OOOOO

BIOPHOTONICS

FWILEY-VCH f



J. Biophotonics 4, No. 5, 305-314 (2011) / DOT 10.1002/jbio.201000069
Journal of

PHOTONICS

FULL ARTICLE
Retrieving skin properties from in vivo spectral
reflectance measurements

Dmitry Yudovsky and Laurent Pilon™

University of California, Los Angeles, Henry Samueli School of Engineering and Applied Science, Mechanical and
Aerospace Engineering Department, Biomedical Inter-Department Program, Los Angeles, CA 90095-1597
Received 21 May 2010, revised 18 July 2010, accepted 19 July 2010

Published online 4 August 2010

Key words: skin optics, reflectance spectroscopy, two-layer tissue model, optical biopsy, non-invasive tissue diagnosis

A previously developed inverse method was applied to Experimental reflectance spectrum Optical biopsy
in vivo normal-hemispherical spectral reflectance meas- i==
urements taken on the inner and outer forearm as well
as the forehead of healthy white Caucasian and black
African subjects. The inverse method was used to deter-
mine the thickness and melanin concentration in the epi-
dermis, dermal blood volume fraction and oxygen satura- X LU _

tion, and skin’s spectral scattering coefficient. It was Collmated broadband g Iverse method S e
established that changes in melanin concentration due to
racial difference and tanning, and differences in epider-

e Sanned

Melanin concentration, Cc

mal thickness and blood volume with anatomical loca- Spectrometer i

tion were detectable. The retrieved values were also con- 2 [

sistent with independent measurements reported in the [Epidermis L E A

literature. The same method could be used for optical pa— \K = Loan | EE_uE

diagnosis of pathologies affecting the structure and pig- foreamn forearm

mentation of human skin.
1. Introduction fused with blood vessels and nerves, the protective

epithelial layer is bloodless and consists of structured

Reflectance spectroscopy has found many applica- cell layers with little connective tissue [14].
tions in non-invasive monitoring of biological tissues Skin is the largest organ of the human body re-
[1-7]. This technique investigates tissue structure, presenting a total surface area of approximately
chromophore concentration, and health by measur- 1.8 m? and a total weight of approximately 11 kg for
ing its optical properties. Typical spectroscopic tech- adults [15]. The skin consists of two main layers,

niques are based on the assumption that tissue is namely the epidermis and dermis separated by the
homogeneous and that properties are independent basement membrane and resting on the subcuta-
of depth [6-13]. In reality, most bodily organs such  neous fat layer [15]. The topmost layer of the epider-
as skin are protected by a thin lining called the mis is called the stratum corneum and is composed
epithelial layer [14]. While the organ is typically of dead cells embedded in a lipid matrix. The rest of
composed of cells and connective tissues and per-  the epidermis is mainly composed of keratinocytes,
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melanocytes, and Langerhans [15]. Melanocytes
synthesize melanin which absorbs strongly in the ul-
traviolet (UV) part of the spectrum. Melanin is con-
tained in organelles known as melanosomes which
are distributed throughout the epidermis [15]. Mela-
nin concentration in the epidermis was assumed to
range between 0 and 100 mg/mL of epidermal thick-
ness [16]. On the other hand, epidermal thickness
varies with anatomical location, age, and health and
ranges between 20 and 150 um [17-21].

The dermis, located beneath the epidermis, is re-
sponsible for the skin’s pliability, mechanical resis-
tance and temperature control. The dermis is primar-
ily composed of collagen fibers perfused by nerves,
capillaries, and blood vessels but also contains elas-
tin, fiberblasts, and Schwann and endothelial cells
[20, 22]. The thickness of the dermis ranges between
450 and 1000 um [23, 24]. Approximately half of the
blood volume is occupied by erythrocytes (red blood
cells) which are responsible for oxygen transfer from
the lungs to the rest of the body [25]. Erythrocytes
are composed mainly of hemoglobin molecules
which reversibly bind to oxygen molecules in the
lungs to form oxyhemoglobin. Hemoglobin is known
as deoxyhemoglobin once it has released its oxygen
molecules. Depending on body location and tissue
health, the volume of blood in the dermis ranges be-
tween 0.2% and 7% [18, 26]. The ratio of oxyhemo-
globin molecules to the total number of hemoglobin
molecules in the blood is the so-called oxygen sa-
turation denoted by SO, Hemoglobin absorption
dominates the absorption of visible light by the der-
mis [15, 20, 22]. Furthermore, the spectral absorption
coefficient of oxyhemoglobin differs significantly
from that of deoxyhemoglobin. Thus, the color of the
dermis depends of the local oxygen saturation of the
blood flowing through it.

