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The advances in technology capable of measuring various optical properties within organic 

materials and tissues have paved way for potentially revolutionary methods of detecting and 

diagnosing diseases as well as generally monitoring health. Thus, this thesis provides a background 

on a number of key optical properties crucial in organic tissues and describes how such properties 

can currently be detected and observed.  

The thesis looks at a diverse selection of conditions and health-monitoring challenges to 

determine the effectiveness of non- and minimally invasive diagnostics. Urinary bladder cancer and 

a computational Monte Carlo model are described in an effort to predict the effectiveness of such 

diagnostics tools as well as aid in the overall detection of cancer within the organ. Beginning from 

porcine bladder, the model is advanced to function with human biopsy samples.   

Furthermore, the thesis covers cardiovascular disease (CVD), specifically pre-eclampsia. 

Tools used for human analysis are tested on animal CVD models and ultimately employed to display 

their effectiveness at monitoring diseased mice from an established murine model. The thesis also 

presents potential parameters vital for diagnostics purposes. 

Using the established parameters of interest from the above work, the thesis describes 

measurement of physiological (photonics based diagnostics) and psychological (reaction time 

assessment) effects resulting from short-term light exposure. Due to the frequency at which non-

natural light interacts with people on a day-to-day basis, the thesis provides a basis to further expand 

health-monitoring research.  

Finally, potential methods for assessing ocular health in the form of contact lens induced 

discomfort is assessed through objective analysis by photonics based techniques. The thesis also 

establishes a validation for the proposed approach. 

Ultimately, the work presented in the thesis describes how novel photonics based 

technologies can be effectively employed in a wide variety of biomedical diagnostics and monitoring 

applications, whether used alone or in conjunction with other forms of diagnostics.  
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Chapter 1 : Thesis aims 
 

 This thesis is designed to present work conducted on the interface between two fields. As 

such, chapters two, three and four concentrate on bringing to light the idea that photonics based 

analysis of organic tissue is an ever-increasing research area with a large application in the 

biomedical fields. While the first two chapters detail specific technologies and their existing 

profound effect in fields such as medicine and biomedical research, it is important to note that 

photonics technology is continuously advancing. The direction towards combining multiple 

technologies as presented in chapter four lies at the heart of this thesis. It is precisely this type of 

combined technology that forms the backbone for the work conducted by the author. This short 

chapter will look at the core aim of the thesis and outline the progress of work. 

 

1.1 Core thesis aims 

 

 This thesis heavily relied upon the recent technological advances within the field of 

photonics-based diagnostics. The combination of multiple complimentary diagnostics methodologies 

into single, easy-to-use devices presented a host of validation and application problems, which had 

to be addressed before such technology could continue to make a significant impact on the world.  

In light of this, the one overarching aim of this thesis was to investigate the application of 

such photonics based technology on various diseases and in a number of medical applications. This 

implies the testing of suitability of such technologies on specific conditions in order to determine 

whether useful diagnostics data can be obtained.  

Throughout this work, a secondary goal critical to completion of the primary aim, was to 

establish viable methodological and analytical approaches in the event of successful implementation 

of the diagnostics technology. Together, these two goals exist to exploit the various available 

photonics based techniques and form an experimentally supported foundation for further research 

into biomedicine.   

  

1.2 Chapter aims 

 

 Multiple areas of interest were chosen for investigation in this thesis. This was primarily 

done to determine the effectiveness of multifunctional, photonics based diagnostics technologies and 

approaches in a broad spectrum of medical conditions. Below are short descriptions of the aims for 

each individual studied condition.    
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1.2.1 Diagnostics of cancer 

 

In light of the tremendous impact of cancer on the lives of millions of people worldwide, 

chapter five of this thesis exclusively focuses on developing advancements in non- and minimally 

invasive early diagnostics of bladder cancer. The thesis provides a justification for the design and 

development of a computational 3D bladder tissue model in order to simulate the optical properties 

of multi-layered bladder tissue during irradiation by light of varying wavelengths. The ultimate goal 

of this work is the use of this model for comparison of different photonic devices and their potential 

clinical worth. Furthermore, the chapter aims to present a method for simulating the effects of bladder 

cancer progression on the tissueôs optical properties and provide a diagnostic benchmark, which can 

aid in tumour staging and grading criteria. 

 

1.2.2 Monitoring and diagnostics for cardiovascular diseases and pre-eclampsia 

 

 Along with cancer, cardiovascular diseases (CVDôs) are one of the most prevalent diseases 

in the world. Chapter six of this thesis aimed to establish a viable method of monitoring 

cardiovascular deficiencies in CVD mouse models. In addition to establishing a validation for 

employing the LAKK-M diagnostics device on rodent models, the chapter also outlines potentially 

vital methods of analysis for effective diagnosis of various CVDs.  

Combining the available technology with established mouse models, the chapter aims to 

work as a foundation for potential future research ultimately targeting non-invasive diagnostics of 

pre-eclampsia.   

 

1.2.3 Non-disease monitoring and medical application 

 

 Monitoring and check-ups are important not just for individuals suffering from diseases, but 

also for unaffected people wishing to stay healthy. In light of this, chapter seven describes two 

potential directions of research into health monitoring within healthy individuals.  Specifically, the 

chapter concentrates on the effects of light on the cognitive functions of healthy individuals and 

potential monitoring of eye health and contact lens comfort. 

 

1.2.3.1 Effects of light on microcirculatory and metabolic processes 

 

 As technology advances in the form of new mobile phones, televisions and other devices 

based on light emitting screens, it is more important than ever to understand how natural and non-

natural light affects healthy individuals. This chapter section ultimately aims to provide an initial 

assessment of physiological and cognitive changes in response to short exposures of intense warm 
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and cold light. Secondarily, the section is aimed to provide a basis for deeper analysis into the light 

effects on humans by employing highly sensitive devices for physiological property measurement.  

 

1.2.3.2 Analysis of eye health 

 

 In addition to diagnostics potentials of photonics based technology, the thesis aimed to 

establish potential applications of said technology in a monitoring and predictive capacity. Due to 

the prevalence of contact lens use and the ease of access to individuals with and without contact 

lenses, work in this thesis was carried out on determining the ability of diagnostics devices in 

predicting discomfort and irritation from eye lens use.  

 Specifically, work was conducted to establish and outline safe and effective monitoring 

methodology for the condition of the human eye, with and without lenses acting as irritants. 

Secondarily, this work was completed as a basis to expand further into more complex applications 

of photonics based, non-invasive diagnostics devices in ophthalmology. 
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Chapter 2 : Introduction to light interactions with biological objects 
 

2.1 Introduction 

 

 Throughout history, humanity has been searching for ever-improving approaches to 

medicine. Beginning with ancient civilisations, light, and often specifically sunlight, was deemed to 

have curative properties. Cultures such as the ancient Egyptians sought to improve health in a process 

now labelled as ñheliotherapyò. The idea of exposure to light and the sun being medicinally important 

lasted all the way to the end of the 19th and the beginning of the 20th centuries, when the dangers of 

too much sun exposure started becoming more evident. By this point, however, light-based therapy 

was beginning to take on a new, more focused form.  

