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Caracterizac¢iao optica de amostras altamente espalhadoras na regiao do visivel e

infravermelho proximo

RESUMO

Altas concentracdes de melanina em peles escuras pode afetar negativamente os resultados em
diagnosticos e tratamentos baseados em luz. As propriedades Opticas de peles escuras sao
conhecidas na literatura, mas até o momento, ndo havia uma correlagdo entre as propriedades
opticas e o fototipo de pele através de uma classificacdo confidvel e reprodutivel. O angulo de
tipologia individual (ITA) foi desenvolvido na década de 90 para classificar o fendtipo de peles
utilizando medidas colorimétricas com equipamentos calibrados. O ITA ¢ diretamente
relacionado a constituicdo quimica da pigmentacao da pele e pode ser usado como um método
confiavel de categorizacao das peles. Neste estudo, diferentes fototipos de peles ex-vivo foram
opticamente caracterizados, avaliando o coeficiente de absor¢do, espalhamento, atenuagdo
efetiva, penetracdo Optica e albedo. Cada um desses parametros Opticos possui relevancia em
aplicacdes biofotonicas nas ciéncias da satde. Para mensurar essas propriedades, foram
manufaturadas, caracterizadas e validadas um sistema de esferas integradoras em 3D. Os
resultados obtidos indicam a existéncia de uma correlagdo entre o ITA e as propriedades Opticas
das peles com diferente fototipos. O coeficiente de absor¢do e atenuagao efetiva aumentam com
areducdo do ITA, ou seja, peles escuras absorvem mais luz. Por outro lado, a penetragao optica
e a albedo ¢ maior para maiores ITAs. O coeficiente de espalhamento teve poucas alteracdes
em funcao dos fototipo de pele. Com os dados experimentais do coeficiente de absorcao foi
possivel determinar um modelo experimental para estimar o coeficiente de absor¢do usando
apenas os parametros colorimétricos do ITA, abrindo novas oportunidades para corre¢des em
dispositivos Opticos como oximetros de pulso, reldgios inteligentes, oximetria fotoacutstica, e
outros. Por fim, € apresentado um trabalho desenvolvido durante o intercambio no Institut fiir
Lasertechnologien in der Medizin an der Universitit Ulm - Alemanha, onde ¢ apresentado um
método inovador de realizar medidas de espectroscopia de reflectdncia no visivel e

infravermelho proximo independente da distancia.

Palavras-chave: Espectroscopia; Biofotonica; Esfera integradora; Propriedades oOpticas;
Angulo de tipologia individual, Fototipos.



Optical characterization of highly turbid samples in the visible and near infrared spectra

ABSTRACT

High melanin concentrations in dark skins can negatively affect results in light-based
diagnostics and treatments. The optical properties of dark skins are known in the literature, but
until now, there has not been a correlation between optical properties and skin phototype
through a reliable and reproducible classification. The individual typology angle (ITA) was
developed in the 90's to classify the skin phenotype by using colorimetric measurements with
calibrated equipment. ITA is directly related to the chemical constitutive skin pigmentation and
can be used as a reliable method of skin categorization. In this study, different ex-vivo skin
phototypes were optically characterized, evaluating the absorption, scattering and effective
attenuation coefficient, optical depth penetration and albedo. Each of these optical parameters
has relevance in biophotonics applications in health sciences. To measure these properties, 3D-
printed integrating spheres system was manufactured, characterized and validated. The optical
results indicate the existence of a high correlation between ITA and the optical properties of
skins with different phototypes. The absorption coefficient and effective attenuation increase
with the decrease of ITA, that is, dark skin absorbs more light. On the other hand, optical
penetration and albedo is higher for high ITA values. The scattering coefficient had lower
dependence on the skin phototypes. With the experimental data of the absorption coefficient, it
was possible to determine an experimental model to estimate the absorption coefficient using
only the ITA colorimetric parameters, opening new opportunities for corrections in optical
devices such as pulse oximeters, smartwatches, photoacoustic oximetry, and others. Finally, a
work developed during the exchange in the Institut fiir Lasertechnologien in der Medizin an der
Universitdt Ulm - Germany is presented, where an innovative method of carrying out VIS-NIR

reflectance spectroscopy measurements regardless of distance is presented.

Keywords: Spectroscopy; Biophotonics; Integrating sphere; Optical properties; Individual
typology angle; Skin phototypes.



LIST OF FIGURES

Figure 1 — Volar forearm with A) fair skin (Fitzpatrick scale 1), low melanin concentration and
B) dark skin (Fitzpatrick scale 6), higher melanin concentration. In C) the blood vessels could
be clearly found in a lighter skin, however D) in the dark skin the opposite was true. As can be

seen in E) and F), the visualization becomes even worse in plane images with maximum

saturation in Fitz. scale 6. Reference [82]. ......coovviioiiiiiiiieeeeceeeeeee e 18
Figure 2 — L*a*b* coordinates representation. Available at
[https://sensing.konicaminolta.asia/what-is-cie-1976-lab-color-space/]. ........cccceeveerveeneenen. 20

Figure 3 — L*a*b* values from persons across the world. Subjects: 10 Europeans, 8 Chinese,
10 Mexicans, 10 Indians and 10 Africans. All of them were living in South Africa. Reference

[93]. oreveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeee e s e e e ee e e e s ee e e et e e e e e s e e s e eees e 21

Figure 4 — Individual typology angle diagram and respective colour representation. Note that
the ITA is a sequential numerical scale and the color are not unique/static in each classification,

pale skins tones are allocated in higher ITA values while very dark skin in the lowest negative

values. Figure 1eference [90]. ......oooiiiiiiiiieieee e 22
Figure 5 — Schematic cross-section of the human tissue. Reference [114]. .......ccccceeiieninnninn. 24
Figure 6 — Light penetration diagram through skin layers. Reference [117]. ......c.ccccooeeienne. 25

Figure 7 - A) Integrating sphere sketch with its respective dimensions. 150 mm diameter and 4
mm thickness, input (a) and output (b) ports have 30 mm diameter and are aligned in the same
axis. The detector port (c) has 10 mm diameter, and the baffle (d) has 10 mm diameter. B) 3D
model. C) Printed assembled integrating spheres and internal view of each part separately with

The AtEACKHEA DATTIE. ..ot e et e e e e e e e e e eeeeaaeeeeaeenaaes 31

Figure 8 - Schematic diagram of coating process for (a) a raw printed integrating sphere. (b)
Use of white spray paint as a clue to attach the barium sulfate coating powder at (c). (d) A fabric
is used to press the powder on the wall to homogenize the surface. Processes (¢) and (d) were

repeated until the sphere wall is fully covered. .........ccoovvvriiieriiiinie e 32

Figure 9 - In A) it is possible to obtain ROdif fuse by using an empty output port. B) to obtain

Rstddif fuse, we close the output port by using our homemade barium sulfate standard. ....33



Figure 10 - Source delivers the beam into a converging lens (L) to collimate the light signal that
illuminates the sample (S) placed between the spheres. The reflectance sphere (R) receives the
backward radiation, which is detected by a spectrometer (S1). The transmittance sphere (T)

collects the forward radiation on the spectrometer (S2)........ccceeviieeiieeriieerie e 33

Figure 11 - Experimental scheme for double integrating sphere measurements using the
approach by Pickering.[2] RSAMPLE is the raw diffuse reflected light and TSAMPLE 1is the
raw trans- mitted diffuse light of the sample. TSTD and RSTD are the source signal on

transmittance and reflectance sphere and RBK and TBK are the background noise on each

Figure 12 - Reflectance of the crafted coating compared to commercial PTFE and wall

reflectance rw of the sphere from 400 nm to 1650 NM. .......cccoiieiiiiiieiiieeie e 36

Figure 13 - Optical absorption (ua) and reduced scattering (u's) coefficients for the
polyurethane phantom measured by our system as compared to a reference value at 630 nm.
The red and black dots are the reference values provided by INO and can be checked on table
ettt bt h e a ettt bbbt bt h e a e a et e bbbt h e bt st e st et et et et e bt ebeeneenes 37

Figure 14: Human skin samples grouped and categorized by ITA: A) group 1 has five samples
with mean ITA = 36.7 £ 0.6 and intermediate typology. B) group 2 has two samples, mean ITA
=29.0 £+ 0.4, and intermediate typology. C) group 3 has one sample, ITA =22.4 + 1.0, and tan
typology. D) group 4 has two samples, mean ITA = 18.4 + 0.8, and tan typology. E) group 5
has one sample, ITA =-4.2 + 0.9, and brown typology. F) group 6 has one sample, ITA =-13.5
+ 0.7, and brown typology. Only the background was removed. ...........ccccceeeveieerriieiniieenienns 45

Figure 15: Optical A) reduced scattering (1's) and B) absorption (ua) coefficients of the human
tissue groups labeled by ITA values. p's has a decreasing pattern through wavelength for all
the samples, but the darker sample in group 6 behaves abnormally. pa increases when ITA

values decrease in the visible range; however, it does not significantly change in the NIR range.

Figure 16 - Skin A) effective attenuation coefficient (uef f) and B) albedo (a). pnef f increases
when ITA decreases, and the inverse is observed for albedo. Prahl indicated that lower albedo

(a > 0.85) increases the chances of not converging with the IAD algorithm [119]................ 53



Figure 17 - Human skin depth penetration and their ITA response. Higher ITA values have

deeper light penetration, while penetration decreases for lower ITAS. ........ccoeeveviieiiienieennen. 54

Figure 18 - A) Scattering and B) absorption coefficient of the skin tissue samples, labeled by
ITA values. The scattering coefficient does not drastically change with ITA, but the absorption

coefficient gradually increases with decreasing ITA values. .........cccoocuveviieriieiieniieeriecieeiee 62

Figure 19 - a) scattering and b) absorption coefficient dependence on ITA values, from 500 nm
up to 800 nm, with a 10 nm step. Hemoglobin range (630 until 690 nm) was not taken into

COTISTACTALION. ..o et e ettt e e e e et e e e e e e e e e e e e e aeaeeeeeeeeae e e aaeeeeeeeaee e aaaeeeeeeeeeaanaaaeaees 63

Figure 20 - Linear fitting of the optical parameters at 500, 600, 630, 660, 700, 750 and 800 nm.
The scattering coefficient at a) does not significatively chance with ITA, however, the

absorption coefficient at b) linearly decrease with the ITA increasing. .........ccccceeeeeecueereennne 64

Figure 21 - Linear fitting parameters for the scattering coefficient. The slope term oscillates in
the vicinity of zero for all wavelengths, and has mean value of 0.000 = 0.004. On the other
hand, k1 exhibit values close to the average u's, indicating that we can make the linearization

as @ CONSEANT TACTOT ONLY. c..ueiiiiiiiiiie e e e e e e s e enees 65

Figure 22 - While u's parameters showed no correlation through ITA, the opposite is true for
ua. A) the intercept c1 change linearly according to A and can be described by the equation 22
with a coefficient of determination R2 = 0.99. B) indicates a constant slope c2, with mean

Value -0.014 £ 0.001. .ot 66
Figure 23 - Comparison between the experimental values and the fitting. ..........c...cccceeene. 70

Figure 24 - Sketch showing the geometrical arrangement of the scattering sample and the

AELECTION UL, toeeieiieiiiiieet ettt 76

Figure 25 - Sketch showing the relationship between numerical aperture and illumination area

of the lens based on a fiber diameter d and a focal length f..........ccccccoieviiiiiiiiiniieieciee, 76

Figure 26 - Illustration of the relationship between the distance of the scattering medium to the
lens and its illumination area, and the influence of the detectable photons within an angular
range f € 0,arctand2f defined by the fiber and lens, where § describes the exit angle of a

photon relative to the optical axis of the detection unit............cccoeerviiniininiinieneccniee 78



Figure 27 - Sketch showing the components used and their relative distances. BS refers to a
beam splitter. Furthermore, §1 = 2 f1, §5 = f2, 62 + 63 = 2flandD = 463 + 64 =
20 cm is valid. To avoid the direct reflection from the surface, the sample is tilted by & = 10°
. The white light is delivered by fiber 1, which has a core diameter of 200 um, and the light
reflected from the scattering medium is coupled into the spectrometer. by fiber 2, which has a
diameter of d = 1 mm and a numerical aperture of AN = 0.22. As focal lengths f1 = 80 mm

and f2 = 40 MM WaS CROSEI. .....c.eeiiiieiieie ettt e 79

Figure 28 - The upper graphs show the reflectance versus distance as mean values for three
consecutive simulations including the standard deviation. The middle graphs show the relative
error to the mean value of the respective distances. The lower graphs give the relative error for
all distances simulated for a fiber detector without using a lens. The left column was simulated
with W's = 100 mm™!, while the right column was simulated with p’s = 10 mm™'. pa is

constant at 0.001 MM . ..ottt et e e e e e e e e e e e s es e s e e s e s e eseeaeeeeerenenes 81

Figure 29 - The upper graphs show the reflectance versus distance as mean values for three
consecutive simulations including the standard deviation. The middle graphs show the relative
error to the mean value of the respective distances. The lower graphs give the relative error to
the mean value for all distances simulated for a non-distance independent fiber detector. The
left column was simulated with pw’'s = 1 mm™!, while the right column was simulated with

W_s = 0.1 mm ' paisconstant at 0.001 mm .. .......coooimiiiiiiiiieeeeeeeeee e, 82

Figure 30 - Reflectance measurements of a sample with w’s = 8.28 mm ™! and pa = 0.0014
mm ! at A = 633 nm. Upper graph: Reflectance of the spectrum of interest between 670 nm and

690 nm. Lower graph: Relative deviation of the spectra to the mean value of all measured

Figure 31 - Reflectance measurements of a sample with p’'s = 60.87 mm™1 and pa = 0.0014
mm™ ! at A = 633 nm. Upper graph: Reflectance of the spectrum of interest between 670 nm and

690 nm. Lower graph: Relative deviation of the spectra to the mean value of all measured

Figure 32 — General IAD algorithm diagram. Adapted from [119]. ....ccccooveviniiniinininne. 107



LIST OF TABLES

Table 1 - Experimental and reference values with standard deviation for optical absorption (ua)
and reduced scattering (u's) coefficients at 630 nm for the calibrated phantoms, OP-HBO-C-
632-0-0.5-25 and OP-HBO-C-632-1-10....c...cccteririiriiiieieeieeieeierteie ettt 35

Table 2: Average and standard deviation for L*a*b color scale, ITA values, and skin

classification of the six abdominal skin sample groups. .........cccceevveeriieeiieniiiiierie e 48

Table 3: Power law parameters ¢l and c2 of the reduced scattering coefficients of our

experimental skin data. The R-squared (R2) parameter is also presented to ensure the fit. ....51

Table 4 - Average and standard deviation L*a*b color scale, ITA values, and skin typology of

the six abdominal SKin SAMPLE GrOUPS. ......eervieriieriieeiieie ettt ebeesae e 61

Table 5 - Reference values for k1 [mm — 1], k2 [degree.mm — 1], c1 [dimensionless],

c 2 [degree — 1] and R-squared of ¢ 2 as function of A [nM]....cccooviriniiiiiiiiiniieee 66



