Modelling and verification of melanin concentration on human skin type
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ABSTRACT

Lasers are used in the minimalistic or non-invasignosis and treatment of skin disorders.
Less laser light reaches the deeper skin layedsiik skin types, due to its higher epidermal
melanin concentration compared to lighter skin.drdssue interaction modelling software
can correct for this by adapting the dose appleethé skin. This necessitates an easy and
reliable method to determine the skin’s type. Nawasive measurement of the skin’s
melanin content is the best method. However, actesamples of all skin types is often
limited and skin-like phantoms are used insteadis ®iudy’s objective is to compare
experimentally measured absorption features oidigkin-like phantoms representing Skin
Types | to VI with a realistic skin computationabdel component of ASAP®. Sample UV-
VIS transmittance spectra were measured from 3780 nm and compared to simulated
results from ASAP® using the same optical pararsetResults indicated non-monotonic
absorption features towards shorter wavelengthghahay allow for more accurate ways of
determining melanin concentration and expectedrakisa through the epidermal layer. This
suggests possible use in representing optical cteaistics of real skin. However, a more

comprehensive model and phantoms are necessargdard for the effects of sun exposure.



INTRODUCTION

In the past 50 years lasers have found numerougajgns in medicine, both for treatment
and diagnostics (1). One of the advantages ofdasehat they can be used for minimalistic
or non-invasive diagnosis and treatment. Often thatins that the light must penetrate
through the skin and the correct dose requiretks@n accurate information regarding the

skin’s optical properties (2).

Human skin consists of different layers, with th@dermal layer containing the
melanin that is responsible for skin tone or sket (3). Epidermal melanin can broadly be
divided into two types, eumelanin (black-brown esloand pheomelanin (yellow-reddish
colour) (3,4). Melanin is synthesized within melaomes inside melanocytes located in the
basal layer of the epidermis and the mature metanes get transferred via dendrites to the

keratinocytes in die epidermis where they are nesiite for skin photoprotection (3).

It is well documented that the absorption and scaty of light through skin tissue
depends on the skin’s optical properties (see fample studies by Tuchin (5)). Melanin
absorbs light in the visible and near infrared paftthe spectrum, the part most suitable for
diagnostics and treatment due to deeper penetrgitjorbsorption of light in the epidermal
layer is a major factor in determining the fluerafethe laser light that reaches the deeper
levels of the skin. Darker skin has an epidermaklma volume fraction of about twice that
of lighter skins (6). Due to melanin absorptiorssiéaser light reaches the deeper parts of the
skin in dark skin types (1). This can be corredimdby laser-tissue interaction modelling
software to adapt the dose applied to the skimrdier to correctly apply such software it is

important to characterise the skin in terms of $ipe with an easy and reliable method.



Measuring the melanin content of the skin is thst loeethod, but it needs to be done
non-invasively. In a recent review Brenner and Hp(7) discussed the photoprotective role
and physiologic changes of melanin when human skivering the different Fitzpatrick Skin
Types | to VI (8), is irradiated with ultra-viol€¢tUV) light. Studies covered in the review
where performedn vivo and/orin vitro and elucidated the melanosomal differences between
the different skin types. Meinhardt et al (9) meadithe absorption spectraiafvivo human
skin from the lighter skin types before and aftgpasure to natural UV radiation, while Wan
et al (10) measured the epidermal (including thrat&t corneum) transmittance iof vitro
light and dark coloured human skin over the UVA, BJ¥nd visible wavelength ranges.
None of these studies however specifically detesshiapidermal melanin concentration in
the different skin types. The absorption featuresnelanin is monotone in the visible and
near infra-red parts of the spectrum (11), but ou& wavelengths melanin absorption
display non-monotonic features (9) that may all@w fhore accurate ways of determining

melanin concentration and therefore the expectedrahbon through the epidermal layer.