 Niels Ryberg Finsen, a Faroese-Danish physician, obtained the Nobel Prize for Physiology 

or Medicine in 1903 by successfully demonstrating the effects of light therapy for the treatment of 

Lupus Vulgaris (Finsen 1902). Instead of simply sunlight, Finsen employed specifically designed 

equipment to deliver concentrated light to target tissue areas (Gøtzsche 2011). While Finsen believed 

that his work was successful due to the bactericidal effect of ultraviolet (UV) radiation, there was no 

substantial scientific evidence backing the theory. It is even suspected that the treatment was 

successful due to the possible action of activated singlet oxygen (Møller et al. 2005). Despite the 

questioned mechanisms of therapeutic action, this was one of the earliest examples of targeted light 

being employed clinically and effectively.  

 The advent of laser technology further expanded on the possible uses of light within medical 

fields. The potential benefits of directly employing lasers in clinical practice were described almost 

simultaneously with their invention in the early 1960ôs (Townes 1962; Zaret et al. 1961). Though 

potential surgical applications were imagined even as the first lasers were being developed, the first 

described medical use of the laser was for photocoagulation in ophthalmology (Rosenberg et al. 

1995). Over the next two decades, lasers spread through various and diverse medical fields, 

enhancing and aiding surgery in dermatology, otolaryngology, gynaecology, general surgery, 

neurosurgery, gastroenterology and urology (Choy 1988). With further advancement, fields such as 

cardiology and dentistry were also employing laser technology. However, by the late 1970ôs the 

potential applications of lasers diversified beyond simple surgery. Dougherty et al. (1978) 

demonstrated one of the earliest successful applications of lasers for photodynamic therapy involving 

a light activated compound for therapeutic treatment of various malignant tumours.  

 The development of lasers and increased control over the beam (such as pulsation) opened 

the floodgates of laser application in nearly all fields of medicine. Therapeutic applications 

diversified into a number of possible options. Depending on source of laser and exposure to it, 

therapeutic effects on both animals and humans could be achieved through electromechanical 
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(photomechanical or photodisruptive) approaches, ablation, photothermal (coagulative and 

vaporizing) processes, photochemical (photodynamic) reactions and through biostimulation and 

wound healing (Peng et al. 2008). 

 Alongside the therapeutic functionality, light (specifically laser technology) has found 

application in diagnostics. However, this direction of advancement has been a lot slower. While 

techniques such as fluorescence microscopy were first employed for observation of biological objects 

by Otto Heimstaedt and Heinrich Lehmann in the period between 1911 ï 1913 (Jameson 2014), this 

was not used as a diagnostics tool and did not employ laser technology. Not until the later 20th century 

did photonics technology advance to the point where diagnosis of biological objects was readily 

available. Together with the development of lasers, techniques such as effective Raman spectroscopy 

(Porto & Wood 1962) and laser Doppler flowmetry (Stern 1975) began to improve, thereby formally 

launching the field of photonics based diagnostics.  

Thus, the rapid advancement of photonics based diagnostic techniques has only been a recent 

phenomenon, with the field still displaying much room to grow. The body of work continues to 

expand and remains a forefront of its field. As such, this thesis establishes itself on the currently 

available technology and attempts to advance the area of photonics based diagnostics techniques. 

However, before exploiting and perfecting available techniques for novel applications, it is important 

to understand the basic principles they rely on. As such, this chapter will concentrate on the basics 

of light interactions with various media, specifically organic tissues. 

 

2.2 Light interaction with biological objects 

 

In all cases of light and laser application for biomedical purposes, light has to interact with 

organic tissue. It is this interaction, which elicits specific responses from the organism being 

irradiated. Before understanding how light produces various effects on organic tissues, we must 

understand, at a basic level, how light interacts with simple isotropic systems. Only then can we 

observe how such interactions vary in complex organic systems.  

 

2.2.1 Fundamental properties of light interaction 

 

Upon contact with any object, light undergoes a number of events. These are reflection, 

scattering, refraction, absorption and transmission. The degree to which these events occur is 

dependent on the medium with which the light is interacting. Figure 2.1 is a simple diagram of these 

light interactions with an isotropic medium (Boas et al. 2011; Vo-Dinh 2010). 
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Figure 2.1 Simple diagram of basic light interactions with an isotropic 

medium. The reflected, scattered, absorbed and transmitted light paths are 

presented. Additionally an unlabelled point of refraction, where the light 

enters a medium of a different refractive index, is displayed at the interface 

between the two different mediums. 

 

2.2.1.1 Reflection and refraction 

 

 To understand the events of reflection and refraction, it is important to understand that every 

material through which light can travel has a refractive index. The refractive index (n) describes the 

linear optical properties of homogeneous media. For such media it can be calculated by, 

 ὲ   (2.1) 

 

Where c is the speed of light in a vacuum (2.998×108 m s-1) and v is the phase velocity of light in the 

medium.  

 Considering this, as light propagates through a medium with refractive index n1 and 

encounters the boundary of a medium with a refractive index of n2, it will be redirected. Depending 

on the wavelength of the propagating light and the surface of the object it interacts with (smoothness, 

curvature, etc.), the light will either be reflected off the object (Figure 2.1) or will enter the object at 

an altered angle (Figure 2.2)(Boas et al. 2011; Vo-Dinh 2010). 
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Figure 2.2 Simple diagram depicting refraction of a beam of light as it crosses the interface between two 

mediums of differing refractive index (n1 and n2). The angle of incidence (ɗ1) and angle of refraction (ɗ2) 

are also shown. 

 

 Snellôs law, as proposed by Willebrord Snellius but also known about prior to the 

astronomers lifetime (Wolf & Krotzsch 1995; Rashed 1990), can be used to calculate any of the 

values as long as the others are known. Below is the equation solving for the angle of refraction, 

 ÓÉÎ—  ÓÉÎ— (2.2) 

 

2.2.1.2 Absorption and transmission 

 

Upon entering the object, energy in the form of light can be absorbed. Absorption happens 

in a medium by atoms and molecules extracting the incoming light energy to be excited to a higher 

energy level. Depending on the atom or molecule, the regions of the spectrum where absorption tends 

to occur are collectively known as absorption bands.  

Finally, light interacting with an isotropic medium that has not been reflected or absorbed 

will be transmitted through the object, once again being refracted upon exiting to a medium with a 

different refractive index (Figure 2.1) (Boas et al. 2011; Vo-Dinh 2010).   

 

2.2.2 Tissue complexity and layering 

 

 Considering the above basic aspects of light interactions, it is also important to realise that 

organic tissue is far from an isotropic medium. While certain mediums such as glass will have few 

interactions with light passage due to their composition, organic tissue exhibits a much more complex 

structure. This huge complexity is derived from its heterogeneous state.  
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 Figure 2.3 shows a simplified cross section of skin, comprised of cells forming tissues, which 

in turn form layers. Within each layer presented in the image below, further layers exist of similar 

types of cell. The epidermis, for example, is composed of predominantly keratinized, stratified 

squamous epithelium cells, which form four unique sublayers (with a fifth layer being present in skin 

on hands and feet). The dermis features two major layers rich in elastin and collagen fibres. Finally, 

the hypodermis layer (not present on the image below) connects the skin tissue with the underlying 

muscle and bone (OpenStax 2016).  