SUMMARY

Chapter 1: General INtroduction ..........ccccceeiecsisericcscsnnecsssssssessssssssesssssssssssssssssssssssssssssssssss 16
Biomedical Optics on Human Health.............ccoooiiiiiiiiiiiiceeeeeee e 16
Human Skin Phototypes ClassifiCation ............cceoveeiieriiiiiienieeiieie e 19
Light Interactions On Biological SKin TiSSUE ........cccceeruieriieiiieriieiierie ettt 23
TRESIS ATIMINE ..veeeuviieiiieeeiieeeteeeetee e et e e eteeestteeessbeeesaeeessseeansseeassseesssseessseeessseeeassesensseesnnseennnes 26
TRESIS OULINE. ...ttt e st e ettt e et e st e eabeessaeenneens 27
Chapter 2: Manufacture and Characterization of a 3D-Printed Integrating Sphere......28
2.1 = INEFOAUCTION ..ttt ettt et st sb et et e bt et satenbe et e eneesaeentesnee e 29
2.2 — MEthOAOLOZY ...ttt ettt ettt e ettt e et e e sabeeabeesnaeenneens 30
Integrating Sphere Manufacture ..........c.cooeiiiiiiriiiiiiecece e 30
Reflectance Standard and COatiNg..........cc.cevieeiieiieeieenieetieiee et ereesee e e e saeeseeseaeesseenenas 31
Wl REFIECTANCE. ...ttt ettt et b et sae e b e 32
EXperimental SEt-UP .....ccc.ooiiiiiiiiieee ettt et e 33
Validation SAMPLES........coouiiiiiiiiiii ittt 34
2.3 — RESUILS 1.ttt ettt st s bee s 35
Coating RefleCtanCe.........ccuvieiiiiiiiieeciie ettt e e e s e e sebe e e sbeeennbeeeneeeennns 35
Validation Phantom Optical PTOPETties .........cccvieeriiieeiiieeiieeeiieeeite et eevee e e ens 36
2.4 — DISCUSSIONS ...etieutieiieetie et eteeeeteesteesteesteeeabeesseesateeseeasseasseeeaseessteenseenseesnseesaseenseassnesseens 37
2.5 — CONCIUSIONS ...ttt ettt ettt b e et e et e st e e s ateenb e e s teeabeesabeenbeessneenseans 39

Chapter 3: Optical Properties of Human Skin Phototypes and Their Correlation With

Individual Angle Typology 'y
3.1 — INEEOAUCLION ..ttt sttt ettt ettt 43
3.2 — Material and MethOdS.........coeiieiiiiiiiiiieeeeee e 44
TISSUE SAMPLES ..eevviieiiiieeiie et ettt e et e et e e et e e s ta e e e sseeeesaeeessseeessseeennseesnnseennnes 44
(10] 1075150151 2 oy 2RSS 45
Optical System and Data ACQUISTEION. .......ccueeruiieiiieriieeitierie et este et e ste et e sereeteeseeebeesenesaeens 46
Optical EVAlUAtION ....ooviiiiiiiiiiciieie ettt ettt et esate e e naeeneens 47
3.3 — Results and DISCUSSIONS ...cc..eeiuiiiiiiiiiiiieiie ettt ettt s 48
COlOTIMELIIC MEASUIES .....eiuiieiiieiieeiie ettt ettt ettt e st e bt e et e e bt e st e e s bt e eaaeesseesneens 48
Absorption and Reduced Scattering Coefficients. .........ccceeevieriieiiienieiiieieeeee e, 49
Effective Attenuation, Albedo and Depth Penetration ............cccceevierieeiienieiciienieececie e, 52

3.d — CONCIUSIONS ettt e e e e e e e e et e e e e e e e e e e e e e e eeeeeeeeeeae e aaeeeeeeeeeennnns 55



Chapter 4: The Absorption and Reduced Scattering Coefficient Estimation in Pigmented

Human Skin Tissue by Experimental Colorimetric Fitting .......cccceeveeevuersecisuenseecsnensnncene 58
4.1 — INEPOAUCTION ...ttt ettt ettt e st e e e bt et e et e e saeeenbeeeneas 59
4.2 — Materials and Methods ........c.c.ooiuiiiiiiiie e 60
COlOTIMELTIC IMBASUIES .....eeuviiiiiieiieiteettete ettt ettt sttt ettt sae et st e bt et eseesbeeteeaee e 60
OPHCAL SEE-UP ..ttt ettt ettt et e e bt e taeeabeesaaeenbeensseenseesaseenseessneenseens 60
Ex-Vivo Human SKin TiSSUE.......cc.eiiiiiiiiiiiiiieeieeee ettt e 61
4.3 — Results and DISCUSSIONS .....cccueiiiuieiiiieiiieeiiieiie ettt et site ettt e st e st e bt sieesbeesaeeenbeeneeas 62
4.4 — CONCIUSIONS ...neteiniieeiteeite ettt ettt e b e e at e e bt e st e e bt e et e sbeeeabeesbeeeabeenaees 71

Determination of Optical Properties of Highly Turbid Media........cccceevvreruersnensuecsnecnnces 73
5.1 = INEEOAUCTION ...ttt ettt ettt e et e et e et e e e aeeeabeesaneenbeeeneeenne 74
5.2 = TREOTY ..ttt ettt ettt et et e et e et e et eesaaeesbeessbeesseessseensaensseanseensseenseesnennns 75
5.3 — Material and MethOdS .........coueeieiiiiiiiiiee e 79
54 = RESUILS ..ttt ettt et ettt e et e e et eeat e et esnteebe e aeeeane 80
Verification by Monte Carlo Method ..........ccccociiiiiiiiiiiiiiiiieeeeee e 80
Experimental VerifiCation ..........cccviiiiiiiiiiieiiie ettt e e e 82
5.5 — DISCUSSION. ...ttt ettt ettt et e s bttt e a e et e s bt e e bt e shb e et e e esbe et e eebeeeabeesaaeebeenaeeenne 84
Chapter 6: General CONCIUSIONS ......ccovveecirenicssanssssancsssanesssssssssssssssssssssssssssssssssssssssssssssssssnss 86
BIblioGraphy ..cccecciueeiinisensennsnensennsnensnessnensnnsssesssessssesssesssasssssssssssssasssssssssssssssssnssssssssssssassss 89
ANNEX A ..ueriiinniininnicssnnienns .106
Annex B .......ieneiieiinennnee .107

FN 111 1. G O .108




16

Chapter 1: General Introduction

Biophotonics is an emerging and multidisciplinary research field, which can combine light-
based technologies to the life sciences, biology, medicine, pharmaceutical science,
environmental science, and agriculture [1]-[3]. The advantage of the biophotonics in the
medical sciences with visible (VIS) and near infrared (NIR) light lies on a non-invasive spatial
and temporal high-resolution method for therapeutic and diagnostic applications, performing
from nanoscales molecules [4] up to a few centimeters skin tissues [5], and making possible to
evaluate femtoseconds events [6] or even a day time-lapse [7], covering more than ~20 orders

of magnitude in the time dimension and ~6 orders in spatial dimension.

In the next introductory sections, several applications of biophotonics on medicine will be
shown, the interactions mechanisms between light and biological tissue will be discussed in
detail, as well as the limitations of skin phototypes in medical optics and how the present study

intends to improve the research field.

Biomedical optics on human health

It is reported in the literature considerable VIS-NIR light-based clinical procedures to improve
the human health. It goes from laser surgery, light-activated therapies, optical diagnostics and
imaging, imaging in surgery and therapies and new trends on optical technologies. Several

applications are shown as follows.

In laser surgery, it can be used for; photocoagulation in retina [8], reshape the cornea [9]-[11],
cataract removal [12], removal of lesions [13] and unwanted skin marks [14], [15], acne scars
[16], leg veins [17], port-wine stains [18], facial wrinkles [19], skin lighten [20], hair removal
[21], prostate hyperplasia [22], lithotripsy [23], angioplasty [24], cardiologic [25] and vascular
[26] surgery, laser ablation through fiber-optic catheter [27], dental soft [27] and hard [28]
tissue, oral cavity [29], [30], larynx carcinoma surgery [31], necrosis of small tumor metastases

[32], palliation of advanced esophageal cancers [33] and bronchoscopy resection [34].

Light-activated therapies are applied in phototherapy for neonatal Jaundice to prevent several
hyperbilirubinemia sequelae (permanent neurological damage) [35], mood disorders like

depression [36]-[39] and cognitive alterations due sleep disorder [40], antimicrobial treatment
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using blue light for infectious diseases [41], enhancing vaccination [42], optical
neuromodulation, photoinduced crosslinking, photodynamic therapy, photothermal therapy and
photobiomodulation in wound healing [43], tissue repair and regeneration [44], anti-

inflammatory therapies [45], neck pain [46], chronic traumatic brain injury [47].

The optical diagnostics and imaging applications lies in point-of-care diagnostics [48],
molecular diagnostics by Raman scattering [49], plasmon resonance [50] and resonant optical
cavity sensing [51], diagnostic imaging by standard endoscopy [52], capsule endoscopy [53],
ophthalmic imaging [54], optical coherence tomography [55], diffuse optical tomography [56],
nonlinear microscopies [57], photoacoustic imaging [58], reflectance confocal microscopy
[59]. For imaging surgery and therapy there are endoscopic imaging [60], intraoperative

imaging [61], molecular imaging [62], and optical imaging in theragnostic [63].

Some innovative technologies applied to biomedical optics or daily life are also emerging in
the recent years, some examples are light-activated nanomedicine [64], optogenetic therapies
[65], wearable personal healthcare devices [66], [67], implantable optoelectronics devices [68]

and biomaterial photonic devices [69].

These many optical applications on human health are possible due the low optical power
demand to generate the desired effect [70]. Optical technologies make possible fast and high-
resolution determination of unique processes of molecules, cells and tissue, from
morphological, chemical, mechanical and movement features. It is compatible with different
optical methods and can be combined with non-optical techniques and advanced technologies

to increase performance and deal with a broad range of biomedical challenges [1].

Optical technologies also have practical advantages since they are non-contact, and employing
easy signal transmission conductors. The application of light has none or minor side effects,
having a wide acceptance among patients [1]. Furthermore, optoelectronic components have
become even more compact and less expensive nowadays, which allows the manufacture of

fairly priced systems.

Despite all the advantages mentioned before, there are still a wide-open field for improvement
on light-based applications on biomedical field. Among them, the melanin high concentration

in the epidermal basal layer hinders the optical applications in people with darker skin
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phototypes and may leads to an incorrect diagnose. Some reports on literature implies these
issues in distinct methods; pulse oximeters [71], brain tissue oximeter [72], optical imaging
[73], [74], photoacoustic [75], [76], laser therapies [77], tattoo removal [78], and even the

optical sensor on wearable devices [79].

A detailed example of the negative melanin influence on diagnoses can be taken by
photoacoustic imaging. In this technique, the higher skin pigmentation attenuates the optical
energy and increase the background noise, which decrease the image general resolution and
quality in deeper regions [80]-[82]. In these studies, blood vessels could be easily mapped in
pale skins, but the high absorption on the surface of darker skins impairing the visualization of
underlying blood vessels. This phenomenon happens due to the high absorption of diffused
light by the melanin in the skin surface, which is converted into an acoustic noise [83]. Figure

1 shows a representation of the melanin effect on photoacoustic image.

Max

\

(&) -
‘.3 / Skin surface
= e §
% § Blood vessel
13} o
0 oy Fitz. scale; 1
i L
pa o
L [
©
o ’\
£
m Skin surface
™\ Biood vessel
Fitz. scale: 6
o
o
3
N
[T

Fitz. scale1 Fitz. scale 6

Figure 1 — Volar forearm with A) fair skin (Fitzpatrick scale 1), low melanin concentration and B) dark skin
(Fitzpatrick scale 6), higher melanin concentration. In C) the blood vessels could be clearly found in a lighter
skin, however D) in the dark skin the opposite was true. As can be seen in E) and F), the visualization becomes
even worse in plane images with maximum saturation in Fitz. scale 6. Reference [82].
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The lack of knowledge on the skin pigmentation optical influence in applied medical photonics
becomes a critical issue when it takes into consideration a daily-basis digital devices like pulse
oximeters or smartwatches. In the 2020 Covid-19 world pandemic, clinics and hospitals
increased the usage of optical pulse oximeter devices to check blood saturation, due to high
hypoxia symptoms in Covid patients [84], [85]. Sjoding et al. [71] reported a study implying a
racial bias in this kind of devices. In their study, two large groups (cohorts) of Black patients
had nearly three times the frequency of hidden hypoxemia that was not detected by pulse
oximetry, unlike White patients. These results suggest that Black patients may have increased
risk for hypoxemia in triage due lack of supplemental oxygen in reliance on pulse oximetry,

which is a widespread optical device in medical centers.

Thus, one of the main challenges to improve the accuracy on biomedical optics methods, and
ensure their applicability in individuals with all kind of skin phototypes is to investigate the
effect of pigmentation on light attenuation and penetration. Moreover, as described by Del Bino
and Bernerd [86], there is also an appeal for an objective classification of the skin phototypes

by a reliable and reproducible method.

Human skin phototypes classification

One of the prior skin classifications were the Fitzpatrick scale, developed by Thomas B.
Fitzpatrick of Harvard Medical School in 1975 [87]. It was planned to determine an appropriate
ultraviolet A dose for light-skinned persons during psoriasis treatment based on the skin’
response to sun exposure, since some patients were having phototoxic reactions during
phototherapy [88]. The evaluation method consists of a self-classification questionnaire and
clinical evaluation, and is still widely used by physicians during dermatological evaluations
since it can be performed through a quickly visual analysis [89]. However, the high subjectivity
and low reproductivity of this method is very known in the literature [90], making this method
not suitable for accurate photonics corrections on darker-skinned treatments or diagnostics.
Besides that, Agbai et al. [91] also reported that “people of color” are categorized into types IV
to VI, but their phototypes have an entire broad range colour and do not always match a specific

category.



20

In the last few decades, it has been possible to perform straightforward and accurate
measurements to access the human skin colour by using spectroscopy reflectance measures.
These methods utilize the Commission Internationale de I'Eclairage (CIE) L*a*b* space to
determine skin colour objectively [92]. The L*a*b* color space uses a three-dimensional scale
to describe all the colors perceptive by human eyes. The L* axis describes the
brightness/luminance and goes from 0 (dark) to 100 (bright). The a* axis describes the green or
red colors, and its scales vary from -60 (green) to +60 (red). The last axis, b, also runs between
-60 (blue) and +60 (yellow) but with different colors [93]. Figure 2 shows a representation of
the CIELAB color space.

White (+L%)
]

Black

Figure 2 — L*a*b* coordinates representation. Available at [https://sensing.konicaminolta.asia/what-is-cie-1976-
lab-color-space/].

The CIELAB coordinates can be directly accessed by a colorimeter, as used in this study,

otherwise by spectrometers and a sequence of mathematical equations, see Annex A.

The human skin colour is mainly established by two major biological chromophores:
hemoglobin, which provides the skin redness colouration via the vascular microcapillaries, and
melanin which provides several degrees of brown pigmentation at the skin surface [5]. It is
known that both chromophores have direct correlation with CIELAB coordinates, were a*
values are linearly proportional to hemoglobin levels and b* values are related to melanin

contents [94].
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Alaluf and colleagues [93] assessed skin colour in different ethnicities using CIELAB and the
results can be seen in the figure 3. A trend with higher L* and lower b* for lighter-skinned
ethnicities could be observed, while the opposite is true for darker-skinned ethnicities, which

also have higher a* values.
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Figure 3 — L*a*b* values from persons across the world. Subjects: 10 Europeans, 8 Chinese, 10 Mexicans, 10
Indians and 10 Africans. All of them were living in South Africa. Reference [93].

Another skin colour categorization method is the individual typology angle (ITA), which also
uses the CIELAB colorimetric scale. The ITA was initially proposed by Chardon and
collaborators [95] in 1991, as an objective mathematical method of phenotypic classification.
ITA is measured in degrees, and can be calculated through equation 1, which uses only the L*

and b* colorimetric parameters. The skin type/classification is shown in figure 4 and table 1.

