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Abstract

For over half a century, laser technology has undergone a technological revolution. These
technologies, particularly semiconductor lasers, are employed in a myriad of fields. Optical medical
diagnostics, one of the emerging areas of laser application, are on the forefront of application around
the world. Optical methods of non- or minimally invasive bio-tissue investigation offer significant
advantages over alternative methods, including rapid real-time measurement, non-invasiveness and
high resolution (guaranteeing the safety of a patient). These advantages demonstrate the growing
success of such techniques.

In this review, we will outline the recent status of laser technology applied in the biomedical field,
focusing on the various available approaches, particularly utilising compact semiconductor lasers. We
will further consider the advancement and integration of several complimentary biophotonic
techniques into single multimodal devices, the potential impact of such devices and their future
applications. Based on our own studies, we will also cover the simultaneous collection of physiological
data with the aid a multifunctional diagnostics system, concentrating on the optimisation of the new
technology towards a clinical application. Such data is invaluable for developing algorithms capable of
delivering consistent, reliable and meaningful diagnostic information, which can ultimately be
employed for the early diagnosis of disease conditions in individuals from around the world.

Keywords: compact laser, non-invasive diagnostics, multifunctional laser diagnostics,
microcirculation, tissue oximetry, autofluorescence



1. Introduction.

Revolution in laser technology, particularly semiconductor lasers, over the past 55 years has led to the
widespread expansion of advanced photonics in many areas of science and technology. Laser diodes
have found many applications in diverse fields: telecommunications, data storing, welding, cutting and
micromachining, etc. During this time, we have also significantly improved our understanding of light
interaction with biomaterials at the molecular level, further expanding our knowledge of bioprocesses
in vivo/in situ. The main targets of modern photonic research in biomedicine can be formulated as the
development of effective and reliable approaches capable of non- and minimally-invasively
discriminating healthy and diseased conditions at their earliest stage, when they can most easily be
treated and cured [1]. These approaches combined with wireless technology will eventually facilitate
personalised medicine.

Currently, the leading causes of death among the worldwide population are cardiovascular diseases
(CVDs) and cancer. The number of heart attack cases, for example, will more than double in the next
15 years. Similar increases have been projected for the number of newly discovered cancer cases[2].
It is well documented that early diagnosis of cancer as well as heart disease is associated with
improved prognosis[3,4]. Meeting all these challenges will require new methods and devices with
which, ideally, diseases can be caught and fought. Newest optical technologies are well suited to fill
this need, based on collecting scattered or fluorescent light from tissue and measuring changes in the
amplitude, wavelength, and polarisation state that result from the onset and progression of disease.

The continuously spreading and improving compact semiconductor laser technology has found many
potentially groundbreaking applications. As such, in this paper we will review the recent status of such
technology applied in biomedicine, particularly in distinguishing pathologies/normality and further
diagnostics. One main application area for these optical techniques are CVD and cancer diagnostics.
When conditions of pathology are present, the absorption, scattering, fluorescence and Raman
scattering properties often undergo significant changes due to alterations in tissue composition and
morphology, blood perfusion and metabolic activity [5]. There are several promising areas of optical
approaches for medical diagnostics being developed around the world — laser coherent and diffusive
wave tomography/imaging, spectroscopy of elastic scattering, fluorescence tissue spectroscopy, laser
Doppler flowmetry, tissue oximetry and a number of other techniques. The first prototype devices are
already marketed for medical application. Optical methods of bio-tissue investigation have significant
advantages like non-invasiveness and high resolution in comparison to conventional methods. Thus,
techniques displaying these advantages have demonstrated huge success within clinical
diagnostics[6]. The full non-invasiveness of the optical scanning techniques include, among other
approaches, well known confocal ophthalmoscopy[7] and optical coherent tomography[8] to
investigate internal tissue microstructure at a spatial resolution of 10-15 um without significant
damage (depth of 2 mm), and Doppler flowmetry for monitoring cardio-vascular physiological rhythms
and blood microcirculation[9]. Tissue oximetry together with laser Doppler flowmetry (including the
cerebral vascular system)[10] work in real time, allowing for the study of physiological rhythms,
dynamic processes in microcirculatory systems and oxygen transport in tissues under various function
stress tests — occlusion, temperature, pharmacological, etc. The unique capability of in vivo
fluorescence spectroscopy to register and analyse many lifelong maintained endogenous fluorescent
substances (autofluorophores) in tissues and organs[11,12] can be seen as a specific niche of the
technique in broader medical application. Much like autofluorescence, Raman spectroscopy[13] also
allows for non-invasive measurement without the need for exogenous labels.