 

 
Figure 2.3 Simplified cross section diagram of skin, featuring the epidermis and 

dermis layers. The four main layers of epithelial cells are presented. Vascularisation 

is also displayed, as is a sweat gland. (Image purchased from Shutterstock) 

 

 Furthermore, each individual cell is further broken up into distinctive structures. Figure 2.4 

depicts a generic eukaryotic cell and some of the core organelles. Even at this level, organic cells 

feature a fluid cytoplasm, numerous sugars and amino acids as well as loose and membrane bound 

proteins and organelles (Raven & Johnson 2002), all of which can affect and alter light passage 

through any organic medium. 
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Figure 2.4 Basic 2D schematic of a eukaryotic cell. The image features 

various organelles floating in the cytoplasm to depict complexity and 

the numerous interfaces for light scattering and interaction, which are 

present in even the simplest organic units. 

  

 This type of complexity leads to intricate layering throughout all organic tissues. For 

example, the human bladder will be an important focus of the work described further in this thesis. 

While it is a relatively simple structure, a fully developed bladder is still comprised of multiple layers. 

These can, as presented in Figure 2.5, be broken up into four different ñcoatsò: the serous, the 

muscular, the sub-mucous and the mucous. The serous coat is a partial outer layer and is localised 

on the superior and lateral regions of the bladder. The muscular coat consists of three layers of 

muscular fibres, an external and internal layer where the fibres are arranged longitudinally and a 

middle layer between them with the fibres exhibiting a circular arrangement. The sub-mucous layer 

is areolar (loose connective tissue) attaching the muscular and mucous layers together. The latter, in 

turn, is a smooth layer covered by two forms of transitional epithelial cells over the entire inside of 

the bladder (Gray 2012). 
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Figure 2.5 Basic schematic of the bladder cell layering. 

 Through the use of cell layering, tissues throughout the body are made up to serve different 

and specialised functions. Despite the fact that the specialisation of these different tissues and even 

organs allows for improved discrimination when observing their function, they still exhibit immense 

complexity, even in what are relatively simple structures. 

 

2.2.3: Complex light interactions 

 

 The reason why it is so crucial to understand the complex, layered and heterogeneous nature 

of organic tissue when considering light interaction, is due to the increased number of parameters 

that have to be taken into account as compared to isotropic media. By their very nature, cells not only 

provide uneven surfaces for the light to interact with upon initial contact, but also further provide 

media with numerous different refractive indices. The number of events described in 2.2.1 are orders 

of magnitude higher compared to those in an isotropic medium. Additionally, further interactions 

become prevalent and need to be taken into account. This is particularly important when considering 

living tissue, which relies on large amounts of fluid movement, for example in the form of blood. 

 

2.2.3.1 Scattering 

 

In complex structures like tissue, the variation between the multiple refractive indices 

belonging to different subcellular components as well as the cytoplasm, acts as a major source of 

scattering. While the wavelength of light passing through the tissue will have specific scattering 
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characteristics, the sizes, component structures and morphology within the tissue cells are also 

responsible for the level of scattering (Vo-Dinh 2010). Knowing these sizes and shapes, as well as 

the values of the refractive indices involved, can technically make it possible to calculate the scattered 

radiation.  

Unlike with singular events however, it is important to note that in complex tissues, the 

independently scattered light waves will interact not only with the incident wave, but also with each 

other. Furthermore, it is vital to take note of compounding scattering events (Bohren & Huffman 

1998). The most commonly occurring type of scattering in biological objects is known as Rayleigh 

scattering, where the light is scattered by atoms and molecules smaller than the wavelength of 

radiation. This type of scattering is heavily dependent on the size of particles encountered by the 

incident light. Furthermore, as scattered light intensity inversely depends on the fourth power of the 

wavelength, shorter wavelengths towards the blue end of the visible spectrum undergo stronger 

scattering than longer wavelengths. This is also the phenomenon behind the sky being blue (Young 

1982). 

In relation to biological tissues, however, it is also important to take into account the 

properties of Raman scattering and Raman shift. While Rayleigh scattering exhibits no energy 

exchange between radiation and scattering particle and accounts for the majority of scattering events, 

the scatterer molecule or atom can either absorb some radiation energy or lose a portion of energy 

itself. These events are known as Stokes and anti-Stokes Raman scattering respectively. Such 

changes in energy result in alteration of the vibrational level of the scatterer particle and a wavelength 

shift in scattered radiation unique to that particle (Bumbrah & Sharma 2016).  

 

2.2.3.2 Reflection: diffuse and specular 

 

 Much like with the scattering, the complexity of a medium will also alter the way light 

reflects off the surface of said medium. The case portrayed in Figure 2.1 above is commonly known 

as specular reflectance, which happens as a result of a smooth or polished surface. More specifically, 

this involves the light undergoing reflection at an angle equal to that of the angle of incidence.  

However, biological tissue is not a smooth medium. Thus, it is important to understand that 

in addition to specular reflection, light can undergo diffuse reflection or a combination of both. 

Diffuse reflection arises when an uneven surface reflects oncoming light in a number of directions 

at a variety of angles (Juds 1988).  

 

2.2.4 Autofluorescence 

 

 In addition to the fundamental light interactions described above, it is important to take into 

account the events, which occur upon absorption of a photon. Certain molecules, upon absorption of 
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energy in the form of a photon with a specific wavelength from the UV-visible and near-infrared (IR) 

spectral ranges, are converted from their ground state to their excited state. These molecules may 

then release energy, again in the form of a proton. Such a system is not perfect however, resulting in 

a loss of energy between absorption and emission. Thus, a photon of a different wavelength is 

emitted. The collective term for such molecules is fluorophores. Fluorophores endogenously present 

in organic systems, capable of emitting photons upon excitation by specific wavelengths of light 

radiation without externally added molecules, are distinguished as autofluorophores. The 

phenomenon relating to autofluorophore action is autofluorescence (Monici 2005).  

 The autofluorescence of proteins is generally exhibited as a result of increased amounts of 

various amino acids. Specifically, tryptophan, tyrosine and phenylalanine, thought the former usually 

dominates the protein spectrum. Furthermore, it is vital to understand that the proximity of these 

amino acids within the protein structure also has an effect on the autofluorescence excitation and 

emission (Vo-Dinh 2010; Menter 2006; Monici 2005). 

 

2.3 Diagnostic and clinical relevance 

 

 The bulk of this chapter has concentrated on the interactions between light and various 

surfaces, specifically organic tissues. Such interactions are important to consider when developing 

methodologies and technologies for imaging, monitoring or diagnosis of tissue. For example, 

observing the way scattering occurs can provide insights into the physical properties of organic 

tissue. However, as with the case of autofluorescence, directly assessable biomarkers are also 

available to be used.  

 

2.3.1 Autofluorophores 

 

 As already mentioned, specific organic molecules have autofluorescent properties. These 

molecules can thus be employed as useful biomarkers when spectroscopically analysing organic 

tissue. For example, epithelial and connective tissues may be distinguished by observing the collagen 

and elastin fluorescence signals (Vo-Dinh 2010). At this time, the excitation and emission maxima 

for these biomarkers have been characterised in detail and are well known (Croce & Bottiroli 2014; 

Huang et al. 2006). Table 2.1 presents these values for some of the most diagnostically and clinically 

relevant biomarkers. 
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Table 2.1 Excitation and emission wavelengths of various autofluorophores 

 

Fluorescence spectroscopy is the technique used to measure the emission of this 

autofluorescence. However, as organic tissue is complex and contains many various biomarkers, the 

emission spectra do not come out exclusively depicting a specific biomarker. Figure 2.6 shows 

typical emission spectra for four different excitation wavelengths, as recorded from pure compounds 

in solution (Dunaev et al. 2015). 