) @

180
ITA = —arctan (
T b*

The individual typology angle may seem as a CIELAB simplified version at first glance, since
it uses only L* and b*. However, a large study with 3500 women from France, USA, Mexico,
Brazil, Russia, China, Japan, Thailand and India confirmed that ITA have a direct correlation
with the constitutive skin pigmentation and is physiologically relevant in all skin population

from different geographical areas [86].
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Figure 4 — Individual typology angle diagram and respective colour representation. Note that the ITA is a
sequential numerical scale and the color are not unique/static in each classification, pale skins tones are allocated
in higher ITA values while very dark skin in the lowest negative values. Figure reference [96].

Table 1 — ITA classification.

ITA (degree) Typology
ITA > 55° Very light
41°<ITA <55° Light
28°<ITA <41° Intermediate
10°<ITA <28° Tan
-30°<ITA <10° Brown
ITA <-30° Dark
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Zonios et al. [97] in their study found a linear tendency that makes possible to infer a linear
correlation between ITA and the melanin concentration (c,,) on the skin surface. Later, Jiang

et al. [98] proposed a mathematical formula that summarize these findings, through equation 2.

(10—7mm016)—(100 1001TA> 2)
“m a ) 48

Since ITA is a reliable and reproducible classification method, several biological studies in the
recent years successfully correlate ITA with different chemical constitutive pigmentation and
biological effects, such as, eumelanin [99], pheomelanin [99], melanocytes [94], erythemal
sensitivity [100], sun exposure [98], hydroxyvitamin D concentrations [101], human skin

emissivity [102] and melanocytes ultraviolet-radiation-induced damage [86].

Despite the ITA protagonism in biological and ethnicity studies, until now no study has reported
a correlation between the human skin optical properties and ITA for different phototypes. The
optical properties of human skin are well known in the literature [5], [98], [103]-[105] for light
skins, and in dark-skinned shades [106], [107], but none reproducible phototype classification
was performed. These optical properties can be important for correcting optical devices in
treatments and diagnoses, or improving existing medical techniques in people with darker skin
[108]-[110] and the ITA categorization can be a reliable method to ensure accurate fluence on

patients with any skin phototype.

Light interactions on biological skin tissue

The human skin is a complex and heterogeneous biological tissue, where the main
chromophores, molecules responsible for pigmentation, are distributed into two main
superficial layers; epidermis and dermis [111]-[113]. The inhomogeneous distribution in these
chromophores is what produces the diversity in the average optical properties of the human skin

tissues for different phototypes.

The epidermis is a blood-free layer with ~100 um thick, and can be subdivided into two
sublayers. The first sub-layer is the stratum corneum, that is known as a non-living epidermis,
with ~20 pm thick, and consists basically of dead squamous cells. It is highly keratinized with
relatively low water concentrations. The second sublayer is a living epidermis, about ~100 pm

thick, and contains mainly melanin, which is produced by the melanocytes [113], [114].
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Melanosomes, large melanin particles, having more than 300 nm in diameter, exhibit mainly

forward scattering.

On the other hand, dermis is highly vascularized and the main absorbers are blood hemoglobin,
carotene, bilirubin and water. It can be subdivided into four layers: papillary dermis (~150 pm
thick), upper blood net plexus (~100 um), reticular dermis (1-4 mm thick) and deep blood net
plexus (~100 pm) [113], [114]. The dermal scattering properties are mainly defined by fibrous
structure, collagen fibrils packed in collagen bundles, and lamellae structures [115]. A

schematic cross-section is shown in figure 5.
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Figure 5 — Schematic cross-section of the human tissue. Reference [114].

The optical properties of the skin tissue are usually characterized by the average absorption (1)
and reduced scattering (ug) coefficient, which consider the photon absorption or scattering
event. The anisotropy factor (g) is also taken into consideration and indicates the preferential
light propagation direction in the medium and can be expressed as the average cosine of the

scattering angle, as shown in equation 3.
g =< cos(08) > (3)

Since the absorption and scattering events are probabilistic, it is possible to estimate the photon
scattering direction by using Henyey-Greenstein phase function [116], equation (4), which is

an important parameter in diffuse light propagation theory.
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1 1—g2
/s 3
(1+ g2 —2gcos(6))?

(4)

The scattering properties on human skin are defined by reticular dermis since it is relatively
thicker (up to 4 mm) and comparable scattering coefficient from epidermis, while the absorption
is mainly defined by hemoglobin bands (oxy- and deoxy-hemoglobin), melanin and water. A

light propagation diagram is shown in figure 6.
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Figure 6 — Light penetration diagram through skin layers. Reference [117].

To calculate u, and g, the radiative transport equation (RTE) can be applied, equation (5), and

it describes the energy transfer phenomenon by electromagnetic waves.

1 6<p(17,ﬁ, t)

~SELZ D4 0-90(7,0,0) + o7 0,0) = s f P(D,0") (7 0, £)d' + q(7,0,¢) (5)

(p(?, 0, t) is the radiance of the incident photons, u, = p, + g is the transport coefficient, P(ﬁ, .Q’)

the phase function, q(?, 9, t) is the light source signal, and c the light speed.

To solve the equation, it is necessary to provide various information about the sample, such as,
refractive index, anisotropic factor, thickness, the diffuse reflectance and transmittance of the
samples and some boundaries conditions. The experimental diffuse reflectance and
transmittance can be performed using integrating spheres, and the calculation of the optical

coefficients can be done using the inverse adding-doubling (IAD) method.
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The IAD method was proposed by Dr. Prahl [118] in 1993. The adding-doubling (AD) method
can used to calculate the reflectance and transmittance with a known u, and pug, while the
inverse method proposed by Prahl uses the experimental reflectance and transmittance to
compute U, and ug by solving the RTE equation by diffuse theory. The IAD algorithm consider
the albedo for all media types, optical depths and phase functions, being useful for all kind of

turbid media.

To make possible to IAD solve the RTE, some conditions were taken into consideration, since
it could not be solved by direct mathematical methods; time-independent light distribution,
homogeneous optical properties*, infinite plane-parallel slab, smooth boundaries, Fresnel’s law
reflectance, no polarization or fluorescence [118]. Annex B show a general diagram of the IAD

algorithm.

*Human skin tissues are not homogenous; however, the algorithm considers the average optical
property of the medium. Furthermore, the refractive index and anisotropy factor of the skin

layers are similar.

Despite the boundary’s conditions, the IAD method gives lots advantages, such as; work on any
combination of optical properties, compute glass slides, take into consideration the integrating
sphere format and samples thickness to perform light loss corrections, also being a fast and easy

to use method [119].

Thesis aim

The thesis aimed to determine the optical properties of ex-vivo human skin samples with
distinct phototypes at broadband spectrum in the visible (400-750 nm) and near infrared (750-
1300 nm) spectral range, and associate it with the individual typology angle, proposing a
correlation between optical and colorimetric properties. A handmade integrating sphere was
manufactured and validated in the photobiophysics laboratory to optically analyze the samples
by using the IAD method. The optical properties analyzed in this study was; absorption
coefficient, scattering coefficient, effective attenuation coefficient, depth penetration and

albedo.
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Thesis Outline

This thesis consists of four original articles published or submitted under review in international
peer review journals. From chapter 2 until chapter 5, it has self-consistent individual
introduction, methodology, results and discussions, and conclusions sections, distributed as

follows;

Chapter 2: Present the manufacture and characterization of a 3D-printed integrating sphere
set-up, which is the essential system used for the optical characterization of the biological tissue
in the following sections. This paper was published at Instrumental Science & Technology in

2020.

Chapter 3: Present the optical properties of human skin phototypes and their correlation with
individual angle typology. These findings were published at Photobiomodulation,
Photomedicine and Laser Surgery in 2023.

Chapter 4: Present the absorption and reduced scattering coefficient estimation in pigmented
human skin tissue by experimental colorimetric fitting. These findings were recently submitted

to an international peer review journal.

Chapter 5: Present the PhD exchange CAPES-Print collaborative study titled: distance
independent total reflectance setup for spectrally resolved determination of optical properties

of highly turbid media. It was published in the Applied Optics in 2022.

Chapter 6: Is a general conclusion and future works indications.
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Chapter 2: Manufacture and Characterization of a 3D-Printed Integrating
Sphere

Abstract: 3D printers are more accessible in both academic and research groups, becoming
instruments to facilitate the construction of high-quality scientific equipment for laboratories.
In the present study, a 3D printed integrating sphere was validated to acquire diffuse reflectance
and transmittance on turbid samples in order to compute optical absorption and reduced
scattering through the inverse adding doubling algorithm. The 3D printed integrating sphere
was validated in three stages: analysis of the integrating sphere coating reflectance using two
possible coating materials (barium sulfate powder and a mixture of barium sulfate and paint),
the sphere wall reflectance, and using two accurate optical polyurethane phantoms to measure
the absorption and reduced scattering coefficients. The results indicate that the system
developed with this methodology shows satisfactory reflectance compared to commercial
models and is able to acquire experimental diffuse reflectance and transmittance measurements
to compute the optical coefficients of turbid samples due to the use of an inverse adding
doubling (IAD) algorithm. However, this system is limited to the region from 500 to 1300 nm

due to a decrease in the reflectance of the coating.

Keywords: 1. 3D printed 2. Double integrating sphere 3. Inverse adding-doubling

Based on the manuscript published in Instrumental Science & Technology, 2020

L. B da Cruz Junior and L. Bachmann; “Manufacture and characterization of a 3D-printed

integrating sphere”. Instrum. Sci. Technol., 49(3), p.276-287, 2020.

Doi: 10.1080/10739149.2020.1824922.
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2.1 - Introduction

Integrating spheres and inverse adding doubling (IAD) algorithm are widely used on optical
property acquisitions like absorption (u,) and reduced scattering (u's) coefficient and
anisotropy factor (g), being considered a standard reference to acquire these optical properties
in highly turbid samples [118], [120], [121]. The integrating spheres are applied to collect
diffuse reflectance and diffuse transmittance and IAD algorithm applied to acquire the

absorption and reduced scattering coefficient using integrating sphere experimental data.

Nowadays, to obtain an integrating sphere is not difficult and may be purchased on websites of
optical equipment industries. However, despite the ease of location on the market, an economic
factor may limit their acquisition, especially in new research groups that have limited resources,

or even to be used as didactic instrumentation in classrooms.

An affordable option is using 3D printers for equipment manufacture. Several articles have
previously been reported using 3D printers to develop high-quality scientific equipment for
laboratories, such as holders [122], lab jacks[122], choppers[122] micromanipulators[123] and
syringe pumps [124]. More recently 3D printers have been used to print integrating spheres
[125], [126]. Although 3D printed integrating spheres have been previously reported in the
literature, there is limited information on the validation of the coating and reflectance of the
assembled sphere to be used with the IAD algorithm for the acquisition of optical coefficients

in highly scattering samples.

The integrating sphere theory assumes that the internal wall has uniform and high diffuse
reflectivity. It also requires a small sample port area, compared to the total internal surface area
of the integrating sphere, typically less than 4% [127], and the coating must not display
fluorescence. A baffle is also required to avoid direct radiation from being reflected or

transmitted from the sample to the detector [128].

The IAD algorithm, combined with the experimental measurements from the integrating sphere
setup, is employed to compute p, and the u; coefficients of samples in turbid media. Proposed
by Dr. Scott Prahl [118], the IAD theory consists in solving the transport equation until the
theoretical solution (guided by sample and equipment input parameters) matches the
experimental reflected (My) and transmitted (M) radiation of the sample normalized by the

source acquired with integrating sphere system, according to equations (5) and (6):
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Rsample - Rbk
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where Rggmpie and Tsgmpie are the reflectance and transmittance of the sample, respectively;
both Ryyrce and Tgoyrce are the source signal through reflectance sphere (reference tiles at the
sample port) and transmittance sphere (without the sample), respectively; Ry, and Ty, are the
background noise on each integrating sphere; and 7y, is the standard calibration reflectance.
The experimental data acquisition is shown in Figure 11. A complete manual to apply the IAD

algorithm can also be found in the literature [119].

In general, one needs to know the refractive index (n), thickness (d), and the anisotropy factor
(g) of the sample. Regarding the integrating spheres, the diameters of the detector, entrance
port, sample port and sphere diameter and wall reflectance must be uploaded as well to run the

algorithm.

2.2 — Methodology
Integrating sphere manufacture

The set-up of the basic structure for a double integrating sphere system was based on
Pickering’s work [121]. The design and results are summarized in Figures 7-13. Figure 7A
illustrates our sketch with the respective dimensions. The 3D Model was developed by
employing the Inventor 2016 software (Autodesk, USA) (Figure 7B) and printed (Figure 7C)
on a 3D printer (Core H4, GTMaX3D, Brazil) at our Physics Department (FFCLRP-USP) and
used a polylactic acid (PLA) filament for 3D printing as the matrix. The printing process
required that the baffle be obtained separately and later attached with epoxy resin glue. The
spheres were printed in duplicate to set up a double integrating sphere system. The 3D model

for the integrating spheres may be downloaded as supplementary document to this paper.
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Figure 7 - A) Integrating sphere sketch with its respective dimensions. 150 mm diameter and 4 mm thickness,
input (a) and output (b) ports have 30 mm diameter and are aligned in the same axis. The detector port (c) has 10
mm diameter, and the baffle (d) has 10 mm diameter. B) 3D model. C) Printed assembled integrating spheres
and internal view of each part separately with the attached baffle.

Reflectance standard and coating

Based on Knighton’s study [129], two different coatings were evaluated: pure barium sulfate
powder (JBquimica, Brazil) and a mixture of barium sulfate powder with white paint (Suvinil,
Brazil) at 50%, 70%, or 90% (by weight percentage of barium sulfate/paint). Their reflectance
was compared with polytetrafluoroethylene (PTFE) reference standard (WS-2, Avantes Inc,

USA) as a reflectance ratio (ratio) according to equation (7):

Rcoating - Rbk)
Rprre — Rpk

(7)

Tcoating = (

where Rioqting 18 the reflectance of pure barium sulfate powder or of the mixture of barium

sulfate with paint, and Rprgg is the reflectance of PTFE, our reference standard.

We computed the average coating reflectance (7;oqting) of our homemade coating standard

using equation (8), was employed the absolute reflectance average 0.98 of PTFE (provided by
Avantes Inc.), from 400 to 1650 nm:

r .
fcoating =0.98 (Z %tmg) (8)
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where N is the wavelength number measured with the spectrometers to cover the spectral range.
The spectral range was limited from 500 to 1300 nm, due to reduction of reflectance below 500

nm and above 1300 nm. More details are described in the results section.

Owing to its higher reflectance, pure barium sulfate powder (without paint) was chosen as
coating in the system (Figure 12). The internal walls of the spheres were coated with a flat matte
white spray paint (Colorgin, Brazil), which served as glue, and deposited the barium sulfate
powder on these walls. It was also used a spongy textured object to attach the powder to the
surface and to increase its durability. Fabric or any other soft material can be employed in this

last step. Figure 8 shows a diagram of the coating steps.

d

Figure 8 - Schematic diagram of coating process for (a) a raw printed integrating sphere. (b) Use of white spray
paint as a clue to attach the barium sulfate coating powder at (c). (d) A fabric is used to press the powder on the
wall to homogenize the surface. Processes (¢) and (d) were repeated until the sphere wall is fully covered.

Wall reflectance

After its internal wall was coated, it is possible to measure the wall reflectance (7;,) of the final
assembled system, according to equation (9), which is an approximation presented by Moffitt

[130] to access 1;,:

di

o 1_&( Rolffuse ) (9)

w dif fuse dif fuse
4 Rstd B RO
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Equation (9) indicates that 7, is adjusted by the sample port area A and to the total internal

area of the sphere A and the ratio between the amount of light that remains in the system without

dif fuse

Rg i1se and with Rgti(];f “3¢ a port cover. To measure R , a coated port cover is used with

barium sulfate to close the sample port entrance as shown in Figures 9A and 9B. For Rg if fuse

5

the sample port must be free. This parameter helped to evaluate the system but it is also a

mandatory correction parameter for the IAD algorithm.

