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ABSTRACT

Methods for in vivo estimation and mapping of skin parameters have been developed
and validated experimentally and clinically. In the visible spectral range (400-700 nm), new
approaches for estimation and mapping of skin bilirubin and hemoglobin content and
distribution changes over time in bruises by hyperspectral imaging and RGB imaging have
been experimentally validated. A new approach for erythema index estimation by RGB
imaging has been proposed and clinically validated; 500 measurements on 50 rosacea patients
were analyzed and compared with clinician’s visual assessment, as well as with a commonly
used point-measurement device.

In the near-infrared spectral range (900-1700 nm), a method for in vivo
determination of skin hydration changes over time after application of a moisturizing cream
by reflectance spectroscopy has been developed and experimentally validated. Near-infrared
imaging has been applied to distinguish skin regions with increased moisture. Additionally, a
new method for follow-up of cream penetration in skin by laser-induced autofluorescence
measurements has been proposed and experimentally tested.

The main results have been presented at 18 international conferences and 7 papers
cited in the Scopus database.

Keywords: hyperspectral imaging, RGB imaging, skin chromophore mapping,
erythema index, near-infrared spectroscopy, near-infrared imaging, bilirubin, hemoglobin,

water.



ANOTACIJA

Darba izstradatas un eksperimentali/kliniski aprobétas metodes in vivo adas
parametru novértéSanai un kartéSanai. Redzamas gaismas spektra diapazona (400—700 nm)
eksperimentali aprobé&tas jaunas metodes adas bilirubina un hemoglobina noteikSanai un
kartéSanai, ka ar noteikts $o vielu sadalijums adas hematomas, pielietojot hiperspektralas un
RGB attéloSanas metodes. Izstradata un kliniski aprob&ta jauna metode eritémas indeksa
izvertesanai, pielietojot RGB att€losanas metodi. 50 rozacijas pacientiem tika veikti 500
merfjumi, Un iegltie rezultati analizéti un salidzinati ar sertificéta dermatologa vizualo
izvertejumu, ka ar1 ar komercialu punkta mérijjumu ierici.

Pielietojot atstarotas gaismas Spektroskopiju tuvaja infrasarkana spektra diapazona
(900-1700 nm), izstradata un eksperimentali aprob&ta metode in vivo adas mitruma izmainu
izverteSanai dinamika p&c mitrinosu krému lietoSanas. Tuva infrasarkana spektra att€loSanas
metode tika pielietota, lai izSkirtu adas regionus ar paaugstinatu mitrumu. Pielietojot lazera
ierosinatas adas autofluorescences metodi, tika izstradata un eksperimentali noveértéta jauna
metode, lai izvertétu krému iespieSanos ada.

Darba rezultati prezent&ti 18 starptautiskas konferenc€s un 7 zinatniskas publikacijas,

kas citétas Scopus datubaze.

Atslegvardi: hiperspektralas atteloSanas metode, RGB attéloSanas metode, adas
hromoforu karteéSana, erit€tmas indekss, tuva infrasarkana diapazona spektroskopija, tuva

infrasarkana diapazona attéloSana, bilirubins, hemoglobins, tidens.
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INTRODUCTION

Skin tissue optics is an interdisciplinary field that combines knowledge and
understanding of Physics, Engineering, Physiology, Data Science and other fields. For many
decades researchers have been trying to understand the manner in which light interacts with
tissue, what information can be obtained from this interaction, as well as how light can be
used as a treatment therapy for different skin disorders.

Visual assessment of human skin has been used in medicine for many centuries.
General condition and appearance of skin is often the first sign of serious health problems. A
clinician’s visual assessment is usually an observation of skin color, also its roughness and
other parameters. Optical methods offer a non-subjective assessment compared to visual
assessment by a clinician. With spectroscopic tools now available, it is possible to assess skin
condition by quantitative measures, access information from deeper layers of skin not visible
to the naked eye, and distinguish between small changes of skin color that are not
distinguishable to the unaided eye.

Optical methods offer tools for non-invasive assessment of skin condition for
different applications such as diagnostics (neonatal jaundice, rosacea severity), forensic
medicine (age of a bruise) and the cosmetics industry (how well cosmetic lotions absorb in
skin). That optical methods are so widely used is due to their being noninvasive when using
visible and near-infrared light sources. Despite many advantages, these potentially perspective
methods are not that widely studied, especially those related to skin bilirubin and water.
Although there are patents and scientific publications available, there are still quite a lot of
unknowns and problems to be solved for those optical methods to become real and reliable
applications.

In this doctoral thesis, methods for diffuse reflectance imaging of skin in the visible
and near-infrared spectral ranges covering the wavelengths 400-1700 nm are developed and
experimentally and clinically tested. In the visible spectral range (400-760 nm), water
absorption in upper layers of skin is low compared to other chromophores that are present and
that affect the color of skin: hemoglobin, melanin and bilirubin. In the near-infrared spectral
range (760-1700 nm) water is the main absorbing matter that greatly affects the diffuse
reflectance spectra of skin. This spectral range has a potential for non-invasive determination
of skin hydration. However, there is no commonly used methodology or complete

understanding as to how to do it properly.



This doctoral thesis covers several different studies carried out to fulfil the aim of

this thesis: development and experimental validation of optical methods for noninvasive

estimation and monitoring of skin parameters in an extended spectral range of 400-1700 nm.
Tasks of this thesis:

Development and experimental/clinical validation of methodologies for:

1.

o~ N

Estimation of skin bilirubin and hemoglobin relative concentration and
distribution changes in bruises by hyperspectral imaging and RGB imaging;
Estimation of skin hydration by near-infrared reflectance spectroscopy;

Water distribution mapping in skin by near-infrared imaging;

Assessment of facial skin erythema by RGB imaging;

Laser-induced autofluorescence technique for follow-up of cream penetration

in skin.

Three main methods used for experimental and clinical measurements:

Reflectance spectroscopy — acquisition of single-spot reflectance spectrum of

skin by a spectrometer (visible and near-infrared or near-infrared only);

Spectral imaging - acquisition of images at different spectral bands

(hyperspectral imaging) or red, green and blue spectral bands (RGB imaging);

Autofluorescence  spectroscopy — acquisition of  single-spot  skin

autofluorescence spectrum after illumination with a laser.

This thesis is structured in the following way: Chapter 1 gives a summary of skin

tissue optics, including fundamental properties of light, skin chromophores, optical properties

of skin, model used for light interaction with tissue and optical methods used for obtaining

information about skin; Chapters 2 to 4 consist of literature overview, experimental results

and main conclusions on the three main topics of this thesis:

1.

2.

Estimation of skin bilirubin and hemoglobin relative concentration and
distribution changes in bruises over time by hyperspectral and RGB imaging,
including the development of skin bilirubin and hemoglobin phantoms, as well
as a short study on other skin lesions [Chapter 2];

Assessment of facial skin erythema (the redness of skin) by analyzing
hemoglobin and melanin absorption parameters in skin by RGB imaging
[Chapter 3];

Estimation of skin hydration (relative water content in skin) by near-infrared
reflectance spectroscopy and imaging, as well as the development of a proof-of
concept technique for follow-up of cream penetration in skin by laser-induced

autofluorescence technique [Chapter 4];



The work summarized in this thesis was primarily done during years 2012 to 2015 at
the Biophotonics Laboratory, Institute of Atomic Physics and Spectroscopy. Some previous
studies done during Bachelor (2008 to 2010) and Master (2010 to 2012) studies have been
included as well.

This work has mainly been financially supported by the following projects:

e FEuropean Social Fund project “Innovative technologies for acquisition and
processing of biomedical images” (2013 to 2015).

e FEuropean Regional Development Fund project “New optical technologies for
complex non-contact skin diagnostics” (2012 to 2013);

The author of this thesis received the following grants and scholarships that allowed
participating at international conferences: SPIE Officer Travel grant (participation at “Optics
& Photonics” in San Diego, USA, August 2012); SPIE Student Author Travel grant
(participation at “Photonics West” in San Francisco, USA, February 2013); OSA Foundation
Student Travel grant (participation at “Biomedical Optics” in Miami, USA, April 2014); SPIE
Student Author Travel grant (participation at “Photonics West” in San Francisco, USA,
February 2015) and OSA Foundation Student Travel grant (participation at “Frontiers in
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opportunity to participate in the following summer schools: Biophotonics Summer school in
Shannon, Ireland (summer of 2010), and Summer school of Physics in Ljubljana, Slovenia
(summer of 2011).

The doctoral thesis consists of 157 pages, an introduction, 4 chapters, a summary, 8
appendices, 61 figures and 107 cited references.
A summary of this doctoral thesis is available in Latvian and English.
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CHAPTER 1

SKIN TISSUE OPTICS

In this chapter, fundamental properties of skin anatomy/physiology and light
interaction with skin tissues are described. They are crucial for understanding skin tissue

optics and for being able to use spectroscopic and imaging tools for medical applications.
1.1 LIGHT INTERACTION WITH TISSUES

Light is the visible part of electromagnetic spectrum in the wavelength range of
approximately 400-760 nm. There is ultraviolet spectrum to the shorter wavelengths
(10400 nm) and infrared spectrum to the longer wavelengths (700 nm — 1 mm) that is
divided in three main ranges: near-infrared (700 nm — 2,5 um), mid-wavelength infrared
(2,5-25 pm), and far-infrared (25 um — 1 mm) [1].

Classical electromagnetism considers light as waves — propagating oscillations of
electric and magnetic fields. Light can be emitted and absorbed in little bursts called photons.
In macroscopic world, beams of light have so many photons that light can be considered as a
ray of particles that reflects, refracts and disperses [2, 3].

In tissue optics, light geometrical and quantum properties are both of importance.
When light comes in contact with tissue surface, some part is reflected off the surface (around
4-7% in the spectral range 250-3000 nm) [4]. Some part continues its way inside the tissue
where it can be reflected, refracted, transmitted, scattered or absorbed, and by multiple
processes some part of it can reach and cross the surface of the tissue again (Fig. 1).

Human tissues are optically inhomogeneous media with a refractive index higher
than the refractive index of air which is the reason of the partial reflection at the tissue-air
interface. In the ultraviolet (<400 nm) and infrared (>2 pum) spectral ranges light is easily
absorbed, scattering is low and radiation doesn’t penetrate deep in the tissue. In the visible
and near-infrared spectral ranges scattering can be much higher than absorption, allowing

radiation to penetrate deeper (a couple of hundred micrometers at 450 nm and up to
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3 millimeters at 1700 nm, depending on type of tissue). However, due to high water

absorption in skin, near-infrared radiation typically cannot penetrate more than 1 mm [5, 6].

SPECULAR REFLECTANCE

INITIAL LIGHT DIFFUSE REFLECTANCE

EPIDERMIS
DERMIS
ABSORPTION
SUBCUTANEOUS SCATTERING

FAT

Fig. 1. A schematic of light interaction with tissue [7].

Scattering occurs due to change in refractive index. The dominant scattering in
human tissue is Mie scattering which describes scattering from particles with size similar or
larger to the wavelength of light that reaches them and which is forward directed. Skin
chromophore molecules (hemoglobin, bilirubin, melanin, water), around the size of a couple
of nanometers, as well as mitochondria and other sub-cellular biological structures are
Rayleigh scatterers [5, 7].

When light gets scattered, it changes its direction by an angle 8 and travels a distance
between two scattering events that is called the scattering mean free path x, = 1/ug, where
Us = ps * s [cm™1] is the scattering coefficient which describes a medium that contains many
scattering particles with an effective cross-sectional area o, [cm?] at a concentration
expressed as volume density p, [cm?3]. Light in human tissue can get scattered multiple times,
thus an anisotropy factor g is introduced as g = 1 / cos@ , where cos8 is the mean cosine of
the scattering angles [8, 9]. Typical anisotropy factor values in the visible spectral range in
human skin are: g = 0,75 in subcutaneous fat layer of skin, g = 0,86 in stratum corneum,

g = 0,90 in the upper layers of dermis and g = 0,95 in the lower layers of dermis where the
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blood net is located [8, 10]. Scattering in human tissue is mostly caused by cells and their
structures, lipids, water and collagen.

Absorption can occur when the energy of a photon matches the energy difference
between two energy levels of a molecule. The reason why we see colors is due to selective
absorption, meaning that a medium (consisting of molecules) absorbs some visible light
wavelengths more than others. In the near-infrared spectral range vibrational transitions affect
which wavelengths are absorbed more than others. Absorption can be expressed by absorption
coefficient p, = p, - 04 [cm™1], where p, [cm™3] is a volume density or concentration of
many chromophores and g, [cm?] is the effective cross-sectional area [5, 7, 11].

Due to absorption of different chromophores, light intensity is attenuated when
traveling in the tissue. Theoretical description of this process can be very complex; however,
simplified models can be applied. One of the most commonly used is Beer-Lambert-
Bouguer’s law that states that the initial light intensity I, decreases exponentially after

traveling a distance [ through a medium of concentration ¢ and molar extinction coefficient
&

I = Ije el 1)
Molar extinction coefficient €, is a measure of how strongly a medium attenuates light, and it

2
is wavelength dependent. The SI unit of ¢, is [%] but a commonly used unit is [ cm™! -

-1
(mTOL) ] [13]. Then concentration has to be expressed in units [mTOZ ], and the expression

&, + ¢ has the unit [ cm™1 ] which essentially describes the absorption coefficient u, and Beer-

Lambert-Bouguer’s law can be also expressed as:
I = e Hal )

Optical density (OD) describing absorption can be introduced by modifying the Beer-

Lambert-Bouguer’s law:
1
0D=ln70=sl-c-l=ua-l 3)

If there is more than one chromophore present, the total absorption can be expressed as

superposition of absorption of all chromophores:

Iy
ODotar = l"? = Z g ¢l (4)

i
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1.2 OPTICAL METHODS AND INSTRUMENTS

1.2.1  Reflectance spectroscopy

Reflectance spectroscopy is a simple tool for analyzing the reflected (or absorbed)
optical radiation from a sample. The key elements of a reflectance spectroscopy setup are a
spectrometer, a light source and optical fiber probes. It is important to select a light source
that covers the whole spectrum of interest and is bright enough to suppress the background
noise [14].

The basic working principle of a spectrometer is as follows: incoming light is
directed towards a diffraction grating and essentially to a single photodetector that converts
the signal to light intensity value. By rotating the grating, light intensity is obtained as a
function of wavelength. Nowadays, mostly fixed-grating spectrometers are used. Instead of a
single photodetector, charged coupled device (CCD) [15] and linear detector arrays are used.
Each pixel across the CCD represents a portion of the spectrum, thus simultaneously allowing
to obtain the whole spectrum.

An important characterization of a spectrometer is the material used for detection of
incoming optical radiation as it determines the spectral range in which the spectrometer
operates. The upper wavelength limit that can be detected by the spectrometer can be

calculated by the following expression: 4,4 = Eﬂ where h is Plank’s constant and c is the
gap

speed of light. E,,, is the bandgap energy between the valence band and the conduction band,
equivalent to the energy (expressed in electron volts) required for an outer shell electron to
become a mobile charge carrier and to be able to move freely within the material [16].

For visible and near-infrared spectral ranges (400-1100 nm) silicon-based
photodetector arrays are the most commonly used as the bandgap energy of silicon is 1,11 eV
and thus the upper wavelength limit 4,4, ; = 1117,11 nm [17].

For near-infrared spectral range (900-1700 nm) indium gallium arsenide (InGaAs)
are the most commonly used detectors. InGaAs is an alloy created by mixing InAs
(Egap = 0,36 €V) and GaAs (Eg4q, = 1,43 eV) and the bandgap energy can be chosen
between those two values depending on the ratio of In and Ga in the mixture. However, due to
different factors, most of the ratios of In and Ga are not easily manufactured, thus the most
commonly fabricated is the one with In and Ga ratio of 0,53 to 0,47, respectively [18], with
Egap = 0,73 eV and A4, = 1,7 um. It is possible to fabricate an InGaAs detector with
sensitivity up to A,,,, = 2,5 um (In and Ga ratio of 0,80 to 0,20), however the dark current

and noise are considerably higher, and spectrometers working in this range need cooling [19].
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InGaAs detector sensitivity is temperature dependent — with lower temperatures the sensitivity
curve moves to shorter wavelengths (~75 nm/K) and the maximum quantum efficiency
decreases with ~0,1 %/K, where K is temperature in Kelvins [20].

Other available infrared detectors include mercury cadmium telluride (HgCdTe)
with spectral sensitivity at 1-18 um (operating temperature —223°C to —23°C) and indium
antimonide (InSb) with spectral sensitivity at around 7 um (operating temperature —193°C)
[21].

The most important characteristics of spectrometers are: photosensitivity (ratio of the
generated photocurrent and light power [A/W]) which can also be expressed with quantum
efficiency (percentage of photons hitting the detector’s photoreactive surface that produce
charge carriers), dark current, response time, noise equivalent power NEP (the minimum
irradiant signal power to generate a signal to noise ratio of 1 in an integration time of 0,5s
[W /V/Hz]) and the lowest detectable power D* = 1/NEP [22]. A comparison of detectivity
of the most commonly used detectors in the visible and near-infrared spectral range is shown

in Fig. 2.
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Fig. 2. Comparison of detectivity of the most commonly used detectors [23].

1.2.2  Hyperspectral imaging

Hyperspectral imaging is a technique for acquiring images at adjacent, partially
overlapping spectral bands which can be achieved e.g. by the use of optical filters. By a
hyperspectral imaging device, a three-dimensional image cube can be created where two are
spatial dimensions and the third one is spectral dimension, thus it is possible to acquire

spectrum at each image pixel.
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There are four common types of hyperspectral imaging devices. Whiskbroom
devices take a spectrum at one pixel at a time and scan the whole area of interest in this
fashion (Fig. 3a). Pushbroom technology means that a slit of an object is imaged at a time by
a two-dimensional camera, where one dimension is spatial information and the second
dimension is spectral which is being achieved by a prism (Fig. 3b). The third type is Staring
technique that acquires an image at a specific spectral band by use of an optical filter, and
spatial dimension is then added by acquiring images by use of different filters (filter wheels
containing fixed bandpass filters, linear variable filters, variable interference filters and
tunable filters) (Fig. 3c). The fourth type is Snapshot technique (also known as single-shot)
that is supposed to record spatial and spectral information on an area detector with single
exposure, although the spatial and spectral resolutions are limited as the total number of

voxels cannot exceed the total number of pixels on the CCD camera (Fig. 3d) [24, 25].

current

current current band image

spectral dimension spectral dimension spectral dimension spectral dimension

o matrix detector
z’c\& A—
By

slicer stack

spectrum
~¢—— linear array

T ]:-‘. detector T
</ [
N PGP
] prism

[—
é entrance
slit

N pupil lens

current
sample
stripe,

sample

(a) ®) © )

Fig. 3. Typical methods for spectral imaging: a) Whiskbroom, b) Pushbroom, c) Staring and
d) Snapshot [25].

RGB imaging is the simplest modality of hyperspectral imaging. An image is
acquired at three partially overlapping spectral bands (red, blue and green) simultaneously.
The most commonly used sensor for acquiring RGB images is a CMOS sensor that has a
color filter matrix on top of the sensor, and each pixel only receives the primary color (red,
blue or green) component — the other color components are calculated during image
processing by analyzing the neighboring pixel color components as each pixel has a different
color filter (Fig. 4) [26, 27].
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1.2.3

Skin autofluorescence spectroscopy

G
Fig. 4. RGB sensor color filter working principle [27].

Fluorescence is a type of photoluminescence, the emission of light resulting from

absorption of photons, with a typical lifetime of nanoseconds. When a molecule absorbs a

photon, it acquires energy which excites it to a higher energy level. Fluorescence occurs when

the molecule emits light and the energy of the molecule decreases to a lower state. The energy

of the emitted photon is lower (the wavelength is longer), due to some energy being lost in the
process [28, 29].

Autofluorescence is the ability of some biological substances to possess intrinsic

fluorescence. This term is used to distinguish the intrinsic fluorescence from the fluorescence

by exogenous fluorescent markers. The most important fluorophores in skin tissues and cells

are: amino acids, NADH and FAD, porphyrins and lipopigments that can be excited by

ultraviolet light and observed in the visible spectral range (Fig. 5) [28-31].
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Fig. 5. Excitation (A) and emission (B) spectra of the principal endogenous fluorophores [28].
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1.3 SKIN PHYSIOLOGY AND SKIN CHROMOPHORES

Human skin is the outer layer of human body that guards the underlying tissues,
muscles and organs, regulates the body temperature, controls evaporation and helps prevent
water loss [32]. Three main layers are epidermis (including stratum corneum), dermis and

subcutaneous fat (Fig. 6), although sublayers are often considered as well [11, 33].

Hair

Sebaceous Gland

Sensory Merve Ending
- Epidermis
|-Nerve

- Dermis

- Subcutaneous Tissue

Capillaries

Sweat Gland Fat, Collagen, Fibroblasts

Fig. 6. Three layers of skin and light interaction with tissue [34].

The thin outermost epidermis (typically 40 — 125 um thick) consists 95% of
epithelial cells called keratinocytes, and these cells continually migrate outward toward the
surface flattening, dying and cementing together in the process to form a thin and tough outer
layer called the stratum corneum (typically 7 — 40 um thick). The remaining 5% of epidermis
are mostly melanocytes [33, 35-37].

Epidermis consists of 5 sublayers (Fig. 7), the outer of which, stratum corneum, is
the main barrier that protects the body from dehydration, as well as from other molecules
(e.g. irritants) entering into the skin. Stratum lucidum or the clear layer is only found in very
thick epidermis (palms, soles) and is located between stratum corneum and stratum
granulosum [38]. Skin has its own natural moisturizing mechanism that keeps it moist.
Stratum granulosum is the second outer layer of epidermis, and it is where the most important
transformations in the formation of stratum corneum barrier occur. At the stratum
granulosum keratinocytes are transformed into corneocytes that are the building blocks of
stratum corneum. In this process, natural body lipids are released, and they are the main

barrier that protects water passing out through the stratum corneum. On most body sites,
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stratum corneum consists of 12 to 16 cell layers, but it can vary from 9 cell layers at eyelids to

more than 50 cell layers at soles [38].

Stratum corneum —— e

Stratum Granulosum <" S 7 O 3 SN

Stratum Spinosum ~

Stratum Basale

Dermis

Fig. 7. The five layers of epidermis [38].

The dermis is much thicker than the epidermis, the thickness varying from 1 mm on
eyelids to 5 mm on thighs, palms and soles. It has fewer cells and mostly consists of
connective tissue, blood vessels, lymphatics, nerve endings, elastic and collagen fibers, hair
follicles, sweat glands and macrophages. Proteins and polysaccharides form macromolecules
which attract and preserve water [33, 39].

The deepest layer, called subcutaneous fat, mainly consists of fatty tissue that acts as
an insulator and a shock absorber. It can be up to 8 mm thick [33, 40, 41].

Skin reflectance is influenced by concentration and depth of chromophores, mainly
melanin and hemoglobin in the visible range and water and lipids in the near-infrared spectral
range. Both absorption and scattering of different skin structures and chromophores affect
skin reflectance measurements.

In the visible spectral range, hemoglobin, melanin and bilirubin are the main

chromophores affecting reflectance spectrum of skin. Absorption spectra of these

mol
L
each wavelength (Fig. 8). These values have been experimentally obtained and are available

in literature [42].

chromophores can be expressed as molar extinction coefficient values ¢ [cm™ - (—)™1] at
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Fig. 8. Molar extinction coefficients of oxy- and deoxyhemoglobin, bilirubin and melanin in the
visible and near-infrared spectral range [42].

Melanin is mostly responsible for the darkness of skin, and Fitzpatrick’s scale is
often used to distinguish skin types from type | (ivory white skin, easily sunburns) to type VI
(dark brown skin, never burns) [43]. Melanin is produced by melanocytes which are mainly
located in the deepest epidermis sublayer (the basal layer). Vesicles called melanosomes
release melanin and transport it via dendrites to adjacent keratinocytes. The amount, shape
and size of melanosomes are genetic: Caucasian melanosomes typically contain more melanin
granules but less total melanin, compared to Negroid melanosomes, however, Negroid
melanosomes are larger. Melanin in healthy skin is only located in the epidermis [44, 45].

Hemoglobin is located in blood vessels of dermis and subcutaneous fat layer.
Hemoglobin transports oxygen from lungs to tissues throughout the whole human body,
collects CO, and brings it to the lungs. There are four heme groups within each hemoglobin
molecule, and each heme consists of a porphyrine ring with a central iron atom (Fe?™").
Hemoglobin with bound oxygen is called oxyhemoglobin (HbO,), and it shows a bright red
color. Hemoglobin without bound oxygen is called deoxyhemoglobin (Hb), and it shows a
dark red, even bluish color [39, 45, 46]. Oxyhemoglobin and deoxyhemoglobin have slightly
different absorption spectra in the visible and near-infrared spectral ranges: oxyhemoglobin
exhibits absorption maxima at 548 nm and 576 nm, while deoxyhemoglobin shows maximum
at 550 nm. Both chromophores also show a very high absorption in the 400-450 nm spectral
range with absorption peaks at 410 nm (oxyhemoglobin) and at 430 nm (deoxyhemoglobin)
(Fig. 8) [42].
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There are other forms of hemoglobin which are mostly present in tissue in very low
concentrations, thus are typically not taken into account when doing skin reflectance
measurements. Methemoglobin (in normal cases ~1% of total hemoglobin) is chocolate
brown in color and it can be formed if hemoglobin is exposed to oxidative stress (for
example, by heating), thus the iron atom in the heme group gets oxidized (Fe3*) [47, 48].
Other forms of hemoglobin are: sulfhemoglobin (less than 1% of total hemoglobin) and
carboxyhemoglobin (typically less than 1.5% of total hemoglobin, may increase to 9% in
smokers) [49, 50].