 

Fluorophore Molecules/localisation Excitation (nm) Emission (nm) 

Aromatic amino 

acids 

Tryptophan 280 350 

Tyrosine 275 300 

Phenylalanine 260 280 

Cytokeratins Intracellular fibrous protein 280-325 495-525 

Collagen Extracellular fibrous protein 330-340 400-410 

Fatty acids Accumulated lipids 330-350 470-480 

Reduced 

pyridine 

nucleotides 

ɓ-nicotinamide adenine 

dinucleotide (NADH) (bound) 330-380 
440 

NADH (free) 462 

Elastin Connective tissue 350-420 420-510 

Flavins 
flavin adenine dinucleotide 

(FAD) 
350-370 480-540 

Lipofuscin Miscellaneous (proteins, lipids)  400-500 480-700 

Porphyrins Haemoglobin/myoglobin 500-600 630, 670 

Melanin Melanocytes 785 820-920 
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Figure 2.6 A typical example of emission spectra for four different excitation wavelengths (Dunaev et al. 

2015). UV (365 nm), blue (450 nm), green (532 nm) and red (635 nm) excitations are presented. 

Biomarkers excited by the stated wavelengths of light are labelled next to their emission peaks. 

 

As is evident from the figure, emissions of specific autofluorophores are not unique on the 

spectrum. Wavelengths of light near to the specific excitation wavelength of an autofluorophore may 

excite it to a lesser extent. This results in the curved spectra with multiple peaks, which display 

presence of more than one type of biomarker.   

 

2.3.2 Clinically and diagnostically relevant biomarkers 

 

2.3.2.1 NADH and FAD, the redox ratio 

 

 Arguably, one of the most important processes for life and the continued survival of organic 

material is the ability to produce energy. In this respect, organisms and organic tissues produce 

energy in the form of adenosine triphosphate (ATP) in a process called metabolism. The mainly 

mitochondria bound reduced pyridine molecule ɓ-nicotinamide adenine dinucleotide (NADH, also 

commonly known as NAD(P)H) and the oxidised flavoprotein molecule flavin adenine dinucleotide 

(FAD), thus present themselves as excellent biomarkers for observing metabolic processes 

(Mayevsky & Chance 2007; Raven & Johnson 2002; Ostrander et al. 2010). Furthermore, it should 

be noted that the oxidised form of NADH and the reduced form of FAD do not have similar 
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fluorescent properties. As the process of metabolism involved the net gain of NADH and net 

consumption of FAD, the two biomarkers are functionally inverse (Kosterin et al. 2005). 

 In light of the above, a ratio can be used to provide a numeric value describing the 

metabolism of an organic tissue. This is commonly referred to as the redox ratio (RR) (Ostrander et 

al. 2010), which is displayed in equation 2.3. 

 ὙὙ  (2.3) 

 The RR can generally indicate an increase in metabolic activity by a rising value and a 

decrease by falling value.  

 

2.3.2.2 Collagen and elastin, structural proteins 

 

 From a diagnostic perspective, structural properties of organic tissue are also of great 

importance. In this respect, collagen and elastin are great biomarkers for observing potential 

structural changes under different conditions due to their importance and prevalence in the 

extracellular matrix (Monici 2005; Kulikov 2014). On its own, collagen fibres can account for as 

much as 60 ï 70 percent of the dry weight of dermal tissue. When considering that structural proteins, 

such as collagen, will fluctuate in quantity depending on apoptotic conditions of cells or formation 

of new healthy or even dysplastic cells (Smirnova et al. 2012), the high importance of such 

biomarkers is easy to see. 

 It should also be noted that these biomarkers are by no means exclusive and studies 

conducted by groups such as of Georgakoudi et al. (2002) present evidence that taking various 

biomarkers into account potentially provides more information from a diagnostic perspective. 

 

2.3.2.3 Porphyrins and melanin 

 

 Biomarkers for structural proteins and metabolic processes hold a critical role for observing 

organic processes, which will be looked at in more detail further on in this thesis. This, however, 

does not reduce the value of other potential biomarkers in diverse applications. For example, 

autofluorescence of porphyrin has been used as a marker for determining effectiveness of anti-tumour 

agents (Gurushankar et al. 2014) by aiding in observation of their anti-angiogenic effect. 

Protoporphyrin autofluorescence has also been suggested as a potential marker for diabetes mellitus 

(Fauaz et al. 2010).  

 A particularly interesting biomarker to note is melanin. Melanin very effectively absorbs 

light from the UV to the visible spectrum. This results in a suppression of fluorescence signals in 

areas of high melanin content. As demonstrated by Dunaev et al. (2015), volunteers with high 

melanin concentrations in their skin displayed largely suppressed autofluorescence signals on shorter 
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wavelengths, leaving porphyrins as the only clearly evident biomarkers. Analysis by methods 

utilising longer wavelengths can use melanin as a marker for melanoma (Silveira et al. 2012), 

however this particular case is a good demonstration that some biomarkers will limit the potential 

methodologies that are available for a diagnostic application. 

 

2.4 Conclusion 

 

 The processes of light interaction with organic tissues are incredibly complex. Decades of 

research have provided access to many technological advancements. The concepts briefly described 

in this chapter lie as a foundation for a myriad of photonics techniques, which are currently employed 

for the study of organic tissues.  
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Chapter 3 : Principles of biophotonics techniques 
 

 The previous chapter provided a brief summary on the multiple ways light interacts with 

various objects, specifically organic tissues. This information is a crucial basis for the development 

of technology capable of assessing the conditions of such objects. As such, many techniques have 

been developed, which have been effectively utilised to collect large volumes of data on organic 

materials in their varying states. The following chapter will concentrate on a number of these 

techniques. Specifically, powerful techniques that are commonly utilised, the majority of which are 

relevant to the work described further in this thesis, were selected for this chapter.  

 

3.1 Laser Doppler flowmetry 

 

 Laser Doppler flowmetry (LDF), a technique first commercialised in the 1980s, is a non-

invasive method of diagnostics utilised predominantly for the measurement of tissue blood perfusion 

in organic tissues. The concept was initially proposed for measurement of haemodynamics by Stern 

(1975), by monitoring the scattering of coherent light by static tissues as well as the moving blood 

cells within a living organism.  

 To explain further, LDF is specifically based around the scattering of laser radiation (near 

IR) from moving particles within the organic system. The light will pass through the organic tissue 

in accordance to this tissueôs optical properties until it is scattered by a dynamic particle, which in 

terms of organic systems will be an erythrocyte. These moving particles will scatter the oncoming 

photons and alter the frequency of said photons in a process more commonly referred to as the 

Doppler shift. The size of this Doppler shift depends on the scattering angle, the velocity of the 

dynamic particle, the wavelength of light within the tissue and the angle between the direction of 

particle velocity and the scattering vector. It is important to note here, that in an organic system the 

scattering events will not be unique. Due to the continuous stream of erythrocytes and the varying 

orientation of microvessels within organic tissue, multiple shifts will occur in the same system even 

if all the particles travel at an identical speed. Thus, the sum of individual Doppler shift events is 

used to calculate the average velocity of particles (in this case blood) once the scattered light is 

ultimately detected by a specialised probe. Ultimately, a continuous monitoring of tissue perfusion 

is achieved (Leahy et al. 1999; Riva et al. 2010; Rajan et al. 2009; Peng et al. 2008). Figure 3.1 

presents a simplified schematic of an LDF device used to calculate the haemodynamics of an organic 

system. 
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Figure 3.1 Simple schematic of an LDF probe used to calculate the haemodynamics of an organic system. 

