxy,'MinPeakHeight',0.75); 
  
 figure 
 ha(1)=subplot(2,1,1); 
 xlabel('Frequency (Hz)'); 
 plot(fm1,Cmoormap1,fm2,Cmoormap2, fm4, Cmoormap4,fm6,Cmoormap6); 
 axis tight; 
 title('Coherence Estimate'); 
 xlabel('Frequency (Hz)'); 
 ylabel('Moor Probe'); 
 hold on; 
 ha(2)=subplot(2,1,2); 
 plot(fn1,Cnewprobe1,fn2,Cnewprobe2, fn4, Cnewprobe4,fn6,Cnewprobe6); 
 xlabel('Frequency (Hz)'); 
 title('Coherence Estimate'); 
 ylabel('New probe'); 
 linkaxes(ha, 'x'); 
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Appendix E. Ethical Approval
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Appendix F. Deep tissue focal fluorescence imaging 
with digitally time-reversed ultrasound-encoded light 

 

 

 

 

 
 
Figure F.1.  Schematic of the imaging principle. (a) In the recording step, a 0.8-mm wide sample beam (f 0 scatters 
as it propagates through the tissue sample. A confined region of the scattered light in the tissue sample is 
frequency-shifted f0 ± f US) by a focused ultrasound pulse. The ultrasound focus thus becomes a virtual source 
within the tissue. Both the frequency-shifted light and the non-shifted light further scatter through the tissue and 
are collected. This output wave front interferes with a reference beam (f 0 + f US) and the resulting interference 
pattern is imaged onto a scientific CMOS (sCMOS) camera in the digital phase conjugate mirror module. The 
digital phase conjugate mirror selectively measures the phase map (φ (x, y)) of the frequency shifted light through 
digital phase-shifting holography. The ultrasound is turned off after recording.  (b) In the playback step, the 
conjugate of the recorded phase map (− Φ (x, y)) is displayed on a spatial light modulator (SLM) placed at the 
image plane of the sCMOS camera. The reference beam reflects off the SLM and is transformed into the phase 
conjugate beam that is propagated back into the tissue, reconstructing an optical focus at the ultrasound modulation 
location. Any excited fluorescence is collected and measured outside the tissue using a photodetector [154]. 
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