Thus, optical methods of bio-tissue investigation can be used as navigation and guidance towards
diseased areas on a macroscopic level. Photonics based techniques can be used to identify suspected



areas. Microscopic approaches like nonlinear autofluorescence/harmonic imaging and OCT can then
be employed to obtain an optical biopsy in vivo to confirm the disease with high specificity.

In the review, we will also broadly discuss standard detection methodologies reliant on compact laser
sources and their major limitations, before covering photonics based techniques for early tumour
detection and staging, assessing their diagnostic accuracy for flat and precancerous changes[14].

We will consider the advancement and integration of biophotonic technologies in multimodal devices,
towards realising meaningful diagnostic biomarkers relevant to developing integral algorithms
capable of delivering consistent and reliable data with utility in clinical practice for early diagnosis of
disease conditions such as cancers and cardio-vascular diseases.

2. Light propagation in tissue.

The use of lasers in biology and medicine is based on the exploitation of a wide range of phenomena
associated with the various manifestations of biological objects with light interaction. The unique
properties of the laser beam opened opportunities of its application. Figure 1 shows the classification
of the basic principles on laser use in various fields of surgery, therapy and diagnosis, taking into
account the specified process group, there are three types of effects:

1. Photodestructive effect impact, in which the thermal, hydrodynamic and photochemical
effects of light cause tissue destruction. This kind of interaction may be observed in laser surgery.

2. Photophysical and photochemical effects, in which the light absorbed by biological tissues
excites the atoms and molecules, causing photochemical and photophysical reactions. These effects
often find applications as therapeutics.

3. Nonperturbing impact, when biotissue does not change its properties during the interaction
with light. These are effects such as scattering, reflection and penetration. This type is employed for
diagnostics.

Y
N _—Photomechanical interactions ===~ No-damage
w015
R Damage
1012 N . .
.\;\—\Plasma induced ablation
\'\, N
., kY
—~ 10% . \—\\—Photoablation
()] ~
" N . _
é . N /—Photothermal interactions
—y . ~
= 106 N N
= . .
@ ~ .
o ~ ~
5 3 N
s 3 _ . “ )
g 10 NN Photo-chemical and
= N M. 7 -biostimulative interactions
s ~
100 { Diagnostics area N
‘\'\ \\\
1073 T T T T T T
10715 10712 109 106 103 100 103
Exposure time (sec)




Figure 1. Basic principles on laser use. The coloured circles designate
interactions between tissue and light resulting in structural changes. The area
below these circles indicates the optimal area for developing diagnostics
techniques and technologies (adapted from previous light-tissue interaction
schemes [15,16]).

Photobiological effects depend on the parameters of laser radiation: wavelength, beam intensity of
light energy, time of exposure to biological tissue. From the point of view of physical method
application research, the area of low intensity light presents itself as one of greatest interest. Some of
the most sensitive physical methods can be employed with the help of low intensity light, as they do
not require a strong light output and, therefore, due to the homeostasis of living matter, do not
introduce distortion to the measurement results even at a local level[17].

Considering the above, it is important to understand the basis of laser radiation application in
biomedicine. It relies on the fact that all organic macromolecules (proteins, nucleic acids and
polysaccharides), all the basic elements of blood, most lipids and amino acids, nucleotides along with
their precursors and other biochemical components of cells exhibit characteristic spectra of optical
absorption, reflection, scattering and luminescence. These spectra differ for oxidised and reduced
states of molecular components, with the ratio of the various forms and concentrations of these
components within the investigated area determined by the overall functional activity of numerous
cell structures and organelles, including erythrocytes (red blood cells). Considering that biological
tissues are an optically non-uniform absorbing media, spatial morphology (in particular the cell
membranes, epithelial and endothelial cell layers) significantly influences the integral optical
properties. Thus, absorption and scattering are two of the fundamental optical processes that can be
exploited for diagnostic information without modifying or damaging the investigated tissues[18]. It is
well known, however, that the latter processes are not the only potential light-tissue interactions; that
light can interact with biological objects in numerous ways. A portion of the optical radiation is
reflected while others may also be passed through the various layers of biological tissue.

Fundamentally, light-tissue interactions are processes of elastic scattering (single scattering and
diffuse scattering), absorption, fluorescence, and Raman scattering[18,19]. Figure 2 illustrates an
incident ray that is transmitted into the bio-tissue. By measuring Doppler shift, backscattering light,
absorption and autofluorescence signals from a sample, a “biophotonic pattern” of the sample
(tissue/cells) may be inferred, allowing recognition of normal and pathological conditions.
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Figure 2. Schematic of light-tissue interactions.