The objective of the present study is to demon-
strate the capability of reflectance spectroscopy to
rapidly, non-invasively, and simultaneously determine
the epidermal melanin concentration and thickness,
dermal blood volume and oxygen saturation, as well
as scattering coefficient from in vivo spectral reflect-
ance measurements.

2. Background

2.1 Reflectance spectroscopy of human skin

Quantitative assessment of tissue pigmentation by
melanin and blood can be used to detect a wide vari-
ety of medical conditions. Acute and long term in-
flammation caused by infection, irritation, or ulcera-
tion, for example, can lead to hyperpigmentation
[27, 28]. In fact, hyperpigmentation is typical in areas

surrounding venous ulcers and other chronic wounds
due to extravasation of red blood cells into the der-
mis, collections of hemosiderin within macrophages,
and melanin deposition [27, 29-31]. Alternatively,
extreme inflammation may eventually destroy mela-
nocytes in the epidermis resulting in hypopigmenta-
tion in and around the ulcer site after ulcer healing
[28]. Additionally, Dwyer et al. [32] showed that in-
creased melanin concentration correlates with the
risk of melanoma skin cancer in 19 to 20 year old
subjects of northern European ancestry. Kono et al.
[33] used reflectance spectroscopy to estimate blood
volume fraction during port-wine stains and acne la-
ser treatments to determine the intensity of a laser
pulse. Additionally, hyperspectral imaging in the visi-
ble and near-infrared parts of the spectrum has been
used to determine the spatial distribution of oxygen
saturation in the human skin [12]. This techniques
has been applied clinically to study diabetic neuropa-
thy [34] and predict the healing potential of diabetic
foot ulcers [4, 35].

Epidermal thickness varies naturally with age,
gender, and body location [23, 36-38]. It may also
increase or decrease due to external stimuli. For ex-
ample, UV exposure of human skin has been shown
to increase the epidermal thickness in addition to in-
creasing its melanin content [39, 40]. On the con-
trary, smoking has been shown to decrease epider-
mal thickness [36]. Epidermal thickness can be
measured reliably with punch biopsy whereby a sam-
ple of the skin is removed and analyzed ex vivo [23,
36, 40]. However, this invasive and destructive tech-
nique can be painful. Alternatively, non-invasive
measurements of epidermal thickness can be made
with techniques such as optical coherent tomography
or ultrasound [41, 42]. However, these techniques are
primarily sensitive to scattering of light and sound,
respectively, by the tissue’s macrostructures and
therefore cannot be used to determine the tissue’s
chromophore concentration(s) easily [43, 44].

2.2 Modeling reflectance of human skin

Multilayer optical models have been proposed to in-
vestigate the effects of tissue structure on its reflec-
tance spectrum [13, 45-47]. The governing equation
for light transfer through tissue can be solved using
Monte Carlo [11, 46, 47], finite element [45], or dis-
crete ordinates [48] methods, for example. However,
these solution methods can be computationally in-
tensive and time consuming and therefore cannot be
used in real-time clinical applications where the in-
verse problem requires that the forward radiative
transfer problem be solved numerous times [25]. Al-
ternatively, various computationally efficient models
have been proposed approximating tissue as a finite
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slab supported by a semi-infinite layer corresponding
to the epithelium and the organ, respectively. The
diffusion approximation has often been used to mod-
el light transfer through tissue [49-52]. It can be
solved rapidly and produces accurate estimates of
the tissue’s reflectance spectrum if the tissue exhibits
significant scattering [53, 54]. However, strongly pig-
mented skin can absorb significantly and so the dif-
fusion approximation may not be valid and/or give
inaccurate predictions [25]. Instead, semi-empirical
models of light transfer have been developed to ac-
celerate computation without significant loss of ac-
curacy [55-60]. Recently, Yudovsky and Pilon [61]
developed an inverse method based on a semi-em-
pirical model for the diffuse reflectance from two-
layer media subjected to collimated and normally
incident light [56]. The inverse method could deter-
mine the epidermal thickness, the chromophore con-
centrations in both epidermis and dermis, and their
scattering coefficient from normal-hemispherical dif-
fuse reflectance spectra of human skin that was nu-
merically generated using Monte Carlo simulations.