(A (B

Figure 9 - In A) it is possible to obtain Ry #"**® by using an empty output port. B) to obtain R4/"**, we close

the output port by using our homemade barium sulfate standard.
Experimental set-up

Figure 10 shows the schematic diagram of the experimental system. A SLS201 source
(Thorlabs, U.S.A.) was employed with a convergent lens (L) to collimate the light beam. It
collected the diffused reflected and transmitted signal with a spectrometer (RPS900-R,
International Light) in the visible and near-infrared range (400 to 950 nm), and with a second
spectrometer (Avaspec-NIR, Avantes, Netherland) in the near infrared range (950 to 1650 nm).
An optical fiber with a cosine corrector on was used on detector ports S1 and S2 and was

employed the same spectrometer to measure the reflectance and transmittance signals.

S1 S2 |
[

Figure 10 - Source delivers the beam into a converging lens (L) to collimate the light signal that illuminates the
sample (S) placed between the spheres. The reflectance sphere (R) receives the backward radiation, which is
detected by a spectrometer (S1). The transmittance sphere (T) collects the forward radiation on the spectrometer
(S2).
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Figure 11 describes the data acquisition steps using the approach by Pickering [121]: (A) with
the sample coupled between the spheres, it is measured the sample diffuse reflectance (Rsgmpie)
with the detector on S1, and changed to S2 to measure the sample transmittance (Tsgmpie); (B)
after removing the sample, the transmittance standard (Ts;4) is measured with detector on S2;
(C) the reference standard is attached to the sample port of the first sphere to measure the
reflectance standard (R;4;) with the detector on S1; and (D) the entrance port is closed to

measure the background noise upon the reflectance (Rp;) and transmittance (T ) spheres.

G RSAMPLE TSAMPLE Q TSTD
Sample
A Reference >
\/ Standard U
Rstp Rgx Tak

Figure 11 - Experimental scheme for double integrating sphere measurements using the approach by
Pickering.[2] Rgamprr 18 the raw diffuse reflected light and Tgyppr 5 1S the raw transmitted diffuse light of the
sample. Tgrp and Rgpp are the source signal on transmittance and reflectance sphere and Rpy and Tgg are the

background noise on each sphere.

Validation samples

To validate the system, two calibrated phantoms were used: Biomimic (INO, Canada)
purchased from Institute National Optical (INO), model OP-HBO-C-632-0-0.5-25 (batch
number B0654) and OP-HBO-C-632-1-10 (batch number B0656). The OP-HBO-C-632-0-0.5-
25 phantom contain a mixture of polyurethane and titanium oxide, while OP-HBO-C-632-1-10
also contain ink absorber dye to increase absorption. These phantoms are similar to Dayton

[131] and Moffitt [132] phantoms in terms of composition and optical properties.
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Our phantom has reference values for absorption and reduced scattering coefficient at 630 nm
as shown on Table 2 along with our experimental values that were computed by INO using
time-resolved transmittance technique [133]. To calculate the optical coefficients of the
polyurethane phantoms on IAD, the anisotropy factor g of 0.62 was used for 4.9-mm- thickness
and 1.511 as the refractive index, as provided by INO. All measurements were made in triplicate
to ensure reproducibility of the experimental validation method.

Table 2 - Experimental and reference values with standard deviation for optical absorption (u,) and reduced

scattering (i) coefficients at 630 nm for the calibrated phantoms, OP-HBO-C- 632-0-0.5-25 and OP-HBO-C-
632-1-10.

OP-HBO-C-632-0-0.5-25

Experimental Reference (1% error)
Ua 0.00526 +0.00030 0.00537
Us 2.689 + 0.062 2.380

OP-HBO-C-632-1-10

Experimental Reference (1% error)
Ua 0.109 + 0.002 0.124
Us 1.231+0.022 1.000
2.3 — Results

Coating reflectance

Figure 12 shows the spectral reflectance of pure barium sulfate and its mixtures with paint from
our crafted coating; and integrating sphere 1, of the assembled system. The obtained results
show that observed reflectance is close to the value for pure barium sulfate and lower
reflectance values for the mixtures. The reflectance for all dropped sharply below 500 nm and
above 1300 nm. Small bands near 950 nm were observed due changes in the spectrometer at
this range. For the reflectance wall, the average reflectance remained close to 0.90 across the

investigated range, but non-reliable ranges below 500 nm and above 1300 nm were ignored.
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Figure 12 - Reflectance of the crafted coating compared to commercial PTFE and wall reflectance 7;, of the
sphere from 400 nm to 1650 nm.

By using the experimental measurements for pure barium sulfate reflectance in Figure 12 and
applying equation (8), it is possible to compute the average standard coating reflectance 7o qting
and the average wall reflectance 7,,: The determined 744ting 0f 0.97 and 7, of 0.90 parameters
were used as correction factors for the IAD algorithm. To measure optical properties with this

system reliably, it is recommended that only the optical range from 500 to 1300 nm be used.

Validation phantom optical properties

Figure 13 shows the average absorption and reduced scattering coefficient of the two calibrated
phantoms, OP-HBO-C-632-0-0.5-25 and OP-HBO-C- 632-1-10, from 500 to 1300 nm with
their respective standard deviations. The acquired values were compared nominally in Table 2
at 630 nm, the unique wavelength that the phantom is calibrated. As expected, the system
measured absorption and reduced scattering coefficient are near the reference values. Small

standard deviations across the spectrum were observed, with a slight increase in the region close
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to 950 nm due to spectrometer changes. The reduced scattering coefficient slowly decreases

throughout the higher wavelengths on both samples.
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Figure 13 - Optical absorption (u,) and reduced scattering (u';) coefficients for the polyurethane phantom
measured by our system as compared to a reference value at 630 nm. The red and black dots are the reference
values provided by INO and can be checked on table 2.

2.4 — Discussions

Figure 12 shows that the coating reflectance sharply dropped in the blue and in the NIR regions.

It is expected a drop in the reflectance below 500 nm [129] due to barium sulfate and at 1450

nm [134] due to water. The reflectance of the paint mixture was lower across the same range.

Barium sulfate powder was used as the coating material because of its higher reflectance.

However, a mixture of paint and barium sulfate may also be viable in some cases because it has

better adhesion to the internal wall and lasts longer without powder loss.
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In this system, changes in spectrometers and optical sources elicited by a small break near 950
nm. This discontinuity was not so visible in our case, but in other systems it can be important
due to the low signal to noise ratio in some spectral ranges and to the limits of spectrometers or
optical sources employed in the system. This break can be worse if sources with different
collimation are used: this provokes different radiation losses in the system. The radiation that
is not measured in the transmittance and reflectance detectors and which is not computed as
radiation loss in the algorithm will result in erroneous calculation of the optical properties. Thus,

different systems can generate distinct results, and a step may appear in the spectral data.

The barium sulfate reflectance ratio of our sample was stable; the average value was close to
99% of the PTFE reflectance value (considering the 500 to 1300 nm range and based on the
commercial PTFE standard reflectance (r5;; = 0.98). By employing this mean value of
measured reflectance, lower values were obtained for the final standard calibration reflectance

(Teoating = 0.97). For the wall reflectance, the literature value is 7, = 0.975 [130]. Herein,

the average measured 7, was 0.90. This value was lower because our coating consisted of
barium sulfate instead of PTFE in the commercial spheres employed in the literature [130].
Additionally, the barium sulfate coating was handmade, which resulted in some irregularities
in the internal wall, which reduced the final reflectance. The sphere sample port corresponded
to 1% of the total area of the sphere and agrees with commercial models, which have typical

values lower than 4%.

The system was validated by measuring the optical properties of two calibrated phantoms with
known values for a specific wavelength. The measured absorption and the reduced scattering
coefficients matched the reference value at 630 nm and also agreed with the literature [131],
[132]. As shown in Figure 13, infrared absorption bands were observed due polyurethane [135].
The employed system and phantoms was designed to measure and to calibrate samples with
high turbidity. The results also show that it is possible to access the absorption and reduced
scattering coefficient on samples with high and low absorption. Although we did not calibrate
for wavelengths other from 630 nm, bands were not observed near 950, 1050, and 1200 nm on
reduced scattering coefficient which shows that the algorithm properly measured the reduced

scattering coefficient and consequently the absorption coefficient in that region.
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2.5 — Conclusions

Here, we report a reliable 3D-printed integrating sphere system coated with pure barium sulfate
powder that was validated by calibrated polyurethane phantoms. The reflectance of the coating
and the wall was close to the values obtained for commercial systems. The measured optical
coefficients of a calibrated phantom at 630 nm indicate good accuracy of this system and show
small standard deviation across the spectrum, implying that the system can be used to acquire
absorption and reduced scattering coefficients in turbid samples using the IAD algorithm.

2.6 — Chapter 2 Supplementary Notes

The IAD algorithm used in this study is freely available on Professor Prahl's website [omic.org]
with open-source code. The IAD method solves the radiative transport equation by diffusion
approximation, taken into consideration the uniqueness theorem and solutions of RTE based on
the conditions of the samples and the experimental source, making it possible to obtain the
samples’ optical properties. An example of the solution through IAD is presented in

Supplementary Figure 1.

Total Transmission

Total Transmission

0 02 04 06 08
Total Reflection Total Reflection

Supplementary Figure 1. Correlation between the samples’ reflectance and transmittance with its optical
properties. Reference [118].

where 7 is called the optical thickness, and can be found through equation s.1:

T =d(pg + Us) s.1
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d is the physical thickness of the sample, a is the albedo, and g is the anisotropy factor of the
system, both of them were already defined in chapter 2. In the Supplementary Figure 1, it is
possible to see how the IAD algorithm correlate the experimental reflectance and transmittance

of a sample with its optical properties.

Designing and manufacturing a 3D printed integrating sphere can be a challenging task. These
devices are typically made from high-quality, uniform diffusing materials, such as PTFE, and
require precise fabrication to ensure accurate measurement results. One of the primary
challenges of creating a 3D printed integrating sphere is achieving a uniform and consistent
internal surface coating. Any irregularities or inconsistencies in the internal surface of the

sphere can cause unwanted light loss, leading to inaccurate measurement results.

Another challenge is ensuring the spherical geometry of the device. The sphere's shape must be
precisely controlled to ensure that the light emitted from the source is uniformly distributed
inside the sphere. Any deviation from a perfectly spherical shape can result in the light being

reflected or absorbed unevenly, leading to measurement errors.

The size of the integrating sphere is critical, as it must be large enough to accommodate the
light source being measured while still being small enough to fit into a testing apparatus.
Achieving the correct size can be challenging, as any deviation from the desired size can result

in measurement errors.

Regarding the validation of the possible coating materials presented in section 2.2 — Reflectance
standard and coating. Each possible eligible coating was arranged in small tiles and evaluated
using a commercial sphere coated with spectralon. A photo of the assembled system can be
seen in Supplementary Figure 2, which may help in better understanding the measurements

performed in this study.
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Supplementary Figure 2. 3D printed double-integrating sphere system manufactured and validated in this thesis.

Experimental details: A 2-seconds integration time and an average of 10 measurements were
used for the RPS900-R spectrometer, and 2-seconds with an average of 5 measurements were
used for the AVASPEC spectrometer. Then, the measurements were performed in triplicate.
This experimental design was selected to ensure the lowest noise and that the measurements

were as stable as possible.

The light source was left to warm up for at least 30 minutes before each measurement, while
the spectrometers performed continuous measurements for the same period to ensure that both

were warmed up before performing the experimental measurements.

Alignment was checked before all experimental measurements, ensuring that the system was
always concise before each measurement. In addition, verification of beam diameter, lens focus,

and other details were always checked.

Overall, designing and manufacturing a 3D printed integrating sphere requires careful
consideration of many factors, including the material used, the internal surface finish, the
spherical geometry, and the size of the device. Overcoming these challenges can lead to a
reliable and cost-effective method of measuring light sources, which can have applications in a

wide range of industries, including lighting design, optics, and photography.
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Chapter 3: Optical Properties of Human Skin Phototypes and Their
Correlation with Individual Angle Typology

Abstract: This study aims to correlate human skin phototypes with complete optical
characterization (absorption, scattering, effective attenuation, optical penetration, and albedo
coefficients) based on individual typology angle (ITA) values and colorimetric parameters. A
colorimeter was used to group twelve ex-vivo fresh human skin samples according to their
phototype; the CIELAB color scale and ITA values were employed. An integrating sphere
system and the TAD algorithm were applied during optical characterization, conducted from
500 to 1300 nm. On the basis of ITA values and their classification, the skin samples were
separated into six groups: two intermediate, two tan, and two brown. In the visible range, for
lower ITA values (darker skins), the parameters absorption and effective attenuation coefficient
increased, whereas the parameters albedo and depth penetration decreased. In the infrared
region, all the phototypes had similar parameters. The scattering coefficient was similar for all
the samples and did not change with ITA values. ITA analysis, a quantitative method, showed
that the human skin tissue optical properties and their pigmentation colors were highly

correlated.

Keywords: 1. Individual Typology Angle 2. Optical Characterization 3. Spectroscopy 4. Human
Skin

Based on the manuscript under review in Photobiomodulation, Photomedicine and Laser

Surgery, 2022

L. B da Cruz Junior, C. E. Girasol, P. S. Coltro, R. R. J. Guirro and L. Bachmann; “Optical
Properties of Human Skin Phototypes and their Correlation with Individual Angle Typology”.
Photobiomodulation, Photomedicine and Laser Surgery, 41(4), p.175-181, 2023.

Do0i:10.1089/photob.2022.0111
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3.1 — Introduction

Understanding how light propagates in biological tissues is extremely important for diagnostic
and therapeutic methods [15], [136]. This knowledge may improve patients’ and physicians’
safety and increase comprehension of medical treatments, to help to develop new therapeutic
methods [71]. Light propagation in a turbid medium, which is the case of most biological
tissues, can be described by radiative transport equation (RTE) [137] or transport equations
(TE) [118] through four optical parameters: absorption (y,) and scattering (u,) coefficients,

refractive index (n) and anisotropic factor (g).

Several articles have described the optical characterization of ex-vivo human skin samples [5],
[104], [138], [139]; however, most of them have analyzed stored or post-mortem samples
between a day and one week after patient’s surgery or death. Genina et al.[140] showed that,
depending on the storage process, the optical properties may change. In addition, skin
phototypes are not usually considered. When skin phototypes are taken into consideration, the
Fitzpatrick scale is often used to categorize the samples according to melanin response to
sunlight. Nevertheless, grouping skins by phototypes in one large batch on the basis of the
Fitzpatrick scale could induce a subjective evaluation [90]. Indeed, other factors can change
the tissue optical properties, including age[141], chromophore concentration [5], lesions [142],

and exposure to the sun [94].

To reduce subjectivity when grouping human skins by phototypes, the individual typology
angle (ITA) can be employed. Chardon [95] initially proposed using ITA to establish skin color
categories by applying the L*a*b* scale measured through a spectrometer or colorimeter.
Bino’s study [86] showed that ITA is directly correlated with constitutive skin pigmentation,
and Zonios [97] found a linear relationship between ITA and melanin concentration. However,

no relationship with optical properties has been described so far.

There are several medical and technological applications where knowledge about the optical
information of different skin phototypes can be relevant for improving treatment and device
sensitivity. Some examples include tattoo removal [15], and low-level laser therapy [136].
Recently, Sjoding et al. [71] suggested that pulse oximeter devices could lead to errors and be

less accurate for people with darker skin pigmentation. Therefore, a quantitative and
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reproductive method is needed for better understanding how skin phototypes influence photonic
procedures. In this sense, this study aims to correlate the skin phototype with the respective

optical properties in fresh ex-vivo samples.