Human skin of the different Skin Types | to VI istralways readily available. Hence
the use of skin-like phantoms (12). Previous resulith skin-like phantoms representing
Skin Types | to VI indicated the possibility of preting some of the non-monotonic optical
characteristics of real human skin, albeit in tisble wavelength range as opposed to the
UV range in real human skin (13). The purpose f $kudy is to compare the experimentally
measured absorption features of these liquid sken-phantoms with computational
simulated skin from the Realistic Skin Model (RSpét of the Advanced Systems Analyses
Program (ASAP®) software from Breault Research ).(This software package has been
used by the authors (15) and others (16-18). Tiidysforms the first phase of the larger
objective of knowledge acquisition about the optmraperties of real human skin cell tissue

to enhance the accuracy of these computationallaietuskin models.



MATERIALSAND METHODS

Computer simulations. The ASAP® commercial softwarérom Breault Research is
fundamentally a flexible and efficient optical sst raytracing modelling tool, allowing
users to easily make geometry changes to a tissuelmThe ray tracing is based on the
Monte Carlo ray tracing techniques, where “photomis“rays” are traced through an optical
medium with pre-defined absorption and scatteringperties. The rays can automatically
split into reflected, refracted, diffracted, polmil and scattered components as they
propagate through the system. Each of the rayspdscindependently, interacting with the
encountered optical surfaces in any order, as gppte. This type of ray tracing is often
described as “non-sequential” ray tracing. It isiraulation, based on the way that real light

waves behave in the real world.

The Realistic Skin Model (RSM) part of the ASAP&ta@re from Breault Research,
was used as the modeling tool for this work. Thie skodel consisted of four layers, the
Stratum corneum (SC), the epidermis (containing riedanosomes, the main absorbing
particles), the dermis and the hypodermis. The dgpois was not taken into account in this
study. A graphical layout of the model is shownFigure 1. The optical properties for the

different layers in the model are reported in Taldleand 2.

> Figure 1<

The RSM model parameters for the eumelanin andrpBkEmin concentrations in the
epidermis are 80 g/L and 12 g¢/L respectively. Themelanin and pheomelanin

concentrations were kept at the above values Fekad types, while the value for the volume



fraction of the melanosomes was varied (Table he Foftware multiplies thesaelanin
concentrations and the volume fractions to caleulhé amount of melanin in the epidermal

layer.

Different skin types were simulated by changing taume fraction of the
melanosomes in the epidernil®) as indicated in Table 1. The variation usedesponds to
published data that reported a more than 10 falcease in the absorption coefficient (from
0.2 mm® to 2.5 mnt) between Caucasian and African skin at 694 nn2@0Jn humans, the
thickness of the epidermis varies from 38 um indheek to 369 um on the finger tip (22).
Two different sun exposed skin areas were evaluatethis work, the cheek (epidermal
thickness of 38um) and the back of the hand (874uBn). A Gaussian laser beam (power
10 mW) with a beam waist of 0.4 mm was used asighesource in the model. Wavelengths
between 300 and 1000 nm were used in this work.shloeter wavelengths were used due to
the absorption features of melanin in the UV parthe spectrum and the other wavelengths
selected are wavelengths that are applicable &r lmsatments. The four important optical
parameters that influence the propagation of lighdugh tissue are the absorption coefficient
(ua), the scattering coefficientd), the anisotropy factogj and the refractive index) (23).
For this study published data of the optical patansenvere used (19,22,24). The valueg.of
andus are determined by the concentrations of the absprind scattering particles in the
different skin layers. The thickness of the diffaréayers €), g andn are listed in Table 2.
The surface of the model is 10 rhrand the depth (Z dimension) varies from 1.853 to
1.9025 mm, depending on the epidermal thickness.VHtues of botim andg (2) were kept
the same over the wavelength range. In the modebfhical properties for each layer are
specified separately, but assumed uniform through@pecific layer. Each photon is tracked
until it is either absorbed in the model or exite boundaries of the model. The skin model

was divided into 150 layers and each layer intox150 segments to form small 3-



dimentional volumes or voxels. The photons absorbheshch of the voxels were registered

to give the total absorption in each layer.

Liquid melanin skin-like phantoms: The sample preparation and absorbance measureamrents
the liquid melanin skin-like phantoms have beencdked in detail in Smit et al (13) and
only the information necessary for comparison wtk computer simulations is repeated

here.