2.3 Spectral reflectance measurements
of in vivo human skin

Reflectance measurements from human skin have
been reported in the Refs. [62—65]. Kuppenheim and
Heer [65] measured the normal-hemispherical reflect-
ance between 440 and 1000 nm on numerous sub-
jects of white Caucasian and black African descent
featuring lightly pigmented and strongly pigmented
skin, respectively. The reflectance data reported in
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Figure 1 Average normal-hemispherical reflectance meas-
ured from the untanned right inner forearm of white and
black subjects [65]. The solid line represents the retrieved
reflectance between 440 and 620 nm.
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Figure 2 Average normal-hemispherical reflectance meas-
ured from the medium tanned forehead above the left eye
of white and black subjects [65]. The solid line represents
the retrieved reflectance between 440 and 620 nm.

Ref. [65] agrees with that reported in Refs. [62—-64].
Their measurements consisted of (i) illuminating a
circular spot of skin, 1inch in diameter, with nor-
mally incident and monochromatic light and (ii) col-
lecting the hemispherical reflectance with an inte-
grating sphere [65]. The subject population consisted
of 50 male and 21 female white participants and
21 male and 21 female black participants. All sub-
jects were healthy adults but their age range was
not specified. Reflectance measurements were per-
formed at the end of the summer season at three lo-
cations: (i) the right inner forearm, (ii) the forehead
over the left eye, and (iii) the left outer forearm.
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Figure 3 Average normal-hemispherical reflectance meas-
ured from the strongly tanned left outer forearm of white
and black subjects [65]. The solid line represents the re-
trieved reflectance between 440 and 620 nm.

www.biophotonics-journal.org

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of

PHOTONICS

308 D. Yudovsky and L. Pilon: Skin properties from spectral reflectance measurements

Table 1 Lower and upper bounds and initial guesses used for determining the biological properties of human skin from

reflectance measurements.

Biological Property Symbol Range Initial Reference
guess

Melanin concentration Crnel 0 to 100 mg/mL Eq. (10) [18, 32, 85]
Epidermal thickness Lepi 20 wm to 150 um 150 um [17-21]
Blood volume fraction Solood 0.2% to 7% 2% [18, 25]
Oxygen saturation SO, 20% to 100% 50% [14]
Scattering constant c 10° to 10° cm™! 5% 10° cm™! [18]
Scattering power constant b 1.50 [18, 79]

These three sites had been subjected to low, med-
ium, and high exposure to UV radiation, respec-
tively, for both white and black subjects. Figures 1
through 3 show the averaged and standard deviation
of the total hemispherical reflectance between 440
and 1000 nm for the three locations considered and
for both populations of subjects with lightly and
darkly pigmented skin as reported in Table 1 of Ref.
[65]. The standard deviation represents the biologi-
cal variability in tissue properties within the popula-
tion considered and not the experimental error asso-
ciated with the measurement of tissue reflectance
and the experimental noise. Note also that the distri-
bution of reflectance values about the mean was not
normal but rectangular [65].

In the present study, our inverse method [61] was
applied to in vivo spectral reflectance collected by
Kuppenheim and Heer [65] in order to estimate (i)
changes in tissue pigmentation due to racial differ-
ences or exposure to sunlight as well as differences
in (ii) blood volume fraction in the dermis, (iii) epi-
dermal thickness from one anatomical location to
another, and (iv) the tissue scattering coefficient.
These measurements were used in this study to as-
sess the capability of our inverse method [61] to re-
trieve the physiological properties of skin from in
vivo experimental data gathered from a variety of
human skin [65] as opposed to numerically gener-
ated reflectance spectra. We chose to analyze this
dataset because measurements were carefully per-
formed and described and the population considered
(i) was large and described in details, (ii) had very
different skin complexion (white or black), (iii) fea-
tured different locations and sun exposures.