Bilirubin is the breakdown product of hemoglobin with an absorption maximum at
460 nm (Fig. 8), giving it a yellowish color. Heme oxygenase is a biochemical process that
splits a heme ring to form biliverdin, a greenish skin chromophore which subsequently is
converted to bilirubin by another biochemical process called biliverdin reductase (Fig. 9). Due
to high biliverdin reductase activity in human skin, biliverdin is very quickly converted to
bilirubin. Normally, the highest activity of heme oxygenase is in the spleen where
erythrocytes are destroyed [45, 51, 52].

Oxyhemoglobin
Deoxyhemoglobin

Heme

Biliverdin

Bilirubin
Heme
oxygenase

o
H e .
/Biliverdin Billverdin
reductase

Fig. 9. Biochemical processes of heme breakdown and the production of biliverdin and bilirubin [45].
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There is little bilirubin concentration in blood plasma (¢ < 17 umol/L) in healthy
skin but its concentration increases (> 30 umol/L) if a person suffers from jaundice, also
called hyperbilirubinemia (increased bilirubin concentration in blood plasma) [53]. Newborns
can suffer from increased levels of bilirubin just after birth due to a high hemoglobin turnover
and their bodies not being able to get rid of all the bilirubin as quickly as needed. This occurs
in approximately 60% of term infants and 80% of preterm infants [54]. If untreated, serious
brain damage and even death can occur, thus early diagnostics is crucial. Treatment is usually
light therapy, but in severe cases even blood transfusion [55-57].

Typically, bilirubin concentration in skin also increases during bruise development
when at first there is an increase in hemoglobin due to destruction of small capillaries and
afterwards an increase in bilirubin which is the breakdown product of hemoglobin [45].

Water molecule consists of two hydrogen and one oxygen atom (H,0) that are
bonded with polar covalent bonds. Water highly absorbs a wide range of the electromagnetic
radiation but it has a narrow window of transparency in the visible spectrum as there is no
physical mechanism that could produce transitions in the spectral range of 400—700 nm — it is
too energetic for vibrational transitions and the energies are too low to cause electronic
transitions. In the infrared spectral range (~1 — 10 um) absorption occurs due to
intramolecular vibrational transitions of the water molecule. The fundamental vibrations of a
water molecule are shown in Fig. 10: the O-H symmetric stretching vibrations v, give rise to
the absorption maximum at 3.05 um, the O-H assymetric stretching vibrations v give rise to
the absorption maximum at 2.87 um and the O-H bend v, give rise to the absorption
maximum at 6.08 pm. Combinations of these vibrations are observed in the near-infrared
spectrum, for example, the 980 nm absorption maximum is due to the combination band
a-vy+b-vs;(a+ b = 3),the 1200 nm absorption maximum is due to the combination band
a*vy+vy,+b-v; (a+b=2) and the 1470 nm absorption maximum is due to the

combinationband a - v, + b - v; (a + b = 2) [58-60].

1 L] 3

Fig. 10. The fundamental vibrations of water molecule (symmetric stretch, bend asymmetric stretch)
[61].
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Up to 60% of the human adult body is water, including skin where water content
changes at different layers of skin. Very little water content is in the upper layers of skin,
including stratum corneum, and its content increases with deeper layers to up to around
volume fraction of 65% in the lower dermis [11]. Examples of water volume fraction depth
profiles of the stratum corneum, calculated from in vivo Raman measurements are shown in
Fig. 11 [62].
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Fig. 11. In vivo water volume fraction profiles of the stratum corneum by Raman measurements of the
volar aspect of forearm (a) and of the thenar (b) [62].

Absorption coefficient [ﬁ] values are used to represent absorption spectrum of water

in the near-infrared spectral range (Fig. 12) [63]. Water has distinct absorption maxima at
980 nm, 1200 nm and 1450 nm. An even higher absorption is at 1920 nm, not shown in Fig.
12.
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Fig. 12. Absorption spectrum of water in the near-infrared spectral range [63].
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CHAPTER 2

HYPERSPECTRAL AND RGB IMAGING FOR MAPPING OF
SKIN BILIRUBIN AND HEMOGLOBIN

The first part of this chapter gives an overview of work done by other groups to
estimate relative concentration and distribution of skin bilirubin and hemoglobin, with the
main focus on how they change over time in bruises. This topic is of particular interest for
three main purposes: easy, reliable, fast and noncontact monitoring of bilirubin in neonates
(for early detection and monitoring of neonatal jaundice), reliable determination of the age of
bruises that is important in forensic science and diagnostics and monitoring of diabetes. There
are two main groups who have done research in this field: University of Trondheim in
Norway (Lise L. Randeberg) [45, 64—70] and Amsterdam Medical Centre in the Netherlands
(Barbara Stam) [71-73].

The second part of this chapter describes the methodology and techniques used for
estimation and mapping of skin bilirubin in bruises that the author has performed based on
previous work done by other groups. The experimental part consists of two main methods:
hyperspectral and RGB imaging to estimate skin bilirubin and hemoglobin relative
concentration and distribution changes in bruises over time. This work has been published in
papers V, VI and VII and presented at conferences C2, C11, C12, C13, C14, C15, C17 and
C18.

The third part describes the development of skin phantoms to mimic skin bilirubin,
hemoglobin and melanin absorption in skin. Hyperspectral imaging was used to analyze the
data. Skin phantoms are useful for understanding how the concentration and depth of different
chromophores change the diffuse reflectance spectrum of skin. This work has been published
in papers I11 and X1 and presented at conferences C6 and C16.

The fourth part of this chapter describes a study on skin lesions by diffuse reflectance
and fluorescence spectroscopy which was also done by hyperspectral imaging method. The
aim of this study was to compare diffuse reflectance and fluorescence imaging of typical and

atypical skin lesions to see if it is possible to distinguish between both, which could be a
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useful application for early diagnostics of potentially malignant skin lesions. This work has

been published in paper Il and presented at conferences C7 and C8.

2.1 LITERATURE OVERVIEW

Transcutaneous bilirubinometry for noninvasive determination of skin bilirubin in
neonates was first introduced in 1980 by using a bilirubinometer, developed by Minolta which
used a two-filter design to measure “the yellow color of skin” [74]. Since then other
commercial devices have become available, e.g. ColorMate TLc BiliTest System [75] which
requires an initial measurement shortly after birth, BiliCheck (by SpectRx) [76] which requires
five replicate measurements at one site and is based on reflectance analysis at multiple
wavelengths, and Jaundice Meter (by Minolta/Hill-Rom Air-Shields) which is based on two-
wavelength analysis. A study done to compare BiliCheck and Jaundice Meter JM-102
concluded that the variability of the BiliCheck system is less than that of the Jaundice Meter,
and that BiliCheck system is not affected by skin color which means that a multi-wavelength
analysis gives significantly better results for skin bilirubin estimation [77]. At the same time,
another study shows good correlation between Jaundice Meter JM-102 obtained results and
invasive blood sample results in dark-skinned neonates [78].

A study on in vivo spectroscopy of jaundiced newborn skin done by Randeberg et. al.
shows possibilities for determination of transcutaneous bilirubin index (TcB) by using
reflectance spectroscopy where TcB was calculated by algorithms based on diffusion theory.
Fig. 13 shows differences in spectrum of non-jaundiced and jaundiced newborn skin. As
could be expected, the main differences are in the spectral range 450-500 nm where there is
an absorption maximum (460 nm) of bilirubin: there are lower reflectance values in this
spectral range for jaundiced than for non-jaundiced skin. Results showed good correlation
(r =0.81,p < 0,05) between TcB values and total serum bilirubin (SBr) values that were
acquired from heel stick blood samples [65].

A diffusion model for skin is one of the mathematical and physical models used to
understand how light interacts with tissue and to acquire skin parameters based on
mathematical modeling. In tissue optics, the dual nature of light is of great importance. The
theory used for describing light as particles is Radiative Transport theory, and the most
common models used are: diffusion theory, Adding-Doubling [79], Kubelka-Munk [5] and
Monte Carlo [33]. Maxwell’s equations with proper boundary conditions have to be applied to
describe light as a wave, and the most common models applied for this purpose are: Finite
difference time domain and Pseudo spectral time domain. In Radiative Transport theory
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energy conservation and transport are considered rather than electric and magnetic fields from

Maxwell’s equations [80].
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Fig. 13. Reflectance spectrum of nonjaundiced (a) and jaundiced (b) newborn skin [65].

Diffusion model for skin was developed by Svaasand et. al. [81] which is based on
Boltzmann transport equation. One of the approximate solutions to Boltzmann transport
equation when scattering in tissue is much stronger than absorption is the diffusion
approximation [45].

Diffusion model has also been used to study possibilities for noninvasive
determination of the age of a bruise by analyzing reflectance spectra of bruised and normal
skin. A schematic of chemical and physiological processes happening after a trauma to skin
surface is presented in Fig. 14a. A bruise is caused by a trauma to skin surface which leads to
bleeding from small vessels in tissue. An inflammatory reaction is the primary response from
tissue followed by recruitment of neutrophils and macrophages that demolish erythrocytes and
free hemoglobin molecules. This causes the heme oxygenase system to break down the
hemoglobin and produce hemosiderin and bilirubin which causes bruises to look yellow.
Study done by Randeberg et. al. consisted of measuring skin thickness and measuring the
diffuse skin reflectance of normal and bruised skin. By using a simplified diffuse
approximation for blood distribution, transport of hemoglobin in dermis and transport and
generation of bilirubin in dermis, normalized average densities of hemoglobin and bilirubin
development over time can be acquired (Fig. 14b). By comparing experimentally obtained
diffuse reflectance spectrum to the modeled one, it was possible to determine the age of a
bruise [67-69].
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Fig. 14. a) Schematic of chemical/physiological processes of trauma development;
b) Modeled bilirubin and hemoglobin normalized density changes over time after the injury [67].

Study on hyperspectral imaging of bruised skin was also done by Randeberg et. al. in

the spectral range of 400-1000 nm and in the spectral range of 900-1700 nm. The

chromophores taken into account were oxy- and deoxyhemoglobin, melanin and also water in

the near-infrared spectral range. The melanin index was calculated from the reflectance values

at 645 nm, 650 nm, 655 nm, 695 nm, 700 nm and 705 nm. The blood content, represented by

erythema index, was calculated from the measured reflectance values at 510 nm, 542 nm, 560

nm, 576 nm and 610 nm. Bilirubin relative concentration was calculated as the gradient of the

reflectance spectrum in the spectral region of 460-480 nm where there is a sharp decrease in

absorption. The near-infrared hyperspectral images identified wavelengths for separation

between bruises and blood vessels: 958 nm and 1584 nm, respectively (Fig. 15) [64].

b

Fig. 15. Near-infrared images of a bruise (66 hours after injury) at 958 nm (a) and 1584 nm (b) [64].

Stam et. al. has continued this work even further by expanding the previous one-

dimensional analytical diffusion model to a three-dimensional numerical model, including
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Michaelis-Menten enzyme kinetics [82] to describe the conversion of hemoglobin to bilirubin,
as well as by adding diffusion of both hemoglobin and bilirubin in all directions. A three-layer
(top layer of dermis, bottom layer of dermis and subcutaneous layer) skin model consisting of
100x100 compartments was used (Fig. 16). A pool of hemoglobin is located in the
subcutaneous layer (Fig. 16b) and converted into bilirubin via Michaelis-Menten Kinetics.
Both chromophores can flow inside the layers and between the layers. This approach allowed
modeling the temporal and spatial changes in hemoglobin and bilirubin concentrations during
the development of a bruise (Fig. 17) [73].
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Fig. 16. Skin model consisting of three skin layers and 100x100 compartments [73].

Very important tissue specific input parameters that are crucial for determination of
the age of a bruise are: diffusivity of hemoglobin, concentration of the enzyme that converts
hemoglobin to bilirubin, and the relaxation time of bilirubin. It was also concluded that these
tissue specific parameter values are comparable between bruises measured on the same
anatomical position, thus allowing to reduce the measurement frequency needed for
determining the age of a bruise [71].

Although several analytical models have been developed for determination of
bilirubin relative concentration in skin and determination of the age of a bruise, there is a need
for more simple and accessible tools that do not require as much computational power and
possibly could be done with a simple RGB camera, for example, a smartphone camera. Also,

the methodology for analyzing hyperspectral images of bruises can be further improved.
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Fig. 17. Modeled kinetics of bilirubin and hemoglobin development over time in the center of a bruise
and at the edge (8 mm from center) of a bruise [73].

2.2 BRUISE DEVELOPMENT OVER TIME: HYPERSPECTRAL IMAGING STUDIES
2.2.1  Firstapproach

In this work, study on hemoglobin and bilirubin distribution and concentration
changes over time in bruises was initially done by a hyperspectral imaging setup in the
spectral range 450-750 nm consisting of a hyperspectral imaging system CRi Nuance 2.4
[83], self-designed circularly distributed 24 warm-white LED light source, a linear polarizer
in front of the light source to eliminate specular reflectance [84] and a PC with Nuance
software that acquired the Optical Density (OD) values by use of a white paper reference to

obtain initial light source intensity values I,(1) (Equation 3) (Fig. 18).

CRi Nuance 2.4
hyperspectral imaging systerr

«—» Built-in linear polarizer

Camera lens

Circularly distributed 24
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10 cm
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Fig. 18. Experimental setup for hypserspectral imaging of skin.
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The chosen skin model considered absorption by four skin chromophores:
oxyhemoglobin (OHb), deoxyhemoglobin (DOHb), melanin (Mel) and bilirubin (Bili):

0Dy = €opp " Conun + €ponp * Coonp + €met " Cmer + €giti * Criti (5)

where Coup, Coonp, Cuer @Nd Cg;y; represent relative concentration values of the respective
chromophore that are also dependent on the distance that light of a specific wavelength travels
in the tissue C = c 1. As OD and ¢ values are wavelength dependent, a system of linear
equations has to be solved in order to acquire the relative concentration values which can

easily be represented by multiplication of matrices:

Con 0D,
€oH450 ©DOH.450 Emelas0  EBila50 C .
. . . . DOH .
oo ol ©
£ P £ P Ml '
oH750 €DOH 750  EMel750 il 750
Cei 0Dy,

Software Matlab was used for image processing and analysis, and as a result all four
chromophore relative concentrations at each image pixel were obtained, thus producing
chromophore relative concentration maps that give a sense of how the chromophores are
distributed in a bruise. The relative concentration value was calculated as the average value

from a region of interest. This method also allowed obtaining negative concentration values.

Results and discussion

A study of 20 bruises and their development over time (51 measurements in total)
was performed in the spectral range 450—750 nm by using an algorithm based on least-squares
regression analysis (Eq. 6), and results of relative concentrations of bilirubin in normal skin
and bruised skin are summarized in Fig. 19, including comparison between skin types Il and
I11. 1t is possible to distinguish between normal skin and bruised skin for both skin types,
although some relative bilirubin concentration values overlap for skin type I1.

An example of a bruise development over time (female, 22 years old, skin type I,
bruise on a thigh) is shown in Fig. 20. This was a particularly dark bruise and the main
changes are attributed to melanin, although no literature data suggests that melanin should
change during the development of a bruise. It can be concluded that this simple approach does
not allow mapping of melanin and could possibly influence hemoglobin and bilirubin relative

concentration estimations as well.
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An improved model needs to be developed that allows a more reliable estimation of

bilirubin, hemoglobin and also melanin.
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Fig. 19. 51 measurement bilirubin relative concentration values depending on the age of a bruise and
skin type (11 or I11).
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Fig. 20. Example of chromophore relative concentration and distribution maps during bruise
development over time.
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2.2.2  Advanced approach

Another experimental study on skin bilirubin, hemoglobin and melanin estimation
and mapping in bruises was later performed to further develop the previous method. For this
study, a similar experimental setup was used as shown in Fig. 18, except the light source was
circularly distributed halogen lamps instead of warm-white LEDs. A halogen lamp light
source was chosen as it provides a better and more evenly distributed illumination.

A two-step algorithm was proposed for estimation and mapping of skin chromophore
relative concentrations. A schematic of the algorithm is shown in Fig. 21. As temporal
measurements of the same bruise were taken, at first, image alignment of all temporal images
was done by using image registration algorithms. Then, an area of normal skin region was
chosen and normal skin OD values were acquired and saved. Afterwards, only the region of a
bruise is cropped for further analysis, and algorithm is divided in two parts: for bilirubin
estimation and mapping and for oxyhemoglobin, deoxyhemoglobin and melanin estimation
and mapping. This is done because both bilirubin and hemoglobin have absorption maxima in
the spectral range of 450-500 nm and hemoglobin absorption is almost 10 times higher.

For bilirubin estimation, only spectral images of 450-650 nm (with spectral
resolution 10 nm) were used. OD values were first divided by normal skin O0D,,rmai skin
values to reduce hemoglobin and melanin effect in total absorption. A least-squares regression
analysis was then performed to calculate relative bilirubin concentration values for each

image pixel and a bilirubin relative concentration map was obtained by:
OD; = &gy * Cpuy + Of fset )

where Of fset is a parameter allowed to change and is not attributed to any chromophore by
the algorithm.

The second step of the algorithm was to calculate oxyhemoglobin, deoxyhemoglobin
and melanin relative concentration values by using spectral images of 500-700 nm (spectral
resolution 10 nm). A least-squares regression analysis was then performed to calculate

relative concentrations of these three chromophores for each image pixel by:

0D, = &oup " Conp + €ponp * Cponp + €mer - Cuer + Of fset (8)

After acquiring relative concentration maps of all four chromophores, the mean value
of each chromophore at each temporal measurement was calculated to analyze how it changes
over time for each bruise.

This method allowed only positive relative concentration values.
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Fig. 21. A schematic of two-step algorithm for estimation and mapping of skin bilirubin, hemoglobin
and melanin.

Results and discussion

This algorithm was experimentally tested by analyzing 5 bruise development over
time. Bruises were created by a paintball gun (firing speed ~45 m/s, 2 meters between the gun
and the skin surface, the bullet was a 3D printed plastic ball 2 cm in diameter). These bruises
were created on two female volunteers (female, 25 and 26 years old, skin type I1), location on
thighs and a hip, by a written consent. Examples of oxyhemoglobin, deoxyhemoglobin and
bilirubin relative concentration changes over time for two bruises of a female volunteer
(26 years old, skin type Il, bruise on a hip (Fig. 22) and on a thigh (Fig. 23)) and for one

bruise of a female volunteer (25 years old, skin type I, bruise on a thigh (Fig. 24)) are shown.
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Fig. 24. Chromophore relative concentration changes over time in a bruise (female, 25 years old, skin
type 11, bruise on a thigh).

The maximum bilirubin concentration during the bruise development for all 5 bruises
was reached at day 4-6: for one volunteer at day 4-5 (3 bruises), for the other volunteer at day
5-6 (2 bruises). Both oxyhemoglobin and deoxyhemoglobin relative concentrations decrease
during the first days of bruise development as was expected, and melanin concentration stays
quite constant throughout the whole measurement time which is an improvement from the

first algorithm by which melanin content also changed in bruises over time.

2.3 BRUISE DEVELOPMENT STUDIES BY RGB IMAGING

A simplified approach was tested for skin bilirubin and hemoglobin mapping in
bruises by RGB imaging. A self-made RGB imaging device, developed at the Institute of
Atomic Physics and spectroscopy, consisted of a CMOS sensor color camera
(iDS UI-1246LE-C-GL, IDS Imaging Development Systems, Germany, 1.3 megapixel
resolution), eight circularly distributed RGB LEDs and two linear polarizers, one in front of
the camera and the other one, placed orthogonally to the first one, in front of the light sources
to eliminate specular reflection of skin (Fig. 25b) [85]. A spacer was used to keep a constant
3 cm distance between the LEDs and skin area of interest. All LEDs were switched on during

the measurement.
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Fig. 25a represents that the blue spectral band of the CMOS sensor camera should
give information about hemoglobin and bilirubin absorption (besides, hemoglobin absorption
in this spectral range is around 10 times higher than that of bilirubin), the green spectral band
should contain information about hemoglobin (both oxy- and deoxy-) absorption, and the red
spectral band should not contain information about absorption of any of these chromophores.
However, these are rough estimations as there is an inter-band cross-talk, for example, the
green band could contain some information about bilirubin absorption (the blue band) as well.

This effect wasn’t calculated but roughly estimated to give relative error less than 10%.

L Power
Spectral sensitivity supply

of the camera,
relative units

| Switch for
RGB LEDs

USB port

Normalized spectra
of RGB diodes
(color) and total
spectrum of RGB
diodes. relative 0

e CMOS
camera

—_— ]

1 Polarizers . = |— _R.GB
diodes

units

Normalized
absorption spectra of
bilirubin, oxy- and
deoxy- hemoglobin

400 500 600 700 800 900
a b

Fig. 25. a) Comparison of spectral sensitivity of the RGB camera (top), spectra of RGB LEDs
(middle) and bilirubin and hemoglobin absorption spectra (bottom), b) A schematic of the RGB
imaging device.

Each acquired image was separated into three images: reflectance image in the blue
band I(B), reflectance image in the green band /(G) and reflectance image in the red band
I(R). Hemoglobin relative concentration can be approximated as absorption difference
AOD between green and red spectral bands and OD can be expressed by Eqg. 3 as:

L(©) _, (R IR

cyp = OD(G) — OD(R) = In 1@ IR T 16

)

The constant ln% and natural logarithm can be neglected as only relative hemoglobin

0

concentration values are further analyzed. The approximately equal sign in Eq. 9 is used to
show that the important parameter here is the relation between the two signals. In this study,
only the relation (not the logarithm of the relation) was further used, as only relative

parameter values are observed.
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Similarly, hemoglobin and bilirubin (Fig. 25a) relative concentration can be
expressed by comparing absorption difference AOD between blue and red spectral bands and
using similar assumptions as previously:

_ _1R)
Cup+pii = O0D(B) — OD(R) = ) (10)

To estimate relative bilirubin concentration, Eq. 9 can be subtracted from Eqg. 10:

CBili = CHb+Bili — CHb (11)

By using Eq. 9 and Eqg. 11 on each pixel of the image, relative bilirubin and
hemoglobin concentration maps can be created. To quantitatively compare how bilirubin and
hemoglobin relative concentrations change over time in bruises, threshold concentration
values were empirically chosen (cp; tnr = 0.75 [relative units] and (cyp rpr = 0.15
[relative units]). A new hemoglobin py;, and bilirubin parameter pg;; was proposed and
expressed as the count of pixels of the respective relative concentration map (of either
bilirubin or hemoglobin) that have higher or the same relative concentration value than the

respective (hemoglobin or bilirubin) threshold value.

Results and discussion

Experimental results show that the simple methodology for mapping of bilirubin and
hemoglobin by RGB imaging can be used to monitor development of both chromophores over
time. An example is shown in Fig. 26.

Experimental study on 22 bruises of 17 volunteers was performed, and a histogram
of the days of the maximum bilirubin parameter value is shown in Fig. 27. The maximum
bilirubin parameter value is mostly during days 3 to 7 and some during days 10 to 12.

RGB imaging technique adequately represents bruise development over time and is a

cheaper and simpler alternative to hyperspectral imaging.
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Fig. 27. Histogram of the days of the maximum bilirubin parameter value of all 22 bruises.

2.4 MIMICKING OF CHROMOPHORE ABSORPTION IN SKIN PHANTOMS

To better understand what information can be obtained during reflectance
spectroscopy and imaging measurements of skin, a study on skin phantoms was performed.
The purpose of including skin phantom studies is to explore a way for possibilities to obtain
absolute chromophore concentration values rather than relative, although this study is just a
beginning.

Experimental setup comprising hyperspectral imaging system CRi Nuance 2.4,
circularly distributed halogen lamp light source, a linear polarizer in front of the light source
and a PC was used for measurements in order to acquire image cubes with OD values. The

distance between the sample and the camera was 17 cm. Nuance software tool Spectral
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Library was used to acquire the average absorption (OD value) spectrum from a region of
interest of the sample.

The scattering medium of the phantoms was fibrin matrix which is a protein involved
in the clotting of blood (fibrin matrices are used in surgical procedures to prevent blood 0ss).
Fibrin matrix can be prepared by mixing 0.47 ml blood plasma (47% of the solution), 0.4 ml
0.9% sodium chloride (40% of the solution), 0.8 ul tranexamic acid (0.8 mg/ml), and 89.4 pl
calcium gluconate (8.94 mg/ml). To polymerize the solution, it was held in a cell incubator
(temperature 37°C, CO, concentration 5%) for one hour. To mimic skin hemoglobin, bilirubin
and melanin, absorbers of different concentrations and at different depths from the surface
were added: red blood cells (concentrations 0.2 to 42.4 mg/ml), synthesized bilirubin
(concentrations 0.01 to 2.00 mg/ml) and nigrosin (concentrations 1.5 to 312.8 pg/ml).

Skin phantoms were developed as layered structures: bottom layer with fibrin matrix
(volume 0.3 ml, corresponding thickness 0.16 cm), middle part with the absorbing molecules,
and upper layer with fibrin matrix (volume 0.3 ml, corresponding thickness 0.16 cm) for
different concentration measurements. For different depth measurements, the upper fibrin
matrix layer ranged from 0.05 cm to 0.64 cm. In total, 24 different concentration
measurements were done for each absorber (Fig. 28) and 12 different depth measurements

were done for each absorber.