Liquid melanin skin-like phantoms. Sample preparation. Synthetic melanin samples at
concentrations ranging from 0.011 mg/ml to 1.3 nigiere prepared from a synthetic
eumelanin (Sigma-Aldrich M0418) stock solution &tysiological pH (~7.01) as previously
described in Smit et al (13). Skin-like phantomseverepared by adding eitheuBor 30 pl

Intralipid (IL) (Sigma-Aldrich 1141) to 3 ml of e&cof the melanin samples. Intralipid is a

phospholipid-stabilized soybean oil, supplied a&%2Zat emulsion.

Liquid melanin skin-like phantoms. Experimental sample characterisation. A UV-VIS
spectrophotometer (Shimazdu UV-1650 PC) using sta@hd cm pathlength cuvettes over

the wavelength range 370 to 900 nm was used toureeaample absorbance spectra. Total
attenuation coefficientsz{ (4)) for the skin-like phantoms were calculated frdrese. The
total attenuation coefficienty( (/1)) Is the decrease in the light intensity through shmple

and is equal to the combination of the absorptiwh scattering coefficients of the sample (5).

It was calculated from



[1/cm| (1.1)

with T (/1) the wavelength dependent transmittancelatite optical pathlength (in cm).

RESULTS

UV-VIS absorbance spectra over the wavelength radigfe to 900 nm of melanin only
samples were measured before and after addititimedhtralipid (IL) as presented in Smit et
al (13). The most relevant results are repeated imeFigure 2 to facilitate comparison with

the computer simulation.

Absorbance curves (in Figs. 2(a) and (b)) were utaled by subtracting the
absorption of melanin-free IL solutions (represegtivitiligo” skin) from the absorption of
the liquid skin-like phantoms with the same IL centration. A more detailed explanation
can be found in Smit et al (13). The skin-like ploams represented fair (0.011 mg/ml
melanin), medium (0.066 mg/ml melanin) and dark30mg/ml melanin) skin phototypes.
Medium to dark phantoms displayed non-monotoniedsegtowards shorter wavelengths. The
peaks became more pronounced and shifted towardgerdowvavelengths as the melanin

concentration was increased.
> Figure 2<

Increasing the amount of added IL (representindpiekér epidermal layer) led to
increased attenuation in fairer phantoms; which m@sobservable in darker phantoms. The
non-monotonic peaks were also broadened comparpedks from spectra representing a
thinner epidermal layer (compare Fig. 2(b) to 2(A)more detailed discussion on the skin-

like phantoms can be found in Smit et al (13).



> Figure 3<

The absorption coefficient by two different thickses of modelled human skin was
calculated from simulations performed with the Re@l Skin Model (RSM) part of the
ASAP® software for a skin depth up to 0.12 mm (Figé) and (b)). Values for the
absorption coefficient falls within the range oflu@s measured by Meinhardt et al (9). The
different melanin concentrations for the differshkin types as displayed in Fig. 3 are given in
Table 1. These concentrations are higher thandheentrations used in the liquid skin-like
phantoms in Fig. 2. The lower concentrations usedhe latter was necessitated by the
absorbance saturation limitations of the spectrapheter used as explained in Smit et al
(13). However, the scale ratios for the phantomefamin concentrations were chosen to co-
inside with the melanin concentrations as usedherdifferent skin types in the RMS model.
Spectra displayed similar non-monotonic trends tdwahorter wavelengths as spectra of the
measured skin-like phantoms in Fig. 2, althoughemmonounced for fairer skin types in the
former compared to the latter. In the thicker epiie (ET = 87.5um), fairer skin types
predicted higher absorption of incoming light relatto darker skin types compared to
similar spectra for the skin-like phantoms. Thiswi#ferent for the results from the skin-like
phantoms. Peaks also tended to shift towards tomngeelengths as modelled skin darkness

increased, but were much broader than peaks fakihdike phantoms.

DISCUSSION

In this study the absorption features of liquidnskike phantoms were measured over the
wavelength range 370 — 900 nm (UVA and VIS) and parad to modelled skin simulated

with the RSM part of the ASAP® software. The skkel phantoms contained different
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concentrations of melanin and eithepl3or 30 ul IL were added to the samples to represent
thinner and thicker skin. Modelled skin represerfad medium and dark skin types of two

different epidermal thicknesses (ET =88 and 87.5um respectively).