3. Methods

3.1 Optical model of human skin

In the present study, skin was approximated as a
plane-parallel slab of thickness L., representing the
epidermis, characterized by absorption coefficient

Ha cpi(4) and transport scattering coefficient u; ,(4)
along with a constant index of refraction ny = 1.44
in the visible part of the spectrum as reported in the
Refs. [14, 20, 49-52, 57]. This top layer was sup-
ported by a semi-infinite sub-layer representing the
dermis and characterized by ¢, germ(4), 4 ,(4) and
n, = ny [66]. The dermis was treated as a semi-infi-
nite medium because it is typically thicker than
1 mm [14, 20] while the penetration depth of visible
light in skin is approximately 1 mm [20, 23]. Thus, a
negligible amount of visible light reaches the sub-
cutaneous fat layer. The incident light source was
assumed to be collimated, monochromatic, and nor-
mally incident. The air-skin interface and the inter-
faces between the skin layers are inherently rough
[13]. However, for the sake of simplicity but also to
be consistent with assumptions made while retriev-
ing the skin properties, the skin-air interface and the
interfaces between the skin layers were assumed to
be optically smooth.

Absorption in the epidermis is mainly due to
melanin and flesh. Thus, the absorption coefficient
of the epidermal layer u, (1) was expressed as
[16, 67],

Ha,epi(A) = Emei(4) Cimet + g pack (4) 1)

where Cpe is the concentration of melanin in the
epidermis measured in mg/mL and u, p,(4) is the
background absorption coefficient of human flesh gi-
ven by [68],

Ha, back (A) =17.84 x 10817325 o

where A is expressed in nanometers and 4, y, (4) 18
expressed in cm~!. The spectral absorption coeffi-
cient of pure melanin in solution ey (4) was reported
by Sanra and Sealy [69] in units of cm~!/(mg/mL) be-
tween 250 and 1,000 nm and used in the present
study. The absorption coefficient of the dermis is
dominated by blood absorption [15, 20, 22] and can
be written as [26, 70],

Ha derm (l) = fblood Haq, blood (’1) + HUq back (}*) (1 - fblOOd)
3)
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where fyo0q 1S the volume fraction of the dermis oc-
cupied by blood. The absorption coefficient of blood
is given by lua,blood(/l) = Auaﬁoxy(/l) +/"a,deoxy(l) where
the absorption coefficient of oxyhemoglobin 1, o (1)
and deoxyhemoglobin u, geoxy (1) were found in the
literature [25] as a function of oxygen saturation
SO, so that ﬂa_oxy(i) = SO, ChemeEoxy(4)/66,500 and
Ha, deoxy(4) = (1 = SO2) Cheme€deoxy(4)/66,500  [25].
Here, Cheme = 150 g/L is the average hemoglobin
concentration in blood and ey (4) and eqeoxy(4) Te-
fers to the spectral absorption coefficient of oxyhe-
moglobin and deoxyhemoglobin, respectively [19,
26, 70-74].

The spectral scattering coefficients of the epider-
mis and dermis were assumed to be identical [66]
and given by [75-78],

ot = (£) N )

where 1) = 1 nm was introduced to ensure unit con-
sistency. The scattering power constant b was as-
sumed constant and equal to 1.50 as reported in the
literature for all locations while C was assumed to
range between 10° to 10% cm~! [18, 78, 79]. Equa-
tions (1) through (4) have been used successfully in
the literature to describe the optical properties of
human epidermis and dermis in vivo [25].