3.2 — Material and Methods

The optical properties of twelve fresh samples of abdominal ex-vivo human skin were analyzed
within three hours after surgery and separated into six different groups according to their individual
typology angle (ITA) values, obtained by colorimetric measurements. All the donors were adult
females aged between 36 and 65 years, and the measurements were performed on the skin after
cleaning. An integrating sphere system was employed to measure diffuse reflectance and
transmittance. Then, the optical absorption (u,) and reduced scattering (u's) coefficients were
computed by the inverse adding-doubling (IAD) method. By using the experimental absorption and
reduced scattering coefficients, the effective attenuation coefficient (u.sf), depth penetration (),

and albedo (a) of the samples were calculated and correlated with ITA values.

Tissue samples

Tissue samples were obtained in association with the Plastic Surgery Division of Ribeirdo Preto
Medical School, University of Sao Paulo, after regular abdominoplasty surgery procedures for
improving the body contour. All the procedures were performed according to ethical standards

and were approved by the Ethics Committee (ethics appreciation certificate

0630218.2.0000.5440 and approval number 3.275.034).

Human abdominal skin samples were obtained from different donors and grouped into six sets
according to their ITA values. There were twelve skin tissue samples, separated into group 1, n =
5, intermediate, ITA = 32.7°% group 2, n = 2, intermediate, ITA =29.0% group 3,n=1, tan, ITA =
22.4°% group 4, n = 2, tan, ITA = 18.4% group 5, n = 1, brown, ITA = -4.2° and group 6, n = 1,
brown, ITA =-13.5° All the skin tissue samples can be seen in Figure 14. As a reference, groups
1 and 2 are Fitzpatrick type | or 11, groups 3 and 4 are Fitzpatrick type Il1, group 5 is Fitzpatrick
type 1V, and group 6 is Fitzpatrick type V; however, there is no direct correlation between the
Fitzpatrick scale and ITA values [143].
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Figure 14: Human skin samples grouped and categorized by ITA: A) group 1 has five samples with mean ITA =
36.7 + 0.6 and intermediate typology. B) group 2 has two samples, mean ITA =29.0 + 0.4, and intermediate
typology. C) group 3 has one sample, ITA =22.4 + 1.0, and tan typology. D) group 4 has two samples, mean

ITA =18.4 + 0.8, and tan typology. E) group 5 has one sample, ITA = -4.2 + 0.9, and brown typology. F) group

6 has one sample, ITA =-13.5+ 0.7, and brown typology. Only the background was removed.

Sample preparation for the optical measurement consisted of manually removing most of the
fat, blood, and fluids from the collected samples, to leave only intact dermis and epidermis. The
measurements were performed within three hours after the surgery, so sample freshness was

maintained. Thickness ranged from 1.69 to 1.92 mm.

Colorimetry

A colorimeter (DeltaVista450G, Delta Color, Brazil) was used to assess the L*a*b* scale,
which uses a three-dimensional scale to describe all the colors perceived by human eyes. L*
describes brightness/luminance, while a* describes green and red colors, and b* is related to

blue and yellow colors. Measurements were carried out in triplicate; only the average was
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considered. Experimental values were used in Equation (10) to compute ITA and skin typology.

To avoid experimental errors, a recalibration routine was performed before each measurement.

L — 50) (10)

180
ITA = — arctan(
T b*

ITA, measured in degrees, was used to analyze sample pigmentation® and classification was
as follows: higher than 55° = very light, 55° to 41° = light, 41° to 28° = intermediate, 28° to 10°
= tan, 10° to -30° = brown, and lower than -30° = dark [86], [95].

Optical system and data acquisition

3D-printed double integrating spheres with sphere diameter of 150 mm, input and sample port
of 35-mm, detector port and baffle of 10 mm, and barium sulfate as internal coating were
employed. An SLS201 light source (Thorlabs, U.S.A) and two spectrometers — an RPS900-R
(International light, USA) for measurements from 500 to 950 nm and an AVASPEC-NIR
(Avantes, Netherland) for measurements from 950 to 1300 nm — were used. More details about

the manufacturing and validation of this system can be seen in Cruz Junior’s study [144].

The IAD algorithm was employed to acquire the optical absorption and reduced scattering
coefficients. The IAD method consists in iteratively solving the transport equation for a layered
semi-infinite medium with a known refractive index to compute u, and pg [118]. Information
about the system is also required to compensate for light losses. Three experimental values must
be supplied to the algorithm: experimental diffuse reflectance (M,.) and transmittance (M;),

according to Equations (11) and (12), and anisotropy factor (g), as a corrective factor.

M.=R (Rsample - Bk) (11)
" std Rsource - Bk
T _
M, = (M) (12)
Tsource - Bk

where Rggmpre and Tgmpie are the experimental diffuse reflection and transmission of the
sample, respectively; Rgoyrce and Tgource are the source signal on the reflectance sphere and
transmittance sphere, respectively; Rg:q is the standard reference reflectance; and By, is the

background noise. More information about the algorithm and experimental procedure can be



47

found in the IAD manual provided by Prahl20. For the samples, anisotropy factor g = 0.9 and
refractive index n = 1.4 were employed because these are the most common values for skin

tissues [5].

Optical evaluation

To describe a turbid medium optically, the refractive index (n), anisotropy factor (g), absorption

(4q), and scattering (i) coefficients should be known.

Some properties may also be described as a combination of the previous parameters; for

example, the reduced scattering (ug) and effective attenuation (urr), coefficients, depth

penetration (&), and albedo (a), according to Equations (13)—(16).

ps = (1 — g (13)
Herr =+ 3ua(us + tg) (14)
1
5= (15)
Uerr
s
a= 16
Us + Ug (16)

us considers the average scattering angle (g = < cos 8 >) as an isotropic correction of y in
turbid samples; u.rr regards the absorption and scattering effects that reduce the fluence; 6
indicates the depth where the light falls to 1/e of its initial value after its first interaction with
the medium, where e is the Euler number; and a indicates the portion of the attenuated light that

is scattered [5].

Since the scattering coefficient pattern decreases with increasing wavelength, a power law
curve can be fitted according to Equation 7.

—Cy

, A
Hs =1 (500 nm) (17)
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where c¢; and c, are arbitrary model parameters for amplitude and scattering power,

respectively, and the function is normalized by a reference wavelength (500 nm).

3.3 — Results and Discussions
Colorimetric measures

The Fitzpatrick scale is a classification system commonly used to categorize skin tones based
on their response to sun exposure. On the other hand, ITA is a newer skin tone classification
system that takes into account skin color by reliable spectroscopic measures. The ITA system
is more comprehensive and accurate in assessing an individual's skin tone, making it a better
choice in situations where precise color matching is required, such as in the cosmetic industry,
light-based treatments, and optical devices (e.g., optical oximeters). Therefore, the Fitzpatrick
scale may be changed to ITA in situations where more detailed and accurate skin tone

classification is necessary.

By using the experimental L* and b* values of each sample, we obtained the ITA values through
Equation 10 and grouped the samples according to their ITA values. The results can be seen in

Table 3.

Table 3: Average and standard deviation for L*a*b color scale, ITA values, and skin classification of the six
abdominal skin sample groups.

Group L* a* b* ITA (degree) Typology
1 60.7+1.2 39+10 164 +2.0 32.7+0.6 Intermediate
2 59.5+0.2 5.0+12 17.3+05 29.0+0.4 Intermediate
3 56.7+1.0 9.5+0.38 16.3+1.6 224+1.0 Tan
4 576+1.2 6.1+12 22.3+18 18.4+0.8 Tan
5 485+1.6 84+0.3 209+0.1 -42+09 Brown
6 448 £0.7 10.5+0.5 21.7+£0.7 -13.5+0.7 Brown
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The L*a*b* results resembled the description presented in Alaluf's study [93]. We observed
that skin samples with lighter classification, such as groups 1 and 2, generally had higher L*
and lower b*. The inverse was true for darker skin. We also noted that parameter a* gradually

increased for darker classifications, except for the sample in group 3, categorized as tan.

Some sample groups appeared to be visually similar in terms of color; however, the ITA
measurements showed that the skin samples were different. For instance, group 1, with ITA of
32.7°, and group 2, with ITA of 29.0°, were categorized as intermediate types, but had AITA of
3.7°. Group 3, with ITA of 22.4°, and group 4, with ITA of 18.4°, were categorized as tan, but
had AITA of 4.0°. The opposite happened in samples with distant ITA values but the same
classification — group 5, with ITA of -4.2° and group 6, with ITA of -13.5°, which had AITA
0f 9.3°, but were still the brown type.

Absorption and Reduced Scattering Coefficients

Figure 15 shows the experimental absorption from 500 to 1300 nm and the reduced scattering
coefficient wavelength dependence of the skin groups labeled by ITA values. The average

values are shown in solid lines, and vertical bars correspond to the standard deviation.
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Figure 15: Optical A) reduced scattering (u') and B) absorption (i,) coefficients of the human tissue groups
labeled by ITA values. 1t's has a decreasing pattern through wavelength for all the samples, but the darker sample
in group 6 behaves abnormally. p, increases when ITA values decrease in the visible range; however, it does not

significantly change in the NIR range.

The scattering coefficient decreased in most spectra in Figure 15A, except for ITA = -13.5°,
The low u' for ITA =-13.5° from 500 to 600 nm was due to the high absorption in this range,
which decreased the albedo see Figure 15B. The latter may not completely converge to the IAD

algorithm®. However, u, in this sample seemed to be reliable.

Scattering was higher at 500 nm (~3 mm™) and lower at 1300 nm (~1.3 mm™). Bashkatov [5]
described that u’s decreases from 500 to 800 nm and stabilizes at higher wavelengths. We
observed this behavior for all the skin samples included in this study, but in a lower wavelength
range, from 500 to 650 nm. By using Equation 17, we performed a power law fit from the
reduced scattering coefficient (Table 4) to compute coefficients c¢; and c,. In this analysis, we

did not consider u', of group 6, with ITA of -13.5 °, due to its abnormal pattern.



51

Table 4: Power law parameters ¢; and ¢, of the reduced scattering coefficients of our experimental skin data.

The R-squared (R?) parameter is also presented to ensure the fit.

Group €1 C, R?
1 2.60+£0.01 0.95+0.01 0.96
2 2.82+0.01 1.03+0.01 0.96
3 2.56 £ 0.01 0.83+0.01 0.99
4 2.76 £0.01 0.68 £0.01 0.95
5 254 +£0.01 0.67£0.01 0.93
6 Disregarded

The power law fitting data confirmed that all the sample groups had similar u's. All the samples

had close amplitude c; values; c, decreased for darker skins, but they were still close.

Melanin is the main absorbing chromophore in the visible range and produces the skin
pigmentation; its absorbance decreases from 500 to 900 nm. Samples in group 1, with the
highest ITA values, had the lowest u,, but the absorption gradually increased for sample groups
with lower ITA values (darker samples). This was expected because, the higher the melanin

concentration, the proportionately higher the absorption coefficient [145].

The bands at 540 and 575 nm correspond to oxyhemoglobin bands [146], whereas the bands at
970 and 1200 nm refer to water bands [5], [104], [105]. Our results strongly indicated that these
bands did not change according to the ITA values. At 1212 nm, the absorption band may overlap

due to fat residues [147], but low concentrations of these residues were present in the samples.

Some authors [94] correlate the skin color by using CIELAB. The a* axis is proportional to the
hemoglobin concentration on the blood. This result is expected because the a* scale indicates
skin redness. ITA uses only parameters L* and b* to generate its values, so the presence of
hemoglobin impacted our results little. Nevertheless, in in-vivo samples, the presence of
hemoglobin may provide more information and should be taken into consideration. Water is
also very abundant in biological samples. It is transparent in the visible range, but absorbs in

the infrared region, so it does not change the colorimetric evaluation proposed herein.
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Groups 1 and 2, with ITA of 32.7°and 29.0° respectively, had similar u,, to previously published
values [5], [104], [138], [146], [147] obtained for lighter samples. Differences in u, values
presented here as compared to the literature values could be related to (i) the storage time [140],
given that we used fresh samples within three hours after surgery; (ii) the part of the body from
which the sample was collected, given that we only analyzed female abdomen tissue; and (iii)
the local pigmentation variation due biological individuality. Comparison with dark skin
samples in the literature was not possible because we did not find any study that directly
correlated the u, and u's values of type IV, V, and VI skin with the L*a*b* and ITA color
scale. Nevertheless, we found a study with L*a*b* and Fitzpatrick scale in phototypes I, I, 1lI,

and 1V that indicated higher absorbance correlation for darker skin [148].

We observed lower standard deviation in the absorption coefficient of all the samples from the
same group. This was expected because the melanin concentration in samples from the same
group should be similar®. However, for ', the standard deviation was relatively larger, which

was probably related to the donor’s age [141], but not with ITA itself.

Effective attenuation, albedo and depth penetration

By using the experimental absorption and reduced scattering from Figure 15 in Equations 14

and 16, we computed the effective attenuation and albedo of the skin samples Figure 16.
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Figure 16 - Skin A) effective attenuation coefficient (t.55) and B) albedo (). pff increases when ITA
decreases, and the inverse is observed for albedo. Prahl indicated that lower albedo (a > 0.85) increases the
chances of not converging with the IAD algorithm [119].

The effective attenuation coefficient combines scattering and absorption, so it is an asset for
estimating how light would be effectively attenuated when interacting with the tissue [149].
This coefficient can also indicate how opaque the medium can be. This coefficient has a similar
pattern to the absorption coefficient, but higher values, and it gradually increases for darker

skins (lower ITA values) in the visible range.

Figure 16B shows the albedo of the six skin groups. Between 500 and 600 nm, the albedo had
the lowest value, and it became even lower for darker skins, ITA = -13.5°, for instance. In the
NIR range, the albedo did not significantly change for different sample groups. Although the
albedo does not carry crucial information for medical applications, it is relevant in optical
analysis. Algorithms that derive from the transport equation such as the IAD and Monte Carlo
simulations that use the Radiative Transport Equation assume that the scattering coefficient of

the sample is much higher than its absorption, and the albedo indicates how light scattering is
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compared to total attenuation (u, + p's). Our results suggested that much darker samples, such
as group 6, may not be suitably characterized in the visible region through this methodology,
as can be seen in the case of ', in Figure 15A, which showed lower scattering coefficient for

this sample in the visible range, but high values for further wavelengths.

The inverse of effective attenuation (1/Me f f) refers to the optical depth penetration [150]. &

indicates how deep light can propagate in human tissue until its initial intensity is reduced to

1/e (~36%). Figure 17 shows the experimental depth penetration of the six sample groups.
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Figure 17 - Human skin depth penetration and their ITA response. Higher ITA values have deeper light
penetration, while penetration decreases for lower ITAs.

We observed two high penetration regions. The first ranged from 600 to 900 nm, and the second
ranged between 1050 and 1100 nm. Both regions are known as first and second therapeutic
windows, respectively, and are useful in optical therapies like PDT [136], [151]. Light
penetration was higher in the first therapeutic window region and decreased greatly for darker
skins — their maximum was close to 5.2 mm for ITA = 32.66° 4.9 mm for ITA = 29.05°, 4.6
mm for ITA =22.42° 4.2 mm for ITA =18.36° 2.8 mm for ITA =-4.15° and 2.7 for ITA = -
13.45°, Bashkatov [5] also reported similar light skin values for Caucasian skin, with maximum
penetration depth close to 4.5 mm in the first therapeutic window.

The region with the lowest optical penetration in the visible range lay from 500 to 600 nm,
which was due to melanin absorption with the contribution of the hemoglobin bands. In the

NIR region, there were two sites of low penetration due to the water bands.
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3.4 — Conclusions

We performed an optical characterization on fresh ex-vivo abdominal skin samples. Through
the power law coefficient, we observed that the scattering coefficients of the skin groups are
similar and do not change with ITA. The absorption and effective attenuation coefficients
increase with decreasing ITA, and the inverse is true for albedo and depth penetration. These
results are only valid in the visible region because ITA is a classification based on colorimetric
parameters. Our findings indicate the importance of considering skin color in optical analysis,

especially for the design of photonic treatments and devices.