The nature of optical radiation interaction with biological tissues is also determined by its penetration
power. Various layers of bio-tissue unequally absorb optical radiation of differing wavelength. Here,
we will focus on processes that occur at wavelengths in the 300-1500 nm range, spanning the
ultraviolet (UV), visible and near infrared (NIR) regions of the spectrum (Figure 3). In this range, the
electronic structure of matter is the most relevant, since electrons predominantly interact with these
electromagnetic waves. The light penetration depth increases when moving from UV radiation to the
NIR range from 100 um to few mm, while the picture is made more complicated due to the domination
of water absorption at the mid and far IR ranges[19,20]. The penetration depth of radiation in bio-
tissue, with an intensity sufficient for clinically significant photobiochemical and thermodynamic
effects, depends on the presence and concentration ratio of the three major photochromes (water,
fat, melanin and haemoglobin), the wavelength and the radiation power along with its associated
temporal-spatial characteristics.
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Figure 3. Simplified representation of penetration depth of UV,
visible (green) and NIR radiation into a section of human skin.

It is also important to understand the effects of certain endogenous molecules upon the path of light
through tissue. Oxygenated and deoxygenated haemoglobin[21], beta-carotene[22]and melanin (in
skin)[23,24] act as the principal absorbers of visible light in human tissue. Scattering of visible light in
this medium is largely attributed to collagen fibres and sub-cellular organelles[25]. The presence of
autofluorophores underlies a number of techniques (such as fluorescence spectroscopy) that will be
discussed further in the review. These endogenous molecules, upon excitation by a specific
wavelength, will re-emit the light as fluorescence at a longer wavelength[26].

Thus, with the aid of low intensity laser radiation, easily and cheaply provided by continuously
developing laser diodes and LEDs, it is possible to investigate the processes occurring in living objects
without seriously disturbing their behaviour. It is important to note that successful application of
lasers in medical diagnostics largely depends on the choice of laser source and the means of radiation
delivery to the biological object. All biomedical laser applications require certain parameters to be
fulfilled. These can be, for example, wavelength, output power, beam quality, size and cost-efficiency
of the laser systems. Within the past few decades, a variety of instrumental developments, primarily
new lasers, detectors and methods have expanded the utility of spectroscopy for biomedical
applications. Compact laser sources have proven their superior performance in stable line excitation
over a range of wavelengths in the UV/visible (GaN based LED and laser diodes)[27], Red and Near IR
(GaAs based lasers)[28,29], IR (InP, GaSb and QCL based lasers)[28,30—32] regions.

3. Optical approaches in diagnostics.

The application of optical imaging methods, as opposed to regular biopsies, suggests that tissue is not
removed or modified in any way (for example, for histological analysis). Instead, one or another form
of non- or minimally-invasive optical measurement is carried out on the tissue with the aim of
providing an on-site, real time, in vivo diagnosis.



Non-invasive optical approaches can solve many problems in diagnostics. Biophotonic applications of
systems based on compact semiconductor lasers range from diagnostics and imaging applications such
as optical coherence tomography (OCT)[33], fluorescence lifetime imaging[34], tissue oximetry[35],
diffuse optical imaging[36], THz imaging[37] or laser Doppler imaging[38], to treatments[39,40]. For
example, in dermatology, ophthalmology, gynaecology, gastroenterology and neurosurgery, optical
methods are promising for diagnosis, localisation and treatment of malignant neoplasms,
photodynamic therapy of various diseases, mammography and imaging of the skin and internal
organs[5]. Transscleral photocoagulation of tissues in the eyeball (ciliary body, retina, etc.) is widely
used in ophthalmology for the treatment of glaucoma, retinal detachment and other diseases[41].
Optical methods are used to monitor the functional activity of the brain, heart, vascular system
function, determining the rate of blood flow and lymph flow, blood volume in tissues and its degree
of oxygenation[1]. Modern biophotonic techniques offer many potential technological advances, such
as diagnosis and prevention of diseases; identification of chronic disease risk factors; earliest stage
disease diagnostics; health monitoring.

In vivo confocal and multi-photon microscopy

In vivo confocal laser scanning microscopy (CLSM) resembles histological tissue evaluation, except
that 3D subcellular resolution is achieved noninvasively and with or without external labelling. In
epithelial structures, resolutions of 1 um have been achieved with a 200 — 400 um field of view[42].
While this technology can provide detailed images of tissue architecture and cellular morphology, a
very small field of view and limited penetration depth of 250 — 500 um considerably reduce the clinical
usefulness of this approach[43]. The ability of the photosensitisers to accumulate in cancer cells and
to fluoresce under specific wavelengths can be used to identify and delineate areas of microscopic
changes[44,45].