Fig. 28. Developed phantoms with different concentrations of red blood cells (a),
synthesized bilirubin (b) and nigrosin (c).

Results and discussion

With the developed phantom, it was possible to mimic the diffuse reflectance
spectrum of skin. Absorption spectra of the fibrin matrix phantom and all three absorbers
mimicking skin hemoglobin, bilirubin and melanin are shown in Fig. 29. To analyze how the
concentration (Fig. 30) and depth (Fig. 31) of the absorbing substance change the absorption
of the phantom, the maximum absorption value in the spectral range 450-950 nm was taken:
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for the erythrocyte phantom, at 550 nm, for the synthesized bilirubin phantom, at 470 nm, and

for the nigrosin phantom at 450 nm.
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Fig. 29. Absorption spectra of the skin mimicking fibrin matrix phantom and three substances
mimicking skin hemoglobin, bilirubin and melanin.
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Fig. 30. Absorption dependence on the concentration of the skin chromophore mimicking substances:
synthesized bilirubin (green dots), erythrocytes (red dots) and nigrosin (dark dots).
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Fig. 31. Absorption dependence on the depth of the skin chromophore mimicking substances:
synthesized bilirubin (green dots), erythrocytes (red dots) and nigrosine (dark dots).

As can be seen in Fig. 30, absorption and concentration dependence can be
approximated by a linear function for all three phantoms, and for each of the phantoms the
dependence is different: absorption increases the most rapidly by increase in concentration for
synthesized bilirubin, more slowly for erythrocytes and even more slowly for nigrosin. As can
be seen in Fig. 31, absorption dependence on the depth of the substance can also be
approximated by a linear function, and for all three phantoms the fashion by which absorption
increases with increased depth is similar.

Generally, much more data are needed for possibilities to estimate absolute or close to
absolute values of chromophore concentration in skin. However, these results give a sense of
how different chromophores in a different manner influence the absorption spectrum of the

phantom.

2.5 PARALLEL DIFFUSE REFLECTANCE AND FLUORESCENCE

MEASUREMENTS OF SKIN LESIONS

Hyperspectral imaging setup consisting of hyperspectral imaging system
CRi's Nuance 2.4, light source of LED ring light, diffuser in front of the light source, as well
as a computer with Nuance software was used for image acquisition in the spectral range of

450-950 nm. The light source was developed as a ring light consisting of LEDs to cover the
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spectral range of 450-950 nm for diffuse reflectance mode: warm white, 770 nm, 830 nm and
890 nm. Spectra of used LEDs are shown in Fig. 32. Diffuser in front of the light source was
used to achieve a uniform illumination of the skin area of interest.

The light source comprised an inner circle of violet (405 nm) illumination LEDs for

skin autofluorescence excitation imaging. No diffuser was used in front of ultraviolet LEDs.
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Fig. 32. Spectra of illumination LEDs for diffuse reflectance mode at different exposure times.

For diffuse reflectance imaging mode, various exposure times (from 7...500 ms)
were used for each wavelength in the spectral range of 450-950 nm due to spectrally different
illumination intensity and system sensitivity. Images were acquired with a spectral step of
10 nm at wavelengths in the spectral range of 450-950 nm. Maximum pixel resolution was
used.

For fluorescence mode, a constant exposure time of 200 ms was used to acquire
images in the spectral range of 450-950 nm with a spectral step of 10 nm. Reduced pixel
resolution was used by combining 4 pixels in 1 pixel.

As the image acquisition process took approximately 30-40 seconds for diffuse
reflectance mode and 20-30 seconds for fluorescence mode, motion artefacts are unavoidable.
Thus, image registration was performed for each image cube. Simple stickers were applied to
the skin area around the lesion in order to improve the image registration performance. Image
segmentation was used to distinguish the lesion from normal skin. For diffuse reflectance
imaging mode OD values were obtained. For fluorescence mode, reflectance values were
obtained.

Image segmentation was done to separate normal skin and lesion regions for both
modalities (diffuse reflectance and fluorescence). Afterwards, the average optical density

value at each wavelength of all segmented area pixels (for each segment separately) was
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calculated to estimate the average absorption (optical density) spectrum of the segmented
area. The same was done for fluorescence modality — the average reflected intensity spectrum
was estimated.

To see possibilities for distinguishing between atypical and benign nevi by both
modalities, variation (standard deviation) of optical density values at each wavelength was
calculated for diffuse reflectance images and also variation of fluorescence intensity values at
each wavelength was calculated in case of fluorescence images. A t-test (Matlab built-in
function ttest2) was then performed to analyze if there is a statistical difference between
benign nevi and atypical nevi for each of the modalities separately.

A pilot study was performed on 75 volunteers with 90 pigmented lesions in total.
Two dermatologists were involved to determine whether the lesion is benign nevus or atypical
that could potentially become malignant.

Although this study mainly focused on nevi, results on vascular lesions

(e.g. hemangioma) in comparison with pigmented ones are of interest in frame of this thesis.

Results and discussion

An example of a hemangioma and a benign nevus is shown in Fig. 33. Comparison
of the average optical density values (by diffuse reflectance mode) of normal skin, nevus and
hemangioma is shown in the graph above and comparison of the average autofluorescence
intensity values (by fluorescence mode) of normal skin, nevus and hemangioma is shown in
the graph below.

When looking at diffuse reflectance spectra of hemangioma and benign nevus
(Fig. 33), it is easy to see that the average spectrum of hemangioma shows the characteristic
absorption maxima of hemoglobin at around 540 nm and 580 nm, comparing to the average
reflectance spectrum of benign nevus and normal skin. When looking at autofluorescence
spectra of all three different regions, normal skin has the highest autofluorescence intensity
values, compared to nevus and hemangioma. Very low fluorescence intensity values in the
spectral range 450-600 nm could be related to high hemoglobin absorption in this spectral

range in case of hemangioma.
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Fig. 33. RGB image of hemangioma and benign nevus (to the left) and comparison of the average
optical density values by diffuse reflectance mode (on top) and the average fluorescence intensity
valudes by fluorescence mode (on bottom) of normal skin, hemangioma and benign nevus.

For the current study, 47 pigmented lesions, 26 atypical and 21 benign nevi, were
further analyzed. For diffuse reflectance modality, an example of optical density values of
benign and atypical nevi at each wavelength is shown (Fig. 34a) and an example of optical
density variation (standard deviation) values of benign and atypical nevi at each wavelength is
shown (Fig. 34b).
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Fig. 34. Optical density (a) and variation of optical density (b) spectra comparison between benign and
atypical nevi for diffuse reflectance modality.
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For fluorescence modality, an example of fluorescence intensity values of benign and

atypical nevi at each wavelength is shown (Fig. 35a) and an example of fluorescence intensity

variation (standard deviation) values of benign and atypical nevi at each wavelength is shown

(Fig. 35b).
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between benign and atypical nevi for fluorescence modality.

By doing a t-test for possibilities to distinguish between benign and atypical nevi, it

was concluded that it is not possible to find statistical significance between both lesion types

for diffuse reflectance modality; however, it was possible to find statistical significance

between both lesion types for fluorescence modality. By plotting a correlation graph of

variation of fluorescence intensity and fluorescence intensity (Fig. 36), it is possible to see

some distinguishability between both lesion types.
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47 pigmented lesions.
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Fig. 37. Correlation graph of variation of fluorescence intensity and fluorescence intensity values for
47 pigmented lesions.

If not taking into account some of the results that are possibly incorrectly classified
(Fig. 37), it was possible to achieve 62% sensitivity and 67% specificity for classification
between both lesion types.

Fluorescence modality shows a potential in distinguishing between benign and
atypical nevi, although more data and statistical analysis is needed. Diffuse reflectance
modality does not show significant difference between both lesions; that might also be due to
the fact that for this experimental setup polarizers were not used to eliminate the specular
reflection of skin and also due to patient’s movement artefacts that did not allow to perfectly

align spectral images of the same measurement even with image registration algorithms.
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CHAPTER 3

RGB IMAGING FOR ESTIMATION OF SKIN ERYTHEMA

This chapter describes a study done in collaboration with dermatologists in order to
find better and more reliable ways to estimate erythema severity for rosacea patients. RGB
imaging method was used to test its possible applications for erythema index estimation. The
results were also compared to the visual assessment of three dermatologists and to the results
acquired by a commercial point-measurement device Mexameter.

The first part of this chapter gives a short introduction on skin erythema and rosacea,
as well as an overview of different erythema index estimation algorithms already used and
available in literature.

In the second part of this chapter, new erythema index estimation is proposed and
experimentally tested.

The third part of this chapter describes the clinical study and results.

Results of this study are published in paper X, submitted to be published in paper
VIl and presented at the conferences C1, C3, C4 and C9.

3.1 LITERATURE OVERVIEW

Rosacea is a chronic inflammatory skin disease that involves flushing, transient or
persistent erythema, visible blood vessels (telangiectasias), as well as papules and pustules on
central convexities of the facial skin (cheeks, chin, nose, and central forehead) [86]. These are
considered the primary features of rosacea. It is one of the most common conditions that
dermatologists treat with a prevalence of 2-22% in Europe [87]. Pathophysiology of rosacea
is not fully understood and involves dysregulation of several systems, including innate
immunity and neurovascular mechanisms, and the cause of rosacea is still being discussed
[88, 89]. Its severity is usually determined clinically by visual assessment of primary features
of rosacea, including erythema. Recently, a reliable Clinician’s Erythema Assessment (CEA)
grading scale has been introduced that ranges from 0 (clear skin, no erythema) to 4 (severe

erythema) [90]. Other methods include spectroscopic devices (e.g., Mexameter®,
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Chromameter®, DermaSpectrometer®), computer analysis of a digital photograph, lesion
counts of papules and pustules, assessment of secondary signs and symptoms (burning,
stinging, itching), and other [88].

Spectroscopic techniques for erythema assessment are mainly based on comparison
of diffuse reflected intensities at different spectral bands — mostly green and red, due to high
hemoglobin absorption in the green spectral region and very low absorption in the red (Fig.
8). Erythema index can then be calculated as:

IR) 1(R)

(12)

where I(R) is reflected intensity of the red light and 1(G) is the reflected intensity of the
green light [91]. For RGB imaging purposes, logarithm in the formula can be neglected, as
only relative values are further used. Although there is even higher hemoglobin absorption in
the blue spectral region, it is not commonly used due to lower mean penetration depth in skin
(less than 300 um compared to approximately 500-700 um for the green light) [6].

Several studies use the spectral imaging for erythema index estimation. Polarization

multispectral dermoscope has been developed for in vivo imaging of skin lesions by using
linearly polarized illumination at wavelengths of 470 nm, 530 nm and 625 nm. Blood contrast
parameter was calculated as the difference in green and red polarized light illumination
images:
Green90 — Red90  1(G) — I(R)
Green90 + Red90 I1(G) + I(R)
where Green90 and Red90 are images at polarized green and red, respectively, illumination
[92].

EIBC = (13)

Noncontact monitoring of vascular lesion phototherapy efficiency has been
demonstrated by an experimental RGB imaging system, and melanin-corrected erythema

index was calculated as

Bl — 0D(G) 0D(B) er 0D(R) _ ,/1(5;()6:)1(12) 14

where OD(R), OD(G) and OD(B) are optical density values representing absorption at the
red, green and blue spectral channels and are expressed by Eq. 3, and I(R), I(G) and I(B) are
the reflected intensity values as detected in the red, green and blue spectral channels of image
sensor. A new parameter representing the contrast of erythema index (CEI) has been

introduced as a measure of erythema index deviation throughout the image area:

El
CE] = std

(15)

Elmean
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where E ;4 is the standard deviation of erythema index and E'I,,,.., IS the mean value of El at
the region of interest [93].

Most devices for erythema estimation use point measurement systems, acquiring
reflected intensity value from a small skin spot of some millimeters in diameter. In particular,
Mexameter® is a commercially available device that comprises 16 circularly arranged LEDs
emitting at wavelengths 568 nm, 660 nm and 880 nm, and a photodetector that measures
intensity of the light reflected by skin area of 5 mm in diameter. Erythema index is calculated
from reflected light intensities at 568 nm and 660 nm, based on Eq. 12. Other commonly used
devices are Chromameter® and DermaSpectrometer® [88, 94].

Point-measurement devices may not be reliable in some cases, for example, when the
chosen measurement point is a blood capillary that leads to a much more increased erythema
index value than the rest of the skin region of interest. Thus, the development of a more

reliable technique and methodology would be important.
3.2 METHODOLOGY AND A NEW ERYTHEMA INDEX ESTIMATION

The experimental RGB imaging prototype, developed at the Biophotonics laboratory,
Institute of Atomic Physics and Spectroscopy, with provisional brand name Skimager is a
handheld wireless, battery-powered device that comprises a 3 Mpix CMOS sensor color
camera (Micron MT9T031, quantum efficiency shown in Fig. 38a) [95] surrounded by a ring-
shaped LED illuminator emitting white, blue (460 nm), green (530 nm) and red (665 nm)
spectral bands (Fig. 38b), linear polarizers in front of the LEDs and the camera, oriented
orthogonally to each other (in order to suppress the specular reflection [96]), an on-chip
microcomputer, a touchscreen and an SD memory card [97]. A changeable nozzle keeps the
distance between skin surface and the detector constant at 50 mm, as well as eliminates
outside light to reach the detector. Skin area of 30 mm in diameter can be evaluated.
Illumination LEDs are evenly distributed in a circle (four LEDs of each type: white, red,
green, blue), and each type of LEDs is sequentially switched on for approximately 1 second
while an RGB image is taken, thus the total measurement time is approximately 5 seconds.
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Fig. 38. a) Quantum efficiency of the CMOS sensor used in Skimager [95] and b) Spectra of Skimager
LEDs.

SkImager acquires three spectral images (red, green, and blue) at each illumination
(white, red, green, and blue). Each spectral image represents three roughly separated spectral
regions: 600-700 nm (red), 500-600 nm (green), and 400-500 nm (blue) (Fig. 38a) [95].
Only one spectral image for each illumination was further used (red spectral image for red
illumination, green spectral image for green illumination, and blue spectral image for blue
illumination), as there is a much lower signal in the other spectral bands that do not provide
much information about absorption in the particular wavelength range. Thus three separate
images for each measurement are further used, and each pixel has a reflected intensity value
at red, green and blue illumination: I;(R), I;(G) and I;(B), respectively.

For erythema severity estimation, a new erythema index parameter was introduced.
Hemoglobin absorption can be related to difference between the red and the green spectral
images [91]; however, melanin absorption in the upper skin layers should also be considered
[85, 93]. The melanin-corrected erythema index Elgg; (EQ. 14) considers that all three
spectral images are used. A new empirical erythema index estimation method with using only
two adjacent spectral band images is introduced. The erythema index can be estimated as
absorption in green spectral band, melanin absorption can be estimated as difference in
absorption between blue and green spectral bands, and thus melanin-corrected erythema index

can then be estimated as:
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Elgg = OD(G) — [OD(B) — OD(G)] (16)

By using Eq. 3, Eqg. 16 can then be expressed by using reflected light intensities as:

(@ _1(B) ]z 1(B) an

E‘BGZIOgI B TOF| " TOr

as the first multiplier in the formula is a constant for all measurements. The approximately

equal sign in Eq. 17 is used to show that the important parameter here is the relation between
the two signals. In this study, only the relation (not the logarithm of the relation) was further
used, as only relative parameter values are observed. Further a multiplier of 100 is used for
better data representation:

I(B) (18)
[1(&)]?

Erythema index for each measurement is calculated as the mean erythema index

EIBG = 100 .

value of all pixels of the skin area of interest.

It was expected that visibly seen blood vessels (and other regions with an increased
redness) would result in increased erythema index values, compared to normal skin. Thus an
example measurement was chosen to test which erythema index calculation gives the best
contrast between areas of an increased redness and normal skin (Fig. 39). For this purpose,
erythema index values were normalized for each erythema index distribution map. Three
regions of interest (ROI) were selected in the erythema index distribution maps to calculate
average erythema index value for normal skin (black ROI line in the Fig. 39 White image),

blood vessel (red ROI line) and pigmentation (blue ROI line). Results are shown in Table 1.

52



_I® _1(6) - I(R) JI(B) - 1(R) B 1(B)
Elre = 1(6) BC = 1(6) +_I(R) Elgpe = _I(G)_ Elgg = 100 - [1(&)]?

Fig. 39. Example of white light, blue, green and red illumination images of a nose (on top)
and different erythema index distribution maps (bottom).

Table 1. Comparison of contrast between different erythema index parameters

Contrast of Contrast of
Normal . . Blood vessels | Pigmentation
. Blood vessels | Pigmentation
skin and Normal and Normal
skin skin
Elgg 0.11+0.01 | 0.91+0.05 0.61+0.12 8.64 +£0.43 5.81+0.70
Elge 0.18+0.02 | 0.95+0.03 0.75+0.10 5.15+0.16 4.04 +£0.41
Elgpe | 0-17+0.02 | 0.90+0.05 0.58 £0.13 5.40+0.31 3.44 +0.45
Elgc 0.09+0.01 | 0.89+0.06 0.48 £0.13 10.29 + 0.67 5.53+0.72

The best contrast between an increased erythema (blood vessels) and normal skin
were achieved by using the Elg; estimation algorithm. In case of contrast between
pigmentation and normal skin, it is better to have less contrast which could be interpreted as
subtraction of melanin absorption in the epidermis, and for this purpose the Elgg. estimation

parameter seems to work better.
3.3 RESULTS OF THE CLINICAL STUDY

50 female rosacea patients (ages 25 to 59) with dermatologists’ estimated CEA
index of mostly 2 and 3 participated in the study. The study protocol was approved by an
ethics committee and each patient gave a written approval. They were separated into two
groups: 27 patients were in a control group and 23 patients were in a treatment group. The

treatment group patients were using a cream that is supposed to decrease the severity of
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erythema on facial skin while the control group patients were using a simple moisturizing
cream. Both groups were using the creams daily for a month without doing any other
treatments on facial skin. Five parts of facial skin were measured for each patient (central
forehead, right cheek, left cheek, right part of nose and left part of nose). For each facial part
three data sets were obtained: CEA, Mexameter erythema index values (E1,,), and Skimager
erythema index values ( Elg;). Two temporal measurements for each patient were acquired:
before treatment and 1 month after the treatment. Before each measurement, patient relaxed
for at least 15 minutes in order to avoid other factors affecting their skin color (such as cold
outside temperature, fast walking, etc.). None of the people involved (patients, doctors,
researchers) knew which patient is in which group before the results had been analyzed.

The obtained results are presented in two parts: comparison of results of all three
data sets (CEA, Mexameter and Skimager) for 500 measurements (50 patients, two temporal
measurements 1 month apart, 5 facial regions) and comparison of two patient groups (control
and treatment) to find out whether it is possible to see any improvement for the treatment
group by each of the data sets.

All 500 measurements were divided in four groups, depending on the corresponding
CEA value of each measurement, and histograms of all those four groups show the correlation
of CEA and EIg; values, acquired by Skimager (Fig. 40a), and correlation of CEA and EI,,
values, acquired by Mexameter (Fig. 40b). The mean Elg. value and the mean EI,,value for
each of the four groups (the corresponding CEA values) was then calculated, and correlation
graphs between CEA and the mean Elg; (Fig. 41a) and between CEA and mean EI,,(Fig.
41b) are shown.

Mean values of Elz; show a very good (R? = 0.99) linear correlation with the CEA
values. In case of Mexameter, the correlation is not as good. Fig. 40b shows that erythema
index values do not make distinctive groups that would match the CEA values, indicating that
the dermatologists’ subjective view is different from the quantitative estimation by an optical

device.
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Fig. 40. Histograms of (a) all EIpgg values for each corresponding CEA value; (b) all EI,, values for
each corresponding CEA value.
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Fig. 41. Correlation graphs of (a) CEA and the mean value of EIg¢ for each corresponding CEA
value; (b) CEA and the mean value of EI,, for each corresponding CEA value.

Two temporal measurements were taken for all 50 patients at the beginning of the
study and 1 month after: 27 patients in a control group were using a simple moisturizing
cream and 23 patients in a treatment group were using a rosacea treatment cream. CEA,
Mexameter (EI,,) and Skimager (Elg;) data were used to see if there was any improvement
(less erythema) after 1 month. For each patient, average value of all five facial measurements
was calculated and further analyzed. Percentage of patients with improvement, no matter how
great, out of total patients in one group, 23 or 27, was calculated and results are shown in
Fig. 42.
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Fig. 42. Percentage of patients with improvement (out of total number of patients in one group) —
comparison between CEA, Mexameter and Skimager results.

In the case of CEA results, for 29 patients (out of 50) there was no change in CEA
value (17 in control group and 12 in treatment group); for the rest of patients, there was a
higher percentage of patients with improvement for the treatment group than for the control
group. Mexameter values showed no difference in improvement for both groups. Skimager
results showed that 52% of patients in the control group had an improvement and 70% of

patients in the treatment group had an improvement in their results.
3.4 CONCLUSIONS AND DISCUSSION

This study shows a comparison between different erythema index estimation
calculations and proposes a new algorithm using only the blue and green spectral images; the
new algorithm shows a better contrast for erythema estimation than other algorithms. The
lowest contrast between pigmentation (increased melanin content) and normal skin regions
was achieved by using a previously developed erythema index estimation EIgp;.

Output data of two optical devices used for erythema index estimation, a single-spot
measurement device Mexameter and an RGB imaging device Skimager, are compared to
dermatologists’ assessment (CEA values). The mean Elg; (of all Elg.; values with the same
CEA value) was calculated, and comparison of the mean Elgz; and CEA shows a very good
correlation (R? = 99%). The same was done with the results of the single-spot measurement
device Mexameter; however, the correlation of the mean EI,, and CEA is not as good
(R? = 84%).

When comparing patients in two groups (control and treatment), it is easier to
distinguish between both groups by using Skimager results as they show also small changes in
erythema, compared to the dermatologists’ estimation, and also they actually show more

improvement for treatment group than for control group. Although it is unclear whether the
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rosacea treatment cream actually improves the results (there is no ground truth method to test
it), it was expected that there should have been more improvement than for the control group.
Regarding the 50% improvement for the control group, it could be explained with the placebo
effect (patients might have thought that they were using a treatment cream) or with the fact
that the moisturizing cream also improved their skin.

This study shows that single-spot measurements might not be very reliable when
compared to the RGB imaging. RGB imaging shows a much better correlation with
dermatologists’ estimation and shows more reliable results. A new erythema index estimation
algorithm was proposed, and it demonstrates a better contrast between blood vessel and

normal skin regions than other algorithms.
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CHAPTER 4

REFLECTANCE SPECTROSCOPY AND IMAGING FOR
ESTIMATION OF WATER IN SKIN

This chapter shows experimental work done in the near-infrared spectral range of
900-1700 nm by reflectance spectroscopy and imaging in order to find possibilities for
estimation of water content in skin (skin hydration), especially after application of
moisturizing creams.

The first part of this chapter gives a literature overview of research done in the field
of near-infrared spectroscopy and its applications for estimation of water content in skin.

The second part describes the first experimental setup and results: single-point
measurements done by near-infrared LEDs and photodetectors, published in paper IV and
presented at conferences C10 and C11.

The third part describes the experimental setup and the most recent experimental
results on possibilities to determine in vivo water content in skin by reflectance spectroscopy
and imaging in the spectral range 900-1700 nm, published in paper I, submitted to be
published in paper 1X and presented at conference C5 and at the Biophotonics Summer

School in Ven, Sweden, in June 2015.
4.1 LITERATURE OVERVIEW

Near-infrared spectroscopy offers tools to distinguish between different water
volume fractions in skin as water has distinct absorption peaks in the near-infrared spectral
range. Thus, near-infrared spectroscopy is considered to have a potential to be informative for
cosmetics and health industry to determine how dry the skin is, in other words, determine skin
moisture level.

There is a huge variety of different moisturizers, lotions and other products that
supposedly reduce skin dryness. However, it is not clear how much effect these products
actually cause in short and long term. Currently, commercially available devices (e.g.

Corneometer, Skicon, Nova, etc.) used for the determination of skin moisture level are based
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on electrical properties of skin (conductance, capacitance). Studies show good correlation
between results acquired by different commercially available devices [98]. However, these
techniques are indirect as the given result is related not only to the level of skin moisture but
also the surface state (contact impedance between the skin and the electrode can vary
depending on skin roughness) and the thickness of stratum corneum (SC) that varies between
different body parts [99]. Thus, skin moisture determination by analyzing electrical properties
of skin is considered unreliable and there is a need to develop new techniques and
methodologies to increase reliability. Optical methods in the near-infrared spectral range
show a potential to do that.

Previous studies on near-infrared reflectance spectroscopy as a technology for
determination of in vivo skin moisture level can be found since the 1990s. In 1993, Martin
suggested a method to quantitate water on a relative basis to distinguish free, bulk and bound
water which can mainly be done by using wavelengths in the spectral range 1800-2000 nm,
as well as additionally using scattering off the skin surface as a measure of skin smoothness
[100].