3.5 — Chapter 3 Supplementary Notes

The discussion about the limitation of the Fitzpatrick scale is well-known and reported in
various studies. The limitations of this scale can be observed by considering the following

points:

1. Limited range: The scale only classifies skin tone into six categories, which does not
accurately represent the wide range of skin tones. *

2. Cultural bias: The scale was developed based on a Caucasian population and may not
accurately reflect the skin tones of other races and ethnicities.

3. Inaccurate assessment: The scale is based on a subjective self-assessment, which can lead to
inaccurate results.

4. Lack of context: The scale does not take into account factors such as skin type, ethnicity, and
environmental factors that can influence skin color.

5. Binary approach: The scale only categorizes skin tone as either "light" or "dark," which can

perpetuate harmful stereotypes and reinforce colorism.

* The ITA values are also subdivided into 6 categories, but the categorization is given by
numerical values between +75 to -50 (or even lower), where the accuracy of the typology is
given by the accuracy of the equipment. The measurements presented in this study were

performed with calibrated equipment with accuracy in decimals.

Although the Fitzpatrick scale has these limitations, it is currently used by dermatologists,
mainly because it is easy to access (visual inspections and self-report only) and can assess the

skin's risk to sun exposure, which is its main use. A list of uses can be seen below:
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1. It can help guide the selection of appropriate skin treatments and procedures.

2. It can help determine an individual's risk for skin cancer and sun damage, which is the main
purpose of the scale.

3. It can aid in the selection of the most suitable sun protection products for an individual's skin
type and color.

4. It can assist in the evaluation in certain skin treatments, such as lightening or brightening
agents.

5. It can provide a common language for communication between healthcare professionals and

their patients regarding skin color and potential skin issues.

The use of calorimeters in dermatological clinics is important for improving procedures,
diagnostics, and photobiomodulation but they are not commonly used in dermatologists' offices.
Convincing the medical community to adopt this equipment requires more than just the
arguments presented in this article. It also depends on regulation, training, and acceptance. To
persuade the community, it is essential to show that more detailed categorization of skin color-

tone can leads to better dermatological outcomes.

To facilitate the introduction of these procedures, it is necessary accurate and user-friendly
equipment or devices that are suitable for routine use in hospitals and clinics. Ideally, these
devices should provide ITA values, which are more informative than just L*a*b* values. To
improve correspondence among studies in the areas of photomedicine and dermatology, there
should be efforts to ensure accurate colorimetric characterization of skin in a practical and easy
manner, similar to the approach taken by our study, to correlate the optical and colorimetric

properties for possible future applications in photobiomodulation and photomedicine.

About the skin samples ex-vivo samples used in this study: Skin samples that have been
preserved may not accurately reflect their original appearance, as preservation processes can
lead to changes in tissue color and discoloration. Formalin fixation, for example, may cause a
yellow-brown discoloration in preserved skin samples. This can make color analysis less
accurate than when using fresh skin samples that retain their natural color, which can vary based

on factors like oxygenation, hydration, and blood flow.
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Preservation methods like fixation and staining can cause changes in the color and appearance
of skin tissue, leading to inaccurate color measurements and analysis. Fresh skin samples are
typically livelier in color than preserved ones, and their true color is preserved, providing a

more accurate basis for color analysis.

In this study, unfortunately, there was no characterization of the samples after storage as they
were discarded following ethical committee protocols. However, information about changes in
optical properties (reflection) due to storage processes is indicated in the text through reference.
In this sense, we offer our most sincere apologies for not being able to answer this question in

its entirety.
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Chapter 4: The Absorption and Reduced Scattering Coefficient Estimation
in Pigmented Human Skin Tissue by Experimental Colorimetric
Fitting

Abstract: This study aims to estimate the optical properties, absorption (y,) and reduced
scattering (1's) coefficients, of ex-vivo human skin through the individual typology angle (ITA)
by only using the skin color parameters. Human skin samples were grouped according to their
ITA value, measured using a colorimeter for validation. An integrating sphere and the inverse
adding-doubling algorithm was applied to compute the samples u, and u's. The u, increases
with the decreasing of ITA. An axis swap was performed to generate the y, versus ITA, for all
wavelengths between 500 and 800 nm, with a gap of 10 nm. A linearization was performed and
a correlation was found. An equation to fit p, based solely on the ITA values was estimated.
The u'g does not change with ITA, but it could be adjusted through a power law fitting. Both
equations have a coefficient of determination R? higher than 0.93, indicating a good agreement
with our model. An experimental model to estimate the absorption and reduced scattering
coefficients of ex-vivo human skin through ITA was found. The model has high agreement with
the experimental data, with R? between 0.932 and 0.997, and these findings may be relevant
for photobiomodulation and light treatment applications to estimate the melanin effect on the
therapy.

Key words: 1. Spectroscopy. 2. Biophotonics. 3. Colorimetry. 4. Human skin tissue. 5.

Individual typology angle.

Based on the manuscript submitted in 2023

L. B da Cruz Junior, C. E. Girasol, P. S. Coltro, R. R. J. Guirro and L. Bachmann; “The
Absorption and Reduced Scattering Coefficient Estimation in Pigmented Human Skin Tissue

by Experimental Colorimetric Fitting”. Under review.
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4.1 — Introduction

Biophotonics devices are an important asset for human health. However, the effect of
pigmentation on treatments and diagnoses still needs further investigation. It has been reported
that higher concentrations of melanin in the skin may affect optical techniques response, such
as: pulse oximeters [71], brain tissue oximeter [72], optical imaging [73], [74], photoacoustic
[75], [76], laser therapies [77], tattoo removal [78], and even the optical sensor on wearable
devices [79]. As mentioned by Battle Jr and Hobbs [77], despite the limitations, laser
procedures in pigmented skin are an open frontier with a growing demand. Thus, a clear
understanding of the interaction of light with the human tissue in pigmented skins with a

reproducible method is essential.

Currently, the Fitzpatrick color scale is widely used to categorize the skin color. The Fitzpatrick
color scale [88] classifies skin tone into 6 scales according to response to sun exposure, where
type 1 corresponds to pale white skin while type 6 are darker skin tones. The evaluation method
consists of a self-classification questionnaire and clinical evaluation. However, the high
subjectivity and low reproducibility of this method is known in the literature [90]. To avoid the
limitations of this method, Chardon et al. [95] developed an objective method of categorization
by a numerical index, named as individual typology angle (ITA), which is obtained through

colorimetric measurements with calibrated equipment.

To calculate the ITA values, a colorimeter or a spectrometer should access the L*a*b* color
scale, which uses a three-dimensional color space to describe all colors perceived by the human
eye. The L* axis describes luminance/brightness, a* is related to green and red colors, and b*
to blue and yellow. Recently, Bino and Bernerd [86] observed that ITA is proportional to the
concentration of skin pigments, and Zonios et al. [97] indicated that the concentration of
melanin (Cpeianin) 18 linearly correlated with ITA and can be estimated through equation 18
[98]. Thus, it is possible to describe the constitutive properties of pigments only with the skin’s

colorimetric response:

100
Cinetanin = (100 - E) ITA (18)
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Recently, it was shown that the optical properties (i, and u') of the skin are related to its color
through ITA [152], and this information could be important in biomedical optics applications,
as a correction factor for the fluence delivery in all skin phototypes. In this sense, we aim in
this study to evaluate how skin color is correlated to its optical properties, suggesting an
experimental fitting method to access these optical properties using only the colorimetric
response of the ITA, since it is a quantitative and reproducible method which indicates the

concentration of pigments present in the skin.

4.2 — Materials and Methods
Colorimetric measures

A colorimeter (Delta Vista 450G, Delta Color, Brazil) was employed to access the L*a*b* color
scale of all the samples. The measurement was performed in triplicate and the average was
taken into consideration. By using the L* and b* measured values, it is possible to compute the

individual typology angle (ITA) of the samples through the equation 19.

L — 50) (19)

180
ITA = Tarctan(

ITA uses CIELAB colorimetric measurements to quantify and categorize the skin color
according to its pigmentation as follows: very light > 55° > light > 41° > intermediate > 28° >

tan > 10° > brown > -30 > dark [86], [95].

Optical set-up

A 3D-printed integrating sphere system and an RPS900-R spectrometer (International Light
Technologies, USA) were employed to acquire the diffuse reflectance and transmittance from
the human skin tissue. An SLS201 (Thorlabs, USA) light source was employed, providing a
signal between 500 nm and 1300 nm. However, in this study, only the range from 500 nm up
to 800 nm was analyzed, since we aim to correlate the samples' visible color and their optical
properties. The inverse adding-doubling method was used to compute the optical absorption
and reduced scattering coefficient [118] through the experimental diffuse reflectance and
transmittance. For detailed information about the system and measurement method, see

reference [144]. As described in [152], we used refractive index n = 1.4 and anisotropic factor
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g = 0.9 to compute these optical properties using the IAD algorithm because these are the
most common values for skin tissues [5].

Ex-vivo human skin tissue
In this study, twelve ex-vivo human skin tissues were optically analyzed. The samples were

divided into six groups according to their ITA values which can be seen in Table 5.

Table 5 - Average and standard deviation L*a*b color scale, ITA values, and skin typology of the six abdominal
skin sample groups.

No. Samples L* a* b* ITA (degree) Typology
5 60.7+1.2 39+10 16.4+2.0 32.7+£0.6 Intermediate
2 59.5+0.2 50+12 17.3+0.5 29.0+x04 Intermediate
1 56.7+1.0 95+0.8 16.3+1.6 22410 Tan
2 57.6+1.2 6.1+12 223+1.8 18.4+0.8 Tan
1 485+ 1.6 84+03 209+0.1 -42+09 Brown
1 448 + 0.7 10.5+£0.5 21.7+0.7 -13.5+£0.7 Brown

The samples were acquired in collaboration with the Department of Plastic Surgery from Ribeirdo
Preto Medical School of the University of Sdo Paulo. Sample preparation for the optical
measurement consisted of removing fat, blood, and fluids, leaving the dermis and epidermis intact.
The measurements were performed within three hours after the surgery, maintaining the freshness
of the samples and avoiding storage procedures that may change the optical properties of the
samples [140]. The tissue thickness ranged from 1.69 mm up to 1.92 mm, but some fat residues
may have been considered in the final thickness of each sample. All procedures were performed
according to the ethical standards (ethics appreciation certificate 0630218.2.0000.5440 and
approval number 3.275.034).
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4.3 — Results and Discussions

Figure 18 shows the skin tissue's absorption and reduced scattering coefficients dependence
through wavelength, from 500 nm up to 800 nm. The average values are shown in solid lines

and vertical bars correspond to the standard deviation.
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Figure 18 - A) Scattering and B) absorption coefficient of the skin tissue samples, labeled by ITA values. The
scattering coefficient does not drastically change with ITA, but the absorption coefficient gradually increases
with decreasing ITA values.

The ' in Figure 18 — (A) decreases with increasing wavelength and they remain similar for
all groups of samples. Our previous study [152] indicated that scattering did not change with
ITA. On the other hand, the same study indicated that u, has high dependence with ITA values,

were [, increases with the decreasing ITA, as can be seen in Figure 18 — (B).

At 540 and 575 nm there are two hemoglobin (Hb) absorption bands [146]. Huang [94] showed
that the a* axis of the L*a*b* scale is directly related to the presence of blood, which Hb is the

main absorber. Since ITA does not use the a* axis, the traces of Hb will not be considered in
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this study. The later analyses were made only for melanin absorption, which is the main
pigmentation of the skin. In the near infrared region, human skins have water absorption bands
at 970 nm and 1200 nm [5], [139], however, these values do not change for different ITA values
[152]. This result was expected because the ITA is a numerical representation of the constitutive

pigmentation of the skin (13), being suitable for an analysis in the visible region only.

Using the experimental data from Figure 18 it is possible to make a change of axis from
wavelength () to ITA. Figure 19 shows the y'; and u, dependence as a function of ITA for

several wavelengths, from 500 nm to 800 nm with a 10 nm gap and without the Hb range.
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Figure 19 - a) scattering and b) absorption coefficient dependence on ITA values, from 500 nm up to 800 nm,
with a 10 nm step. Hemoglobin range (630 until 690 nm) was not taken into consideration.

In Figure 19 — (A), the ' drop abruptly for ITA = -13.45° in initial wavelengths. This result
was previously discussed [152], being associated to lower albedo in range, which may not
totally converge some data from the IAD method. In this sense, wavelengths at 500, 510 and
520 will be analyzed without ITA = -13.45°. The absorption coefficient in Figure 19 — (B) is in

logarithmical scale (log (u,)) and shows a possible linear behavior. The Hb bands ranging from
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530 up to 590 nm at the u, was not taken into consideration, but all the data were considered
to u's.

To confirm these possible indications about the behavior in u's and y,, a linear fitting on ITA
dependence for several wavelengths was made for both of them and the result can be seen in

Figure 20. A linear fitting following according to equation 20 and equation 21:

‘Llls=k1+k2'ITA (20)

log (ug) = ¢1 +c¢,-ITA 2D

were kq, k,, ¢; and ¢, are arbitrary model parameters. To ensure the mathematical adequacy,

the model adapted u, to log (¢,) from the logarithmical scale used in Figure 19.
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Figure 20 - Linear fitting of the optical parameters at 500, 600, 630, 660, 700, 750 and 800 nm. The scattering
coefficient at a) does not significatively chance with ITA, however, the absorption coefficient at b) linearly
decrease with the ITA increasing.
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As can be seen in Figure 20 — (A), all the y'; remained in the vicinity of a constant region
instead of a linear profile. This behavior was maintained for all wavelengths between 500 and
800 nm, including the Hb region. On the other hand, the linear fitting was able to successfully
fit the absorption coefficient on a logarithmic scale. The linear fitting coefficient can be detailed
seen in Figure 21 for u'y and Figure 22 for p, over the entire spectra. Table 6 also shows the

data of k4, k,, c; and c, ranging from 500 up to 800 nm, by 10 nm step.
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Figure 21 - Linear fitting parameters for the scattering coefficient. The slope term oscillates in the vicinity of
zero for all wavelengths, and has mean value of 0.000 + 0.004. On the other hand, k; exhibit values close to the
average ', indicating that we can make the linearization as a constant factor only.
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Figure 22 - While p's parameters showed no correlation through ITA, the opposite is true for p,. A) the intercept
c; change linearly according to A and can be described by the equation 22 with a coefficient of determination
R? = 0.99. B) indicates a constant slope c,, with mean value -0.014 + 0.001.