Skin type (phototype) is determined by a combimatid melanin and haemoglobin,
together with other pigments including bilirubin darcarotene. Epidermal melanin can
broadly be divided into two types, eumelanin (blackwn colour) and pheomelanin (yellow-
reddish colour) (3,4). Haemoglobin dominates thsogftion properties of the dermis
(25,26). Although different studies differ on thatios of pheomelanin to eumelanin
concentration between the different skin typeggeneral it is agreed that lighter skin types
contains a higher concentration pheomelanin condptoeeumelanin that the darker skin
types (27,28). The ratio of the default values 0f12 for the eumelanin to pheomelanin
epidermal concentrations in the RSM model seemdaktter reflect ratios in the dark skin
types than the fairer skin types. This could hau&tributed towards the overestimation in the

calculated absorption for the fairer skin types.

The melanocytes containing the melanosomes redgerfar the biosynthesis and
storing of the melanin are located in the basatdayf the epidermis (3,29). In reviews on
skin of colour, Taylor (30) and Brenner and Hearjiy referred to studies that established
that the number of melanocytes is racial indepetden skin type independent. It may differ
between individuals of the same skin type and én@an one anatomical region to the next in
the same individual. Differences in skin type aepehdent on variations in the size, number
and aggregation of the melanosomes, both insidenllanocytes and keratinocytes, as well
as on the distribution throughout the epidermis &trditum corneum (7,30 and references
therein). For instance, Toda et al (31) and Olsbralg32) demonstrated differences in

melanosome aggregation and size between dark skiand light skinned individuals.
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Eumelanin is associated with larger elliptical melsomes, while pheomelanin is associated
with smaller spherical melanosomes. Melanosomes ase more evenly distributed
throughout the epidermis and Stratrum corneum endéwrker skin types compared to fairer,
unexposed skin types where the melanosomes arevels® cluster more in the basal part
of the epidermis (30 and references therein). b1 REM software size and aggregation
parameters are not taken into account; the melam@swmntribution is only represented as a
volume fraction. The lack of size and aggregatepresentation in the model could possibly
lead to an over- or underestimation of the melamuncentration for a specific skin type.
Furthermore, each of the skin layers in the moslelssumed a homogeneous medium. The
melanin would therefore be considered evenly distad throughout the epidermis, which
favours the representation of the darker skin typese compared to the fairer skin types.
These differences may hence partially lead to asiptes overestimation in absorption

calculated for the fairer skin types compared & heiman skin.

The addition of IL to the liquid melanin only saraplresulted in skin-like phantoms
that displayed the non-monotonic absorption featuwleserved in real human skin, albeit
more towards the visible than the observed UVA /BJWavelength range in real skin (13).
Compare the results from this study for exampl&tnhardt et al (9) and Wan et al (10).
The non-monotonic absorption features in the RSMiehavere similar to those of the skin-
like phantoms. This confirmed that the observedctspkresponse was indicative of the
melanin’s immediate reaction to the absorbed ligitice it is not possible with either the
skin-like phantoms or the RSM model to model theglterm effects of induced erythema as
observed in the Meinhardt et al (9) and Wan e1@) 6tudies. Erythema induced by exposure
to wavelengths in the UV region shows three distipgmentary responses, namely
immediate pigment darkening (IPD), persistent pigmdarkening (PPD) and delayed

tanning response (DTR) (7). IPD occurs immediasdtgr sun exposure and shows a broad
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peak in the UVA (320 — 400 nm) and visible wavelénggions (33,34). PPD occurs a few
hours after UV exposure and lasts a few days, whillR appears 2-3 days after UV
exposure, is induced by either UVA or UVB and ldstsabout 3-4 weeks (7 and references
therein). In the Meinhardt et al (9) study the sabg were re-evaluated after two weeks’ sun
exposure with absorbance spectra therefore extgbitie characteristics of DTR with peaks
in the UVB region. Toda et al (31), Olson et al )(3hd Lavker and Kaidbey (35) also
demonstrated differences in melanosome aggreghétween sun exposed and non-exposed
anatomical regions in the same individuals, hidttligg the effect of the delayed response of
sun exposure. The RSM model simulations and skaagphantoms showed absorbance peaks
in the UVA and visible regions and hence modeldptcal absorption of sunlight in skin and
not any of the biological responses to sun exposline important effects of the delayed
response after sun exposure could not be modeligdeither the RSM model or skin-like
phantoms, highlighting the need for a model and-ke phantoms that can be used to study

the effects of sun exposure.