In 2005, Suh et. al. presented work on doing in vitro skin moisture measurements on
hairless mouse, as well as in vivo skin moisture measurements on human inner arm by Fourier
Transform NIR spectrometer in the spectral range 1100-2500 nm. They used partial least
squares regression to develop a calibration model by comparing near-infrared reflectance
spectroscopy results to the conventional capacitance method (device Corneometer). In vitro
measurements of a hairless mouse skin, soaked in water for one hour, are shown in Fig. 43:
absorption spectra were acquired right after, 4, 9, 21 and 24 hours after the skin was soaked,
and it can be seen that the absorption decreases considerably in 24 hours and the most

changes are observed at the water absorption peak at 1920 nm [101].
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Fig. 43. In vitro near-infrared absorption spectra of a hairless mouse skin after it has been soaked in
water for 1 hour, by using a Fourier Transform NIR spectrometer [101].
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In vivo near-infrared absorption spectra of human skin were collected from 2 persons

by using Fourier Transform NIR spectrometer, and results are shown in Fig. 44 [101].

35

25

log(1/R)

05 ¢ —
1100 1300 1500 1700 1900 2100 2300 2500

Wavelength (nm)

Fig. 44. In vivo near-infrared absorption spectra of human skin by using a Fourier Transform NIR
spectrometer [101].

In 2006, Iwasaki et. al. introduced a NIR spectral imaging system consisting of an
indium gallium arsenide (InGaAs) NIR camera, halogen bulb light source and optical filters
(1060 nm and 1450 nm) to differentiate skin where a moisturizer has been applied. Fig. 45
shows absorbance image differences (subtracting image at 1060 nm from image at 1450 nm)
just after application of a moisturizer and 5 hours later, additionally two different moisturizers

are compared (lotion and rich cream) [102].

(A) Just after applying (B) 5 hours later

moisturizing High
lotion
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Water
(control) ooninat
moisturizing-rich
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Fig. 45. Absorbance image difference A) just after application of a moisturizer and B) 5 hours after
application of a moisturizer [102].
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In 2011, Egawa et. al. suggested an imaging system for analysis of both water and oil
content in facial skin by using a sensitive InGaAs NIR camera in the spectral range 1100-
2200 nm which was also able to acquire images of skin at 1920 nm which is the strongest
water band in this spectral range. They suggest that at 1920 nm it is possible to detect even
small changes in water content in skin. Fig. 46 shows how water content, which in this case
was attributed to a false color image brightness, changes over time after application of
different lotions: it can be seen that there is an increase in water content just after the
application of a cream and water content decreases 5 minutes later, although it stays higher
than before the application of a cream for at least 90 minutes. Fig. 47 shows false color
images of a region on skin where a moisturizer that also consists of oil and lipids was applied.
The authors suggest that they were able to see water and oil relative content changes [103].
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Fig. 46. Change in water content (expressed as false color image brightness) before and up to 90
minutes after application of a moisturizer/emulsion [103].

90 min after
Just after 30 min application

oil
Fig. 47. False color images of water and oil content on facial skin after application of different
emulsions (a and b) [103].

61



Although studies show that with a near-infrared detector with sensitivity up to
2.5 um it is possible to distinguish even small changes in skin hydration, these types of
InGaAs detectors are much more expensive and inaccessible than detectors up to 1.7 um
sensitivity. In the spectral range up to 1.7 um there are also water absorption maxima that
could possibly be used for determination of skin hydration, thus this spectral range should be
explored further.

4.2 PHANTOM MEASUREMENTS BY DUAL-BAND PHOTODIODES AND LEDS

This chapter presents methodology for experimental work done in the near-infrared
spectral range of 900-1700 nm by reflectance spectroscopy and imaging in order to find
possibilities for estimation of water content in skin (skin hydration), especially after
application of different creams and lotions. It started with a study on the possibilities of
detecting skin hydration by using far-end of conventional silicon photo-detectors (sensitivity
up to 1100 nm, including the water absorption maximum at 980 nm); however, those studies
did not show high sensitivity and it was concluded that near-infrared detectors were needed to
explore possibilities for determination of skin hydration.

First study in the near-infrared spectral range above 1100 nm was done with a simple
single-point measurement setup by use of near-infrared photodiodes and LEDs. Experimental
setup consisted of two illumination LEDs of wavelengths 1200 nm (Thorlabs, 2.5mW
T-1 3/4) and 1450 nm (Thorlabs, 2.0 mW T-1 3/4), dual-band photodiode for detection
(Thorlabs Dual Sandwich Detector DSD2), oscilloscope (Tektronix MSO4054B) for signal
acquisition from the photodiode, as well as a sample of water in a Petri plate under which a
white paper sheet was located. The illumination LEDs were operated by a power source
(i = 20 mA), each of them separately. The photodiode was operated by a power source
(i = 10 mA). Distance between the diodes (both, illumination and photodiode) and the
bottom of the Petri plate with water sample was kept constant (1 cm) for all measurements.

The illumination diode and the photodiode were located next to each other (Fig. 48).

Power source
(i=20mA)

Water sample

Fig. 48. Experimental setup of water content measurements by LEDs and a photodiode in the

near-infrared spectral range.
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Measurements were taken separately for each of the illumination LED. When LED
was switched on, the RMS (root mean square) value was registered from the oscilloscope.
The measurements were taken in dark in order to lower the noise level. At first, a reference
value was registered by using the above described experimental setup with an empty Petri
plate (without water in it) in order to register incident light. Afterwards, water was filled in
the Petri plate with a depth level of 1 mm. After that, measurements were done after adding
1 mm of water level each time. The registered signal by oscilloscope is a value in millivolts
(mV). As it is linearly dependent on photons reaching the photodiode, this registered value is
assumed to be equivalent to reflected intensity value [relative units]. A relative water
absorption parameter can be expressed as optical density value from Beer-Lambert-Bouguer’s
law by:

I
f
Ayater = % (19)

where [, represents each measurement by oscilloscope when there is an amount of water in
the Petri plate.

For comparison of absorption parameter when illuminating the sample with both
different LEDs (1200 nm and 1450 nm), a parameter representing absorption difference

between both wavelength illuminations was introduced:

AA = Aq450 — A1200 (20)

Results and discussion
Results show that at 1450 nm LED illumination water absorption parameter is higher
than at 1200 nm illumination as was expected. The error of the measurement is the standard

deviation of RMS signal, registered by the oscilloscope (Table 2).

Table 2. Comparison of relative absorption parameter values by illumination of each of the LEDs.

Illumination L. I, (depth 1 mm), Ao
LED [rel.units] [rel.units] [rel.units]
1450 nm 39.4 £+ 0.5 92105 43+£1.0
1200 nm 51.5£0.5 447 £ 0.5 1.2+ 1.0

In Fig. 49, the correlation between absorption parameter A and the water depth level

in a Petri plate is presented when illumination the sample with a 1200 nm LED (Fig. 49a) and
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when illuminating it with a 1450 nm LED (Fig. 49b). The relative absorption parameter AA
increases with an increased water depth level (water volume fraction) as expected. When
illuminating with 1450 nm LED, with water level higher than 0.3 cm, the reflected intensity
value dropped to 0 and absorption parameter could not be estimated. This probably means that
all light was absorbed by an increased level of water, thus no light was reflected and detected
by the photodiode.

In Fig. 50, the difference parameter AA depending on the water depth level is shown.
As expected, absorption difference between 1450 nm and 1200 nm spectral bands increases
with increased water depth level as the water volume fraction and thus absorption have
increased.
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Fig. 49. Relative absorption parameter depending on the water depth level in the Petri plate at 1200
nm LED illumination (a) and 1450 nm illumination (b).
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Fig. 50. Absorption difference parameter depending on the water depth level.
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4.3 ESTIMATION OF WATER IN SKIN BY REFLECTANCE SPECTROSCOPY

The near-infrared spectral region was later explored even further by using a
spectrometer and a camera with InGaAs detectors and spectral sensitivity in the spectral range
of 900-1700 nm. The experimental setup was designed and it consisted of a near-infrared
spectrometer (Ocean Optics, NirQuest 512) in the spectral range of 900-1700 nm, Y-type
water free (WF) optical fiber probe, a halogen bulb light source, and a 3D printed nozzle as a
spacer to separate skin from the detection and illumination fibers (Fig. 51). Optical fiber
probe consisted of 6 illumination fibers in a circle around 1 detection fiber in the middle
without any space between fiber ends. The distance between optical fiber ends to the skin
surface of interest was kept constant of 5 mm by the nozzle (outer diameter 25 mm, inner
diameter 4 mm). During measurements, room temperature was kept at 23°C. Room was dark
to avoid any disturbances; however a dark spectrum was always subtracted from all

measurements.

HALOGEN LAMP
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OF INTEREST

Fig. 51. Experimental setup of skin hydration measurements by near-infrared spectrometer, halogen
lamp light source and fiber optics.

The acquired reflectance spectrum of skin was converted to absorbance values, and
the spectrum of initial light reaching the sample I, was acquired by using Avantes WS-2

reference tile for specular reflectance measurements in the spectral range of 350-1800 nm.

Results and discussion

Example skin absorption spectra of a female volunteer (26 years old, skin type I1) at
different body locations (foot and heel) and a comparison of visibly dry and normal skin is

shown in Fig. 52. As was expected, the absorption spectrum of a visibly dry skin is lower
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which could be explained with less water content in skin. When looking at the absorption
spectrum of a heel which is also visibly dry and has a thicker skin, the absorption maximum at
around 1420 nm is not as distinguishable as at other body locations which could be explained

with the roughness of skin.
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Fig. 52. Comparison of skin absorption spectra at different body sites (a) and of visibly dry and
normal skin (b).

An experiment was done to see how the absorption spectrum of skin changes after
application of a moisturizer (Fig. 53). Wavelengths of maximum (980 nm, 1200 nm, 1420
nm) and minimum (1050 nm, 13000 nm) water absorption values were chosen for observing

skin absorption changes over time after application of a moisturizer on forearm skin of the

same volunteer.
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Fig. 53. Absorption changes over time after a moisturizer has been applied, observed at the
wavelengths of local maximum (on the left) and local minimum (on the right) water absorption values.

As was expected, the best wavelength to observe skin absorption changes in this
spectral range is 1420 nm as water absorption is the highest at this wavelength. Also, it is
interesting to notice that absorption increases during the first 1 minute after application of a
moisturizer, and then starts to slowly decrease up to minute 5 when absorption stays constant
for the next 5 minutes. Similar behavior was observed for other volunteers. However, more

statistical data are needed for further analysis.
4.4 ESTIMATION OF WATER IN SKIN BY NEAR-INFRARED IMAGING

Another type of experiment was performed in order to image water absorption
changes in skin. Experimental setup consisted of a 320x256 pixel 8-bit near-infrared camera
(Xenics, XS-1.7-320) sensitive in the spectral range of 900-1700 nm, near-infrared bandpass
filters of central wavelengths 980+2 nm, 1100+2 nm, 1200+2 nm, 130042 nm, 1450+2 nm
and 160042 nm (Thorlabs), transmission spectra shown in Fig. 54 [104], and a halogen lamp
light source, directed at a 45° angle in order to eliminate the specular reflection off the skin
surface coming directly into the camera (Fig. 55). These bandpass filters were chosen as
wavelengths with maximum (980 nm, 1200 nm, 1450 nm) and minimum (1100 nm, 1300 nm)

water absorption values.
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Fig. 54. Transmission spectra of bandpass filters [104].
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Fig. 55. Experimental setup for near-infrared imaging of skin.

Monochromatic 8-bit reflectance (R(x, y)) images were acquired by the camera, and

a simple calculation was used to express absorption at each image pixel:

Alx,y) =

R(x,y)

(21)
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Results and discussion

Possibilities to detect water absorption differences between dry and moisturized skin
were studied. However, when applying a thin layer of moisturizer (less than ~0,5 mm) on
skin, in the experimental conditions it was hard to distinguish between dry and moisturized
regions by the designed experimental setup. Only when putting a drop of water (at least 1 mm
thick) directly on skin surface, it was possible to distinguish between normal skin and the
drop of water on skin. In Fig. 56, an example of a blister on skin surface (2 mm in diameter,
~1 mm thick) is shown taken by using 6 bandpass filters (Fig. 56a), and a relative absorption
parameter value was calculated as an average of a region of interest at normal skin and blister
(Fig. 56b).
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Fig. 56. a) Near-infrared images of a blister on skin by using different interference filters and b)
relative absorption values of a blister and normal skin, calculated from each reflectance image.

The developed method shows potential for skin hydration mapping, however, a more
sensitive imaging sensor should probably be used to see smaller skin hydration differences

(for example, after application of a cream).

45 MONTE CARLO SIMULATIONS

In order to better understand what exactly may change in the acquired near-infrared
diffuse reflectance spectra after application of a moisturizing cream, Monte Carlo simulations
were performed. The program was written based on the open-source code for forward Monte
Carlo for Multi-Layered media (MCML), developed by Lihong Wang and Steven L. Jacques
[105-107], and modified as inverse Monte Carlo in order to acquire optical parameters of skin
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when diffuse reflectance spectrum is known. A schematic of the written inverse Monte Carlo

program is shown in Fig. 57.
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Fig. 57. A schematic of the inverse Monte Carlo program in order to calculate optical parameters of
skin.
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A one-layer skin model was chosen with the following parameters: anisotropy
g = 0.9, layer thickness d = 8 mm, photon count 100 000, refraction coefficient n = 1.33.
Wavelength-dependent absorption coefficient changed by equation (1) = cp,o * Un,o(4),
where uy,o [%] is evenly distributed total water volume fraction in the skin layer and
1iu,0(4) are water absorption coefficient values [cm™"] (as in Fig. 12). Scattering coefficient
us [em™1] values decrease almost exponentially from 18 cm™! at 900 nm to 14 cm™! at
1700 nm.

Two types of forward Monte Carlo simulations were performed: one where
absorption coefficient is set constant for each wavelength, allowing the scattering coefficient
to change, and the other one where scattering coefficient is set constant for each wavelength,
allowing absorption coefficient to change. Diffuse reflectance spectra were then analyzed for
different absorption coefficient (water volume fraction) values and for different scattering

coefficient values.
Results and discussion

Monte Carlo simulations showed that reflected spectrum changes very little by
changing water volume fraction values (related to absorption coefficient), while the scattering
coefficient is constant (Fig. 58a). However, the reflected spectrum changes more visibly by
changing the scattering coefficient (Fig. 58b) which suggests the importance of scattering.
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Fig. 58. Monte Carlo simulation results a) by changing water volume fraction (scattering coefficient is
constant) and b) by changing scattering coefficient (absorption is constant).
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46 CREAM PENETRATION STUDIES BY LASER-INDUCED SKIN

AUTOFLUORESCENCE

The experimental setup for laser-induced skin autofluorescence studies was
designed and experimentally validated. The setup consisted of a low-power light source,
visible light spectrometer (Avantes AvaspecULS2048, spectral sensitivity 200-1100 nm),
Y-type optical fiber probe for reflectance measurements from skin and optical cut-off filters
located at the fiber end close to the spectrometer to eliminate light source irradiation from
reaching the spectrometer. Different excitation sources were tested to find the best one for
monitoring a treatment drug penetration in skin over time: 360 nm LEDs (without a filter),
405 nm laser, 437 nm laser and 532 nm laser.

A specific herbal drug (Rinogels by Silvanols) was tested. At first, it was put on a
non-fluorescent plastic plate to test whether it has its own fluorescence by taking reflectance
measurements. It was not possible to detect any fluorescence signal by using 360 nm LEDs;
however, it might be due to the fact that for this light source there was no filter used to
eliminate the laser illumination. It was also not possible to detect any fluorescence by 473 nm
laser illumination, although a filter was used. By using 405 nm laser and 532 nm laser, drug
fluorescence was noticed with fluorescence maximum at around 675 nm (Fig. 59). By
analyzing excitation and emission spectra of fluorophores that are widely distributed in
human skin [28], it is reasonable to suggest that the fluorophore in the drug could possibly be
a combination of lipopigments, porphyrins and/or flavins, although no further analysis was
done to test which fluorophore it was.

532 nm laser irradiation 405 nm laser irradiation
400 0

675nm

200 0

FLUORESCENCE INTENSITY,
RELATIVE UNITS

0 0
550 600 650 700 750 550 600 650 700 750

WAVELENGTH, NM WAVELENGTH, NM
a b

Fig. 59. Drug fluorescence spectra when irradiating with a 532 nm laser (a) and a 405 nm laser (b).
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A parameter was proposed for comparison of skin autofluorescence spectrum
changes over time after application of the drug:

_ 1gryg(675nm)
Pr = (675nm)

(22)

where Ig,,4(675 nm) is the normalized reflected intensity value at 675 nm of skin with the
drug applied on it and Iy, (675 nm) is the normalized reflected intensity value at 675 nm of
normal skin before the drug was applied. All spectra were normalized by the maximum

reflected intensity value in the spectral range of 550-750 nm which was at 650 nm.

Results and discussion

A 532 nm laser irradiation was used to analyze cream penetration in skin by
measuring skin autofluorescence changes. Measurements were taken at different times after
the cream was applied on skin surface up to 13.5 hours. Fig. 60 shows comparison of skin
autofluorescence spectra just after the application of the drug and 13.5 hours after, as well as

the spectrum of normal skin (without any drug). Fig. 61 presents parameter ps; changes over

time after application of the drug.
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Fig. 60. Normalized skin autofluorescence spectra under 532 nm laser excitation a) just after
application of the cream and b) 13.5 hours after application of the cream on skin surface.
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Fig. 61. Parameter py, changes over time after application of the drug on skin surface.

This study proposes a method for determination of the presence of a cream in tissue
which can be useful to determine how long does a cream/drug stay in tissue after its
application to skin surface. In this experimental study, it can be observed that after 13.5 hours
the 675 nm fluorescence maximum that has been attributed to the fluorescence of the drug, is
not as distinguished anymore and the measured skin autofluorescence spectrum is very similar
to the skin autofluorescence spectrum taken before the drug was applied.

Even though this method seems promising, the obtained skin autofluorescence signal
was quite noisy (Fig. 60) which can explain the ps, parameter variations in Fig. 61. For
further measurements, fluorescence spectrum approximation could be used beforehand to
smoothen the signal before further analyzing the fluorescence intensity value at 675 nm. Also,
this effect how a drug penetrates human tissue is probably related to tissue type, location, skin
condition etc., thus future work should include more statistical data.
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SUMMARY

This thesis summarizes the methodology improvements and experimental and

clinical validation of optical methods in the visible and near-infrared spectral ranges for

noninvasive assessment of skin parameters.

Novelty of this thesis:

1.

Methodology for estimation of relative concentration distribution of skin
bilirubin and hemoglobin was developed and experimentally tested by using
hyperspectral imaging in the visible spectral range of 450-650 nm. A two-step
algorithm was introduced to distinguish bilirubin and hemoglobin absorption in
skin.

New algorithm for follow-up bilirubin and hemoglobin relative concentration
changes during bruise development was proposed and clinically validated by
means of self-developed experimental RGB imaging device.

Methodology for noninvasive determination of skin hydration and its changes in
the spectral range of 900-1700 nm (including Monte Carlo simulations) was
developed and experimentally validated.

Novel approach for estimation of facial skin erythema severity by using an RGB
imaging device was introduced and clinically tested.

Methodology for follow-up of cream penetration in skin by laser-induced

autofluorescence measurements was proposed and clinically validated.

Methodology improvements

The methodology for simultaneous estimation of skin bilirubin and hemoglobin in

bruises by hyperspectral and RGB imaging:

Image stabilization algorithms were applied to eliminate movement artefacts and
to align the temporal measurements of the same bruise;

A model for simultaneous bilirubin, hemoglobin and melanin absorption in skin
was developed to determine bilirubin and hemoglobin relative concentrations at
each pixel;
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A new two-step algorithm was proposed for a better estimation and
distinguishing between hemoglobin and bilirubin relative concentrations in
bruises;

A new algorithm for distinguishing between bilirubin and hemoglobin

absorption parameters by means of RGB imaging was developed.

The methodology for estimation of skin hydration changes over time after

application of a moisturizer by near-infrared reflectance spectroscopy in the spectral range
900-1700 nm:

Experimental setup comprising near-infrared spectrometer, Y-type optical fiber
probe, halogen lamp light source and a plastic nozzle for placement was
designed and assembled;

The best wavelengths for detection of hydration changes were selected;

Monte Carlo simulations were performed to understand how diffuse reflectance
spectrum in the near-infrared spectral range is affected by changes in absorption

and scattering; dominant role of scattering was shown.

The methodology for water distribution mapping in skin by near-infrared imaging:

Experimental setup comprising near-infrared camera (detection in the spectral
range 900-1700 nm), bandpass interference filters and a halogen lamp light
source was designed and assembled;

Imaging via interference filters was proposed to improve water detection

sensitivity.

The methodology for estimation of facial skin erythema by RGB imaging:

A new application for experimental multimodal skin imaging device was
proposed;

An original algorithm for erythema index assessment was proposed.

The methodology for estimation of drug penetration in skin by laser-induced skin

autofluorescence:

Experimental setup comprising a 532 nm laser, Y-type optical fiber probe,
visible light spectrometer and an optical cut-off filter was designed and
assembled;

The optimum wavelength for fluorescence excitation was selected.
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2. Experimental and clinical validation of the improved methods

2.1. Bilirubin and hemoglobin content changes in skin during bruise development:

It is possible to monitor bilirubin and hemoglobin relative concentration changes
in bruises over time by hyperspectral imaging, however, it is not very easy to
distinguish between hemoglobin and bilirubin as bilirubin and hemoglobin both
have absorption maximum at around 460 nm;

Different algorithms were used to distinguish between both chromophores, and a
two-step algorithm shows much better results than the simplified one in terms of
distinguishing between bilirubin and hemoglobin absorption;

It is possible to differentiate between bilirubin and hemoglobin absorption
parameters by using RGB imaging; however, it is not as precise as hyperspectral
imaging. RGB imaging can be used for simple mapping of bilirubin and
hemoglobin in bruises. This simple method in its current state cannot be used for

determination of the age of a bruise;

Additionally, skin phantoms were developed to mimic skin tissue and the main
chromophores of interest (hemoglobin, bilirubin and melanin) to see how
absorption changes due to different concentration and depth of the absorbing
substances. Phantom measurements are important for understanding how light
interacts with tissue and how different chromophores change the total absorption
spectrum acquired by a spectrometer or an imaging device;

Additionally, a clinical study on parallel diffuse reflectance and fluorescence
measurements by a hyperspectral imaging system was performed to test the
potential of both modalities for diagnostics of atypical skin lesions that could be
a very useful tool for early diagnostics of malignant lesions. Fluorescence
modality shows a better distinguishability between benign and atypical nevi,
compared to diffuse reflectance modality.

2.2. Erythema index measurements on facial skin of rosacea patients:

Results show that point-measurement device is not as reliable as RGB imaging
device, comparing to dermatologists’ visual assessment;

The new erythema index estimation algorithm could offer improved results as it
shows better contrast between regions of increased redness and normal skin than

other algorithms that were tested.
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2.3. Penetration studies of moisturizing creams:

e Diffuse reflectance spectrum changes over the first minutes after a moisturizer
was applied to the skin surface were obtained; results show an increase in
absorption during the first minute after application of the moisturizing cream,
and a decrease afterwards. The best wavelength for detecting the absorption
changes in the spectral range of 900-1700 nm is 1420 nm (water absorption
maximum);

e Monte Carlo simulations show that changes in scattering are affecting diffuse
reflectance spectrum more than changes in absorption which explains the
difficulties in measuring skin hydration just by differences in absorption at
different spectral bands;

e Results show that by the designed experimental setup only a relatively large
change in water content in skin can be observed (approximately 1 mm in
thickness). This can be explained with very high water content in human skin
(~65 %) in general, thus when there is a little increase in water content by adding
a very thin layer of skin moisturizer, it is very difficult to detect this small of a
change; a very sensitive imaging device is needed to identify this small of
change;

e Skin autofluorescence spectrum when excited by a 532 nm laser is different
when a treatment drug has been applied to skin surface, thus making it possible
to monitor how long does it stay in the upper layers of skin.

Further work should include development of more advanced algorithms for
calculation of relative chromophore concentration values when analyzing bruise development
over time by hyperspectral/RGB imaging. Analytical models (e.g. diffusion model) could be
included in order to estimate the age of a bruise. For experimental studies, a very important
aspect is the measurement setup: hyperspectral imaging setup is very bulky, takes a relatively
long time for one measurement which causes motion artefacts and it is not easy to move
around. For future measurements more compact devices that are easy to move around should
be used for an easier data acquisition. Thus RGB imaging has a great potential as RGB
imaging devices can be made very compact and they are more accessible (possibly even
smartphone cameras could be used for estimation of skin bilirubin and hemoglobin). The
already developed methodology for RGB imaging of skin bilirubin and hemoglobin has to be

improved but it is promising for further studies in this field.
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Although near-infrared reflectance spectroscopy and imaging show potential for
distinguishing changes in skin hydration in the spectral range up to 1.7 um, further work
should be done to develop a more standardized method for precise analysis of skin hydration
change between different skin regions as diffuse reflected spectrum changes quite a lot even
with small changes in pressure to skin surface. It seems that scattering plays the dominant role
in how the shape of the diffuse reflected spectrum changes after application of a moisturizer;
further work should include more phantom studies and more advanced Monte Carlo
simulations to better understand what information can be acquired from near-infrared
reflectance data.

Two clinical trials to validate the developed near-infrared reflectance spectroscopy
technique and the laser-induced skin autofluorescence technique for drug penetration studies

are planned in 2016.
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THESIS STATEMENTS

1.  The developed method of RGB imaging of bruises by a simple RGB imaging device is
useful for acquiring relative concentration and distribution changes of skin bilirubin and
hemoglobin over time.

2. The developed method of near-infrared imaging in the spectral range of 900-1700 nm
ensures imaging of regions with increased skin hydration. Reflectance spectroscopy in
this spectral range shows the potential to estimate skin hydration changes after
application of moisturizing creams.