Multi-photon laser scanning microscopy (MLSM) is one technique, in which the fluorophore
excitation results from visible or longwave infrared range lasers. MLSM resolutions are comparable to
those obtained from a CLSM system. However, due to their reliance on IR excitation, they circumvent
a number of the problems associated with the latter technique. For example, a greater penetration
depth is possible because of the reduced scattering at these wavelengths[46—48]. Furthermore, in
these techniques, the nonlinearly excited fluorescence is confined to a point around the focal volume
(where the intensities are the highest) and simultaneously exhibits intrinsic optical sectioning
capabilities, limiting any possible photo-damage effects, such as photo-bleaching. Thus, two-photon
excited fluorescence (TPEF) with depth penetration up to 1 mm has found multiple uses in tasks such
as the monitoring of membrane potential, selective non-linear electrophysiological process optical
sensing , protein dynamics recording inside living cells, in vivo morphogenesis imaging etc.[49]. Finally,
these techniques can additionally generate contrast through nonlinear scattering processes[50] such
as Second-Harmonic Generation (SHG) and Third-Harmonic Generation (THG). This gives the
possibility of providing label free (minimally invasive) contrast generation. SHG can be observed in
well-defined and highly arranged non-centrosymmetric structures such as collagen, muscle and
microtubules[51] whereas THG is observed when the focused ultra-short beam finds an interface. THG
imaging has been successfully used to image live processes from various model organisms such as
Caenorhabditis elegans (C. elegans), Drosophila melanogaster and Danio rerio, containing different
structures such as lipid droplets, cell boundaries, tissues etc[52-57].

Optical coherent tomography (OCT) - a modern non-invasive, high -resolution (15 pum) method of live
bio-tissue structural imaging at a depth of 1.5-2 mm. The principle basis of the method, analogous to
ultrasound, relies on the use of near IR light in a range of 800 - 1300 nm as the probe radiation[58,59].
Both technologies employ back-scattered signals reflected from different layers within the tissue to
reconstruct structural images, with the latter measuring sound rather than light. The resulting OCT



image is a two-dimensional representation of the optical reflection within a tissue sample. The method
allows for real time tissue imaging. OCT is employed for investigation of thin layers of skin, as well as
mucous membranes of the eyes and dental tissues. It allows the study of blood vessel structure
without removing or excising tissue samples. Thus, OCT has become a well-established tool for
biomedical research and clinical diagnostics[60]. It is further utilised in many other fields of medical
and biological research. For example, it is regularly used for the early detection and treatment
monitoring of retinal pathologies[61]. Another clinical application is examining atherosclerotic plaques
and coronary stents in cardiac blood vessels with endoscopic OCT systems[62]. Numerous studies have
sought to investigate the diagnostic utility of in vivo OCT to detect and diagnose oral pre-malignancy
and malignancy[63,64], bladder cancer[65,66], skin cancers such as BCC etc. [67].

Elastic scattering spectroscopy (ESS) or diffuse reflectance spectroscopy is an in vivo, non-invasive
optical diagnosis technique sensitive to changes in the physical properties of human tissue and thus
able to detect early cancerous and precancerous changes[68,69]. ESS measured in the visible and near
IR ranges of the electromagnetic spectrum is a cheap, fast and simple-to-use tool compared to other
spectroscopic techniques. It is sensitive to the changes in the physical properties of tissue such as
nuclear size, density and changes in the nucleus. Predominately, ESS provides information about the
morphology and absorption of the stroma. A physically based mathematical model to extract the
haemoglobin concentration, oxygen saturation, average diameter, and density of scatters may be
employed to analyse ESS. These physical parameters have been actively used non-invasively and in
real-time to distinguish dysplasia (early cancerous or precancerous state)[70].

Raman scattering provides detailed molecular information about the tissue. Raman spectroscopy
detects photons that have been inelastically scattered. Inelastic scattering means that the frequency
of photons in monochromatic light changes upon interaction with sample molecules. The difference
in energy corresponds to a molecular vibration of a component of the specimen[71]. The observed
change in photon energy (i.e. optical frequency) and wavelength is specific to the molecular vibration
from which the photon was Raman-scattered. Raman shift effect provides information about
vibrational, rotational and other low frequency transitions in molecules. Several studies have
investigated the utility of Raman spectroscopy in diagnosing cancer and CVD diseases[72-74]. For
example, some of these studies have focused on the examination of ex vivo tissues (biopsy studies)
due to the lack of Raman probe availability. After showing the relevance of examining biopsied tissues,
the feasibility of in vivo Raman spectroscopic point measurements of pathological tissues was
displayed by using an early Raman probe, during routine clinical endoscopy[75,76].