Table 6 - Reference values for k; [mm™1], k, [(degree.mm)~1], ¢, [dimensionless], ¢ , [degree™'] and R-

squared of ¢ , as function of A [nm].
2 k, k, ¢ c2 R?
500 | 2.924+0.144 | -0.004 = 0.006 | -0.334+0.035 | -0.013+0.002 | 0.945
510 | 2.741+£0.102 | 0.000+0.004 | -0.364%0.030 | -0.014%0.001 | 0.965
520 | 2667+0.124 | 0.004%0.005 | -0.400+0.030 | -0.014%0.001 | 0.965
530 | 2.639+£0.114 | 0.001 % 0.005 ; . ;
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540 2.689 +0.134 | 0.000 + 0.006 - - -
550 2.684+0.226 | 0.004 +0.011 - - -
560 2.405+0.123 | 0.006 +0.005 - - -
570 2.304+0.114 | 0.007 +0.005 - - -
580 2.406 £ 0.140 | 0.006 = 0.006 - - -
590 2.391+£0.146 | 0.003 +0.006 - - -
600 2.122+0.088 | 0.005+0.003 | -0.704 +£0.020 | -0.013+0.001 | 0.942
610 2.027+0.075 | 0.005+0.003 | -0.801+0.020 | -0.014+0.001 | 0.984
620 2.007 £0.073 | 0.004 +£0.003 | -0.859+0.025 | -0.015+0.001 | 0.978
630 2.002+£0.066 | 0.004+0.003 | -0.905+0.023 | -0.015+0.001 | 0.980
640 2.002+£0.065 | 0.003+0.003 | -0.954+0.020 | -0.014+0.001 | 0.984
650 1.976 £0.063 | 0.003+0.002 | -0.989+0.020 | -0.014+0.001 | 0.983
660 1.989 £0.060 | 0.002+0.003 | -1.039+0.020 | -0.014+0.001 | 0.984
670 2.003 £0.054 | -0.001 £0.002 | -1.074+0.020 | -0.014+0.001 | 0.983
680 1.976 £0.058 | -0.001 £0.003 | -1.115+0.007 | -0.014+0.000 | 0.984
690 1.950 £0.058 | -0.001 £0.003 | -1.148+0.013 | -0.018 £0.001 | 0.994
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700 1.984 +£0.067 | 0.000+0.003 | -1.192+0.012 | -0.014+0.001 | 0.998
710 1.977£0.069 | -0.002+0.003 | -1.241 £0.016 | -0.015+0.001 | 0.993
720 1.998 £0.066 | -0.003 +0.003 | -1.268 +£0.010 | -0.015+0.000 | 0.994
730 1.992 £ 0.066 | -0.003 +£0.003 | -1.310+0.019 | -0.015+0.001 | 0.991
740 2.011 £0.060 | -0.005=+0.000 | -1.326+0.018 | -0.014+0.001 | 0.996
750 2.005 £0.056 | -0.005 +£0.002 | -1.360 + 0.008 | -0.014+0.000 | 0.987
760 2.011+0.070 | -0.006 £0.003 | -1.379+0.009 | -0.014+0.000 | 0.987
770 2.016 £0.064 | -0.007+0.000 | -1.406+0.023 | -0.013+0.001 | 0.997
780 1.998 £0.072 | -0.006 £0.003 | -1.451+0.030 | -0.014+0.001 | 0.997
790 1.996 £ 0.073 | -0.007 £0.003 | -1.481+0.030 | -0.015+0.001 | 0.967
800 1.988+£0.074 | -0.007 +£0.003 | -1.504+0.023 | -0.013+0.001 | 0.963

The k, parameter in Figure 21 indicates that the slope term oscillates in the vicinity of zero for

all wavelengths, and has mean value of k, = 0.000 £ 0.004. On the other hand, k; exhibit values

close to the average u',, indicating that we can make the linearization as a constant factor only.

So, we can simplify equation 20 to u's = k;, since k, < k;, confirming that u's has no

dependence on ITA for all A from 500 nm to 800 nm.

While ' parameters showed no correlation through ITA, the opposite is true for p,. Figure 22

— (B) indicates a constant value for the fitting coefficient c,, with mean value -0.014 + 0.001.

However, the intercept ¢; change linearly according to A and can be described by the equation

23 with a coefficient of determination R? = 0.99.
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¢ = 1.657 — 0.0042 (23)

It is possible to set up a relationship between the optical coefficients, u, and p', as a function
of the ITA. By using equation 21 and applying the exponential on log (¢,) to obtain u, we

reach at equation 24.

p, = 10 - 1062174 (24)

As shown in the previous section, ¢, has a constant value of -0.014, and c; changes according

to equation 23. These values can be substituted into equation 24, then:

Ug = 101.657—0.004'/1 . 10—0.014'ITA (25)

A readjust in equation 25 can be performed, leading to equation 26:

Uy = 45.4 - 10 —-0.004-A , 10 —0.014-ITA (26)

The equation 26 relates u, to the ITA values for all A within the visible range, except to the Hb
range. Now it is possible to estimate p, on ex-vivo human skin solely by their ITA values and

choosing the wavelength of interest. The A is already in nm.

The p' cannot be estimated using the same routine because it does not change according to
ITA values. However, is well now by the literature that a general power law fitting (24)
describes with a good precision the u'; decay through A by using equation 27:

A 7
W=7 (W> (27)
were z; and z, are amplitude and decay parameters from the power law equation. In this study,
a 500 nm was used to normalize the power law equation; it can be chosen randomly but this
value is preferred. Using the mean value from all u', we found the parameter z; = 2.84 +
0.04 and z, = 1.03 + 0.06 with R? = 0.932. Replacing them in equation 27 makes possible

to equation 28 fully describe the decreasing pattern of ' with the increasing of A.
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—1.03

W, =284 ( (28)

500 (nm)

By using the ITA presented in this study as reference to equation 26 and 28, an experimental
model of u, and ' can be estimated and set side by side with the experimental values from

Figure 18. The Figure 23 show this comparison.

40 1 1 L] 1 1
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Figure 23 - Comparison between the experimental values and the fitting.

As can be seen in Figure 23, all the optical coefficients could be fitted with a good reliability.
In both graphs, the i’ and p, indicate a compatibility with the experimental model, with R?
between 0.932 and 0.997, indicating a high suitability of the model proposed in this work with

the experimental results. The Hb bands were not considered in this analysis.

Some spectral regions show higher deviation with the experimental model, but this could be
related to experimental limitations. The p, of the sample ITA = 18.4 showed the higher

discrepancy, and this result may be associated with the ITA measuring, since human skin’s
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pigmentation is inhomogeneously distributed. The ITA is a relationship between the skin
pigmentation and its color by a numerical approach, thus, our results are limited for the visible

spectral range.

Very dark skins, such as ITA = -13.45° of this study, may not completely convert u’s due the
higher melanin absorption found on the epidermis. This limitation was also reported in a study
using spatial frequency domain imagens in different human phototypes, which the scattering

coefficient were lower in higher Fitzpatrick score [74].

Our results are valid for ex-vivo samples. In in-vivo, the optical and colorimetric properties may
be different because there are more physiological interactions, since the constitutive
pigmentation being set by biological regulations, such as, melanoblasts migration, melanocytes
density, enzymatic functions and expressions, melanin synthesis (eumelanin and pheomelanin),
melanosomes transport and melanin distribution. Also, toxic compounds, like hydroquinone,
may also change the skin pigmentation [112]. However, the epidermal melanocytes slowly
increase under normal circumstances and are resistant to apoptosis [111], indicating that the
experimental fitting proposed in this study could be applied to evaluate the melanin solely in
in-vivo samples. This method is not suitable for hemoglobin bands, since it does not take the a*
parameter into consideration, and hyperpigmented skins were not studied in this paper, but in
the future, it should be taken into consideration to confirm if the experimental model is still

valid.

4.4 — Conclusions

A correlation between the absorption and reduced scattering coefficients of ex-vivo human skins
were done through the individual typology angle by a numerical approach. The u, exhibited a
direct relation with ITA. This pattern could be described through an exponential equation,
where the parameters were acquired through a linearization method. The u's does not change
with ITA, but it could be described using a power law fitting. This experimental model has its
limitation since it won't work for hemoglobin bands, and ranges other than visible. Both optical
coefficients could be determined with R? higher than 0.93, indicating that the methodology is

adequate and can estimate the optical parameters only with the ITA value of the skin.
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Chapter 5: Distance Independent Total Reflectance Setup for Spectrally
Resolved Determination of Optical Properties of Highly Turbid
Media

Abstract: A measurement system for a distance insensitive acquisition of the reflectance from
turbid media is presented. The geometric relationships of the detection unit are discussed
theoretically and subsequently verified using Monte Carlo simulations. In addition, an
experimental setup is presented to prove the theoretical considerations and simulations. The use
of the presented measurement system allows measurements of the reflectance in a distance
range of approximately 2.5 cm with a deviation of less than 4 0.5% for highly scattering media.
This contrasts with the use of a fiber in a classical detection unit placed at a defined angle and
position relative to the sample surface, which results in deviations of + 30% in the measured

reflectance over the same distance range.

Based on the manuscript published in Applied Optics, 2022

P. Hank, K. Pink, L. B. da Cruz Junior, F. Foschum and A. Kienle; “Distance insensitive
reflectance setup for the spectrally resolved determination of the optical properties of highly

turbid media”. Applied optics, 61(29), p.8737-8744, 2022.

DOI: 10.1364/A0.469925

*This paper is a collaboration research performed during the CAPES-Print exchange at
Institut fiir Lasertechnologien in der Medizin (ILM) an der Universitit Ulm in Germany:
Mr. Cruz Junior performed the experimental measurement present on the paper to validate the
proposed theory. The current text was not written by Mr. Cruz Junior, only suggestions on the
manuscript were given. A feedback letter about his stay at the ILM can be found attached at the

Annex C file.
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5.1 — Introduction

The correct description of light propagation in turbid media requires knowledge of their optical

properties, including the phase function, scattering and absorption [153].

The phase function p(8, §'), which gives the probability density to be scattered at a scattering
center from the incoming direction § into a certain direction §', can be characterized with the
help of a goniometric setup [154]-[156]. However, in many applications, the Henyey-
Greenstein phase function is used as an approximation when the exact phase function is not

known [116].

Using the reduced scattering coefficient 'y = pg (1 — g) is, for instance, one option to draw
conclusions about the microstructure of a medium [157]. In this context, g is the anisotropy
factor and s is the scattering coefficient. By using the absorption coefficient pa and specific
absorption bands of different absorbers the volume concentration in the medium under

investigation can be determined [158].

For the determination of the reduced scattering coefficient and the absorption coefficient, there
are several possible measurement systems and associated theoretical models, which makes it
possible to determine [’y and p, by measuring, for example, the reflectance or transmission of
a scattering sample, respectively. This is called solving the inverse problem. Further possible
measuring systems to determine the optical properties are in the time domain [159]-[163], the
temporal frequency domain [164], the spatial domain [165]-[170], or the spatial frequency
domain [171]-[175].

However, the searched coefficients are often determined only for a limited number of
wavelengths due to limited measuring time and capability of the systems. Nevertheless, to
correctly determine the concentrations of several chromophores based on absorption bands, for
instance, a reasonably detailed spectral resolution of the absorption spectrum is required. To

obtain this, hybrid systems can be used [175].

To determine the spectrally resolved reduced scattering coefficient, the spatially resolved
reflectance for a small number of wavelengths can be used. The values between the measured

wavelengths can be estimated using a power law. The spectrally resolved reduced scattering
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coefficient can then be used in combination with the spectra of the total reflectance [175], where
white light is directed onto a sample and the reflected light is detected spectrally resolved, e.g.,
with a fiber and a spectrometer, to obtain the spectrally resolved absorption coefficient by

comparing to a Monte Carlo simulations.

The determination of the optical properties can be used, for instance, in process control. An
important application is the control of tablets, where the pharmaceutical ingredient
concentration should be checked in addition to the scattering coefficient, which correlates to

the compression pressure [157].

The aim of this study is to investigate an experimental setup for measuring a distance
independent total reflectance from a scattering medium to determine the optical properties. The
advantage is the simplified positioning and the higher robustness of the measurement. For this
purpose, the theoretical aspects are first derived and presented in detail. The theoretical
preliminary considerations are then verified with a Monte Carlo method implemented by
ourselves. Finally, we show experimental results of the measurement system, which also
substantiate the theoretical considerations. For the experimental verification we used self-made
epoxy resin phantoms with different scattering properties. Improvements of approximately two

orders of magnitude were observed.

5.2 - Theory

The general idea for detecting the distance independent total reflectance is based on the use of
an optical fiber with a core diameter d and a lens with a focal length f, which is depicted in

Figure 24.
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Figure 24 - Sketch showing the geometrical arrangement of the scattering sample and the detection unit.

The distance between the fiber and the lens equals exactly f, as shown in Figure 25, which is a

zoom of the detection unit of Figure 24. By positioning the detection fiber at the distance of the

focal length of the lens, all rays of the same angle are imaged to the same location on the fiber.

This results in the transition from the spatial regime to the angular regime.

HIILIL

t.’j[ Ar

Figure 25 - Sketch showing the relationship between numerical aperture and illumination area of the lens based
on a fiber diameter d and a focal length f.

When coupling light into a fiber, the numerical aperture An of the fiber must be taken into

account. It specifies the maximum incident angle 6,,,, under which photons can still be
coupled into the fiber. The numerical aperture can be calculated by

—_ o — / 2 _ n2
AN - Sln(emax) = |Ncore nclad-

(29)
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With n.,.. and n.,4 as the refractive indices of the core and the cladding, respectively. To
ensure that photons passing through the lens and reach the fiber at an angle less than 6,,,,,, the
lens diameter must be limited or an aperture with diameter Ar must be installed. Ar results from

the numerical aperture of the fiber and can be calculated according to
Ar = 2ftan(arcsin(dy)) — d. (30)

Since the fiber is at a distance f from the lens, photons leaving the turbid medium at the angle
[ relative to the optical axis of the detection unit are focused to the same location p. The

relationship between S and p follows from

= tan(B) €29)

=IO

If we take the diameter of the fiber into account, we find that only photons leaving the turbid

medium in an angular range of

B € [0, Bnax] (32)

are coupled into the fiber, where

d
PBmax = arctan <ﬁ) (33)
applies. In addition to the condition that all photons hitting the lens can also be coupled into the
fiber due to Ay, there is also the requirement that all photons with an angle f € [0, Bax]
always also hit the limited circular area of the lens. This is guaranteed for photons, which are

leaving the turbid medium within a circular area defined by

2

Agor = ”% (34)

Yro represents the diameter of the of the region of interest (ROI) at a specific distance Xy, 4y
between the lens and the sample. The medium is, in the extreme case, located at a distance x;,, 4
from the lens and there the value for yg; is minimal. The geometric relationship is shown

graphically in Figure 26.



78

Ar

Xmax

Figure 26 - Illustration of the relationship between the distance of the scattering medium to the lens and its

illumination area, and the influence of the detectable photons within an angular range 8 € [O, arctan (%)]

defined by the fiber and lens, where 8 describes the exit angle of a photon relative to the optical axis of the
detection unit.

From the ray theorem follows

X — Xmax X

=—, (35)
YRror Ar
where x can be determined by
Ar d f
2 = tan(Bmax) = ﬁ < X = EAT (36)

For this purpose, equation (33) was used. Resolved to ygo; results in

xmax

Yrol = (1 — )Ar = Ar — xmax% = 2ftan(arcsin(4y)) — d (1 + xmax). (37)

f

If one chooses the maximum distance X,,,, with a defined fiber and lens, then the diameter
Yro Of the circular area results, in which the photons can leave the medium under an angle of
Bmax or smaller and still be detected. The illumination spot 4;;; of the medium should be chosen
much smaller than Agy; to ensure that photons leaving the medium outside the illumination
spot are still within Apy;. The decisive quantities for light propagation here are, besides the
refractive index of the turbid medium, the phase function, the absorption coefficient and the

scattering coefficient.
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5.3 — Material and Methods

Figure 27 illustrates the used experimental setup. This setup was implemented in a Monte Carlo
simulation in order to be able to perform a simulation-based verification, in addition, to the
experimental verification. For the Monte Carlo simulations, the Henyey-Greenstein phase
function

1—g2

1
P(Oscatterea) = 5— 3 (38)
4 [1 + gz - 2gcos (escattered)] /2

was used with an anisotropy factor of g = 0.617. The refractive index of the medium was
assumed to be n,,,,4 = 1.56 to match the refractive index of the customary produced epoxy resin
optical phantoms. The simulation has the advantage that the proof of concept can be performed
with ideal components and without stray light. The extent to which real components lead to

deviations will be part of section 5.4.

fiber 2

AD

Figure 27 - Sketch showing the components used and their relative distances. BS refers to a beam splitter.
Furthermore, 6, = 2f;, 65 = f,, 6, + 83 = 2f;andD = §3 + 6, = 20 cm is valid. To avoid the direct
reflection from the surface, the sample is tilted by @ = 10°. The white light is delivered by fiber 1, which has a
core diameter of 200 pm, and the light reflected from the scattering medium is coupled into the spectrometer. by
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fiber 2, which has a diameter of d = 1 mm and a numerical aperture of Ay = 0.22. As focal lengths f; = 80
mm and f, = 40 mm was chosen.