3. The developed method for erythema index estimation by RGB imaging shows a good
correlation with doctors’ visual assessment and provides more reliable and sensitive
estimation of facial skin erythema, when compared to the existing methods.

4.  Laser-induced autofluorescence technique was confirmed to be efficient for estimation

of cream penetration in skin.
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ABSTRACT

Near-infrared spectroscopy has a potential for noninvasive determination of skin moisture level due to
high water absorption. In this study, diffuse reflectance spectra of in vivo skin were acquired in the
spectral range of 900 nm to 1700 nm by using near-infrared spectrometer, optical fiber and halogen bulb
light source. Absorption changes after applying skin moisturizers were analyzed over time at different
body sites. Results show difference in absorption when comparing dry and normal skin. Comparison of
absorption changes over time after applying moisturizer at different body sites is analyzed and discussed.
Some patterns of how skin reacts to different skin moisturizers are shown, although no clear pattern can
be seen due to signal noise.

Keywords: near-infrared, absorption, diffuse reflectance, skin, water, moisture, spectroscopy

INTRODUCTION

Near-infrared spectroscopy offers tools to distinguish between different water concentrations as water
has distinct absorption peaks in the near-infrared spectral range. Thus, near-infrared spectroscopy is
considered to have a potential to be informative for cosmetics and health industry to determine how dry
the skin is, in other words, determine skin moisture level.

There is a huge variety of different moisturizers, lotions and other products that supposedly reduce skin
dryness. However, it is not clear how much effect these products actually give in short and long term.
Currently, commercially available devices (e.g. Corneometer, Skicon, Nova, etc.) for determination of
skin moisture level are based on electrical properties of skin (conductance, capacitance). Studies show
good correlation between results acquired by different commercially available devices [1]. However,
these techniques are indirect as the given result is related not only to the level of skin moisture but also
the surface state (contact impedance between the skin and the electrode can vary depending on skin
roughness) and the thickness of stratum corneum (SC) that varies between different body parts [2].

*inga.saknite@]u.lv; phone 00 371 29162679
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Skin moisture

Skin is the human body’s largest organ that has many important functions to protect the body. One of
them is the prevention of water loss. Skin consists of two main structural layers: epidermis and dermis.
Epidermis consists of 5 sublayers (Figure 1), the outer of which, stratum corneum, is the main barrier
that protects the body from dehydration, as well as from other molecules (e.g. irritants) entering into the
skin. Stratum lucidum or the clear layer is only found in very thick epidermis (palms, soles), and is
located between stratum corneum and stratum granulosum [3].

Skin has its own natural moisturizing mechanism that keeps it moist. Stratum granulosum (SG) is the
second outer layer of epidermis, and it is where the most important transformations in the formation of
SC barrier occur. At the SG, keratinocytes are transformed into corneocytes that are the building blocks
of SC. In this process, natural body lipids are released, and they are the main barrier that protects wetter
passing out through the SC. On most body sites, SC consists of 12 to 16 cell layers, but it can vary from
9 cell layers at eyelids to more than 50 cell layers at soles [3].

There are three main processes how skin moisturizers work in order to help skin when its natural barrier
has been irritated. Humectants (glycerin, urea, lecithin, propylene glycol) attract water from dermis and
bound it in the SC. Occlusive agents (zinc oxide, white petrolatum) provide a physical barrier to reduce
water loss. Emmollients (petrolatum, lanolin, mineral oil) provide occlusivity and smooth flaky skin
cells [4,5].

Stratum corneum e

Stratum Granulosum <~ <7 B S\,

Stratum Spinosum

Stratum Basale

Dermis

Figure 1. The five layers of epidermis.

Near-infrared reflectance spectroscopy

Near-infrared light penetrates deeper in tissue than visible light. In the spectral range of 900 nm to 1700
nm, light penetrates 1 mm up to 3 mm deep into the skin [6]. Thus, the diffuse reflected light brings
information from different layers of skin. Besides, the penetration depth is dependent on water
concentration in skin.

Previous studies on near-infrared reflectance spectroscopy as a technology for determination of in vivo
skin moisture level can be found since 1990s. In 1993, Martin suggested a method to quantitate water
on a relative basis to distinguish free, bulk and bound water, as well as additionally using scattering off
the skin surface as a measure of skin smoothness [7]. In 2005, Suh et al presented work of doing in vitro
skin moisture measurements on hairless mouse, as well as in vivo skin moisture measurements on human
inner arm by FT NIR spectrometer. They used partial least squares regression to develop a calibration
model by comparing near-infrared reflectance spectroscopy results to the conventional capacitance
method [8]. In 2006, Iwasaki et al introduced a NIR spectral imaging system consisting of an indium
gallium arsenide (InGaAs) NIR camera, halogen bulb light source and optical filters (1060 nm and 1450
nm) to differentiate skin where a moisturizer has been applied [9]. In 2011, Egawa et al suggested an
imaging system for analysis of both water and oil content in facial skin by using a sensitive InGaAs NIR
camera in the spectral range 1100 nm — 2200 nm which was also able to acquire images of skin at 1920
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nm which is the strongest water band in this spectral range. They suggest that at 1920 nm it is possible
to detect even small changes in water concentration in skin [10].

EXPERIMENTAL

In this study, a simple experimental setup was used to measure skin reflectance spectrum changes over
time after applying two different moisturizers. Different body sites were measured with variety in
thickness. The measurements were done in the spectral range of 900 nm — 1700 nm.

Experimental setup

Experimental setup consisted of a near-infrared spectrometer (Ocean Optics, NirQuest 512) in the
spectral range of 900nm — 1700nm, Y-type water free (WF) optical fiber probe, a halogen bulb light
source, and a 3D printed nozzle as a spacer to separate skin from the detection and illumination fibers
(Figure 2). Optical fiber probe consisted of 6 illumination fibers in a circle around 1 detection fiber in
the middle without any spaces. The distance between optical fiber ends to the skin surface of interest
was kept constant of 5 mm by the nozzle (outer diameter 25 mm, inner diameter 4 mm).

During measurements, room temperature was kept at 23°C. Room was dark to avoid any disturbances.

HALOGEN LAMP
LIGHT SOURCE

A

NIR .l
SPECTROMETER

Y TYPE PE

WF OPTICAL FIBER

NozzLE

5 MM
SKIN AREA

OF INTEREST

Figure 2. Experimental setup.
Data acquisition

During short time measurements (up to 15 minutes), the nozzle was kept fixed on the skin surface by
using a tripod, and the arm (or some other body part) was kept as motionless as possible during the
whole measurement. During longer time measurements (up to many hours), the nozzle wasn’t kept
constantly fixed on the skin surface. Instead, it was only put on skin surface when it was time to acquire
data (e.g. once in every hour). In this case, the specific skin area was marked as precisely as possible
with black markers around the nozzle in order to be able to put the nozzle exactly at the same place as
the previous time.

Data analysis

Reflectance spectra were converted to absorbance values by using formula:

I
A= 1091070 1)
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where I, is the initial light from halogen bulb light source, measured as the reflected light from Avantes
WS-2 reference tile for specular reflection measurements in 350-1800 nm, and I is the diffuse reflected
light.

For comparison of difference in absorption at particular wavelengths (e.g. 1300 nm and 1420 nm), an
absorption difference parameter was introduced:

_ _ I1300
A1420-1300 = A1as0 — A1300 = 0g10 Tiaso 2

where A14,0 and A3 are absorption values in relative units at the respective wavelengths.

During measurements, it was noticed that the spectrum is very sensitive to even small changes in with
how much pressure the nozzle is applied to the skin surface. As an example, Figure 3 shows absorption
spectrum changes due to different pressure (less, medium and more pressure). As it was quite clear that
these changes are not due to changes in skin moisture level, all spectra acquired at the same measurement
were normalized by subtracting the absorption value at 900 nm from each of the other wavelengths in
the whole spectrum of one measurement.

RAW ABSORPTION SPECTRUM
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Figure 3. Left: an example of raw absorption spectra when applying different pressure on skin surface (less, medium and

more) with the nozzle; Right: after normalizing spectra by subtracting absorption value at 900 nm for the whole
spectrum.

Figure 3 shows that even after normalization absorption spectra differ just because of applied pressure
difference. When the nozzle is pushed strongly to the skin surface, it appears that the absorption
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decreases. That could mean that there actually is a temporary water loss in the upper skin layers due to
pressure as some water is squeezed out of the upper layers of the skin. In future measurements, the
nozzle was just put on skin surface without pushing it.

RESULTS
Absorption changes over time

Absorption peak values at 980 nm, 1050 nm, 1200 nm, 1300 nm, and 1420 nm were chosen for observing
skin absorption changes over time after application of a moisturizer. Further, two examples are shown:
moisturizer was applied on a wrist of two volunteers with healthy skin: in Figure 4, a female, 26 years
old, skin type II; in Figure 5, a male, 29 years old, skin type Ill. As could be expected, the best changes
can be seen at the wavelength of 1420 nm as it has the highest water absorption in the spectral range of
900 nm — 1700 nm. At shorter selected peak wavelengths (980 nm and 1050 nm) result is noisy.

QA © 1050 nm
LIkt
.:.,7:‘5-,,..
@ 1200 nm O 1300 nm

Absorption, rel. units Absorption, rel. units
Absorption, rel. units Absorption, rel. units

Time, min Time, min

£

® 1420 nm

Absorption, rel. units
o
Y
N

2 4 6 8 10
Time, min

Figure 4. Absorption changes over time after application of a moisturizer on a wrist of a female, 26 years old, skin type
11, healthy skin.
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Figure 5. Absorption changes over time after application of a moisturizer on a wrist of a male, 29 years old, skin type
11,
healthy skin.

Differences in absorption spectra of normal and dry skin

Difference in absorption spectra of dry and normal skin is shown in Figure 6. On the left image,
difference in absorption of healthy skin on upper foot (both legs) and dry and rough skin on heel (sole)
skin can be seen. On the right image, absorption of skin at two different body sites is shown: upper leg
visibly looked healthy, however, lower leg visibly looked dry and rough. As it can clearly be seen in
Figure 6, absorption values are lower for dry skin.
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Figure 6. Comparison of absorption spectra for different body sites and dryness of skin. On the left: heel skin (dry,
rough and thick) and upper foot skin. On the right: upper leg skin (healthy), compared to lower leg skin (visibly dry and
rough).

Absorption changes over time at different body sites and 2 different moisturizers

Measurements of absorption changes over time of totally 8 hours were acquired after application of two
different moisturizers: 1 and 2. Two different body sites of a female volunteer, 26 years old, skin type
I1, were measured: lower leg (both legs) and both soles. Lower leg was considered to be dry, and sole

98



skin was thicker and rougher. Absorption difference between 1420 nm and 1300 nm over time is shown
in Figure 7. Moisturizer 1 was applied on left part, and moisturizer 2 was applied on right part of the
body. At each time period of data acquisition (approximately 1, 2, 3, 4, 5 and 8 hours after moisturizer
was applied on skin), 7 different measurements were done by putting the nozzle on skin each time
separately. This was done to see how the data points scatter do to measurement error: it is not possible
to put the nozzle back at exactly the same spot every time, even though markers were used.

Lower leg (dry skin) Sole (dry and rough skin)
0.04 ' Moisturizer 1 0.08 Moisturizer 1
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Figure 7. Absorption changes over time of 8 hours at two different body sites (lower leg and sole skin).

Conclusions and discussion

In this study, a simple near-infrared reflectance spectroscopy setup was used to analyze skin moisture
changes over time and at different body sites. Difference in skin moisture levels (the dryness of skin)
was seen visibly and also as a difference in absorption. The dryer and rougher the skin surface, the lower
are absorption values, especially at the peak values of water absorption spectra (1200 nm, 1450 nm) that
are the most sensitive to water concentration changes. Absorption spectrum of skin is similar to
absorption spectra of water, as skin consists largely of water. Thus, a very sensitive detector is needed
to see small changes in water concentration. This work shows possibilities to detect skin moisture level
changes at the wavelength of 1420 nm. Although water absorption maximum is at 1450 nm, the
wavelength of 1420 nm was chosen, because it was the peak value of the experimentally obtained
absorption spectra of skin.

When analyzing results of changes in absorption over time, after a moisturizer has been applied, it can
be seen that there is an increase in absorption during the first minute, and afterwards there is a slow
decrease. This could be related to how the moisturizer slowly penetrates deeper in the tissue. The
increased absorption at the beginning can be explained as an increase in water level because a
moisturizer containing water and oil is applied. However, after some time the moisturizer has penetrated
the tissue which could lead to a lower absorption.

As could be expected, absorption at peak wavelengths decreases for dry skin as there is less water in dry
skin. This was shown in an example when comparing dry and healthy skin on legs of a volunteer.
Measurements of absorption changes at 1420 nm over 8 hours were analyzed at two different body sites.
Both body sites had dry skin; however, on sole the skin is also much thicker and rougher. When
comparing 1st moisturizer’s effect on both body sites, we can see that in the case of the lower leg,
absorption increases until 2 hours compared to around 4 hours in the case of sole skin. This could mean
that more time is needed for the moisturizer to penetrate into rougher and thicker skin. When looking at
the results of moisturizer 2, it is interesting to see that there seems to be a faster decrease in absorption
than in the case of moisturizer 1. This could be related to different ingredients of both moisturizers, but
in this study it wasn’t analyzed any further.

For longer measurements (e.g. 8 hours) the nozzle cannot stay unmoved on the skin surface, and even
with the use of markers on skin, it is almost impossible to put the nozzle back at exactly the same spot
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every time. It was noted that there is quite a huge variation in data when comparing absorption spectra
at the same time moment and the same measurement site, meaning, that the system is very sensitive to
small differences in the measurement location, as well as pressure applied to skin with the nozzle. This
experimental setup didn’t allow use of near-infrared polarizers, so the reflection of skin can give its
effect on results.

Acknowledgments

This work has been supported by the European Social Fund within project “Innovative biomedical image
acquisition processing technologies (InBiT)” (N0.2013/0009/1DP/1.1.1.2.0/13/APIA/VIAA/014).

REFERENCES

[1] Fluhr, J. W., Gloor, M., Lazzerini, S., Kleesz, P., Grieshaber, R. and Berardesca, E.,
"Comparative study of five instruments measuring stratum corneum hydration (Corneometer
CM 820 and CM 825, Skicon 200, Nova DPM 9003, DermalLab). Part Il. In vivo," Skin
Research and Technology 5, 171-178 (1999).

[2] De Rigal, J., Losch, M. J., Bazin, R., Camus, C., Sturelle, C., Descamps, V. and Leveque, J. L.,
"Near-infrared spectroscopy: A new approach to the characterization of dry skin,” J. Soc.
Cosmet. Chem. 44, 197-209 (1993).

[3] Wickett, R. R., Visscher, M. O., "Structure and function of the epidermal barrier,"” American
Journal of Infection Control 34(10), S98-S110 (2006).

[4] Dobos, K., “How Do Skin Moisturizers Work?” Chemists Corner, 3 April 2014,
<http://chemistscorner.com/how-do-skin-moisturizers-work/> (5 January 2015).

[5] “emollients - topical”, MedicineNet, 16 April 2014, <http://www.medicinenet.com/emollients-
topical/article.htm > (5 January 2015).

[6] Bashkatov, A. N., Genina, E. A., Kochubey, V. I., Tuchin, V.V., "Optical properties of human
skin, subcutaneous and mucous tissues in the wavelength range from 400 to 2000 nm," J. Phys.
D: Appl. Phys. 38, 2543-2555 (2005).

[7] Martin, K. A., "Direct measurement of moisture in skin by NIR spectroscopy,"” J. Soc. Cosmet.
Chem. 44, 249-261 (1993).

[8] Suh, E.-J., Woo, Y.-A. and Kim, H.-J., "Determination of Water Content in Skin by usinga FT
Near Infrared Spectrometer," Arch Pharm Res 28 (4), 458-462 (2005).

[9] Iwasaki, H., Miyazawa, K. and Nakauchi, S., "Visualization of the human face skin
moisturizing-ability by spectroscopic imaging using two near-infrared bands," Proc. SPIE 6062,
606203-1 (2006).

[10]Egawa, M., Yanai, M., Kikuchi, K. and Masuda, Y., "Extended Range Near-Infrared Imaging
of Water and Oil in Facial Skin," Applied Spectroscopy 65 (8), 924-930 (2011).

100



APPENDIX |1

I. Saknite, D. Jakovels, G. Krievina, and J. Spigulis
“Diffuse reflectance and fluorescence measurements of skin by multispectral imaging

system”
Proc. SPIE, 9129, 91293H (2014)

Diffuse reflectance and fluorescence multispectral imaging system
for assessment of skin

Inga Saknite*, Dainis Jakovels, Janis Spigulis
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ABSTRACT

The diffuse reflectance multispectral imaging technique has been used for distant mapping of in vivo
skin chromophores (hemoglobin and melanin). The fluorescence multispectral imaging is not so
common for skin applications due to complicity of data acquisition and processing, but could provide
additional information about skin fluorophores. Both techniques are compatible, and could be combined
into a multimodal solution.

The multispectral imaging system Nuance based on liquid crystal tunable filters was adapted for diffuse
reflectance and fluorescence spectral imaging of in vivo skin. Uniform illumination was achieved by
LED ring light. Combination of four LEDs (warm white, 770 nm, 830 nm and 890 nm) was used to
support diffuse reflectance mode in spectral range 450-950 nm. 405 nm LEDs were used for excitation
of skin autofluorescence. Multispectral imaging system was adapted for spectral working range of 450-
950 nm with scanning step of 10 nm and spectral resolution of 15 nm. An average field of view was
50x35 mm in size with spatial resolution 0,05 mm (the pixel size). Due to spectrally different
illumination intensity and system sensitivity, various exposure times (from 7...500 ms) were used for
each image acquisition.

The proposed approach was tested for different skin lesions: benign nevus, hemangioma, basalioma and
halo nevus. Spectral image cubes of different skin lesions were acquired and analyzed to test its
diagnostic potential.

Keywords: Multispectral imaging, diffuse reflectance, autofluorescence, skin.
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INTRODUCTION

Multispectral imaging is a non-contact method that can be used for noninvasive mapping of skin
chromophores, e.g. hemoglobin and melanin [1,2]. Fluorescence imaging gives information about skin
fluorophores [3,4]. The characteristic absorption and emission spectra of skin fluorophores are shown
in Figure 1. Diffuse reflectance and fluorescence multispectral imaging can be combined in a
multimodal solution for analysis of skin lesions.

Multispectral imaging system based on liquid crystal tunable filters in combination with a light source
of different LEDs in the visible and near-infrared spectral range can be adapted for acquisition of
multispectral image cubes. These multispectral images can be later analyzed to acquire chromophore
concentration maps and skin autofluorescence spectra.

Goal of this study was to test the developed system that combines diffuse reflectance and fluorescence
multispectral imaging techniques by acquiring multispectral image cubes of different pigmented skin
lesions. The drawback of this multimodal solution is time-consuming data acquisition and processing,
as well as motion artefacts.
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Figure 1. The characteristic absorption (to the left) and emission (to the right) spectra of skin fluorophores [3].

EXPERIMENTAL
Experimental setup

Multispectral imaging setup consisting of multispectral imaging system CRi's Nuance, light source of
LED ring light, diffuser in front of the light source, as well as a computer with Nuance software was
used for image acquisition in the spectral range of 450-950 nm.

Light source was developed as a ring light consisting of LEDs to cover the spectral range of 450-950
nm for diffuse reflectance mode: warm white, 770 nm, 830 hm and 890 nm. Spectra of used LEDs are
show in Figure 2. Diffuser in front of the light source was used to achieve a uniform illumination of the
skin area of interest.

Light source comprised an inner circle of violet (405 nm) illumination LEDs for skin autofluorescence
imaging. No diffuser was used in front of ultraviolet LEDs.
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Figure 2. Spectra of illumination LEDs for diffuse reflectance mode at different exposure times.

Data acquisition and processing

For diffuse reflectance imaging mode, various exposure times (from 7...500 ms) were used for each
wavelength in the spectral range of 450-950 nm due to spectrally different illumination intensity and
system sensitivity. Images were acquired with a spectral step of 10 nm at wavelengths in the spectral
range of 450-950 nm. Maximum pixel resolution was used.

For fluorescence mode, a constant exposure time of 200 ms was used to acquire images in the spectral
range of 450-950 nm with a spectral step of 10 nm. Reduced pixel resolution was used by combining 4
pixels in 1 pixel.

As image acquisition process takes approximately 30-40 seconds for diffuse reflectance mode and 20-
30 seconds for fluorescence mode, motion artefacts are unavoidable. Thus, image registration was
performed for each image cube. Simple stickers were applied to the skin area around the lesion in order
to improve the image registration performance. Image segmentation was used to distinguish the lesion
from normal skin (Figure 3).

For diffuse reflectance imaging mode, optical density (OD) images were obtained:
0D = —log L(l)
Iy

where I, are reference intensity values acquired by using a white reference reflector before the
measurement of skin area of interest, and I are intensity values acquired of skin area of interest.

Average spectrum of segmented area of the lesion and segmented area of normal skin around the lesion
was calculated by analyzing each image pixel of skin area of the lesion and skin area of normal skin for

both modalities: diffuse reflectance and fluorescence imaging.
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Figure 3. Example of diffuse reflectance data of a lesion: RGB image (to the left), optical density color
map at 580 nm (in the middle), segmented lesion (to the right).
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RESULTS

Pilot study was performed on 30 volunteers by acquiring diffuse reflectance and fluorescence images of
40 skin lesions: 23 benign nevi, 14 atypical nevi, and 3 other interesting lesions: hemangioma, basalioma
and halo nevus. Dermatologist examined all volunteers to classify the lesions. In this study, 3 interesting
lesions were further analyzed and compared to benign nevi (Figures 4-7). For diffuse reflectance
imaging mode, a map of Optical density values at 580 nm is shown, as well as comparison of the average
diffuse reflectance spectra of skin areas of interest (area of the lesion and area of normal skin around the
lesion). For fluorescence imaging mode, a map of fluorescence intensity values at 580 nm is shown, as
well as comparison of the average skin autofluorescence spectra of skin areas of interest. Also, an RGB
image of the lesion and surrounding tissue is shown for each example.
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Figure 4. Diffuse reflectance and fluorescence imaging data analysis of benign nevus.
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Figure 5. Diffuse reflectance and fluorescence imaging data analysis of halo nevus.
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DISCUSSION

Diffuse reflectance spectra of different skin lesions give information about the main chromophores that
absorb light in the spectral range of 450-950 nm: hemoglobin and melanin. For benign nevi and halo
nevus (Figures 4-6), reflectance spectra has the characteristics of melanin absorption spectrum — the
average reflectance spectrum is steeper in the area of a pigmented lesion than in the area of normal skin,
as there is an increased concentration of melanin in pigmented skin lesions like nevi. When looking at
diffuse reflectance spectra of hemangioma and benign nevus (Figure 6), it is easy to see that the average
spectrum of hemangioma shows the characteristic absorption maxima of hemoglobin at around 540 nm
and 580 nm, comparing to the average reflectance spectrum of benign nevus and normal skin. Also,
diffuse reflectance spectra of different parts of basilioma (Figure 7) show interesting results — both, the
middle and side part of basilioma show an increased hemoglobin absorption, comparing to normal skin.

Characteristic absorption and emission data of skin fluorophores (Figure 1) suggest that when
illuminating skin with 405 nm LEDs as was done in this study, main absorbing fluorophores would be
Lipo-Pigments, Porphyrins and Flavins. Emission spectra of these fluorophores show that Lipo-
Pigments emit light in the spectral range of 450-700 nm (with a maximum at 570 nm), Porphyrins emit
light in the spectral range of 600-700 nm (with maxima at 630 nm and 670 nm), and Flavins emit light
in the spectral range of 500-600 hm (with a maximum at 550 nm).

Results of this study show different skin autofluorescence spectra of different skin lesions that were
analyzed. The average fluorescence spectra of the area of normal skin show similar patterns in all four
analyzed cases: light is emitted in the spectral range of 450-700 nm that could be the autofluorescence
of skin fluorophores Lipo-Pigments and Flavins. There is a decrease of detected fluorescence intensity
in the regions of pigmented lesions, as expected. However, when looking at skin lesions with an
increased hemoglobin concentration (hemangioma and basalioma, Figure 6-7), there is a significant
decrease of fluorescence intensity in the spectral range of 500-600 nm, comparing the areas of pigmented
lesion and normal skin. This is probably due to the increased hemoglobin absorption in this spectral
range.
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CONCLUSIONS

In this study, diffuse reflectance imaging and fluorescence imaging were combined in a multimodal
solution and 4 different skin lesions were analyzed: benign nevus, halo nevus, hemangioma and
basalioma. Diffuse reflectance and skin autofluorescence spectra of pigmented lesions and normal skin
around the lesions were acquired and compared.

Results show differences in diffuse reflectance and fluorescence spectra due to different hemoglobin
and melanin concentrations.
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Nowadays biomedical imaging is widely used to its numerous advantages:
information about skin can be received in real time and noninvasively. Even though
there are different spectral imaging techniques and methods already developed,
only relative parameter values can be acquired by analysing multispectral images
obtained. In multispectral imaging techniques, for determination of human skin
parameters and physiological properties, it is important to better understand light
interaction with tissue and to examine techniques used for measurements by
calibration with skin phantoms. In this study, a skin phantom was created by using
biological and chemical substances.

Keywords: skin phantom, multi-spectral imaging, skin chromophore
mapping, bilirubin, melanin, haemoglobin.