Laser Doppler flowmetry (LDF), since its commercialisation in the early 1980s, has provided an ever-
increasing approach to non-invasive measurement of haemodynamics; allowing for measurements to
avoid the use of radioactive markers employed in earlier techniques[38,77,78]. The technique relies
upon the delivery of NIR laser radiation into a segment of tissue being scattered by constituent tissue
molecules. The motion of an erythrocyte within the microcirculatory system imparts a Doppler
frequency shift on the photons being scattered. As a result, a range of Doppler shifts is obtained due
to the orientation of microvessels in living tissue and the continuous stream of erythrocytes. A
photodetector ultimately registers the scattered radiation. This allows for a continuous measurement
of tissue perfusion based on the Doppler shifted and non-shifted photons registered by the
photodetector. Due to these principles, LDF suffers from oversensitivity to motion and a reliance on
arbitrary “perfusion units”, limiting clinical use. However, especially in conjunction with other
techniques such as tissue oximetry, LDF has been successfully employed for physiological
research[79,80], cancer research[81-83], plastic surgery[84], clinical perfusion monitoring in
Raynaud’s syndrome and diabetes and many other tissue and organ investigations[85].

Tissue oximetry (TO) is a technique employed for the non-invasive in vivo monitoring of system
microhaemodynamics[86]. It is capable of determining the oxygen transport and utilisation in a tissue.



The underlying principle relies on the comparison of different values of haemoglobin fractions within
the measured tissue’s microvascular blood volume [87,88]. Using spectrophotometric analysis, this
technique measures microvascular systems containing varying levels of both oxygenated and
deoxygenated haemoglobin[79], each of which has unique absorption characteristics detected by
green (530 nm) and red (635 nm) wavelength ranges respectively. While still not clinically widespread,
this technique is commonly found in research environments. Furthermore, as stated above, in
conjunction with LDF and other optical methodologies, tissue oximetry is a powerful tool capable of
providing non-invasive measurements of parameters such as oxygen consumption within a living
tissue[79].

Fluorescence spectroscopy (FS) can be used to observe biochemical properties. It relies upon light of
a specific wavelength being delivered to tissue. When this light is absorbed, it may excite endogenous
molecules known as fluorophores, which then re-emit the light as fluorescence at a longer
wavelength[26]. The re-emitted light that returns to the tissue surface is detected and sent to a
spectrometer or spectrograph to produce a wavelength-resolved fluorescence spectrum[89]. The re-
emitted fluorescence can also be time-resolved, or measured as a combination of wavelength- and
time-resolved data[90]. Fluorescence photons are, however, known to be scattered and absorbed
during their path to the tissue surface where they are collected via the optical fibre probe. Therefore,
the spectral features of the collected fluorescence can be significantly distorted, making the extraction
of tissue biochemical composition from the measured signal difficult. This is a particular problem in
the presence of strong tissue absorbers such as haemoglobin[91,92].

Fluorescence measurements provide information about the relative contents of endogenous tissue
fluorophores such as collagen, keratin, elastin, carotene and lipopigments, porphyrins, NADH and
FAD[93,94] (Figure 4). Despite its limitations, it has been applied to detect atherosclerosis of the aorta
and coronary arteries[95,96], cervical dysplasia[97], adenomatous colon polyps[98], dysplasia in the
oesophagus[99], oral cavity dysplasia and multiple forms of cancer (e.g. urinary bladder, breast, lung
etc.)[81,93,100,101]. The urinary bladder cancer cells were detected using redox ratio and double
excitation wavelengths of autofluorescence (AF)[45]. One of the greatest advantages of this
methodology for AF analysis of cells is in the high throughput of cells, thereby enabling the generation
of redox overviews and the direct comparison of different populations of cells. We demonstrated
obvious differences in the redox overviews of cancerous and healthy cells, thereby suggesting that
diagnostic thresholding based on this data is possible[102].
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Figure 4. Example of skin fluorescence spectra resulting from 365, 450,
532 and 635 nm wavelength excitation. Major autofluorophores are
labelled above their respective spectra[103,104].