 

 LDF as a technique, due to the mechanism of its action, is thus able to provide a very 

sensitive method for non-invasive blood perfusion measurement. The lack of dependence on 

radioactive markers, as employed in other techniques, stands as one of the major benefits of LDF 

(Rajan et al. 2009; Riva et al. 2010; Jafarzadeh 2009). Unfortunately, while the technique is being 

slowly adapted to clinical application, the majority of use is found in the academic and research 

sectors. This is primarily due to a number of limitations. The nature of the sensitivity of the technique 

also results in oversensitivity to minute motion and artefacting. This is compounded by a relatively 

short penetration depth and the occurrence of multiple Doppler shifts, leading to increased noise 

signal (Leahy et al. 1999; Rajan et al. 2009). Additionally, LDF uses arbitrary perfusion units rather 

than an absolute measurement (Leitao Ferreira 2007), which clinical practice is often reluctant to 

employ.  

 Despite the drawbacks, advances are constantly being made. LDF has been successfully 

demonstrated in multiple settings such as cancer research (Palmer et al. 2013; Hemingway et al. 

1992; Heier et al. 1991), plastic surgery (Alsbjörn et al. 1984), physiological measurements (Dunaev 

et al. 2014) and even in clinical perfusion monitoring for Raynaudôs syndrome and diabetes (Dremin 

et al. 2016). Further development within the research areas employing LDF, improvement of the 

techniqueôs metrological support and combination with other diagnostic methodologies (for example 

Dunaev et al., 2015) could eventually see LDF effectively employed in a clinical setting. 

 

 



35 

 

3.2 Spectroscopy 

 

 Spectroscopy, in itself, is not a description of a single technique. As a collective term, 

spectroscopy studies the interactions of electromagnetic radiation and matter. At the simplest level, 

spectroscopic techniques rely on the use of electromagnetic radiation to elucidate property data about 

an object of interest through the measurement of absorption, spontaneous emission and/or various 

types of scattering. Due to the multiple potential optical properties, which can be measured through 

spectroscopic means, there is naturally a variety of spectroscopic techniques (Campbell & Dwek 

1984). Each such technique has benefits and drawbacks, ranging from variations in price and ease of 

use, to specifics of application (for example for detection of cancer by a combination of fluorescence 

and diffuse reflectance spectroscopy as described by Zhu et al. (2008)). This section will concentrate 

on fluorescence spectroscopy due to the importance of the technique further in the thesis as well as 

introduce the concept of Raman spectroscopy, a powerful technique that is commonly and effectively 

employed for analysis of organic and biological objects.  

 

3.2.1 Fluorescence spectroscopy 

 

 Chapter 1 of this thesis has already mentioned the concept of fluorescent spectroscopy as a 

tool for observing properties such as autofluorescence. The principle of the technique is relatively 

simple. As mentioned in the first chapter, certain molecules have the capacity to absorb energy from 

specific wavelengths of light. These molecules are labelled fluorophores and autofluorophores (when 

they are endogenous). The absorption of energy is enough to excite fluorophores from their ground 

electronic state (S0) to their singlet excitation state (S1). After excitation, the fluorescent molecule 

undergoes relaxation back to the ground state by either radiatively or non-radiatively releasing 

energy. A non-radiative relaxation is characterised by energy dissipating as heat. Radiative relaxation 

is the principle behind fluorescence. Following a non-radiative relaxation within the excited state, 

the fluorescing molecule transitions down to the ground state with a release of a photon. The 

wavelength of the released photon is always red-shifted in comparison to the excitation wavelength, 

due to the loss of energy occurring as a result of the non-radiative transitions (Ramanujam 2000a; 

Gillenwater et al. 1998). Figure 3.2 presents this example of emission in a simplified Jablonski 

diagram. 
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Figure 3.2 Simple Jablonski diagram presenting an example of fluorescence as 

a result of radiative relaxation. The figure presents UV wavelength excitation 

followed by blue wavelength emission due to the loss of energy during 

transition between vibrational levels (depicted as the dotted line). NADH 

autofluorescence is a real world example of this series of events. 

 

 The above physical properties make it is possible to excite various autofluorophores within 

a biological system to determine their relative quantities by employing a photodetector and capturing 

the emitted, red-shifted wavelengths of light. Chapter 2, table 2.1 provides excitation and emission 

details of the autofluorophores most relevant to biological and clinical applications. It is, however, 

important to also mention the potential of exogenous fluorophores. Particularly in the fields of 

photodynamic therapy, fluorescent molecules (such as 5-aminolevulinic acid and hypericin) can be 

introduced to a biological system based on their preferential uptake by specific, for example 

neoplastic tissues (Wagnieres et al. 1998).  

 While fluorescence spectroscopy is a powerful technique capable of providing a good 

understanding of the relative levels of desired molecules, it does suffer certain limitations. The output 

of fluorescence data is in forms of biomarker levels rather than quantitative concentrations of said 

biomarker. Though an issue, this can be circumvented through the application of biologically relevant 

ratios (such as the redox ratio mentioned in section 2.3.2.1 of this thesis). It is also important to note 

that a certain level of distortion is to be expected in any output signal, due to the inevitable series of 

scattering and absorption events emitted photons will encounter. This effect is compounded in living 

tissues due to the presence of very strong absorbers such as haemoglobin (Sudhakar et al. 1994). 

 Despite the various drawbacks, fluorescence spectroscopy has seen successful application in 

disease diagnostics. Amongst many diseases, cervical and oesophageal dysplasia (Pandey et al. 2012; 

Georgakoudi et al. 2001), atherosclerosis of the aorta and coronary arteries (Marcu et al. 2001; Calfon 
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et al. 2010) and multiple varieties of cancer (Litvinova et al. 2010; Shahzad et al. 2010; Palmer et al. 

2013; Ramanujam 2000b) have all been detected with the aid of the technique.   

 

3.2.2 Raman spectroscopy 

 

 While fluorescence spectroscopy relies on the excitation of specific molecules within a 

system, Raman spectroscopy is a technique that relies on the scattering properties of the objects of 

interest. The technique employs a monochromatic light source to irradiate the object of interest and 

generate scattering events as a result of light interacting with vibrating molecules. As already 

mentioned in section 2.2.3, a small fraction of these scattering events, those undergoing Raman 

scattering, will be inelastic. More specifically, this scattered radiation exhibits a changed frequency 

compared to that of the incident radiation. The detection of these Raman shifted scattering events is 

followed by the construction of Raman spectra (Smith & Dent 2005; Bumbrah & Sharma 2016).  

 Considering that this technique is capable of monitoring unique and specific molecules 

within a system and the last few decades have seen a large technological advancement, Raman 

spectroscopy presents a high potential for clinical applications in diagnostics and monitoring. Though 

much of the drive has been towards detecting cancer, successful implementation of Raman 

spectroscopy has been achieved in many various tissue types, including the oesophagus, the 

gastrointestinal tract, cervix, mouth and many others.  