3.2 Inverse method

Overall, the optical properties of skin depend on the
property vector @ = (Cpet, Lepi, folood, SOz, C). In ad-
dition, the hemispherical diffuse reflectance, denoted
by R,(d, 1), refers to the fraction of the incident
spectral irradiation that re-emerges from the skin
after multiple scattering events integrated over the
external hemisphere. Yudovsky and Pilon [56] devel-
oped a rapid and accurate expression for R;(d, 1) ac-
counting for the distinct optical properties of the epi-
dermis and dermis and given by [56],

Rd(ﬁﬂl) =R [R, (n17 wtr,epi) - R_ (nla wtr,derm)]
+ R_ (nla Wy, derm) (5)

where @y epi(A) and @y germ(A) are the transport
single scattering albedos of the epidermis and der-
mis, respectively and w,(4) is defined as w,(4)
=ty »(A) /Iy () + pg ,(A)]. The reduced reflectance
R* is a function of a single semi-empirical parameter
o and expressed as [56],

R — tanh (Yepi)
~ 1/a+ (1 —1/a) tanh (Yep)

(6)

The parameter Yep; is the modified optical thickness
defined as Yepi = Clu, opi(4) + uy (A)] Lepi [80]. The

parameter ¢ and a were given as polynomial expres-
sions in terms of w. cpi(A) and g germ(4), respec-
tively [56]. The function R_(ni,w,) appearing in
Eq. (5) is the diffuse reflectance of a semi-infinite
homogeneous layer, with transport single scattering
albedo w,(A) and index of refraction n; given by

(561,

R_(m,wy) = [1 —0g(n1)] [1 — 019(m1, wp)]
I%d(wtr)
1 —0y9(n1, 0r) Rd(wtr)

(7)

where ©(,(n1) is the normal-normal specular (or
Fresnel) reflection due to mismatch in the refraction
index at the tissue/air interface and defined as,

o0 (m) = (’” - ”“)2 ®)

ny + no

where ny and n; are the refraction indices of air
(np = 1) and the tissue, respectively. Expressions for
010(n1,w,) and Ry(w,) were given in Egs. (26) and
(27) of Ref. [56], respectively. The relative error be-
tween the semi-empirical model and Monte Carlo si-
mulations was typically around 3% and never more
than 8% for the optical properties of skin in the visi-
ble considered in this study [56].

Recently, Yudovsky and Pilon [61] developed an
inverse method based on the above model and nu-
merical generated diffuse reflectance spectra. Here,
the goal of the inverse problem was to estimate the
vector @ from the measured reflectance R,,(1). This
was achieved by finding an estimate vector & that
minimized the difference between the measured nor-
mal-hemispherical reflectance R,,(4) and its estimate
R.(d, %), in the least squares sense. Iterative minimi-
zation was performed with the Levenberg-Mar-
quardt algorithm and implemented in MATLAB®.
Details about the implementation of the inverse
method are available in Ref. [61].

The experimental reflectance spectra R,,(4) used
in the present study were measured in vivo by Kup-
penheim and Heer [65] as previously described.
However, the model developed by Yudovsky and Pi-
lon [56] neglected Fresnel reflection. To simulate ex-
perimental measurements reported by Kuppenheim
and Heer [65], the specular reflectance for normal
incidence and optically smooth surface was added to
Ry(a, ) to yield,
R.(d,4) = Ra(d, ) + 0q; (1) ©)
where the second term on the right-hand side of
Eq. (9) evaluated for n; = 1.44 is equal to 0.0325
which is often much smaller than R;(d, 4).

Initial guesses for melanin concentration in the

epidermis Cp, were determined from an empirical
relationship suggested by Kollias and Baquer [16],

Cimel = —1.67 — 79365620720 (10)
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where s620,720 1s the slope of a linear fit to the func-
tion —In [R,,(1)] for wavelength 1 between 620 and
720 nm. The value of C. was constrained to be be-
tween the physiologically reasonable values of 0 and
100 mg/mL during the iterative minimization. The
range and initial guess for all other parameters are
summarized in Table 1. The inverse method was ap-
plied to reflectance data between 440 and 620 nm
[65]. Indeed, beyond 600 nm, the accuracy of semi-
empirical model of tissue reflectance [56] used in the
present inverse method [61] diminishes due to weak
absorption by melanin and hemoglobin resulting in a
transport single scattering albedo approaching unity.
However, the semi-empirical model is valid for w,,
less than 0.99. Tissue spectroscopy techniques based
on the diffusion approximation [53] can accurately
model light transfer through skin for wavelengths
beyond 600 nm but have been shown to perform
poorly in for wavelengths less than 600 nm where
absorption by melanin and hemoglobin is strong
[54].