4. Multifunctional laser diagnostic system for non-invasive medical laser Doppler flowmetry

and spectroscopy.
While the above-mentioned non-invasive techniques provide detailed structural and biochemical
information, they generally offer less quantitative information related to the clinical diagnostics[105—
107]. Individually, in some cases, methods have been limited by the lack of efficiency[108]. For
example, recorded fluorescence methods strongly depend on the absorption (haemoglobin,
oxyhaemoglobin, melanin etc.) and scattering (microstructure properties of biological tissues’ depth
and surface, level of blood supply, water content) parameters[24,94,106,109—-113]. The capacity for
diagnoses may be significantly improved by combining different methods and techniques. The advent
of easily accessible, compact semiconductor based lasers[48] makes the combination of such methods

and techniques, previously large and expensive, possible.

Based on this information, we will focus on new techniques, which have been developed to combine
various spectroscopic modalities to distinguish grades of pathological tissue by simultaneously
determining biochemical, structural, and morphological information. The question remains, however,
which optical method to use? It is already common in medical and surgical practice to use commercial
devices for optical pulse oximetry and LDF or laser Doppler (LD) perfusion monitoring[114] as well as
fluorescence diagnostics[115], optical coherence and diffusion tomography[6,116], bio-tissue fat
detection, blood glucose, haemoglobin and oxyhaemoglobin analysis[117]. Furthermore, devices
combining two or more such techniques are also becoming available for use [118]. These
combinations allow therapists and clinicians to not only receive the arithmetic sum of the diagnostic
information that could be collected by each individual method, but also to conduct multifunctional
patient examination measurements to identify subtle individual characteristics of blood flow and



tissue metabolism using simultaneous and comprehensive data from different diagnostic
techniques[108,119].

Radiation sources

Diagnostic instrument

|
I Computer I
| I
I — Digital Data :
I Irradiation transport system
I Photodetectors I
I Electronics -| I -
Block
I Spectrometer J |
I I
| I
| |
| I
I

Optical lighting system
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invasive diagnostics unit LAZMA (LAZMA SPE). This device combines
the LDF, tissue oximetry, pulse oximetry and FS techniques. Key
components to device function are labelled.

The dynamic development of optical spectroscopic methods used in clinical practise gave birth to
multifunctional laser non-invasive diagnostic systems (MLNDS). One such multifunctional device is the
LAKK-M (Figure 5)[120]. It allow the study of a number of microcirculatory parameters, including blood
microcirculatory index (I) (by LDF) and oxygen saturation (StO;) of skin tissue (by tissue reflectance
oximetry, TO). Over the course of a few years, preliminary in vivo studies by Dunaev et al[79] show
the results of using the combined techniques of the LAKK-M[121]. The device apparatus includes a
fibre-optic system to allow analysis at selected points on the body. Large LDF and TO data arrays
underwent wavelet analysis to highlighted regulatory rhythms in the vascular system. The ability to
study synchronisation of microvascular blood flow and oxygen saturation rhythms under normal and
adaptive change conditions using this device was presented.

Research results demonstrated the emergence of resonance and synchronisation of microvascular
blood flow and oxygen saturation rhythms as an adaptive change in myogenic oscillation (vasomotion)
resulting from exercise and potentially from psychoemotional stress (Figure 6). Synchronisation of
myogenic rhythms during adaptive changes suggests increased oxygen consumption resulting from
increased microvascular blood flow velocity.
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microvascular blood flow and oxygen saturation resonance and
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(vasomotion) during adaptive changes.

Dunaev et al. also aimed to assess individual variability of endogenous marker (NADH, FAD, etc.)
fluorescence parameters measured in situ by FS and to analyse the factors that lead to a significant
scatter of results[79]. Both LDF and TRO data was collected, followed by detection of the fluorescence
spectra all at the same volume sampling point (Using the 365 and 450 nm wavelengths as depicted in
Figure 4). Evidence that the level of blood volume in tissue affects the FS data with a significant inverse
co-relation was provided. The fluorescent redox ratio (FRR), defined as the ratio of the fluorescence
intensity of NADH to FAD [85,122-125], was further calculated.