 

3.3 Tissue reflectance oximetry 

 

 Tissue reflectance oximetry (TRO) is a technique most commonly employed to determine 

the microhaemodynamics, oxygen transport characteristics and utilisation of an organic system in a 

non-invasive manner. The technique employs a spectroscopic approach in order to calculate levels 

of oxygenated and deoxygenated haemoglobin (Figure 3.3). These two haemoglobin fractions exhibit 

unique absorption properties, presenting a possibility of detection by green (530 nm) and red (635 

nm) radiation wavelengths respectively (Murkin & Arango 2009; Scheeren et al. 2012; Ferrari & 

Quaresima 2012). This technique ultimately determines the relative volumes of the above-mentioned 

haemoglobin fractions, as well as the oxygen saturation of the microvasculature, within the 

monitored tissue volume. These parameters provide an average level of blood velocity and a tissue 

oxygen saturation value (Dunaev et al. 2014).   
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Figure 3.3 A rough graph presenting the absorption spectra of oxygenated 

(HbO2) and deoxygenated (Hb) haemoglobin. Red and green arrows indicate 

the specific absorption wavelengths employed to detect the differing 

haemoglobin fractions. 

 

 It is important to note that similarly to the above techniques discussed in this chapter already, 

TRO (and other similar methodologies) is also more commonly employed for the purposes of 

research, though it is finding a place in clinical application. Specifically, this is due to the lack of 

standardised instrumentation and methodological support for the given techniques (Quaresima et al. 

2013). Despite this, as already mentioned for application of LDF, TRO could find a lot of medical 

application in conjunction with other diagnostic methodologies.  

 

3.4 Optical coherence tomography 

 

 Optical coherence tomography (OCT) is a non-invasive, real-time diagnostics technique that 

was first introduced in the 1980s, but found initial application in optometry in the following decade. 

The methodology is based on the use of backscattered reflection signals of near IR radiation within 

the range of 700 ï 1300 nm as a tool for constructing structural images. In this, the technique is 

similar to ultrasound, though with the application of light instead of sound (Zysk et al. 2007; Fercher 

et al. 2010). This approach allows for the construction of two dimensional images at a high resolution 

(around 10 ï 20 µm), though at a relatively shallow depth (around 2 mm) (Liu et al. 2013; Li et al. 

2011). 
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 Though a relatively modern technique, OCT has found extensive application in both 

biomedical research and clinical diagnostics fields. For example, Maeda et al. (2012) describe the 

use of OCT to observe microvascular function in in vivo rodent models of cancer. Clinically, OCT 

has been applied extensively in ophthalmology, cardiology and oncology of different organs 

(including, but not limited to, the mouth and the bladder), as well as other conditions (Zysk et al. 

2007; Schmidbauer et al. 2009; Wilder-Smith et al. 2010) 

 

3.5 Other techniques 

 

 The above techniques, while powerful, are not the limit of currently available approaches. 

One of the major benefits they share is the potential for real-time diagnostics or monitoring of living 

tissues. However, biophotonics techniques exist, which provide a wealth of data from in vitro 

samples and tissue segments. While none of these methodologies are employed in the following 

work, they bear mention due to their impact on diagnostics and data acquisition abilities.  

 Flow cytometry is a technique that relies on passing a constant stream of individual cells 

through a focussed laser beam, with the aim of detecting induced fluorescence and scattering. This 

is commonly achieved by application of specific fluorophore labels using specific antibodies. While 

the method requires samples to be taken and carefully prepared for diagnosis, it does provide a large 

parameter of potential measurements per cell, including size, volume and quantity of RNA/DNA, 

amongst others. Thus, this technique has seen successful application for diagnosis of such conditions 

as cancer (Barlogie et al. 1983; Brownstein et al. 2007). 

 Unlike flow cytometry, confocal laser scanning microscopy (CLSM) is an imaging based 

technique capable of providing high quality, low blur, three dimensional images constructed from 

fluorescence properties of tissues of interest (endogenously or with the aid of specific dyes). This 

technique paved the way for accurately imaging sections of tissue as thick as 50 µm. Ultimately, the 

technique provides a versatile approach where the quality and resolution of the output image can be 

enhanced at the cost of acquisition time. This can result in high quality, detailed images. However, 

the technique is relatively slow, especially when imaging more than one fluorescence channel. It also 

suffers from a narrow field of view and limited penetration depth (Jonkman & Brown 2015; Jerome 

2011).  

 Multi -photon laser scanning microscopy (MLSM) is a technique that works on a similar 

principle to CLSM, but relies specifically on IR excitation. This allows for an improved penetration 

depth and reduced scattering within the sample tissue, providing a better quality output image (Xu et 

al. 1996; Yeh et al. 2002; Rafailov 2014). One of the major advantages of this technique is the ability 

to use non-linear scattering (such as second and third harmonic generation) in order to generate 

contrast (Moreaux et al. 2000; Sun et al. 2000), providing an avenue for imaging active processes in 

various organisms (Aviles-Espinosa et al. 2014; Débarre et al. 2004). Much like the CLSM however, 
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MLSM also suffers from slow acquisition times. This ultimately prevents the technique from 

recording data of samples such as biopsies, which may denature or lose their properties in the time it 

takes to form a complete, high-resolution image. 

 

3.6 Conclusions 

 

 This chapter briefly introduced a number of powerful and commonly employed techniques 

currently available for analysis of organic tissues. While not all are employed within the work 

outlined further in this thesis, the current applications in research and clinical practice, as well as the 

potential future applications of the techniques bears mention.  

 For the purposes of this thesis, the LDF, TRO and fluorescence spectroscopy techniques 

have been explained in more detail as they will be the backbone in much of the work outlined in the 

following chapters. 

  



41 

 

References 
 

Alsbjörn, B., Micheels, J. & Sørensen, B., 1984. Laser Doppler flowmetry measurements of 

superficial dermal, deep dermal and subdermal burns. Scandinavian journal of plastic and 

reconstructive surgery, 18(1), pp.75ï79. 

Aviles-Espinosa, R. et al., 2014. Third-harmonic generation for the study of Caenorhabditis elegans 

embryogenesis. Journal of biomedical optics, 15(August 2010), p.46020. 

Barlogie, B. et al., 1983. Flow cytometry in clinical cancer research. Cancer research, 43(9), 

pp.3982ï97. Available at: http://www.ncbi.nlm.nih.gov/pubmed/6347364. 

Brownstein, M. et al., 2007. Biophotonic tools in cell and tissue diagnostics. Journal of Research of 

the National Institute of Standards and Technology, 112(3), p.139. Available at: 

http://nvlpubs.nist.gov/nistpubs/jres/112/3/V112.N03.A02.pdf. 

Bumbrah, G.S. & Sharma, R.M., 2016. Raman spectroscopy ï Basic principle, instrumentation and 

selected applications for the characterization of drugs of abuse. Egyptian Journal of Forensic 

Sciences, 6(3), pp.209ï215. Available at: 

http://linkinghub.elsevier.com/retrieve/pii/S2090536X15000477. 

Calfon, M.A. et al., 2010. Intravascular near-infrared fluorescence molecular imaging of 

atherosclerosis: toward coronary arterial visualization of biologically high-risk plaques. 

Journal of biomedical optics, 15(1), p.11107. Available at: 

http://biomedicaloptics.spiedigitallibrary.org/article.aspx?articleid=1103245. 

Campbell, I.D. & Dwek, R.A., 1984. Biological spectroscopy, Benjamin/Cummings Pub. Co. 