1. INTRODUCTION

Since long time ago, light has been a useful tool for medical applications. Nowadays these
applications include health care from neurosurgery to medical diagnostics. In this study, the field of
interest is applications for human skin diagnostics. Optical methods are widely used in medicine due to
numerous advantages: information about skin tissue can be obtained noninvasively and in real time, it
can be a low cost technology and it doesn’t affect patient’s health in any known way [1]. Multi-
dimensional pictures of skin are obtained by the wide range spectral imaging techniques and methods
that have been developed, and only relative parameter values can be then calculated by using Beer-
Lambert’s law [2]. In order to better understand the physiological properties of skin and to calibrate the
spectral imaging devices, there is a great need for a human tissue phantom. Human tissue phantoms or
skin phantoms can be developed with known optical properties (absorbance and scattering). Optical
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properties should be comparable to optical properties of tissue; they should be stable in time, so that they
can be used as golden standards.

There has been research already done for the purpose to develop skin phantoms. In skin phantoms
mostly water, agar, polyester, polyurethane, silicon, polydimethylsiloxane, fat and milk have been used
as matrix materials. Phantoms containing hydrogel are appropriate for laboratory study for mimicking
biological properties. Polymaterials and silicones are desirable for routine calibration as they are stable
in time. As scattering media, titanium oxide powder, aluminium oxide powder, lipid based emulsion
have been used. Wide ranges of materials are used as absorbers, for example, molecular dyes, inks, cells,
haemoglobin cells, coffee, nigrosin [3-9].

In visible and near infrared spectroscopy it is crucial for phantoms to mimic layered structure and
chemistry of the tissue. Biologically compatible structures are more suitable for these measurements
than nonorganic polymers and silicones. Tissue engineering has developed to the point where biological
structures can be created or grown in culture. Skin phantoms should have layered structure to modulate
the unique structure of human skin. For molecular imaging techniques, more suitable skin phantoms are
those that have molecular properties similar to human skin. Biological tissue simulating phantoms have
the potential to become main calibration structures for molecular imaging systems [3].

In this study, a biologically compatible phantom was created. Fibrin matrix was chosen as the
main medium for the skin phantom. Fibrin matrix allows an easy epidermal and dermal cell and
chromophore (haemoglobin, bilirubin) inclusion that were used as absorbers. This allows accurate
simulation of layered structure and the chemistry of skin.

Biological phantoms have a variety of applications, for example, different apparatus performance
comparison, skin diagnostic equipment quality control and system testing [3].

When light interacts with human skin, some par of it is instantly reflected and some of it penetrates
skin where it undergoes multiple scattering, some of it is being absorbed and diffuse reflected. By
analysing diffuse reflected light, it is possible to get information about absorption in the tissue. With this
technique, we consider scattering only as light transport and don’t analyse it in more detail. (Fig.2.) [10]

Skin is a heterogeneous, multi-layered structure consisting of different absorbers. In so called
therapeutic window that covers the spectral range from 600nm to 1300nm and shows the spectral range
in which water absorption is very little, most tissue are weak absorbers, for example, tryptophan, NADH,
collagen, elastin. In the spectral region of interest (450nm to 900nm) these tissue also have insignificant
absorption properties. In this spectral range, absorbers with the most significant spectrum are
haemoglobin, deoxyhaemoglobin, bilirubin and melanin. These are the chromophores within human
skin that are responsible for the colour of skin and can give information about skin condition and human
health as well [11].
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Bilirubin is the breakdown product of heme degradation. Bilirubin is excreted in urine and bile;
increased bilirubin concentration in these fluids may indicate health problems. Bilirubin concentration
in skin is relatively low. Bilirubin concentration is increased in bruises - it is responsible for the yellow
colour in bruises [12]. In Fig.3 absorption spectrum of bilirubin is shown.

When human skin is exposed to UV light, melanocytes produce melanin. Melanin serves as a
photoprotectant; it minimizes damage done to human body and skin by UV radiation. It is responsible
for skin tone - the higher melanin concentration in human skin, the darker is the skin tone. Melanin
concentration is higher in birth marks and melanomas. In Fig.3.the absorption spectrum of melanin is
shown [13].

Haemoglobin attached to red blood cells serves as an oxygen-transport in human body. Oxy-
haemoglobin carries oxygen from lungs to other organs. It gives blood its red colour [14]. Oxy-
haemoglobin and deoxy-haemoglobin structural differences result in differences in absorption spectrum
in the spectral range from 500 nm to 600 nm In Fig.3 absorption spectrum of oxy-haemoglobin and
deoxy-haemoglobin is illustrated.
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2. EXPERIMENTAL

In this research, a phantom of skin was developed and its optical properties (absorption and
scattering) were analysed. Different phantoms were examined and compared to find the most suitable.
In this article, the most promising ones will be discussed. The main focus is on biologically equivalent
substances. For mimicking skin medium and layered structure, fibrin matrix with epidermal and dermal
cell inclusion was used. Synthesized bilirubin, red blood cells and nigrosin were used as absorbers. In
order to analyse spectral properties of developed phantoms, a computer-aided multi-spectral imaging
system Nuance 2.4(Cambridge Research & Instrumentation, Inc., USA) was used (Fig.1.). Data
obtained are diffuse reflectance images of skin phantom in the visible and near infrared spectral range
from 450 nm to 900 nm with step of 10 nm, thus making it an image sequence. A light source of three
halogen lamps was used for illumination.

In front of the light source, there is a linear polarizer. The cross-polarization effect is used for
reduction of instantly reflected light from the surface of the phantom. Linear polarizer in front of the
light source is orthogonal to the built-in polarizer. The Nuance 2.4 built-in polarizer is placed underneath
the liquid crystal tuneable interface filter [17].

The spectral imaging device Nuance 2.4 consists of tuneable interference filters that are used for
spectral scanning. Light interaction with the medium differs depending on the wavelength of the light
source [18]. For obtaining image sequence, different exposure times were used for each image at a
particular wavelength; exposure time range was 1 to 6 milliseconds.

The computer program Nuance 2.4 was set up with these parameters: 4x4 pixel binning and
resolution of 0.15mm/pixel. Total resolution of the obtained image was 348x256 pixels. As a reference
measurement, a thick piece of white paper was used. The surface area of examined phantoms is 1.886
cm?. The distance between the sample and the camera was 17 cm. Time used for acquisition of one
image sequence was approximately 20 seconds.

In the Nuance 2.4 software, it is possible to obtain average spectrum of an area of the image that
can be chosen by the user. For each image sequence, an average area spectrum was obtained and
analysed using Microsoft Office Excel 2007. [19]

Multispectral imaging setup

CRi’s Nuance

$Built-in polarizer

Halogen Jamip ring Computer for

Polarizer data analysing

Light 450-900 nm

Fig.1. Experimental setup.

Fibrin matrix for skin phantoms can be prepared by mixing 0.47 ml blood plasma (47% of the
solution), 0,4 ml 0,9% sodium chloride (40% of the solution), 0,8 pl tranexamic acid (0,8 mg/ml), 89,4ul
calcium gluconate (8,94 mg/ml). To polymerize the solution, it was held for one hour in a cell incubator
(temperature 37°C, COzconcentration 5%). To make a complete phantom, the next step is to make the
same solution, but adding dermal cells (180-270- 103 cells (fibroblast cell line — 7Dp3)). Afterwards, to
polymerize the solution, it has to be held in the cell incubator for 10 minutes. The last step is to add
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epidermal cells (270- 103 cells (keratinocyte cell line — 8Ep1)) and cell culture medium (Fetal bovine
serum). To grow epidermal and dermal cells, the fibrin matrix with cellular inclusions are held in a cell
incubator for at least two weeks [20].

To investigate absorption spectrum dependence on admixtures of absorbents, fibrin matrix
without any cellular inclusions was made. In these experiments, to evaluate the determined chromophore
phantom faster, fibrin matrix was used as medium for skin phantom as it takes only one day for it to be
ready for measurements instead of two weeks that is the time needed to make a complete skin phantom
with dermal and epidermal cells. Fibrin matrix can be used instead of full skin phantom because fibrin
matrix and full skin phantom absorption is low comparing to that of synthesized bilirubin, nigrosin and
haemoglobin. To examine calibration potential of the proposed skin phantom, 72 samples were made:
each 24 contain the same absorbent in different concentrations. Synthesized bilirubin concentrations
were 0,01 to 2,00 mg/ml, nigrosin concentrations were 1,5 to 312,8 pg/ml, red blood cell concentrations
were 0,2 to 42,4 mg/ml. For further processing of the data, only 10 of 24 of the nigrosin samples could
be used. 14 of the samples were oversaturated. Increasing the nigrosin concentration in the sample, the
sample becomes dark purple, and most of the illumination light becomes absorbed instead of diffuse
reflected.

For this study, a layered structure was made, that consisted of the bottom layer (volume: 0,3 ml,
corresponding thickness: 0,16cm) of fibrin matrix, inclusion absorbent with variety of concentrations,
and upper layer of fibrin matrix (volume:0,3 ml, corresponding thickness 0,16cm). In Fig.4 the visual
appearance of samples is shown. The prepared sample maintains its optical properties up to one week.
Afterwards, the biological structures break down and the spectrum of the sample changes.

Fig.4. Sample of fibrin matrix with bilirubin inclusion of different concentrations.
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3. RESULTS AND DISCUSSION

With the developed skin phantom, it was possible to imitate the spectrum of skin; it can be seen
in Fig.5. In Fig.6, it is shown that absorber’s concentration in the sample is high enough to imitate the
determined chromophore absorption spectrum. Fig.7, Fig.8, Fig.9 illustrates relative intensity of the
absorption spectrum dependence on concentration of the absorbent in the sample. We can see that
intensity changes linearly to concentration of chromophore phantom in fibrin matrix. The data have been
approximated.
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4. CONCLUSIONS

The results show that synthesized bilirubin, synthesized haemoglobin, and nigrosin can be used
in biological phantoms as chemical substances that simulate skin chromophores. As a diffuse medium
for mimicking diffuse nature of human skin, fibrin matrix combined with dermal and epidermal cells
can be used in biological phantoms. Proposed skin phantom has a potential to be used for calibration of
multi-spectral imaging devices.

Proposed skin phantom is good as a validation tool that is precisely characterized. However, it
can’t be used for interlaboratory comparison and standardization because of its instability in time.
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ADAS HROMOFORU IN VITRO KARTESANAS MAKETU IZVEIDE UN EKSPERIMENTALA
IZPETE

A .Silapétere, 1. Saknite, J. Spigulis

KOPSAVILKUMS

Misdienas multispektralas attélosanas iekartas izmanto adas parametru un fiziologisko procesu
aprakstiSanai gan pétniecibas, gan diagnostikas noliikiem. Iekartu darbibas uzlabosanai ir nepiecieSams
labak saprast gaismas mijiedarbibu ar audiem, ka arT veikt So iekartu kalibréSanu ar adas maketu.
Redzama un tuva infrasarkana optiska diapazona spektroskopija ir svarigi adas maketi, kas simulé audu
slapaino struktiiru un kimiskas Tpasibas, ka arT maketi, kas ir biologiski lidzvértigi. Saja pétijuma tika
izveidots adas makets no biologiskam un kimiski sintezétam struktaram.

Adas maketa izveidei tika izmantota fibrina matrica ar dermalo un epidermalo $iinu piejaukumu,
lai imit€tu adas slanaino strukttiru. Fibrina matrica tiek veidota no 0,47 ml plazmas, 0,4 ml fiziologiska
Skiduma, 0,8 pl trencksamskabes un 89,4 ul kalcija glukanata. Izveidoto matricu ievieto Stnu
inkubatora, lai ta polimeriz&tos. Nakogais slanis tiek veidots ar dermalo §tinu piejaukumu (180-270- 103
$inas), un p&dgjais fibrina matriksa slanis tiek veidots ar epidermalo $linu piejaukumu (270- 103 $iinas)
un §iinu augganu veicino$u serumu (FBS). Stinu kultivéanai nepiecieSsamas vismaz divas nedélas. Saja
slanainaja struktira ir iesp&jams pievienot adas hromoforu simulgjosus ieklavumus. Optiskaja diapazona
no 450-900 nm adas hromoforas, kuram ir visizteiktakais spektrs, ir bilirubins, melanins un
hemoglobins. Lai simulétu adas hromoforu spektralas ipasibas, tika izmantots sintez&ts bilirubins,
eritrocttu masa un nigrozins.

Lai izpetitu §1 maketa iekartu kalibréSanas potencialu, tika izveidoti 76 paraugi, kur katros 24
paraugos bija pievienots viens no absorbentiem ar dazadam koncentracijam. Pilna adas maketa
audz€Sanai nepiecieSamas divas nedglas, lai atrak tiktu iegtti pirmie rezultati tika veidoti maketi bez
dermalo un epidermalo $iinu piejaukuma. Fibrina matricas un adas imitgjosa maketa absorbcijas sp€jas
ir mazas saltdzinajuma ar hromoforu absorbcijas sp&jam. Lai novertétu maketu, kas paredzeti konkrétu
hromoforu spektralo IpaSibu imit€Sanai, iesp&jams veikt eksperimentus ar fibrina matricu, kuras
izveidoSanai ir nepiecieSama viena diena. Sintezeta bilirubina koncentracijas tika mainitas robezas no
0,01-2,00 mg/ml, melanina optisko Tpasibu simulgjosas vielas nigrozina koncentracija tika mainita no
1,5 -312,8 pg/ml, eritrocitu masas koncentracija mainijas no 0,2 — 42,4 mg/ml.

Merijumi tika veikti, izmantojot multispektralas attélosanas iekartu Cri Nuance 2.4. (Cambridge
Reaserch & Instrumentation, Inc., Amerikas Savienotas Valstis). Absorbcijas spektrs tika apstradats,
izmantojot Microsoft Office Excel 2007.

legtitajos rezultatos ir iesp&jams redzet, ka piedavatais adas makets sp&j simulét adas optiskas
Ipasibas. Izmantotie absorbenti — sintez&tais bilirubins, nigrozins un eritrocitu masa - spgj simulét adas
hromoforu spektralas ipaSibas. Palielinot absorbentu koncentraciju parauga, palielinas absorbcijas
spektra maksimala intensitate. [zveidotais adas makets varétu biit izmantojams iekartu kalibrésanai, tacu
Sis makets nav piemerots starplaboratoriju iekartu salidzinasanai, jo tas nav stabils laika.
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ABSTRACT

Purpose of this study was to develop a simple model for possibilities to detect water in skin by diffuse
reflectance spectra. The model is based on comparison of diffuse reflectance spectra when illuminating
water sample with LEDs of different wavelengths (1200 nm, and 1450 nm). The illumination LEDs
were chosen due to water absorption differences in near-infrared spectral range. For detection, dual-
band photodiode DSD2 by Thorlabs was used. Due to differences of water absorption at different
wavelengths in the near-infrared spectral region, this correlation could be used for mapping of water
content in skin or, in other words, determine relative moisture level in skin. Simple experimental setup
of illuminating LEDs, detecting photodiode, oscilloscope for measuring the signal received by
photodiode, and a sample of water in a Petri plate, was used. The signal of the oscilloscope was
interpreted as a parameter that describes intensity of light that is initially illuminated by the LEDs and
that travels through the water sample. This study shows the basic principles used and first results, as
well as gives insight of further work that will be carried out.

Spectral imaging, diffuse reflectance, water, dual-band photodiode, moisture level.

1. INTRODUCTION

The concept of a non-invasive skin assessment has an important role in every-day work for medical
doctors, dermatologists, and other experts. Although many studies have already been carried out in the
field of noninvasive spectral imaging, there are still developments to be done for a better understanding
of light interaction with tissue and interpretation of the acquired data. Hemoglobin and bilirubin are
chromophores that can give information on skin condition in different skin lesions, for example,
mapping of these chromophores show different relative chromophore concentrations for melanomas and
normal skin'2. Also, research has been done to map chromophores, bilirubin and haemoglobin, to see
changes in bruise development over time that has a potential for determination of the age of a bruise®.
These measurements can be done by multispectral imaging techniques, as well as simple RGB imaging
techniques by comparing diffuse reflectance spectra at different spectral bands, knowing which bands
give information about different chromophore absorption.

The same principle as in RGB imaging could also be used for detection of different water concentrations
in skin, however, with the difference of spectral bands used for both illumination and detection. Water
absorption is very low in the visible spectral range — that is why visible spectral range can be used for
different medical applications, and it is often called “medical window”. Water absorption increases in
the near-infrared spectral range with the first relatively noticeable absorption peak being at ~980 nm.
As non-expensive silicon detectors have some (although little) spectral sensitivity also at ~980 nm, the
first idea would be to try to use spectral bands of 980 nm and, for example, 650 nm for determination of
water content in a sample (or skin). However, because of the low sensitivity of silicon-based detectors
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at this near-infrared spectral range and also the relatively small water absorption peak, the results are
not promising®. The next try that was carried out in this study, is to use more expensive InGaAs detectors
that have good spectral sensitivity in the near-infrared spectral range that is of interest. A much more
noticeable water absorption peak in the near-infrared range, comparing to 980 nm peak, is at 1450 nm,
so that could be used for this study.

2. EXPERIMENTAL

2.1.Experimental setup

A basic setup was used for measurements. It consists of two illumination LEDs of wavelengths 1200
nm(Thorlabs, 2.5mW T-1 3/4) and 1450 nm (Thorlabs, 2.0mW T-1 3/4), photodiode for detection
(Thorlabs Dual Sandwich Detector DSD2), oscilloscope (Tektronix MSO4054B) for signal acquisition
from the photodiode, as well as a sample of water in a Petri plate. Under the Petri plate, there is a white
sheet of paper. The illumination LEDs were operated by a power source (I = 20 mA), each of them
separately. The photodiode was operated by a power source (I = 10 mA). Distance between the diodes
(both, illumination and photodiode) and the bottom of the Petri plate with water sample was kept
constant for the whole measurements, and it was 1 cm. The illumination diode and the photodiode were
next to each other. Experimental setup is shown in Figure 1.

1200 1450

Photodiode

Power source ;

o 2
=20 mA rRE N,
4 I O S

R s 1 {0 -

= =¥

Oscilloscope

Water sample

Figure 1. Experimental setup for the measurements

2.2.Working principle

Water is a diffuse medium, so with this experimental setup, it is assumed that some part of the incident
light, illuminated by the LED (1200 nm or 1450 nm), is then received at the photodiode after the process
of diffuse reflectance in the water sample. Some part of the incident light is also instantly reflected from
the water sample surface. However, the photodiode should not be able to receive the instantly reflected
radiation, because the active area of it is very small (with diameter of 1,5 mm), as well as it is sensitive
only to photons that go directly in its active area (in an angle perpendicular or almost perpendicular to
the surface of the water sample). Also, the viewing angle of the illumination diode is very narrow (15
degrees). A schematic representation of light interaction with water sample is shown in Figure 2.

If all the assumptions are done correctly, the photodiode should receive radiation that is a fraction of the
incident light and that carries information about absorption of water. This process could be physically
described by Beer-Lambert-Bouguer law (equation 1). From this equation, an absorption parameter A
can be derived (equation 2), and it is dependent on concentration c of the absorbing substance (in this
case — water), the molar extinction coefficient €, of the absorbing substance, as well as the length | that
incident rays travel in the absorbing substance.

I =Iye~sxcl (1)
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Figure 2. A schematic representation of light interaction with water sample.

Comparison of spectral sensitivity of the photodiode, as well as normalized spectra of both illumination
diodes (1200 nm and 1450 nm), and absorption spectrum of water, all in relative units, in the spectral
range 400 nm to 1800 nm is shown in Figure 3. As it can be seen, spectral sensitivity of the photodiode
at wavelengths 1200 nm and 1450 nm could be considered almost equivalent, thus it is expected that
this relatively small difference doesn’t affect the results.

Spectral
sensitivity of
the photodiode,
rel.units

Spectra of
illumination
diodes,
rel.units

Absorption
spectrum of
water,
rel.units

Silicon

)
o

400 600 800 1000 1200 1400 1600 1800

Wavelength, nm

Figure 3. Comparison of spectral sensitivity of the photodiode (top), spectra of illumination diodes (middle), and absorption

2.3.Measurements

spectrum of water (bottom)*.

Measurements were done separately for each of the illumination LED. When LED was switched on, the
oscilloscope signal was registered. The RMS (root mean square) value was registered.

The measurements were done in dark in order to lower the noise level. However, the dark level was also

registered before the LED was switched on.
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At first, a reference value was registered by using the above described experimental setup with an empty
Petri plate (without water in it) in order to register incident light. Afterwards, water was filled in the
Petri plate with a depth level of 1 mm. After that, measurements were done after adding 1 mm of water
level each time.

The registered signal by oscilloscope is a value in millivolts (mV). As it is linearly dependent on photons
reaching the photodiode, this registered value is assumed to be equivalent to the absorption parameter
A that can be derived from the Beer-Lambert-Bouguer’s law (equation 2). The reference value has to be
subtracted, thus giving the relative absorption parameter:

AA = Ay — Aper (3)

For comparison of absorption parameter when illuminating the sample with both different LEDs (1200
nm and 1450 nm), a relative difference parameter is introduced:

AA
AD — 1450 4
AA1200 ( )

3. RESULTS AND CONCLUSIONS

First results show that the absorption parameter AA is larger when illuminating the same sample with
LED of wavelength 1450 nm than when illuminating it with LED of 1200 nm, as it was expected (Table
1). At 1450 nm water absorption is much larger than at 1200 nm (Figure 3). The error of the measurement
is the standard deviation of RMS signal, registered by the oscilloscope.

LED Reference Absorption Relative absorption
parameter A, (water
wavelength, nm Aref, mV . parameter AA, mV
level: 0,1 cm), mV
1450 39,4+05 92+05 30,2+0,5
1200 515+0,5 44,7+0,5 6,8+0,5

Table 1. Comparison of relative absorption parameter when illuminating with each of LEDs.

In Figure 4, the correlation between relative absorption parameter AA and the water depth level in the
Petri plate, is shown when illuminating the sample with LED of wavelength 1200 nm. In Figure 5, the
same correlation is shown when illuminating the sample with LED of wavelength 1450 nm. It is possible
to see that the relative absorption parameter AA increases with an increased water depth level (water
concentration) that was expected. However, when illuminating with LED of 1450 nm, this correlation
is not that good — after water level of 0,3 cm, the relative absorption parameter doesn’t change almost
at all with an even more increased water depth level.

In Figure 6, the difference parameter AD depending on the water depth level is shown. It describes
difference in absorbance when comparing the results of illuminating the sample with each of the LEDs.

These first results show that this simple technique could possibly be used for determination of relative
water concentrations in skin. However, for now these measurements have only been done in vitro due
to the low sensitivity of the photodiode signal, as well as to test the illumination and detection diodes
for this model. Future work includes the need to increase the sensitivity of the photodiode signal, more
experiments regarding different experimental setups (different distances and angles of illumination and
detection diodes, as well as distance to the sample).
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Figure 4. Relative absorption parameter depending on water depth level when illuminating with LED of 1200 nm.
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Figure 5. Relative absorption parameter depending on water depth level when illuminating with LED of 1450 nm.
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ABSTRACT

Possibilities to determine chromophore distribution in skin by spectral imaging were explored. Simple
RGB sensor devices were used for image acquisition. Totally 200 images of 40 different bruises of 20
people were obtained in order to map chromophores bilirubin and haemoglobin. Possibilities to detect
water in vitro and in vivo were estimated by using silicon photodetectors and narrow band LEDs. The
results show that it is possible to obtain bilirubin and haemoglobin distribution maps and observe
changes of chromophore parameter values over time by using a simple RGB imaging device. Water in
vitro was detected by using differences in absorption at 450 nm and 950 nm, and 650 nm and 950 nm.

Keywords: RGB imaging, spectral imaging, skin chromophore, diffuse reflectance, bilirubin,
haemoglobin, water

1. INTRODUCTION

Determination of chromophore concentration distribution in skin can be very useful and important in
forensic science, for example, bilirubin and hemoglobin concentration and distribution in bruises can
give information about the age of a bruise, as well as medical diagnostics, especially dermatology, as it
can give information on the healing process of a bruise in a non-invasive way [1,2].

Aim of the present study was to develop and test a simple method for mapping skin chromophores -
bilirubin, hemoglobin and water - by using RGB imaging. The technique is based on analysis of
spectrum of each chromophore, focusing on the peak absorption values of the spectrum in the visible
and near infrared spectral ranges. The technique involves spectral analysis of diffusely reflected light
from skin and image analysis in Matlab by using the acquired image data.

Simple digital cameras were applied for image acquisition. They detect three — red (R), green (G) and
blue (B) — components in case of a color camera or just one component in case of a monochromatic
camera. Each camera has a known spectral sensitivity, and by using this information and selecting
suitable LEDs for illumination of skin area, it is possible to acquire data of chromophore absorption in
this skin area. A color digital camera was used for measurements of bruises in order to determine
bilirubin and hemoglobin concentrations in visible spectrum, and a monochromatic camera was used for
in vitro detection of water in visible and near infrared (NIR) spectrum [3].
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2. EXPERIMENTAL
2.1. Bilirubin and hemoglobin distribution in bruises

Bilirubin and hemoglobin are two main skin chromophores that absorb light and have distinct absorption
peaks in the visible spectrum and whose concentration and distribution in skin changes rapidly in bruises
right after the injury. Previous studies show that right after the injury there is a rapid increase in
hemoglobin level in the skin area because of the breaking of small capillaries, and afterwards bilirubin
is produced as a breakdown product of hemoglobin, thus decreasing the level of hemoglobin
concentration. Different studies show different amount of days after the injury when the bilirubin
concentration has its maximum value. However, there is a tendency that shows how different parameters
of a bruise, such as its color, size of its area and changes of bilirubin and hemoglobin relative
concentrations, can be used in order to determine the age of a bruise [4,5].