To expand the methodological and metrological background of multifunctional diagnostics devices,
further studies were also conducted. The effects of various physiological (skin melanin content) and
technical (optical filter characteristics) factors on the measurement results were observed. It was
proved, that the intensity of the backscattered radiation is highly dependent on the blood supply to
the skin, which is likely to change during pathological processes in tissues, and thus provide additional
diagnostic information. The effect of the skin melanin on the measured parameters in areas with and
without arteriovenous anastomoses was recorded on volunteers of different ethnic skin types
including Caucasian, Indian, Middle Eastern and African (with a range of melanin content
approximately from 1.3% to 43%). The oxygen transport in microvasculature was calculated for each



volunteer. The respiration in tissue was estimated by the Oxygen Metabolism Efficiency (OME)
complex parameter

Sa02
Sto,

OME = M - - FRR, (1)

Where M is the average of perfusion units (Im) and FRR the fluorescence redox ratio. The index of
tissue oxygen consumption rate, a parameter that characterises the specific oxygen consumption per
unit of blood volume in the tissue region under the optic probe as defined by Krupatkin & Sidorov([9]
is also present, signified by the ratio of arterial to total saturation[126,127].

The presented results show a near 100% absorption of the visible spectrum in the pigmented skin area
compared to the informative fluorescence spectra obtained in the un-pigmented zone. Nevertheless,
a weakly informative fluorescence spectrum was obtained in the pigmented zone using the red
excitation laser as a result of the weaker melanin absorption in this region. It was concluded that
dermal spectroscopy can be potentially useful in the assessment of differences in melanin content of
skin pigmentation changes in vivo and furthermore, that such data can potentially be of utility in
calculating, using appropriate algorithms, the corrected relative amplitude of fluorescent signals.

Thus, using MLNDS such as the LAKK-M, allows for the calculation of a multi-parametric indicator of
tissue oxygen consumption OME. This is potentially a more informative complex parameter for in vivo
laser based tissue investigation than the primary parameters of blood microcirculatory condition. I,
Vr, Sa0,, and StO, are much more variable and demonstrate individual/specific physiological condition
of the tissue at a particular time moment.

The results also indicate a defined relationship between NADH and FAD, suggesting its use as a
potentially very stable baseline parameter in the calculation of complex parameters. The complex
approach to this allows physicians to receive complementary data about micro-haemodynamics,
oxygen consumption and condition of metabolic processes for their interpretation and decision
making concerning disease diagnosis. It is important to note that patient data from different sex, age
and health conditions is required to establish and validate a baseline OME.

Despite the plethora of diagnostics devices available commercially, developed for tissue research and
diagnostics, there is no developed and standardised methodology to monitor the real time conditions
of living organisms. To expand and strengthen the monitoring capacity of multifunctional devices, we
used the LAKK-M, to non-invasively assess animal conditions during experiments and treatment. It
was noted that cholesterol feeding induced CVD by cardiac hypertrophy in wild-type mice[128]. The
LAKK-M was chosen to carry out non-invasive analysis of skin autofluorescence biomarkers relevant
to cardiovascular disease in mice. Mice on regular and high cholesterol diets were observed. The
LAKK-M optical probe was used to make simultaneous measurements of collagen, elastin, NADH,
pyridoxine, flavins, lipofuscin and B-carotene on the test animals. A reduction was observed in
pyridoxine, NADH, flavins, lipofuscin and PB-carotene, which are established risk factors for
cardiovascular disease. Based on the above results, we presented a novel optical technique for the
non-invasive assessment of preeclampsia in an in vivo mouse model relevant to oxidative stress by
means of the LAKK-M. These experimental studies evaluated the tissue blood perfusion and oximetry
methods, as well as the content of coenzymes NADH and FAD in order to determine the monitoring
capacity on live animals[129]. Preliminary experiments were conducted on mice with adenoviral
mediated overexpression of sFlt-1 (Ad-sFlt-1) to mimic preeclampsia-like symptoms [130]. By
measuring a number of key physiological characteristics (Im, SO, NADH and FAD fluorescence) and
subsequently calculating further parameters (including the previously described OME),



microcirculatory and metabolic changes were observed after Ad-sFlt-1 treatment of animals, as well
as between virus treated and CMV control animals. Moreover, this study proved that LAKK-M
monitoring is effective on anaesthetised and un-anaesthetised animals, providing flexibility in terms
of future application.

In terms of clinical application, the first blood perfusion and NADH/FAD content combined analysis
results have been obtained in patients with diabetic foot[85]. Skin blood microcirculation and the
metabolism activity of tissue were examined on the patients with type 2 diabetes. A two-stage
experiment was completed on a type 2 diabetic patient population and matched controls. A number
of tests, including cold and hot functional tests, were employed. . The high sensitivity at detecting
irregularities in the haemodynamic and metabolic processes of the biological tissue in type 2 diabetes
was shown using modifications of the specific features of FS and LDF perfusion monitoring. Studies of
the patients’ endocrinological profile noted that this proposed original method could be used to
diagnose disorders of the microvasculature and metabolism in the lower limbs of patients at the early
stages of the disease.