4. Results and discussion

Figures 1 through 3 show the measured (symbols)
[65] and reconstructed (solid line) reflectance spec-
tra as a function of wavelength between 440 and
700 nm. The reconstructed reflectance R.(d@, 1) for
wavelengths greater than 620 nm is shown in dashed
line for reference only and was not considered dur-
ing inversion [61]. The reconstructed reflectance
spectra R,(d,A) matched the average measured re-
flectance R,,(4) within the standard deviation for all
locations and for both populations. In fact, for wave-
lengths lower than 600 nm, the absolute difference
between R,(d,1) and R,,(1) was less than 0.05 for all
spectra considered. The values of Cpel, Lepis foloods
SO, and C determined for the (i) right inner fore-
arm, (ii) forehead, and (iii) left outer forearm for

both populations considered are summarized in Ta-
ble 2 and Figure 4.

Differences in melanin pigmentation occurred
due to racial differences and/or exposure to UV
light. For both populations considered, the right in-
ner forearm was the least tanned location while the
forehead and left outer forearm were the medium
and most tanned locations, respectively. Figure 4a
shows estimated values of Cy,e from the right inner
forearm, forehead, and left outer forearm. At these
locations, it was found to be 4.41, 7.63, and 9.72 mg/
mL for white subjects and 17.9, 20.2, and 22.2 mg/
mL for the black subjects. For white subjects, the left
outer forearm and forehead exhibited an increase in
Cme of 5.30 and 3.22 mg/mL, respectively, over the
right inner forearm. It is interesting to note that the
value of Cy, for black subjects calculated for the left
outer forearm and forehead increased by almost
identical amounts compared to the right inner fore-
arm at 520 and 3.33 mg/mL, respectively. Thus,
changes in melanin concentration caused by race
and tanning can be detected by the present method.

Moreover, estimates of epidermal thickness Lcp;
from the inner and outer forearms and the fore-
head were, respectively, 60.1, 63.6, and 65.8 um
among the white subjects and 63.8, 71.6, and 69.8 um
for the black subjects as illustrated in Figure 4b.
These values were consistent with those reported in
the Refs. [23, 36, 41]. Furthermore, values of Lcp; re-
ported for skin of lightly versus strongly pigmented
subjects were similar despite the very large differ-
ence in melanin concentration from one group to
the other. In fact, Gambichler et al. [41] used optical
coherence tomography to measure the epidermal
thickness on the forearms and foreheads of 71
healthy Caucasian subjects aged 20 to 40 and 12
healthy Caucasian subjects aged 60 to 80. The
authors reported that the epidermal thickness was
on average 71 +7.8 and 62 + 6.8 um on the fore-
arms and 72 + 10 and 61 £ 7.4 um on the foreheads
of the younger and older populations, respectively.

Table 2 Biological properties determined from the average normal-hemispherical reflectance spectra reported in Ref. [65]

and reproduced in Figures 1 to 3.

White subjects (50 males, 21 females)

Black subjects (21 males, 21 females)

Site Right Forehead Left Right Forehead Left
inner outer inner outer
forearm forearm forearm forearm

Tanning status Untanned  Medium Strong Untanned  Medium Strong

Melanin concentration Cp (mg/mL) 4.41 7.63 9.72 17.0 20.3 222

Epidermal thickness Lep; (um) 60.1 65.8 63.6 63.8 69.8 71.6

Blood volume fijo0d (%) 1.01 2.06 0.78 0.90 1.98 1.41

Oxygen saturation SO, (%) 63.5 34.7 57.5 53.2 50.9 37.1

Scattering constant C x 107> (cm™') 5.81 473 5.13 3.79 391 4.08

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (a) Melanin concentration, (b) blood volume
fraction, and (c) epidermal thickness determined from the
average normal-hemispherical reflectance spectra on the
right inner forearm, forehead, and left outer forearm of
white and black subjects reported in Ref. [65] and repro-
duced in Figures 1 to 3. (¢) also shows the average epider-
mal thickness and standard deviation at the same locations
determined by Lee and Hwang [23] by biopsies.