2.1.1. Data acquisition

RGB imaging device consists of a color camera iDS UI-1246LE-C-GL (IDS Imaging Development
Systems, Germany, 1.3 megapixels resolution) that is connected to PC via USB, eight RGB LEDs in a
form of a ring, a switch that allows to use R, G or B channel separately, light diffuser in front of LEDs
to provide uniform illumination, and two linear polarizers — one in front of the camera, and the other
one, placed orthogonally to the first one, right in front of the light sources, thus reducing the
instantaneous reflectance of the skin [6]. A spacer was used to keep a constant (3 cm) distance between
the ring LEDs and skin area of interest. Obtained image of the skin area was 22x14 mm. All three R, G
and B channels were switched on while acquiring the image.

Figure 1 shows the spectral sensitivity of the color camera. The camera acquires three images, each of
them from a different spectral range. As it is shown in Figure 1, B channel has its sensitivity peak at
approximately 440 ... 460 nm, G channel — at approximately 530 ... 550 nm and R channel — at
approximately 610 ... 650 nm. Figurel also shows relative spectra of each of the RGB diodes separately
(continuous line) and all diodes working simultaneously (dotted line). As it can be seen in Figure 1,
spectra of RGB diodes have very similar peaks to the ones of channels of RGB camera, thus giving a
better spectral response of the RGB imaging device [3].

Spectral
sensitivity of the
camera, rel. units

Spectra of RGB
diodes, rel. units

Relative
absorption  of
bilirubin and
hemoglobin

400 500 600 700 800 900

Wavelength, nm

Figure 1. Comparison of spectral sensitivity of the RGB camera (on the top), spectra of RGB diodes (in the
middle) and relative absorption of bilirubin (dotted line) and hemoglobin (continuous line) (on the bottom).

Relative absorption of chromophores bilirubin and hemoglobin are also shown in Figure 1 [7]. It can be
seen that spectral response of B channel can give information about both bilirubin and hemoglobin
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absorption, R channel - about hemoglobin absorption, and there is very little absorption of any of both
chromophores in the R channel, thus it can be used as a reference channel.

2.1.2. Image analysis

The RGB imaging device acquires a three dimensional image of the skin area — an image of the same
skin area acquired at the same time but from all three different channels. The three dimensional image
was separated in three images of each channel and analyzed further in Matlab.

A simple model was used to acquire relative bilirubin and hemoglobin concentration and distribution
maps. Each of the acquired diffuse reflectance images of each channel R, G and B was transformed to
a value proportional to optical density (OD) and thus representing relative absorption of a chromophore.
Relative haemoglobin absorption was estimated as:

R
Hb = z Q)
Comparison of diffuse reflectance images of channels B and R gives information about both bilirubin
and haemoglobin absorption (Figure 1), thus relative absorption value of both haemoglobin and bilirubin
was estimated as:

; _R
BilHb = — 2

By using formulas (1) and (2), relative bilirubin absorption was estimated as:

Bil = BilHb — Hb =

@)

@ | =
Q™

By using formulas (1), (2) and (3), relative bilirubin and haemoglobin concentration values for each
image pixel were calculated, thus creating relative chromophore concentration distribution maps. An
example of relative bilirubin and haemoglobin concentration distribution maps of a particular bruise, 24
hours after it was obtained, in comparison with its RGB image is shown in Figure 2.

RGB

Hb

Figure 2. An example of relative bilirubin and haemoglobin concentration distribution maps (Hb and Bil) of a
bruise, 24 hours after it was obtained, and an RGB image of the bruise (RGB).

In order to compare relative bilirubin and haemoglobin concentration changes in a bruise over time,
bilirubin and haemoglobin parameter value was calculated for each image of a bruise over time by using
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relative bilirubin and haemoglobin concentration distribution maps. A threshold value for haemoglobin
(Typ = 0.75) and bilirubin (Tg; = 0,15) was used to calculate bilirubin and haemoglobin parameter
values — pixel count above the threshold value divided by total pixel count in an image.

2.2. Water detection in vitro and in vivo

Most of human body, including skin, consists of water. Liquid water has very low absorption in the
visible spectrum, but it increases rapidly in the near-infrared and infrared spectrum. Comparison of water
absorption in the visible and near-infrared spectrum could be used to non-invasively determine relative
water concentration in tissue, for example, in blotches and blisters or other skin defects that have
increased water concentration.

Previous studies show comparison of water absorption peaks from 900 to 1600 nm [8] or other
wavelength above 1000 nm. However, this spectral range is available only by means of more
sophisticated and expensive spectral detectors.

In this study, silicon-based photodetectors were used in order to compare water absorption around 450
nm and 650 nm with water absorption around 940 nm. In vitro and in vivo measurements were taken to
check if it is possible to detect water in skin by using a simple and cheap water detection device.

2.2.1. Data acquisition

Water detection device consists of a monochromatic camera iDS UI-1241LE-M (IDS Imaging
Development Systems, Germany, 1.3 megapixels resolution) that is connected to PC via USB, twelve
LEDs of three different wavelengths (four LEDs of each wavelength) — 450 nm (B), 650 nm (R) and
940 nm (IR) — in a form of a ring, an FTDI chip FT245RQ (Future Technology Devices International
Ltd.) to switch LEDs by a program in Matlab, light diffuser in front of LEDs to provide uniform
illumination. A spacer was used to keep a constant (10 cm) distance between the ring LEDs and surface
area of interest. Images were obtained separately by switching blue (B), red (R) or IR diodes. At first, a
surface without any water was acquired as a reference for each of the channels - B¢, Ryef, IRy

Figure 3 shows the spectral sensitivity of the monochromatic camera, normalized spectra of each of the
LEDs separately (continuous line) and all diodes working simultaneously (dotted line), as well as water
absorption spectrum in the visible and near-infrared spectral range [7].

2.2.2. Image analysis
A simple model was used to acquire relative water concentration and distribution maps. Each of the

acquired diffuse reflectance images of each channel B, R and IR was transformed to a value proportional
to optical density (OD) and thus representing relative absorption of water:

Bre
0Dy =—+ )

Relative water absorption was estimated in two ways by comparing B and IR channels, as well as by
comparing R and IR channels. Water parameter value that describes water absorption was estimated as:

WB = ODIR - ODB (5)

Wr = ODjg — ODpg (6)
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Figure 3. Comparison of spectral sensitivity of the monochromatic camera (on the top), spectra of LEDs (in the

3. RESULTS

middle) and relative absorption water (on the bottom).

Totally 200 images of 40 different bruises of 20 persons were obtained in order to map chromophores
bilirubin and haemoglobin and to analyze relative bilirubin and haemoglobin parameter value changes
over time in the same bruise. Results show that it is possible to observe bilirubin and haemoglobin
parameter changes over time by simple RGB camera. An example of parameter changes over time for
one bruise is shown in Figure 4.

1.0

0.8

0.6

0.4

0.2

Parameter value, rel. units

0.0

Bruise on a neck (woman, skin type Il)

0 2 3 4 5 6
Time, days

@ Bilirubin
parameter

@ Haemoglobin
parameter

Figure 4. An example of parameter changes over time for a bruise on a woman’s neck (skin type II).
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In order to compare bruises of different origin, the day of maximum bilirubin and haemoglobin
parameter value was estimated for each bruise. Figure 5 shows diagram of comparison of bruises
obtained differently. Figure 6 shows comparison of bruises in different parts of body. Figure 7 shows
histogram of days of maximum bilirubin parameter value in all bruises.

12

10

Max Hb, days
D

Days of maximum bilirubin and haemoglobin parameter values.
Comparison of bruises obtained differently

o
®
® ® ® ® ® ® Obtained
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o o @ Obtained
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® o o
® [ I
0 2 4 6 8 10 12 14
Max Bil, days

Figure 5. Comparison of bruises obtained differently (by force and by pressure) by comparing days of maximum

bilirubin and haemoglobin parameter values.
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Figure 6. Comparison of bruises in different parts of body by comparing days of maximum bilirubin and

haemoglobin parameter values.
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Figure 7. Histogram of days of maximum bilirubin parameter value.

Results of water detection device show that it is possible to detect small drops of water on a surface,
such as white flat plastic, by comparing water absorption both at 450 nm and 940 nm, as well as 650 nm
and 940 nm. However, it was not possible to observe different water concentrations, and it was not
possible to detect water in skin tissue, for example, in blisters.

4. CONCLUSIONS

In this study, 40 different bruises were compared and observed over time in order to analyze
chromophore bilirubin and haemoglobin relative concentration values over time. A simple RGB camera
was used for image acquisition. Results show that it is possible to observe chromophore bilirubin and
haemoglobin relative concentration changes over time by this simple device and method. However, this
relatively small statistical data of 40 bruises does not show much correlation that could be used, for
example, for medical or forensic applications. Maximum bilirubin and haemoglobin parameter values
are very different for different bruises. Also, the skin type, location of the bruise, as well as how the
bruise was obtained, could be the reason for such differences. For further studies these factors, as well
as surface area changes of a bruise over time, should be taken into account.

Results show, that it is possible to detect small water drops in vitro by a simple device by comparing
water absorption in the spectral range of visible and near-infrared light. However, it was not possible to
detect water in vivo. These results show that cheap silicon-based photodetectors can be used to detect
water absorption changes at 450 nm and 650 nm with water absorption at 940 nm, however, the device
should be improved in order to be able to detect water in vivo.
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Multi-spectral imaging technique was used for mapping the bilirubin distribution in
bruised skin. Temporal changes of the bilirubin content in skin photo-types Il and
I11 have been observed. The obtained results confirm the clinical potential of this
technique for skin bilirubin diagnostics.

Keywords: multi-spectral imaging, mapping of skin chromophore distribution,
bilirubin.

1. Introduction

Determination of the bilirubin content and distribution in skin is crucial for diagnostics of infant
bilirubinemia, follow-up of wound healing after surgeries, estimation of the age of bruises in
forensic medicine, etc. The skin colour in these cases is mostly affected by haemoglobin and
its breakdown product bilirubin.

Visual assessment is not accurate enough to determine the age of a bruise [1]. The diffuse
reflectance spectroscopy has been successfully used to analyse the temporal changes of
bilirubin content in bruises [2, 3, 4], being able to determine the age of a bruise with an accuracy
of one day [5]. The multi-spectral imaging combines spectroscopic and imaging technigues,
therefore is useful for distant mapping of skin chromophores (haemoglobin and melanin) [6].
At the present work, this technology is further developed to use it for mapping of skin bilirubin
distribution.
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2. Experimental

The main area of the study was bruises on human skin, which were tested at different times
after they had been received in order to analyze changes in the bilirubin concentration over
time. A computer-aided multi-spectral imaging system Nuance 2.4 (Cambridge Research &
Instrumentation, Inc., USA) with white LED illumination was used to obtain image cubes of
human skin in the spectral range of 450-750 nm (Fig. 1). Light propagation in skin was
approximated by Beer-Lambert’s law [7]. The measured absorption spectrum was expressed as
a superposition of absorption spectra of four chromophores (oxyhaemoglobin,
deoxyhaemoglobin, melanin and bilirubin). Relative chromophore concentration values were
obtained solving the least-squares problem, and the corresponding parameter distribution maps
were constructed.

Multi-spectral
mmaging setup
CR1's Nuance

l Built-in
polarizer

Polarizer M™% LED ring PC
T ) lights

V4

Skin

Fig. 1. The experimental setup

As the light source, a 24 warm-white LED ring was used. The normalized LED spectrum in
comparison with the spectra of four chromophores is shown in Fig. 2 [7].

The cross-polarization technique was applied in order to reduce the specular reflection, so a
linear polarizer was placed in front of the light source orthogonally to the built-in polarizer [8].

The liquid crystal tuneable interference filter was used for spectral scanning. The light’s
penetrability in skin differs for different wavelengths [9]. Thus, various exposure times (1 ... 6
miliseconds) were taken for obtaining monochromatic images at different wavelengths.
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Fig. 2. LED emission spectrum in comparison with the absorption spectra of chromophores

The skin area under study was ~50x35 mm. 4x4 pixel binning was used to speed up the image
processing, but the resolution was decreased to 0.15 mm/pixel (348x256 pixel image).

A white paper sheet was used for reference measurements. Because the paper is not an ideal
reflector, a correction was made for each acquired image. The correction was made comparing
the paper sheet with the standard white reference tile (Avantis [10]).

The total time to take an image cube of the spectral range of 450-750 nm with a spectral
resolution of 10 nm was approx. 15 seconds.

The image processing was performed in Matlab. A built-in function LSQR was applied to solve
the relevant linear equation system by the least squares method. In order to increase the speed
of the algorithm, the image resolution was reduced 5 times, so for the bilirubin concentration
maps it was 0.75 mm/px (70x51 pixel images), and the maps were generated in about 6 seconds.

The Beer-Lambert law was employed to describe the light interaction with tissue. The optical
density (OD) values were derived from the law as follows:

L)
0D; =1g77(1)

where lo is the reflection intensity from the white reference (the initial radiation), 1 is the
intensity of light reflected back from the skin. The predicted OD spectrum is expressed as the
superposition of spectra of four chromophores:

0D; = gou(A) - Cop+ pond) - Coon + eyald)- Copar + 2550 - Coir (2),

where ¢ is the molar extinction coefficient (the tabular values for each chromophore are shown
in Fig. 2 [11]), and C is the relative concentration for each chromophore. As these concentration
values are dependent on the optical path length of the radiation in tissue, a correction coefficient
was applied (taken from [12]).
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The relative concentration values for each pixel of each chromophore were obtained solving
the problem by the least squares method in Matlab, and the distribution maps for relative
bilirubin concentration were constructed.

20 bruises were observed in time, and the total number of 51 image cubes were obtained and
analyzed. Eight volunteers participated in the experiment: 7 female and 1 male in the age range
from 20 to 32 years, 7 individuals with the skin type II and 1 with skin type III (Fitzpatrick’s
scale).

The maps of relative bilirubin concentration were analyzed in time, and its average values of a
particular square of the bruise region were observed as a function of time.

3. Results and Discussion

The maps of bilirubin concentration show that it increases in time for most of the bruises
observed in the experiment. The maps showing the bilirubin relative concentration changes in
time are shown in Fig. 3. To analyse quantitative concentration changes in time, a region of a
particular square of all maps was chosen and the average relative concentration value was
calculated. The relative bilirubin concentration changes as a function of time are displayed in
Fig. 4.

0.025

002

0.015

0.01

Fig. 3. Maps of relative bilirubin concentration changes over time (female, 21 years old, |1
skin type).
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Fig. 4. Relative bilirubin concentration changes as a function of time

When comparing all obtained average values of relative concentration of bilirubin in bruises
and normal skin, a difference can be seen. These values for skin type Il appear to be greater
than in skin type Il, both in normal and bruised skin (Fig. 5).

¢ |l skin type - normal skin

| || skin type - bruised skin

Il skin type - normal skin

I skin type - bruised skin

Relative bilirubin concentration

Days since the bruise was received

Fig. 5. Comparison of relative bilirubin concentration for two types of skin

136



4. Conclusions

A simplified model with a relevant algorithm was used to obtain relative bilirubin concentration
maps. The results show that it is possible to observe temporal changes in the bilirubin
concentration in bruised skin. As expected [5], this concentration increases in time during the
first days after the bruise has been received. A difference in relative bilirubin concentrations
between skin types Il and 111 was observed, which can be assigned to the influence of melanin
on the skin parameters and is to be studied further.
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Kopsavilkums — Bilirubina sadalfjuma noteikSana ada ar multispektralas att€losanas metodi

Darba mérkis bija izveidot iesp&jami vienkarSu metodi adas hromoforas bilirubina in vivo
kartéSanai no attaluma. Ar neinvazivu optisko metodi — multispektralo attéloSanu — tika
novérota 20 zilumu attistiba laika, kopa uznemot 51 att€lu masivu. Gaismas mijiedarbibas ar
adu aprakstam tika izmantota difiizi atstarotas gaismas teorija, un ar Nuance 2.4 multispektralas
att€losanas sistému komplekta ar datoru tika iegiitas adas attelu optiska blivuma (OD) vértibas,
kas iegiitas ka sakotn€ja starojuma intensitates un no adas virsmas atpaka] atstarotas gaismas
intensitates attieciba. Izmantojot Béra-Lamberta likumu, OD spektrs tika izteikts ka cetru ada
esosu hromoforu — oksihemoglobina, deoksihemoglobina, melanina un bilirubina - atsevisko
spektru superpozicija. Ar mazako kvadratu metodi programma Matlab tika aprékinatas relativas
bilirubina koncentracijas vértibas, iegiistot koncentraciju sadalijuma kartes.

Pieradits, ka ar multispektralo att€loSanu iesp&jams neinvazivi veikt adas hromoforas bilirubina
kart€Sanu un novérot bilirubina koncentracijas izmainas laika. Pirmajas dienas péc ziluma
iegiiSanas bilirubina koncentracija laika pieaug, kas atbilst literatiira pieejamajai informacijai
par bilirubina veido$anos zilumos.
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ABSTRACT

The multi-spectral imaging technique has been used for distant mapping of in-vivo skin chromophores by analyzing
spectral data at each reflected image pixel and constructing 2-D maps of the relative concentrations of oxy-/deoxy-
hemoglobin and melanin. Instead of using a broad visible-NIR spectral range, this study focuses on narrowed
spectral band 500-700 nm, so speeding-up the signal processing procedure. Regression analysis confirmed that
superposition of three Gaussians is optimal analytic approximation for the oxy-hemoglobin absorption tabular
spectrum in this spectral band, while superposition of two Gaussians fits well for deoxy-hemoglobin absorption
and exponential function - for melanin absorption. The proposed approach was clinically tested for three types of
in-vivo skin provocations — ultraviolet irradiance, chemical reaction with vinegar essence and finger arterial
occlusion. Spectral range 500700 nm provided better sensitivity to oxy-hemoglobin changes and higher response
stability to melanin than two reduced ranges 500-600 nm and 530-620 nm.

Keywords: multi-spectral imaging, hemoglobin, melanin, skin chromophore mapping

1. INTRODUCTION

The mapping of in-vivo skin chromophores is based on multi-spectral imaging that combines
spectral analysis of diffusely reflected light and image analysis, resulting in 2-D maps of the
relative concentrations of chromophores, e.g. oxy-/deoxy-hemoglobin and melanin [1, 2]. Such
mapping ensures reliable non-invasive evaluation of skin condition [3, 4, 5]. The least-squares
regression analysis of a broad visible-NIR spectral range was successfully used to estimate the
chromophore content in skin [2, 6]. A drawback of this technique is time-consuming
(proportional to the quantity of spectral information) data acquisition and processing; narrowing
of the working spectral range can speed-up the procedure. However, there is a risk to loose
specificity and sensitivity to the main skin chromophores, therefore optimal spectral range for
skin chromophore mapping should be found [7]. For instance, potential of the reduced spectral
range 525-645 nm for imaging of skin hemoglobin oxygen saturation has been demonstrated
recently [8]. The third main skin chromophore — melanin — could not be mapped since the
measurements were taken for palm skin.

The present study continues examination [9] of specific spectral intervals from the point of
applicability for simultaneous distant mapping of three main in-vivo skin chromophores - oxy-
hemoglobin, deoxy-hemoglobin and melanin.
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2. EXPERIMENTAL

2.1. Data acquisition

The multi-spectral imaging system Nuance 2.4 (Cambridge Research & Instrumentation, Inc.,
USA\) in connection with PC was used for spectral imaging of in-vivo skin (Figure 1a). 24 white
warm LED ring source was created to achieve uniform illumination at optimal working distance
15...20 cm. Linear polarizer was placed in front of the light source and orientated orthogonally
to the built-in polarizer of Nuance, so reducing the specular reflectance of skin [10].

Skin area under the study was 50x35 mm. 4x4 pixel binning was used to increase detector
matrix sensitivity that speeded up image cube acquisition process but reduced spatial resolution
t0 0.15x0.15 mm (the pixel size). As the least-squares regression analysis applied in imaging is
a time consuming process, the appropriate spatial resolution for data processing was found to
be 0.75x0.75 mm.

Due to spectrally different illumination intensity and system sensitivity, various exposure times
(3...50 ms) were used for each image acquisition. The total 21 image cube (spectral range 500
— 700 nm, step 10 nm) acquisition process took less then 10 s, with spectral resolution 10 nm
(bandwidth of the Nuance liquid crystal tunable filter).

The white reference measurements were taken from sticky white office paper sheet (spectral
reflectance 0.90 + 0.04 within the 500-700 nm band) that was attached to the forearm skin.

Multi-spectral imaging system

Nuance
Built-in
L polaraizer
LED ring light (1)
Polaraizer Personal computer
6
o Ve

Figure 1. The experimental setup.

2.2. Data processing

Data processing was performed in MatLab. The back reflected light intensity (1) values at each
pixel were transformed to the optical density (OD) as follows:

1)

0D(@) = ~log (5 75)(D).
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where lo — reflection intensity from the white reference. Optical density of the superficial skin
layer has been predicted in frame of three chromophore absorbtion model:

ODpredictea(A) = aop * €on(A) + apon * €pon (D) + aper * Emer(D) + aprrset(2),

where €oH, epoH and emel correspond to molar absorption spectra for oxy-hemoglobin (OH),
deoxy-hemoglobin (DOH) and melanin (Mel), aoH, apon and amer represent the relative
chromophore concentration values, aostset — the difference between the predicted and measured
spectra.

The predicted OD spectrum at each image pixel was compared to the measured OD spectrum
by solving the nonlinear least-squares problem using the Trust-Region algorithm [11], with
subsequent extraction of the corresponding relative concentrations of the skin chromophores
[2]. The reference absorption spectra of the three chromophores were taken from the literature
data [12, 13].

Analysis of the reference spectra allowed proposing handy analytic expressions that
approximated well the tabular data within the spectral interval 500-700 nm. Superposition of
three Gaussians proved to be optimal for approximation of the OH spectrum, while
superposition of two Gaussians suited well for approximation of the DOH spectrum [9]. The
values of multiple determination coefficients R? were obtained as R%n = 0.9988 for oxy-
hemoglobin and R%pon = 0.9973 for deoxy-hemoglobin.

The relative values of the respective skin chromphore concentrations aow, apon, amel have been
determined in MatLab at each image pixel, and the chromophore maps representing the planar
distribution of the particular chromophore have been constructed.

Multiple determination coefficient R? value represents goodness of predicted and measured
spectra fit and can be used as qualitative parameter to find poor correlation regions/points.
Therefore binary threshold mask can be created from R? map and applied to parameter maps
(Figure 2).

Color image OH map

R-square map

0.95

; 0.9

* 0.85
08

Figure 2. Oxy-hemoglobin map correction using R? mask (threshold R? = 0.97).

Corrected OH map

2.2. Skin provocations
Three different provocations were applied in order to examine the proposed method.
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UV provocation was made by electrodeless high-frequency discharge Mercury lamp with
specific UV-C peak at 253.7 nm to two volunteers (skin types 2 and 3). Four different doses
(0.5, 1.0, 1.5 and 2.0 minutes provocation time) were applied to forearm skin through a mask
with @5 mm apertures to achieve different skin responses for local irritation. All provoked areas
were placed to fit 50x35 mm rectangle — one image. Erythema appeared visible at all
provocation areas in 2 hours, and skin color changed from dark red to dark brown in the next
days. Three measurement series (2, 4 and 8 h after provocation) were taken during the first day
to observe erythema development. Next days three additional measurement series (1, 2 and 4
days after provocation) were repeated to notice melanin changes.

Vinegar essence was used for chemical skin provocation. It was found that different skin areas
have strictly various reaction intensity and speed to stimulus. Thus “cross” was sketched on
forearm using vinegar essence ink. Skin tingling started in a minute right after it provoked area
was flushed and washed using soaps. Skin erythema appeared in few minutes. Measurements
were taken 20, 40 ad 60 minutes after the provocation.

A resin cuff for arterial occlusion (3 min.) was used to reduce skin blood oxygenation in a finger
[14]. Measurements were taken every minute before, during full occlusion and after removal of
the cuff.

After appropriate signal processing, the maps of relative chromophore concentrations were
created to follow-up the provoked skin responses.

3. RESULTS AND DISCUSSION

3.1. Comparison of spectral ranges

The spectral range 500—-700 nm clearly showed better sensitivity to the OH content changes and
higher stability to melanin if compared to the narrower bands 500-600 nm and 530-620 nm.
Sensitivity to the OH content changes was evaluated as contrast between provoked area and
normal skin, and for the range 500-700 nm it was for ~20 % higher than that for both reduced
spectral ranges. Stability to melanin was verified by analyzing the chemical and mechanical
provocations where its concentration increase was not expected; hemoglobin changes in these
tests could influence results causing melanin artifacts. False-increased melanin content at the
chemical provocation areas was obtained using the narrower spectral ranges 500-600 nm (up to
20%) and 530-620 nm (up to 30%). Consequently, the spectral interval 500700 nm was chosen
as the best option for simultaneous mapping of the three skin chromophores. However, still
slight interaction between melanin and DOH can appear, especially during strong erythema.