In recent years, FS induced by laser excitation has been used in the study of a wide range of
diseases[12,45,100,131,132]. Development of cancer involves a series of changes, some of which can
be probed by FS[93]. Consistent fluorescence differences have been detected between normal, pre-
cancerous and cancerous spectra[26,93,133]. However, as tissue is a complex medium and
fluorophores are known to interact with one another, diagnostic information from individual
fluorophores can often be lost[1,6]. As mentions earlier, tissue refraction, scattering parameters
(internal and surface microstructural properties of biological tissue, level of blood supply, water
content) and absorption (hemoglobin, oxyhemoglobin etc.) may significantly affect tissue
fluorescence[134]. These are important quantities necessary to describe the transport and intensity
of light through tissue. As an aid to photonics based diagnostics, we designed and developed a
computational 3D urinary bladder model to allow for the study of light propagation by a wide range
of wavelengths through bio-tissue[135]. Pig bladder tissues were subjected to optical analysis by the
FS of the LAKK-M device. For the construction of the 3D model, experimentally obtained transmission
and diffuse reflectance values were utilised to calculate transport coefficients of tissue. Absorption
and scattering coefficient spectra were constructed using the inverse adding-doubling method based
modelling[136] (Figure 7). It should be noted that while this particular model was based on an excised
organ, standard values from literature were used to account for the water content and blood flow
within the measured tissue segments. This provision allows for the model to fully exploit the
functionality of multifunctional devices in determining optical and microvascular properties, if used in
conjunction on living organic tissue.
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Figure 7. (a) Side and 3D view of the model, displaying simulated UV
light within tissue. (b) Side and 3D view of model displaying simulated
Blue light within tissue. The source, detector and the tissue layers are
labelled. The passage of individual photons through the tissue is
indicated by the lines.

Based on our results, we can therefore conclude that the modelling allows for the collection of data
on the absorption of the fluorescence radiation. Considering these data, it is possible to analyse real-
time fluorescence spectra for the accumulation of different fluorophores. Fluorescence changes of
biochemicals such as NADH and collagen will provide details about urinary bladder tissue
biochemistry[137—139]. Additionally, based on the developed optical model and further computer
simulations, the general distribution of light within tissue can be predicted. This can be invaluable in
a variety of non-invasive optical investigation methods, and their subsequent early validation.
Ultimately this can lead to potential new avenues for diagnostics. Furthermore, modelling can provide
a standardised reference point tailored to each individual undergoing photonics based diagnosis. In
combination with such diagnostics, earlier detection of diseases such as cancer may become possible.
Integration of such software based analysis with the previously described multifunctional monitoring
and diagnostics presents itself as the next step in photonics based diagnostics.

Here, we have tried to reveal the potential of MLNDS at providing clinicians with useful, easily
understandable information on the condition of patients. Specifically, the ability to simultaneously
record and combine a wealth of information, rather than carry out many individual analysis using
different spectroscopic tools and technologies. While real time human measurements will always vary
from tissue to tissue, organ to organ or person to person, such multifunctional analyses allow for the
minimisation of errors that stem from individual use of the described methods. A more accurate
picture can be painted using the combination of methods and analytical techniques as described
above.



5. Future perspectives of multi-functional laser diagnostics.

In the next few years, non-invasive technology will have revolutionised medicine. The future prospects
for MLNDS are the development of high performance compact laser sources that, at a low cost, will
individually or in hybrid format, cover virtually any spectral band required for laser diagnostics.

In the future, diagnostics will migrate from the clinic to the home and workplace where advanced
technical solutions integrating multiple scientific advances will provide early warning of disease risk
and onset. It is easy to imagine major global diseases such as CVD, cancer and type 2 diabetes being
detected and diagnosed much earlier, more conveniently and at a lower cost than is possible today.
Modern photonics based systems can be minimised down to watch size and can monitor human health
condition, while wirelessly sending this information to your PC and practitioner. Thus, wearable
devices and ever-improving smartphones can serve as the hub for new diagnostic and treatment
technologies. Therefore, anyone, anywhere (working or gym), at any time (during exercise or sleep)
can obtain the necessary information about their condition.

With the possibilities for miniaturisation of technology available today and in the future, the possibility
of the Star Trek Tricorder as used by Dr McCoy to quickly scan and diagnose patients becomes a serious
prospect (©Paramount Home Entertainment). Going one step further, the capacity for therapy within
the same small device is also within our reach.
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