In a previous paper we attributed the appearantieeofion-monotonic features in the
skin-like phantoms to the interaction between thelamin and the IL, which differed
depending on the melanin concentration (13). Ilaiphospholipid-stabilized soybean oil
consisting of an emulsion of bilipid membrane framts of various sizes, suspended in
water. It is commonly used to mimic the scattenmgperties of human skin. Melanin is a
family of polymorphous multifunctional biopolymetbat readily binds to cations, anions,
drugs and chemicals (3). Our previous results atdit that the melanin binds to the IL
fragments, although we do not know the exact nabfirénis interaction. The melanin sub-
complexes also tended to aggregate into increaslagjer particles as the concentration was
increased and we argued the possibility that sachet aggregates may bind to lipid

structures more readily than the smaller melaniriigg@s associated with lower melanin
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concentrations. Our results may therefore be iné¢ed that “photo-protection in darker skin
phototypes may not be only a function of epidermmalanin concentration, but that the
interaction between the melanin complex and thigl lipembranes found in the skin cells

may play an equally important role” (13).

In conclusion results from both the RSM model and liquid skin-like phantoms
indicated that they can be used to study the absogbof sunlight in skin and not the delayed
effects of sun exposure in the UV and visible wamgth ranges. However, more
comprehensive models and phantoms are necessampdel and predict the longer term

effect of sun exposure for all skin types.
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TABLES

Table 1 Volume fractions of melanosomes used teesgmt the different skin types (19) and

an estimate of the corresponding Fitzpatrick sipet(8)

M elanosome volume Melanin
Skin tvpe Fitzpatrick skin fraction (percentage concentration
P type (estimate) as compared to Dark (mg/ml)
Skin type)
Very fair -1l 0.0255 (8.4 %) 2.346
Medium V-V 0.155 (50.8 %) 14.26
Dark Vi 0.305 (100 %) 28.06
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Table 2 Thicknesd] in mm, anisotropyd) and refractive indexnj of the different skin

layers used
. . Refractive index Thickness (d)
Skin layer Anisotropy (Q) (n) (mm)
Stratum corneum 0.9 1.53 0.015
Epidermis 0.79 15 0.038, 0.0875
Dermis 0.82 1.4 1.8

21




FIGURES

- Laser beam

- Stratum Corneum

- Epidermis
Dermis

" Hypodermis

Figure 1. The Realistic Skin Model (RSM) showing the Stratcmnneum, epidermal and
dermal skin layers as well as the excitation lasam (Gaussian profile and beam diameter

of 0.4 mm). The red spots on the model boundareshe photons leaving the model.
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ut (1/cm)

ut (1/cm)

Figure 2. Comparison of absorbance spectra of skin-like gimastcontaining (a) 3 pl
Intralipid and (b) 30 ul Intralipid (black lineslphantoms are also compared to the melanin
only samples (grey lines) of same concentratioosfFigure 2 in Smit et al (13). Melanin
concentrations of 0.011 mg/ml (solid line), 0.066/ml (dashed line) and 0.13 mg/ml (dot-
dashed line) were used to represent light, medindndark skin types. Each concentration is

also represented as a percentage compared togheshiconcentration used (compare with
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Table 1). Adapted from Smit et al (13).
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Figure 3. Comparison of the absorption coefficient as a fiomcdf wavelength for epidermal
thicknesses (ET) of (a) 38 um and (b) 87.5 um wpgkin depth of 0.12 mm for epidermal
melanin concentrations representing very fair, medand dark skin types respectively. Each
concentration is also represented as a percentegeaced to the highest concentration used

(compare with Table 1).
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