Available at: https://books.google.co.uk/books?id=JofwAAAAMAAJ. 

Débarre, D. et al., 2004. Velocimetric third-harmonic generation microscopy: micrometer-scale 

quantification of morphogenetic movements in unstained embryos. Optics letters, 29(24), 

pp.2881ï3. Available at: http://www.ncbi.nlm.nih.gov/pubmed/15645811. 

Dremin, V. V et al., 2016. The blood perfusion and NADH / FAD content combined analysis in 

patients with diabetes foot. SPIE proceedings, 9698(0), p.969810. 

Dunaev, A. V et al., 2015. Individual variability analysis of fluorescence parameters measured in 

skin with different levels of nutritive blood flow. Medical engineering & physics, 37(6), 

pp.574ï583. Available at: http://www.ncbi.nlm.nih.gov/pubmed/25922293 [Accessed April 

30, 2015]. 

Dunaev, A. V et al., 2014. Investigating tissue respiration and skin microhaemocirculation under 

adaptive changes and the synchronization of blood flow and oxygen saturation rhythms. 

Physiological Measurement, 35, pp.607ï621. 

Fercher, A.F. et al., 2010. Optical coherence tomography ï development, principles, applications. 

Zeitschrift für Medizinische Physik, 20(4), pp.251ï276. Available at: 

http://www.sciencedirect.com/science/article/pii/S0939388909001524. 

Ferrari, M. & Quaresima, V., 2012. Review: Near infrared brain and muscle oximetry: From the 

discovery to current applications. Journal of Near Infrared Spectroscopy, 20(1), pp.1ï14. 

Georgakoudi, I. et al., 2001. Fluorescence, reflectance, and light-scattering spectroscopy for 

evaluating dysplasia in patients with Barrettôs esophagus. Gastroenterology, 120(7), pp.1620ï

1629. Available at: http://linkinghub.elsevier.com/retrieve/pii/S0016508501013269 [Accessed 

January 8, 2015]. 

Gillenwater, A., Jacob, R. & Richards-Kortum, R., 1998. Fluorescence spectroscopy: A technique 

with potential to improve the early detection of aerodigestive tract neoplasia. Head and Neck, 

20(6), pp.556ï562. 

Heier, M.S. et al., 1991. Raynaudôs phenomenon after combination chemotherapy of testicular 

cancer, measured by laser Doppler flowmetry. A pilot study. British Journal of Cancer, 63(4), 

pp.550ï552. Available at: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1972340/. 

Hemingway, D.M. et al., 1992. Monitoring blood flow to colorectal liver metastases using laser 

Doppler flowmetry: the effect of angiotensin II. British Journal of Cancer, 66(5), pp.958ï960. 

Available at: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1977985/. 

Jafarzadeh, H., 2009. Laser Doppler flowmetry in endodontics: a review. International endodontic 



42 

 

journal, 42(6), pp.476ï90. Available at: http://www.ncbi.nlm.nih.gov/pubmed/19459999. 

Jerome, W.G.J., 2011. The Theory of Fluorescence. In R. L. Price & J. W. Gray, eds. Basic Confocal 

Microscopy. pp. 157ï179. Available at: http://link.springer.com/10.1007/978-0-387-78175-4. 

Jonkman, J. & Brown, C.M., 2015. Any Way You Slice It-A Comparison of Confocal Microscopy 

Techniques. Journal of biomolecular techniques꜡: JBT, 26(2), pp.54ï65. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4365987&tool=pmcentrez&rende

rtype=abstract. 

Leahy, M.J. et al., 1999. Principles and practice of the laser-Doppler perfusion technique. Technology 

and health care꜡: official journal of the European Society for Engineering and Medicine, 7(2ï

3), pp.143ï162. 

Leitao Ferreira, A.I., 2007. Laser Doppler Flowmetry, Coimbra. 

Li, P. et al., 2011. In vivo microstructural and microvascular imaging of the human corneo-scleral 

limbus using optical coherence tomography. Biomedical optics express, 2(11), pp.3109ï18. 

Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3207379&tool=pmcentrez&rende

rtype=abstract. 

Litvinova, K.S. et al., 2010. Chronic Hypoxia as a Factor of Enhanced Autofluorescence of 

Endogenous Porphyrins in Soft Biological Tissues. Methods, 7547, pp.1ï6. 

Liu, G. et al., 2013. In vivo, high-resolution, three-dimensional imaging of port wine stain 

microvasculature in human skin. Lasers in surgery and medicine, 45(10), pp.628ï32. Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/24155140 [Accessed September 5, 2014]. 

Maeda, A. et al., 2012. In vivo optical imaging of tumor and microvascular response to ionizing 

radiation. PloS one, 7(8), p.e42133. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3425534&tool=pmcentrez&rende

rtype=abstract [Accessed September 5, 2014]. 

Marcu, L. et al., 2001. Discrimination of Human Coronary Artery Atherosclerotic Lipid-Rich 

Lesions by Time-Resolved Laser-Induced Fluorescence Spectroscopy. Arteriosclerosis, 

Thrombosis, and Vascular Biology, 21(7), pp.1244ï50. Available at: 

http://atvb.ahajournals.org/cgi/content/abstract/21/7/1244%5Cnhttp://www.ncbi.nlm.nih.gov/

pubmed/11451759. 

Moreaux, L. et al., 2000. Membrane imaging by simultaneous second-harmonic generation and two-

photon microscopy. Optics letters, 25(5), p.320. Available at: 

http://www.opticsinfobase.org/abstract.cfm?&id=366%5Cnhttp://ol.osa.org/abstract.cfm?URI

=ol-25-5-320. 

Murkin, J.M. & Arango, M., 2009. Near-infrared spectroscopy as an index of brain and tissue 

oxygenation. British Journal of Anaesthesia, 103(Supplement 1), pp.i3ïi13. Available at: 

http://bja.oxfordjournals.org/lookup/doi/10.1093/bja/aep299. 

Palmer, S. et al., 2013. Technologic developments in the field of photonics for the detection of 

urinary bladder cancer. Clinical Genitourinary Cancer, 11(4), pp.390ï396. 

Pandey, K. et al., 2012. Fluorescence spectroscopy: a new approach in cervical cancer. Journal of 

obstetrics and gynaecology of India, 62(4), pp.432ï6. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3500953&tool=pmcentrez&rende

rtype=abstract. 

Peng, Q. et al., 2008. Lasers in medicine. Reports on Progress in Physics, 71(5), p.56701. 

Quaresima, V., Ferrari, M. & Fantini, S., 2013. Accuracy of oxygen desaturation of hemoglobin in 

muscle by near-infrared oximeters [corrected. Medicine and science in sports and exercise, 

45(6), p.1217. 

Rafailov, E.U., 2014. The Physics and Engineering of Compact Quantum Dot-based Lasers for 

Biophotonics E. U. Rafailov, ed., Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. 

KGaA. Available at: http://doi.wiley.com/10.1002/9783527665587. 

Rajan, V. et al., 2009. Review of methodological developments in laser Doppler flowmetry. Lasers 

in Medical Science, 24(2), pp.269ï283. 

Ramanujam, N., 2000a. Fluorescence spectroscopy in vivo. Encyclopedia of Analytical Chemistry, 

pp.20ï56. Available at: 

http://onlinelibrary.wiley.com/doi/10.1002/9780470027318.a0102/full. 