3.2. UV-provocation responses

Weak visible skin erythema appeared within 2 hours at all UV-provoked areas where and
became stronger in next hours proportionally to applied UV doses. Increased concentration of
OH (up to 250 % for skin type 3 and 200% for skin type 2 compared to normal skin) and DOH
(up to 50 %) were obtained reaching maximum 8 h after provocation. More stabile erythema
was observed for higher provocation doses (1.5 and 2.0 min.). Slightly different melanin
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concentrations at both skin types were observed - for type 3 it was ~1.5 times higher if compared
to type 2. Noticeably increased melanin concentration appeared on the second day for skin type
3 and on the fourth day for skin type 2, but it was still quite weak compared to background skin
melanin concentration variations. Melanin and DOH interaction was noticed during intensive
erythema.

The extracted chromophore maps are presented at Figure 3. Different background (normal skin)
chromophore map color can be explained as artifact caused acquiring reference image, but
changes in skin condition in time are not excluded as well.

a) b)
8 hours 2 days 4 days _ 8 hours 2 days 4 days
Color images
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. s :
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Figure 3. Skin chromophore distribution maps 8 hours, 2 days and 4 days after UV provocation: a) skin type 3, b) skin type 2.

3.3. Chemical provocation responses

Visible skin erythema appeared within several minutes after the provocation with vinegar
essence. Increased OH concentration at the irritated area has been obtained, with maximum 20
minutes after provocation (+300% comparing to normal skin) and linear decrease within an
hour, as shown in Figure 4. Slight increase of DOH concentration was obtained, as well.
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Figure 4. Color images and oxy-hemoglobin distribution maps 20, 40 and 60 minutes after chemical provocation.

3.4. Responses during and after the finger occlusion

Strong (down to 10 %) and fast OH concentration decrease was observed during the middle
finger occlusion that lasted 3 minutes. A half minute after the cuff release it increased twice
comparing to the level before provocation. Thus the expected OH (oxygenation) decrease and
overshoot was observed [14].

Figure 5. Oxy-hemoglobin concentration maps before, during and after the finger occlusion.

4. CONCLUSIONS

In frame of the simplified 3-chromophore model, the spectral range 500-700 nm is considered
to be optimal for simultaneous mapping of OH, DOH and melanin; narrowing of this range
(500-600 nm, 530-620 nm) has lead to unacceptable results. But still interaction between
melanin and DOH can appear, especially during strong erythema.
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Tabulated molar absorption spectral data for this region can be well approximated by
superposition of three Gaussians for OH, superposition of two Gaussians for DOH and
exponential function for melanin. Such analytical approximations considerably reduced the
signal processing time.

Efficiency of the proposed model and methodology was confirmed by the repeated test
measurements. Three different provocations (UV, chemical and arterial occlusion) resulted in
notable changes of the skin chromophore content and were well reflected in the obtained maps
of the three main chromophores. The results correlated well with previous study [9].

The accuracy of chromophore mapping can be further improved taking into account more
specific aspects like different light penetration depths at various wavelengths [15] and the
scattering effects in skin [16]. Experimental comparison with other skin mapping methods [17]
would be performed. There is still potential to speed-up the mapping procedure by modifying
the data processing algorithms.
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Abstract. Commercially available point measurement device Mexameter and an experimental RGB imaging
prototype device were used for erythema index estimation of 50 rosacea patients by analysing the level of skin
redness on forehead, both cheeks and both sides of a nose. Results are compared with Clinician’s Erythema
Assessment (CEA) values given by two dermatologists. Mexameter uses 568 nm and 660 nm LEDs for
illumination and single photodetector for the reflected light intensity measurement, while the used prototype device
acquired RGB images at 460 nm, 530 nm, and 665 nm LED illumination. Several erythema index estimation
algorithms were used for comparison to determine which gives the best contrast between increased erythema and
normal skin. The erythema index estimations and CEA values correlated much better to the RGB imaging data
than to those obtained by the conventional Mexameter technique that is widely used by dermatologists and in
clinical trials. In result, new erythema index estimation approach is proposed that represents erythema index of
skin area 30 millimetres in diameter with higher accuracy than other available methods.

1. Introduction

Rosacea is a chronic inflammatory skin disease that involves flushing, transient or persistent erythema,
visible blood vessels (telangiectasias), as well as papules and pustules on central convexities of the
facial skin (cheeks, chin, nose, and central forehead) (Wilkin et al. 2002). These are considered the
primary features of rosacea. It is one of the most common conditions that dermatologists treat with a
prevalence of 2-22% in Europe (Tan & Berg 2013). Pathophysiology of rosacea is not fully understood
and involves dysregulation of several systems, including innate immunity and neurovascular
mechanisms, and the cause of rosacea is still being discussed (Hopkinson ef al. 2015; Crawford et al.
2004). Its severity is usually determined clinically by visual assessment of primary features of rosacea,
including erythema. Different scales are used for erythema assessment in clinical trials, and up until now
there has been no validated scale for erythema estimation. Recently, a relatively reliable Clinician’s
Erythema Assessment (CEA) grading scale has been introduced that ranges from 0 (clear skin, no
erythema) to 4 (severe erythema) (Tan ef al. 2014). The accuracy of the measurements is of great
importance as it is often used as the golden standard for evaluation of rosacea treatment cream
performance (Tan et al. 2014; Fowler et al. 2013). Unfortunately, it is impossible to avoid evaluator bias
(Tan et al. 2014). More objective erythema estimation can be done by spectroscopic devices (e.g.,
Mexameter®, Chromameter®, DermaSpectrometer®), computer analysis of a digital photograph, lesion
counts of papules and pustules, assessment of secondary signs and symptoms (burning, stinging,
itching), and other (Hopkinson et al. 2015). However, the most available and commonly used devices
by dermatologists (e.g. Mexameter®) estimate only a small region of skin (around 5 mm in diameter)
by a single photodetector that does not allow a simple and reliable estimation of skin erythema of a
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larger region of skin. It is very important to develop a simple and reliable method for skin erythema
estimation of a larger area of skin, as local factors such as felangiectasia may influence the result
substantially, and RGB imaging is a promising tool to achieve that.

Spectroscopic techniques for erythema assessment are mainly based on comparison of diffuse
reflected intensities at different spectral bands - mostly green and red, due to high hemoglobin absorption
in the green spectral region and very low absorption in the red. Erythema index can then be calculated

as:
I(R) _I(R)
16) 1(G) 0

where I(R) is reflected intensity of the red light and I(G) is the reflected intensity of the green light
(Diffey et al. 1984). For RGB imaging purposes, logarithm in the formula is often neglected, as only
relative values are further used. The approximately equal sign in (1) is used to show that the important
parameter here is the relation between the two signals that describe absorption of hemoglobin. In this
study, only the relation (not the logarithm of the relation) was further used, as only relative parameter
values are observed. Although there is even higher hemoglobin absorption in the blue spectral range, it
is not commonly used due to lower mean penetration depth in skin (less than 300 um compared to
approximately 500-700 um for the green light) (Bashkatov et al. 2005).

Several studies use the spectral imaging for erythema index estimation. Polarization multispectral
dermoscope has been developed for in vivo imaging of skin lesions by using linearly polarized
illumination at wavelengths of 470 nm, 530 nm and 625 nm. Blood contrast parameter was calculated
as the difference in green and red polarized light illumination images:

Green90 — Red90  1(G) —I(R)
Green90 + Red90  1(G) + I(R)
where Green90 and Red90 are images at polarized green and red, respectively, illumination
(Kapsokalyvas et al. 2013).

Noncontact monitoring of vascular lesion phototherapy efficiency has been demonstrated by an
experimental RGB imaging system, and melanin-corrected erythema index was calculated as

OD(B) + OD(R) _ JI(B) - I(R) 3)
2 1(G)

where OD(R), OD(G) and OD(B) are optical density values representing absorption at the red, green

and blue spectral channels and are expressed as:

Elp; = log

Elge = 2

EIBRG = OD(G) -

Iy (1)
I
where [ is the intensity of light reflected from a white reference and [ is the reflected light intensity
from skin surface. I(R), I(G) and I (B) are the reflected intensity values as detected in the red, green

and blue spectral channels of image sensor. A new parameter representing the contrast of erythema index
(CEI) has been introduced as a measure of erythema index deviation throughout the image area:

OD(A) = log

4

El
CE] = std

Elmean
where Elg;, is the standard deviation of erythema index and El,y.qy is the mean value of EI at the
region of interest (Jakovels ef al. 2013).

Most devices for erythema estimation use point measurement systems, acquiring reflected intensity
value from a small skin spot of some millimeters in diameter. In particular, Mexameter® 1is a
commercially available device that comprises 16 circularly arranged LEDs emitting at wavelengths 568
nm, 660 nm and 880 nm, and a photodetector that measures intensity of the light reflected by skin area
of 5 mm in diameter (Matias et al. 2015; Clarys et al. 2000). Erythema index is calculated from reflected
light intensities at 568 nm and 660 nm, based on (1).

)
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2. Materials and methods

This study analyzed three data sets: visual assessment by two dermatologists (CEA, scale from 1 to 4),
Mexameter® MXI18 measured erythema index value (Ely, scale from 1 to 1000), and four erythema
index values based on the RGB imaging device measurements and calculated by using four different
erythema index estimation algorithms - Elgg, Elgc, Elgrc and a newly proposed erythema index
estimation E I that will be explained shortly.

2.1. Data acquisition by Skimager

The experimental RGB imaging prototype with provisional brand name Sk/mager is a handheld wireless,
battery-powered device that comprises a 3 Mpix CMOS sensor color camera (Micron MT9TO031,
quantum efficiency shown in figure la (A.l. Corporation 2006) surrounded by a ring-shaped LED
illuminator emitting white, blue (460nm), green (530nm) and red (665nm) spectral bands (figure 1b),
linear polarizers in front of the LEDs and the camera, oriented orthogonally to each other (in order to
suppress the specular reflection (Demos & Alfano 1997)), an on-chip microcomputer, a touchscreen and
an SD memory card (Spigulis ef al. 2014). The distance between skin surface and the detector is kept
constant at 50 mm and the device touches skin surface so that outside light does not reach the detector.
Skin area of 30 mm in diameter can be evaluated. [llumination LEDs are evenly distributed in a circle
(four LEDs of each type: white, red, green, blue), and each type of LEDs is sequentially switched on for
approximately 1 second while an RGB image is taken, thus the total measurement time is approximately
5 seconds. Absorption spectra of skin chromophores oxyhemoglobin, deoxyhemoglobin and melanin
are shown in figure 1c (O.M.L.C. 2015).

2.2. Data processing
Sklmager acquires three spectral images (red, green, and blue) at each illumination (white, red, green,
and blue). Each spectral image represents three roughly separated spectral regions: 600-700 nm (red),
500-600 nm (green), and 400-500 nm (blue) (figure 1a) (A.L. Corporation 2006). Only one spectral
image for each illumination was further used (red spectral image for red illumination, green spectral
image for green illumination, and blue spectral image for blue illumination), as there is a much lower
signal in the other spectral bands that do not provide much information about absorption in the particular
wavelength range. Thus three separate images for each measurement are further used, and each pixel
has a reflected intensity value at red, green and blue illumination: I;(R), I;(G) and I;(B), respectively.
For erythema severity estimation, a new erythema index parameter was introduced. Hemoglobin
absorption can be related to difference between the red and the green spectral images (Diffey et al.
1984); however, melanin absorption in the upper skin layers should also be considered (Jakovels et al.
2013; Jakovels et al. 2011). The melanin-corrected erythema index Elgrs; (3) considers that all three
spectral images are used. A new empirical erythema index estimation method with using only two
adjacent spectral band images is introduced. Erythema index can be estimated as absorption in green
spectral band, melanin absorption can be estimated as difference in absorption between blue and green
spectral bands, and thus melanin-corrected erythema index can then be estimated as:

Elgg = OD(G) — [0D(B) — OD(G)] (6)

By using (4), the previous equation (6) can then be expressed by using reflected light intensities as:

,(&)]* I(B I(B

EIBG=log[[O( e ()z]z ®) -
Lh(B) @] )]

as the first multiplier in the formula is a constant for all measurements. Further a multiplier of 100 is

used for better data representation:

1(B)
Elgg = 100 THOT (®)

Erythema index for each measurement is calculated as the mean erythema index value of all pixels of
the skin area of interest.
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Figure 2. (a) Quantum efficiency of the CMOS sensor used in Skimager (A.l. Corporation 2006),
(b) Spectra of Skimager LEDs and (c) Skin chromophore absorption spectra (O.M.L.C. 2015).

2.3. Participants

Five parts of facial skin were measured for each patient (central forehead, right cheek, left cheek, right
part of nose and left part of nose). For each facial part three data sets were obtained: adopted CEA,
Mexameter  erythema index values (El), and Skimager erythema index values
(Elgg, Elgc, Elggg, Elgg)- Before each measurement, patient was asked to sit still and relax for at least
15 minutes in order to avoid other factors affecting their skin color (such as cold outside temperature,
fast walking, etc.). Two dermatologists independently graded persistent erythema on each of the five
facial regions on a 4-point scale (1 — mild, 2 — moderate, 3 — severe, 4 — very severe erythema), and for
all 50 patients their opinions matched. 50 female rosacea patients (ages 25 to 60) with dermatologists’
estimated CEA index of mostly 2 and 3 participated in the study. The study protocol was approved by
the local ethics committee, and each patient gave a written informed consent before the trial. In order to
distinguish erythema caused by rosacea and erythema potentially caused by another etiology, a primary
screening procedure was done (Elewski et al. 2011) by a dermatologist. Only patients with
erythematotelangiectatic rosacea (Two et al. 2015) subtype were enrolled in this study. Differential
diagnoses to be ruled out included seborrheic dermatitis, allergic and irritant contact dermatitis and
connective tissue diseases such as systemic lupus erythematosus.
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3. Results

The obtained results are presented in two parts: comparison between different erythema index
estimation algorithms, as well as the newly proposed algorithm, and comparison of results of
all three data sets (CEA, Mexameter and Skimager) for 500 measurements (50 patients, two
temporal measurements 1 month apart, 5 facial regions).

3.1. Comparison of different erythema index estimation algorithms

It was expected that visibly seen blood vessels (and other regions with an increased redness)
would result in increased erythema index values, compared to normal skin. Erythema index
values of 30 patients were analysed to test which erythema index calculation gives the best
contrast between areas of increased redness and normal skin., as well as which erythema index
calculation gives the best contrast between areas of pigmentation and normal skin. This was
done by taking a white LED illumination image of a region of facial skin (forehead, noise or
cheek) of any of the patients which shows a region of normal skin, a region of increased redness
(i.e. visibly seen blood vessels) and a region of pigmentation. Example of one of the data used
is shown in figure 2. In the upper row, white LED illumination RGB image, blue LED
illumination blue spectral channel, green LED illumination green spectral channel and red LED
illumination red spectral channel images are shown; in the lower row normalized erythema
index maps are shown, representing each of the four used calculations for erythema index
estimation.

In the White LED illumination image three small regions of interest of at least 10 pixels each
were chosen: one representing a region of normal skin (black ROl line in figure 2 white image),
one representing a region of increased redness (red ROI line in figure 2 white image) and one
representing pigmentation (blue ROI line in figure 2 white image). The average erythema index
value of each of the three regions, as well as the standard deviation was then calculated, and it
was done for all four erythema index calculations for comparison. To estimate the contrast
between increased erythema and normal skin, the average erythema index value of a region of
increased redness was divided by erythema index value of a region of normal skin. Similarly,
the contrast of pigmentation and normal skin was calculated by dividing the average erythema
index value of pigmentation with the average erythema index value of normal skin. An example
of the calculated contrast parameters of one patient is shown in table 1.

Out of all the analysed 30 patient data, for each patient the maximum contrast of blood
vessels and normal skin and contrast of pigmentation and normal skin value was estimated to
determine which erythema index calculation gives the best contrast. In case of contrast of blood
vessels and normal skin, it is better to have a higher contrast value as it increases the scale of
the level of redness that can be distinguished. In case of contrast of pigmentation and normal
skin the lowest contrast value is the best as it means that the absorption of melanin has been
subtracted more.

The best contrast between an increased erythema (blood vessels) and normal skin was
achieved by using the Elg; estimation algorithm (the highest contrast value for 29 out of 30
patients) (table 2). For 1 of 30 the highest contrast value was shown by the E Iz algorithm. In
case of contrast between pigmentation and normal skin the lowest contrast value was achieved
using the Elzz; estimation algorithm (the lowest contrast value for 27 out of 30 patients). For
3 out of 30 patients the lowest contrast value was shown by the EI. algorithm.
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Figure 3. Example of white and spectral images of a nose (on top) and normalized different erythema
index distribution maps (bottom).

Table 1. Example of the calculated contrast parameters of one patient data.

Contrast of

Contrast of

N:l:mal \/Belsos(;?s Pigmentation | Blood vessels Pigmentation
and Normal skin | and Normal skin
011+
Elpg Sor | 0912005 | 061012 | 864%043 5,81 + 0,70
Elp, 06%321 095+003 075+010 | 515016 4,04+ 0,41
Elgpg Oé%g; 090+005 | 058+013 | 540+031 3.44 + 0,45
Elpg 06(,)811 089+006 048+013 | 10,29+0,67 5,53+ 0,72

By analysing results of 30 patient data, the erythema index ranges were estimated for normal
skin, increased erythema and pigmentation. For Elgz; estimation algorithm, erythema index
values for normal skin ranged from 0,09 — 1,27 with an average of 0,77; for skin area of
increased erythema (e.g. blood vessels) the values ranged from 0,86 — 3,69 with an average of
1,76; for skin area of pigmentation (increased melanin content) the values ranged from 0,48 —
3,24 with an average of 1,28. Some ranges overlap which can be explained by the fact that skin
colour of the patients, mostly in terms of redness, varied greatly, and what for some was reduced
redness, for others was increased redness, compared to the whole facial skin.
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Table 2. Contrast parameter comparison for all 30 patient data.

Contrast of Blood vessels and Contrast of Pigmentation and
Normal skin Normal skin
Elpc | Elpc Elpgg Elpgg Elgc | Elpc Elppg Elpg
8,64 5,15 5,40 10,29 5,81 4,04 3,44 5,53
1,56 1,93 1,35 1,82 1,72 2,10 1,18 1,69
1,91 1,68 1,53 2,43 1,17 1,18 1,04 1,26
1,76 1,55 1,64 3,29 1,26 1,24 1,33 2,10
1,86 1,36 1,54 2,32 1,47 1,24 1,20 2,55
1,66 1,62 1,39 1,94 1,41 1,43 1,31 1,99
1,89 1,57 1,49 2,31 1,31 1,27 1,06 1,51
1,60 1,57 1,30 2,01 1,48 1,49 1,27 2,20
1,57 1,65 1,29 1,66 1,30 1,39 1,10 1,37
1,88 1,51 1,55 2,59 1,54 1,37 1,29 1,90
1,94 1,80 1,48 2,99 1,13 1,17 1,07 1,15
1,62 1,46 1,34 2,02 1,77 1,53 1,42 2,51
1,48 1,49 1,19 1,73 1,37 1,39 1,18 1,70
1,88 1,85 1,59 2,99 1,43 1,51 1,21 1,64
2,17 1,73 1,63 3,79 1,34 1,31 1,13 1,68
1,24 1,19 1,18 1,42 1,07 1,06 1,04 1,19
1,49 1,29 1,28 1,63 1,16 1,11 1,08 1,26
1,79 1,51 1,49 2,59 1,25 1,21 1,08 1,29
2,01 1,62 1,62 2,70 1,31 1,27 1,14 1,43
2,33 1,69 1,92 4,56 1,54 1,39 1,42 2,56
1,78 1,64 1,57 2,82 1,32 1,32 1,20 2,06
1,55 1,41 1,39 2,24 1,36 1,30 1,24 1,96
1,05 1,06 1,02 1,17 1,11 1,12 1,00 1,31
1,86 1,58 1,45 2,27 1,45 1,37 1,22 1,56
1,75 1,47 1,52 2,43 1,19 1,16 1,00 1,14
1,29 1,22 1,23 1,56 1,00 1,00 1,03 1,26
1,44 1,29 1,29 1,98 1,14 1,11 1,10 1,37
1,50 1,51 1,31 1,74 1,15 1,18 1,02 1,07
1,26 1,23 1,17 1,68 1,09 1,09 1,08 1,21
1,31 1,33 1,14 1,34 1,34 1,36 1,17 1,39

3.2. Comparison of CEA, Mexameter and Skimager results

For 500 total measurements three data sets were analysed: CEA, Mexameter and Skimager
erythema estimation values. All 500 measurements were divided in four groups, depending on
the corresponding CEA value of each measurement, and boxplots, created with Matlab, show
the correlation of CEA and EI,, values, acquired by Mexameter (figure 2). The box in the plot
represents all data of 25th to 75th percentiles; the lines include 99,3% of all the data, and the
red crosses represent outliners. The blue dots in the box represent the medians, and linear fitting
of medians and CEA values was done to acquire the coefficient of determination R?.
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Figure 4. A boxplot of all Mexameter estimated erythema index EI; values for each corresponding
CEA value and linear regression correlation between CEA value and the median value of EI,; for each
corresponding CEA value.

Similarly, boxplots of two of the erythema index estimation algorithms E gz, and Elg; are
shown in figure 4. The correlation graphs clearly show a much better linear correlation
(R%?~0,99) between CEA and the median Elgzg; and Elgz; values. Correlation between CEA
and the other two erythema index estimation algorithms (E Iz, and Elg;) was also calculated,
and the coefficients of determination are R? = 0,9940 and R? = 0,9989, respectively. It seems
that there is not much difference when comparing all four different erythema index estimation
algorithms in terms of how well they correlate with dermatologists’ estimated CEA, however
they show a much better correlation when comparing with erythema index estimations acquired
by Mexameter.

Linear fitting was also done on all data points (not just medians) to see how well all the CEA
and EI values correlate. As expected, the coefficients of determination are not very high. The
lowest coefficient value is for E1,, (R? = 0,3032). The other four erythema index estimation
algorithms show similar coefficient values: R? = 0,4458 (El,¢), R? = 0,4386 (Elgc), R?> =
0,4486 (Elgrc) and R? = 0,4361 (Elg;).

A two-sample t-test was performed to test whether there is a significant (p < 0,05) difference
between two consecutive CEA groups (1 and 2, 2 and 3, 3 and 4) for all EI estimation algorithms.
Results show that there is a significant difference (p < 0,05) between the groups for all EI estimation

algorithms except E ), results, acquired by Mexameter — there was not a significant difference between
CEA groups 3 and 4 for Ely,.

4. Conclusions and discussion

In this study, for the first time in authors’ knowledge, different in literature available erythema
index estimations are compared in terms of how well they distinguish skin region of increased
redness and normal skin. Commonly used method of visual assessment of facial erythema by
an experienced dermatologist (CEA) is compared to commonly used single-spot optical
measurement device (Mexameter). In addition, an RGB imaging technique is proposed and
clinically validated for a more accurate and reliable estimation of skin erythema; also a new
erythema index estimation algorithm is proposed using only blue and green spectral images.
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Figure 5. Boxplots and correlation graphs between CEA and EI for all four ET estimation algorithms.

This study shows a comparison between four different in literature available erythema index
estimation algorithms and proposes a new algorithm using only blue and green spectral images
(Elgg). The new erythema index estimation algorithm shows the best contrast between skin
area with increased redness and normal skin, compared to other erythema index estimation
algorithms, and it was validated by data of 30 patients. This is important when very small
changes in skin erythema have to be distinguished, for example, in clinical studies for
determination of rosacea treatment cream effectiveness. Sometimes the effect of a treatment
cream can be very small, thus very precise and accurate erythema index estimation algorithms
can be of great importance.

It is also important to minimize the effect of melanin absorption when estimating erythema
index, as melanin also affects the total skin absorption in all three spectral ranges. The lowest
contrast between pigmentation (increased melanin content) and normal skin regions was
achieved by using a previously developed erythema index estimation Elgg;. In case of high
skin pigmentation, it would be more useful to use this erythema index estimation algorithm as
it is less affected by melanin absorption in skin.
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One of the main goals of this study was to see how well the visual assessment of a
dermatologist correlates with the result obtained by an optical device. Often in clinical studies
only dermatologist’s visual assessment is taken into account; however, it can be very subjective,
even in case of a very experienced specialist. Unfortunately, there is currently no noninvasive
golden standard technique that can give the real erythema index value, so there was no
technique or data to compare all the results to. However, the idea was to at least get the sense
of how well the currently used estimations (both visual and optical) correlate to each other.
Thus the output data of two optical devices used for erythema index estimation, a single-spot
measurement device Mexameter and an RGB imaging device Skimager, were compared to
dermatologists’ assessment (CEA values). Out of 500 measurements in total, it can be
concluded that the results differ greatly when comparing dermatologists’ visual assessment and
the results of optical devices which is probably due to different subjective factors that affect
dermatologists’ opinion. It was also clearly noted that results of RGB imaging device correlate
better with CEA values than results obtained by single-spot technique Mexameter. This can
easily be explained by the fact that Mexameter uses a spot measurement of only 5mm in
diameter while RGB imaging device Skimager acquires spectral data of a larger area of skin of
up to 30 mm in diameter and then an average erythema index value can be calculated or
erythema index distribution map obtained and further analysed.

In conclusion, this study shows that single-spot measurements might not be very reliable
when compared to the RGB imaging even though they are often used in clinical studies. RGB
imaging shows a much better correlation with dermatologists’ estimation and shows more
reliable results. A new erythema index estimation algorithm was proposed, and it demonstrates
a better contrast between blood vessel and normal skin regions than other algorithms.
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