In addition, Sandby-Mgller etal. [36] performed
biopsies on the shoulder, inner forearm and buttock
of 71 healthy white volunteers and evaluated the
thickness of the stratum corneum and cellular epi-
dermis at each location by visual observation with a
microscope. They reported that the epidermal thick-
ness was 74.9 + 12.7 um on the inner forearm. Lee
and Hwang [23] also performed biopsies on various
anatomical locations on 452 healthy Korean volun-
teers. They reported that the epidermal thickness on
the inner and outer forearm and the forehead were
69.2 +£21.9, 83.5 +36.2, and 93.6 + 22.3 um, respec-
tively. The values of epidermal thickness retrieved in
the present study are in good agreement with those
reported by Lee and Hwang [23] and fall within the
experimental uncertainty. Therefore, hemispherical
reflectance combined with an inverse method can
also retrieve the epidermal thickness within the ex-
perimental uncertainty of more sophisticated and
sometimes invasive techniques.

Furthermore, blood volume in the dermis typi-
cally ranges between 0.2 and 7% depending on bod-
ily location [25] and is larger in the forehead than in
the forearm [81]. In the present study, similar trends
were observed in the retrieved values of fi0q for
both white and black subjects as suggested by
Figure 4c. In fact, for the inner and outer forearm,
folood Was estimated to be 1.10 and 0.79% for lightly
pigmented skin and 0.90 and 1.41% for strongly pig-
mented skin, respectively. As expected, estimates of
blood volume in the forehead were larger at 2.06
and 1.98% for white and black subjects, respectively.
In addition, estimates of SO, from the inner and
outer forearm and the forehead were found to be
63.5, 57.5, and 34.7% for the lightly pigmented skin
and 53.2, 37.1, and 50.9% for the strongly pigmented
skin. These values of SO, fell within the normal
range of SO, reported for healthy adult subjects
[25]. In brief, estimates of both blood volume frac-
tion and oxygen saturation could also be retrieved
from the hemispherical reflectance of human skin.
The retrieved values were within the normal range
for healthy adults [25] and consistent between black
and white subjects.

Finally, the retrieved values of the scattering
power constant C ranged between approximately
3.5 % 10° and 6.0 x 10° cm™! whereas the power-law
constant b was assumed to be equal to 1.5. Note that
varying b between 1.30 and 1.50 influenced the
retrieved value of C but did not significantly alter
the retrieved values of Cpel, folood, SO2, and Lep;.
Furthermore, the reduced scattering coefficient g ;.
was essentially unaffected by the choice of b for wa-
velengths between 450 and 660 nm. Several studies
have reported the spectral scattering coefficient of
human dermis determined in vitro and in vivo by
using various functional relationships between u; ,,
and A [78, 82-84]. Thus, it is more appropriate to
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Figure 5 Transport scattering coefficient for 1 between
440 and 660 nm reported in the Refs. [78, 82—-84] and re-
trieved by the present method [Eq. (4) for C = 3.5 x 10°
and 6 x 10° cm™1].

compare the retrieved value of yu , between 440 and
660 nm with those reported in the literature. Figure 5
compares the scattering coefficient as a function of
wavelength between 440 and 660 nm predicted by
Eq. (4) for b = 1.5 and the lowest and highest values
of C retrieved in the present study to values of u, ,,
measured for human dermis as reported in the
Refs. [78, 82-84]. It is evident that the shape and
magnitude of u, , predicted by our method was in
close agreement with this value determined by other
studies.

5. Conclusion

This study applied a previously presented inverse
method [61] to retrieve the epidermal melanin con-
centration and thickness, dermal blood volume and
oxygen saturation, as well as the scattering coeffi-
cient of skin from normal-hemispherical reflectance
spectra measured in vivo on the (i) right inner fore-
arm, (ii) forehead over the left eye, and (iii) left out-
er forearm of groups of white and black subjects
[65]. The differences in all the retrieved parameters
due to racial differences, UV exposure, and anatomi-
cal location were consistent with independent ex-
perimental results reported in the literature. The
proposed technique can be used to monitor changes
in skin melanin volume fraction, epidermal thick-
ness, and blood volume which can occur (a) in the
normal course of aging, (b) due to UV exposure, or
(c) as a result of diseases such as cancer, ulceration,
or photodamage [23, 27, 28, 32, 36—40] as all of these
affect the reflectance spectra of human skin [25].
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