43 

 

Ramanujam, N., 2000b. Fluorescence Spectroscopy of Neoplastic and Non-Neoplastic Tissues. 

Neoplasia (New York, N.Y.), 2(1ï2), pp.89ï117. Available at: 

http://dx.doi.org/10.1038/sj.neo.7900077. 

Riva, C.E. et al., 2010. Ocular blood flow assessment using continuous laser Doppler flowmetry. 

Acta Ophthalmologica, 88(6), pp.622ï629. 

Scheeren, T.W.L., Schober, P. & Schwarte, L.A., 2012. Monitoring tissue oxygenation by near 

infrared spectroscopy (NIRS): Background and current applications. In Journal of Clinical 

Monitoring and Computing. Dordrecht: Springer Netherlands, pp. 279ï287. 

Schmidbauer, J. et al., 2009. Fluorescence Cystoscopy with High-Resolution Optical Coherence 

Tomography Imaging as an Adjunct Reduces False-Positive Findings in the Diagnosis of 

Urothelial Carcinoma of the Bladder. European Urology, 56(6), pp.914ï919. 

Shahzad, A. et al., 2010. Diagnostic Application of Fluorescence Spectroscopy in Oncology Field: 

Hopes and Challenges. Applied Spectroscopy Reviews, 45(1), pp.92ï99. Available at: 

http://www.tandfonline.com/doi/abs/10.1080/05704920903435599. 

Smith, W.E. & Dent, G., 2005. Chapter 1 Introduction, Basic Theory and Principles. In Modern 

Raman Spectroscopy - A Practical Approach. John Wiley & Sons, Ltd, pp. 1ï21. Available at: 

http://doi.wiley.com/10.1002/0470011831.ch1. 

Stern, M., 1975. In vivo evaluation of microcirculation by coherent light scattering. Nature, 254, 

pp.56ï58. Available at: 

http://www.nature.com/nature/journal/v254/n5495/abs/254056a0.html. 

Sudhakar, K. et al., 1994. Fluorescent derivatives of human hemoglobin. Differences in interaction 

of the porphyrin with the protein between the alpha and beta subunits. Journal of Biological 

Chemistry, 269(37), pp.23095ï23101. 

Sun, C.-K. et al., 2000. Scanning second-harmonic/third-harmonic generation microscopy of gallium 

nitride. Applied Physics Letters, 77(15), p.2331. Available at: 

http://link.aip.org/link/APPLAB/v77/i15/p2331/s1&Agg=doi. 

Wagnieres, G. a, Star, W.M. & Wilson, B.C., 1998. ln Vivo Fluorescence Spectroscopy and Imaging 

for Oncological Applications. Photochemistry and Photobiology, 68(5), pp.603ï632. 

Wilder-Smith, P. et al., 2010. Optical diagnostics in the oral cavity: an overview. Oral Diseases, 

16(8), pp.717ï728. Available at: http://doi.wiley.com/10.1111/j.1601-0825.2010.01684.x. 

Xu, C. et al., 1996. Multiphoton fluorescence excitation: new spectral windows for biological 

nonlinear microscopy. Proceedings of the National Academy of Sciences of the United States 

of America, 93(20), pp.10763ï8. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=38229&tool=pmcentrez&renderty

pe=abstract. 

Yeh, A.T. et al., 2002. Selective corneal imaging using combined second-harmonic generation and 

two-photon excited fluorescence. Optics Letters, 27(23), pp.2082ï2084. Available at: 

http://ol.osa.org/abstract.cfm?URI=ol-27-23-2082. 

Zhu, C. et al., 2008. Diagnosis of breast cancer using fluorescence and diffuse reflectance 

spectroscopy: a Monte-Carlo-model-based approach. Journal of Biomedical Optics, 13(3), 

p.34015. 

Zysk, A.M. et al., 2007. Optical coherence tomography: a review of clinical development from bench 

to bedside. Journal of Biomedical Optics, 12(5), p.51403. Available at: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&

list_uids=17994864%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/17994864%5Cnhttp://biomed

icaloptics.spiedigitallibrary.org/article.aspx?doi=10.1117/1.2793736. 

 

  



44 

 

Chapter 4 : MLNDS and the LAKK series devices. 
 

 The last chapter summarised a number of currently available, photonics enabled techniques 

for the investigation and imaging of organic tissue parameters. The techniques described are known 

for their effectiveness; however, all field various disadvantages, whether in the form of limited 

information, poor penetration depths and slow acquisition times, amongst others. To this effect, 

diagnostics technology has begun to stream towards the combination of photonics based, non-

invasive technology into units capable of complimentary methodologies capable of enhancing the 

quality of received data while also compensating for each otherôs limitations (Rogatkin et al. 2011; 

Kalchenko et al. 2011). Such devices have collectively been termed multifunctional laser-based non-

invasive diagnostics systems (MLNDS).  

 At the current moment, use of combined techniques is indeed presenting itself to be highly 

effective. Many studies are employing multiple techniques to bolster the usefulness of output data 

(Kalchenko et al. 2011; Patel et al. 2012; Kuznetsov et al. 2011). However, the integration of multiple 

such techniques into single MLNDSô is still relatively uncommon and particularly rare on the market. 

As such, this chapter will concentrate on the LAKK series of commercially available devices created 

by SPE ñLAZMAò Ltd. These devices are a good example of multifunctional diagnostics devices 

employed in a research and diagnostics capacity. Additionally, this series of devices sees extensive 

use within the work described in this thesis.  

 

4.1 The LAKK-M  

 

 The work in this thesis relates to the use of many various forms of photonics based 

techniques. However, one device is used in each investigation presented in the following chapters. 

This device is the LAKK-M, an MLNDS developed by SPE ñLAZMAò Ltd, Russia. Following the 

core idea of MLNDS design, Figure 4.1 shows the schematic structure of the LAKK-M. 
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Figure 4.1 Simplified block schematic of the LAKK-M. The device 

incorporates LDF, TRO, pulse oximetry and fluorescence spectroscopy 

methodologies. The key internal components are presented. 

 

The reason for such extensive use of the LAKK-M lies in the versatility of the methodologies 

combined within the system. It provides access to LDF and TRO for measuring microcirculatory 

parameters such as perfusion and tissue saturation, as well as pulse oximetry (PO) and fluorescence 

spectroscopy (FS).  

 The device itself is capable of employing LDF, TRO and pulse oximetry simultaneously. 

The system is displayed in Figure 4.2 below. 
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Figure 4.2 The LAKK-M device. 1 ï Power switch. 2 ï Switch to set device into LDF and TRO 

recording mode. 3 ï Calibration button for LDF mode. 4 ï Switch to set device into fluorescence 

spectroscopy mode. 5 ï Excitation wavelength selection buttons. 6 ï Filter for fluorescence 

excitation. 7 ï Calibration dock. 8 ï Main fibre with probe. 9 ï Pulse oximeter finger clamp. 10 

ï Externally housed filters. 

  

A B 

Figure 4.3 A) External appearance of the main LAKK-M optical fibre probe housing the multiple radiation 

sources and detector fibres. B) Schematic depiction of the internal arrangement of the multiple radiation 

sources and detection fibres. Sources and detectors are labelled. 

The main fibre (Figure 4.2 ï 8) houses a combination of multiple optical fibres, each employed to 

either deliver or detect light. Figure 4.3 displays a close-up of the probe and the internal arrangement 

of the fibres. 






















































































































































