For the sketched distances we have 6; = 2f;, 65 = f,, 8, + 63 = 2f; and D = 63 + 6, = 20
cm, while for the focal lengths f; = 80 mm and f, = 40 mm was chosen. The beam splitter is
abbreviated with BS and the sample under investigation is tilted by « = 10° in order to prevent
the direct reflection from the surface from being coupled into the detection system. The light
source is a xenon short-arc light source (SLS401, Thorlabs Inc., 56 Sparta Avenue, Newton,
New Jersey 07860, United States). It is coupled into the system via fiber 1. Fiber 2 is coupled
to a spectrometer (Maya 2000-Pro, Ocean Insight, Maybachstrasse 11, Ostfildern, D-73760,
Germany) for the detection of the spectrally resolved intensity. The numerical aperture of fiber

2 is Ay = 0.22 and the fiber diameter is d = 1 mm.

5.4 — Results

Experimental data were collected using a setup as explained in the previous chapter. Further,
Monte Carlo simulations were performed reproducing the experimental setup. Different sample
distances D = &5 + 6, were investigated to verify that the system is distance independent. In
addition, the Monte Carlo method was used to investigate the change of the detected signal in
case that the detection fiber (fiber 2) was located at a defined position in space without using

any optics.

Verification by Monte Carlo method

The used Monte Carlo simulation propagates energy packages in a ray tracing manner through
models of all the optical components used for the experimental setup, starting at the light source
and counted at the entrance of the detection fiber. Both lenses are only modeled as ideal parts.
The position of the sample was changed within a range of AD = + 1.5 cm in steps of 0.5 cm,
where D = &3 + &, represents the distance from the detection lens to the sample surface.
Furthermore, samples with different reduced scattering coefficients were simulated ranging
from p’s = 0.1 mm ' to W5 = 100 mm '. The absorption coefficient was kept constant at
H, = 0.001 mm'. All graphs in Figure 28 and Figure 29 show a good distance independence
with differences in the detected intensity below + 0.5% over the simulated distance range of 3
cm. AD = 0 cm is the distance of the focus for the illumination and considerably smaller than

Xmax- 10 demonstrate the difference to the direct acquisition by a detection fiber positioned at
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the distance D = 10 cm to the probe surface under an angle of 10°, the relative deviation to the
mean value of all distances is shown in the lower graphs of all figures. 10 cm is a common

distance in this context. The reflectance

Ndetected
1 - 39
McC N ( )

simulated
was plotted, where Ngjmuiatea 1 the number of photons simulated and Njetecteq Tepresents the
number of photons detected by the fiber at a certain distance D. Deviations up to = 30% are
observable. In Figure 28 samples with larger reduced scattering coefficients were simulated.

On the left side the results for a sample with a reduced scattering coefficient p’s = 100 mm™!

are shown and on the right the results for p’s = 10 mm™ .
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Figure 28 - The upper graphs show the reflectance versus distance as mean values for three consecutive
simulations including the standard deviation. The middle graphs show the relative error to the mean value of the
respective distances. The lower graphs give the relative error for all distances simulated for a fiber detector
without using a lens. The left column was simulated with p’s = 100 mm™, while the right column was simulated
with g’y = 10 mm ™. p,, is constant at 0.001 mm .

In Figure 29 the results of the same simulations as in Figure 28 are shown, but with changed
optical properties, namely p’s = 1 mm ™' and p’s = 0.1 mm'. In the middle graphs a small
drop of Iy, can be recognized for the largest AD. The drop can be explained by the decrease of

the size of the ROI with larger distance combined with the low scattering and the resulting
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longer mean free paths. These two effects lead to the loss of light which exits the sample outside

of the ROI. After a certain minimum distance this effect becomes relevant.
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Figure 29 - The upper graphs show the reflectance versus distance as mean values for three consecutive
simulations including the standard deviation. The middle graphs show the relative error to the mean value of the
respective distances. The lower graphs give the relative error to the mean value for all distances simulated for a

non-distance independent fiber detector. The left column was simulated with W' = 1 mm™!, while the right

column was simulated with @’_s = 0.1 mm™". y, is constant at 0.001 mm .

Experimental verification

The experiment was carried out by changing the distance D = §; + §, over 3 cm in steps of
0.5 cm. To obtain the reflectance, the experimentally measured spectra were always normalized
to a measurement with a calibration standard (Spectralon, Labsphere Inc., 231 Shaker St, North
Sutton, NH 03260, USA) at AD = 0.0 cm having a reflectance of 99%. To calculate the
relative deviation the mean reflectance of all distances was used. In Figure 30 the upper graph
shows a defined subspectrum, which is called spectrum of interest, where the chromatic
aberration influences the measurement the least. In the lower graph the relative deviation to the
mean value at each wavelength of all distances for the whole spectrum is shown. The optical
properties of the sample used for these measurements were p’s = 8.28 mm 'and p, = 0.0014

mm ! at L = 633 nm. In the region of the spectrum of interest the relative deviation is lower
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than + 1%. In particular, the upper graph indicates that as the distance D of the sample surface

and the detection lens decreases, the detected intensity slightly increases.
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Figure 30 - Reflectance measurements of a sample with g’y =

8.28 mm ' and p, = 0.0014 mm™' at A = 633

nm. Upper graph: Reflectance of the spectrum of interest between 670 nm and 690 nm. Lower graph: Relative
deviation of the spectra to the mean value of all measured curves.

In Figure 31 measurements with a phantom having a reduced scattering coefficient of W'

60.87 mm ! and the same absorption coefficient i,

= 0.0014 mm ! at L = 633 nm are shown.

Especially, the spectrum of interest shows that there is no systematic deviation of the curves

relative to each other excluding the curve AD,, where deviations are recognizable. The relative

deviation is smaller than + 0.5%. Outside of the spectrum of interest and especially for the

shorter wavelengths a distance dependence is recognizable. This can be explained due to the

chromatic aberration of the detection lens.
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Figure 31 - Reflectance measurements of a sample with 's = 60.87 mm™1 and p, = 0.0014 mm™ at L = 633
nm. Upper graph: Reflectance of the spectrum of interest between 670 nm and 690 nm. Lower graph: Relative
deviation of the spectra to the mean value of all measured curves.

5.5 — Discussion

In this work, it was theoretically shown that a distance independent measurement of the
reflected intensity from turbid media is possible within a certain range and under specific
boundary conditions. The range is thereby defined by the optical parameters of the system,
especially, by the lateral dimension of the illumination, by the focal length of the detection lens,
by the diameter of the detection fiber, the free aperture of the detection lens and the optical
properties of the sample under investigation. Using a Monte Carlo simulation, it was possible
to show that the theoretical predictions could be confirmed using mainly ideal models of the

optical components.
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The relative difference to the mean value of all simulated curves was found to be within &+ 0.5%.

Iand

The results of the Monte Carlo simulation for weakly scattering samples (W's = 1 mm~
W= 0.1 mm ") indicate a minimal loss in intensity for the largest distance of the sample
surface to the detection lens. This can be explained by the large mean free paths within the
sample and the decrease in size of Agg, which leads to the loss of light after a sufficient
distance. By means of the experiment, we were able to show that within a range of 2.5 cm the
highly scattering sample gives a relative deviation to the mean value much lower than + 0.5%
of all measured curves at different distances. This is for most applications smaller than the
uncertainties caused by, for example, the intensity fluctuations of the light source. However,
for the sample having a small reduced scattering coefficient (u's = 8.28 mm™') a slightly
systematical dependence between the distance D and the measured intensity is present, as
expected. An explanation for the non-perfectly working distance independence is the
imperfection of the optical components. The aberrations caused by these imperfections are the
more crucial, the further the light is distant from the optical axis. The smaller the scattering
coefficient of the investigated scattering medium, the longer the mean free path and, therefore,
the more light propagates towards the lens from a position away from the optical axis. Due to
the long mean free paths light leaves the region of interest on the sample. This effect reduces
the detected intensity for larger distances D. This is in good accordance with the Monte Carlo
simulation although the effect was only seen for samples with significantly lower scattering
coefficients and in a weaker form. In summary it is possible to perform a distance independent
reflectance measurement within a certain range, depending on the measurement system and the
optical properties of the samples. This is a large advance for many industrial relevant
measurements, which need to be carried out fast and where an accurate positioning is not

possible.

However, with the help of the total remission it is only possible to determine one optical
parameter. Therefore, it is necessary to determine, for example, the scattering coefficient
spectrally resolved otherwise. Since tablets, for instance, are of particular interest, the coherent
backscattering (CBS) in combination with the TR is suitable as a hybrid system. With the help
of the CBS, it is possible to determine the scattering coefficient of highly scattering media,
when other setups, such as spatially resolved reflectance can no longer be used. Such a

measurement system is to be installed and verified shortly.
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Chapter 6: General Conclusions

The present thesis showed an extensive review of photonics biomedical applications and
implications of the effect of melanin in diagnostics. The demand for a better understanding of
dark-skinned optical properties in life sciences applications is a social demand and opens up

opportunities for the biophotonics field.

Before measuring the optical properties of human skin, it was necessary to manufact an
integrating spheres system, which must be calibrated and validated, to access the diffuse
reflectance and transmittance of the human skin samples. The integrating spheres were
manufactured using a 3D printer from the Physics Department of the University of Sao Paulo,
Campus Ribeirdo Preto, and the modeling was carried out in Autodesk software. The internal
barium sulfate coating was able to maintain similar values to commercial models coated with
Spectralon. Validation was performed with two calibrated biomimic phantoms acquired from
INO. All the calibration steps done in this study were planned to provide the necessary data to
the IAD algorithm, such as the entrance and exit port diameter, equipment diameter, internal
walls and barium sulfate reflectance. Several contacts are frequently received for suggestions
and questions about the system, indicating the relevance of sharing methods for manufacture

adapted systems using a 3D printer, in particular, the integrating sphere.

With the equipment validated and functional, it was possible to start measuring the optical
properties of the ex-vivo human skins. All samples were provided from female patients and
same site (abdomen) to ensure reliability of the data. ITA was used to categorize the skin colour.
A complete analysis of optical parameters relevant to biomedical applications was performed;
absorption coefficient, scattering coefficient, effective attenuation coefficient, optical depth
penetration and albedo. All optical properties indicated a direct correlation with ITA, except for
the scattering coefficient. The absorption coefficient and the effective attenuation coefficient
increase with the ITA decreasing, while to albedo and depth penetration the inverse is true. This
was the first work to correlate the ITA and the optical parameters and may improve light-based
diagnoses, through a reliable and reproducible method which takes into consideration the skin

phototypes.
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Since it was observed a correlation between the absorption coefficient and the ITA values, an
experimental fitting was proposed to estimate the absorption as a function of the skin
phototypes. On logarithmic scale, the absorption coefficient increases linearly with the decrease
in ITA values, in other words, as lower the ITA higher the absorption coefficient. Them, it was
possible to propose an experimental mathematical fitting model able to estimate skin absorption
by using ITA solely. The scattering coefficient did not show significant changes as a function
of the ITA, but it is known in the literature that it is possible to adjust a power law fitting. The
hidden relevance of this findings lies in the possibility of, solely through skin colour,
determining the appropriate fluency for medical treatment and increasing the accuracy of
diagnoses. Furthermore, optical penetration depth is proportional to the absorption and
scattering coefficient, and with the proposed mathematical expressions it is possible to estimate
whether light, at a given wavelength, is able to penetrate the skin and deliver a proper fluence

to an internal organ.

During the exchange in Germany, a height insensitive spectroscopy method was developed to
measure the reflection of highly turbid samples in the visible and near infrared, at least by a few
centimeters. This work paves the way for performing VIS-NIR spectroscopy measurements
with higher precision and speed. For the biophotonics field, it can increase the accuracy of ITA
measurements or real-time variation in skin colour as a function of biological changes, since it

can be done indirectly and non-contact.

The thesis presented advances in the field of photonics and biophotonics, opening up
opportunities for future work and clinical applications for dark-skinned persons. Some future

possible applications are showing bellow.

Skin phototypes mimic phantom: it was studied human skin ITAs between ~33° to -13°,
leaving a wide range open field to analyze. It is already known in the literature that the ITA can
go up to +75° approximately, lightest skin, and below to -50° in Africans have already been
reported. Thus, a broad study using tissue mimics phantoms, may further improve the

understanding of how light interacts with different skin phototypes.

Optical oximetry and imaging techniques corrections: by estimating the optical absorption

through ITA values, found in this thesis, it could be possible to perform an optical signal
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correction routine to improve the quality of pulse oximetry devices for darker skin phototypes.
It also could improve visualization of the physiological parameters of interest (e.g., artery,

tendon, muscle) in imaging techniques and reduce the limitations for dark-skinned persons.
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ANNEX A
Mathematical sequence to compute the L*a*b* coordinates by using an integrating sphere or

spectrometers.

L*=116-f (Yi) — 16 (3)

n

e =005 (1)) @
b* = 200 - (f (Yé) —f (%)) (5)

f(t) is a conditional equation according to (6)

3

Vt .
fo=,¢ 4 Y>>0 )
W-l_ﬁ otherwise

were § = 6/29 and t = Y/Yn ; X/Xn; Z/Zn' To compute X, Y and Z the equations (7) to (10)

can be used.
Az
K _
X = le SMDIA)xdA (7)
Az
K _
Y = N/J S(DIA)yda (8)
Az
K _
Z = NJ S(A)IA)zdA 9
and
Az
N = f I(A)ydA (10)
A1

where S(A) is the experimental reflectance signal, I(1) the source signal, X, ¥ and Z are the
chromatic response normalized by the human eye (tristimulus), and N is a normalization factor.

To compute X,,, Y,, and Z,, a white reference must be used. K is a set constant.
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Annex B

IAD algorithm diagram.

Insert the experimental reflectance and
transmittance from an integrating sphere
set-up

y

Guess an absorption and reduced
scattering coefficient based on the input
(refractive index, anisotropic factor,
thickness)

V

Calculate the reflectance and
transmittance of the sample by using
adding-doubling method

‘ No

Compare the calculated and the
experimental values

Converge?

Congratulations

Figure 32 — General IAD algorithm diagram. Adapted from [119].
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Prof. Dr. Alwin Kienle

Tel: 0049 731 1429224

Fax: 0049 731 1429442

e-mail: alwin.kienle@ilm-ulm.de 28. April 2022

Feedback letter for Luismar Barbosa da Cruz Junior

To whom it may concern,

Luismar Barbosa da Cruz Junior, a Ph.D. student at the university of Sao Paulo, worked
in our laboratory from September 2011 to February 2022. His research project was to
investigate a method of measuring the spectrally resolved total reflectance with the cons-
traint that the position of the investigated sample does not influence the results within a
large axial range.

We were impressed by Luismar’s commitment to achieve this goal. He is able to organize
a logical sequence of experiments to isolate and solve problems, and has the scientific
maturity to examine his own results critically. We hope to publish a paper presenting
the results he obtained during his stay. In addition, Luismar gave profound talks in the
seminar of our department as well as in the seminar of the whole institute.

In summary, we enjoyed having Luismar Barbosa in our lab. Besides the scientific work,
we had several enjoyable meetings, where I could learn a lot from the Brazilian culture,
fauna, flora and geography. Please contact me, if further information is needed.

Sincerely,

Prof. Dr. AlwinKienle, Vice President



