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Introduction

We present numerical simulations predicting the directional diffuse reflectance and autofluorescence
from human skin. Skin is modeled as a seven-layered medium, with each layer having its own optical
properties and fluorophore concentrations. Both collimated and diffuse monochromatic excitation at
442 nm are considered. In addition, the effect of an index-matching cream used to eliminate total internal
reflection within the skin is assessed. We compute the intensity distributions of the excitation and
fluorescence light in the skin by solving the radiative transfer equation using the modified method of
characteristics. It was found that the use of an index-matching cream reduces the directional fluorescence
signal while increasing the directional diffuse reflectance from the skin for collimated excitation. On the
other hand, both the fluorescence and diffuse reflectance increase for diffuse excitation with an index-
matching cream. Moreover, the directional fluorescence intensity obtained by use of collimated excitation
is larger than that obtained by use of diffuse excitation light. This computational tool could be valuable
in designing optical devices for biomedical applications. © 2006 Optical Society of America
OCIS codes: 170.3660, 170.7050, 290.7050, 300.2530.

the tissue, making fluorescence spectroscopy a valu-

Fluorescence is the physical phenomenon in which
light is emitted by a substance as a result of excited
electrons returning to their ground states after ab-
sorption of excitation light. Substances that emit flu-
orescence (fluorophores) are characterized by their
quantum yield, their fluorescence lifetime(s), and
their emission wavelengths. Emission takes place
over a spectral range and at wavelengths longer than
the excitation wavelength. The quantum yield is the
ratio of the number of photons emitted to the number
absorbed, whereas the fluorescence lifetime is the
average time the electrons spend in their excited
states.t

Biological tissues contain several endogenous flu-
orophores such as nicotinamide adenine dinucleotide
(NAD)H, aromatic amino acids such as tryptophan,
and structural proteins such as collagen and elastin.2
The optical properties of these fluorophores are sen-
sitive to the environment and the metabolic status of
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able tool to study the health of biological tissues.
Practically, fluorescence spectroscopy techniques
consist of exposing the medium or tissue of interest to
excitation light (typically UV) and measuring the flu-
orescence emission spectrum. The incident excitation
can be a continuous or an ultrashort-pulse beam of
light. It can also be collimated or diffuse according to
whether a laser or a diffuse light source is used.
These measurements can be carried out in (i) a mono-
chromatic or spectral and (ii) a steady-state or time-
resolved manner. Spectral measurements typically
involve either emission spectra measurements or ex-
citation spectra measurements. Fluorescence emis-
sion spectrum measurements consist of measuring
the fluorescence intensity over a range of wave-
lengths for a fixed excitation wavelength. On the con-
trary, excitation spectra measurements consist of
measuring the fluorescence intensity at a particular
wavelength for a range of excitation wavelengths.
On the other hand, time-resolved measurements
involve measuring the lifetime of the fluorophores. To
do so, the sample of interest is exposed to a pulse of
light and the intensity decay is recorded by a high-
speed detection system. The advantage of time-
resolved over steady-state measurements is that they
provide more information on the shape, flexibility,
and conformation state of the fluorescing molecules.!
This enables identification of different conforma-
tions of a molecule that would not otherwise be pos-



sible with steady-state measurements. However,
time-resolved measurements require complex and ex-
pensive instrumentation, unlike steady-state mea-
surements.!

In both steady-state and time-resolved fluores-
cence, the fluorophores are present throughout the
tissue and the fluorescent light is absorbed and scat-
tered before emerging from the tissue and reaching
the detector. Thus measurements of the fluorescent
light leaving the tissue strongly depend on its optical
properties. To capture the effects of the tissue’s opti-
cal properties on the fluorescence signal and those of
other parameters such as the geometry of the optical
setup, an accurate model of excitation and fluorescent
light transport in tissue is needed.

This paper focuses on simulating steady-state ex-
citation and fluorescence light transport in human
skin. We compute the spatial and directional inten-
sity distributions of excitation and fluorescent light
within the skin by solving the radiative transfer
equation (RTE) by using the modified method of char-
acteristics.? The numerical results are then used to
predict the steady-state directional diffuse reflected
and fluorescence intensity of human skin.

2. Current State of Knowledge

Steady-state fluorescence spectroscopy measure-
ments have been used as a means of diagnosing a
variety of diseases. The reader is referred to Refs. 2
and 4 for exhaustive discussions of biomedical appli-
cations of steady-state fluorescence measurements.
This section reviews studies focusing on autofluores-
cence of human skin for diagnosing diseases affecting
its biochemistry.

Skin is a multilayered structure with irregular in-
terfaces and layers having anisotropic optical prop-
erties.? There are several chromophores in the skin
that absorb light. The most dominant chromo-
phores are melanin and hemoglobin, both of which
absorb light in the UV (330—400 nm) and the visible
(400-700 nm) parts of the spectrum. In general, ab-
sorption by proteins becomes dominant at shorter
wavelengths (280-330 nm).6 Some chromophores
present in the skin also fluoresce when exposed to
UV light, including porphyrins, NAD/NADH, trypto-
phan, collagen cross-links, elastin cross-links, and
keratin.® These fluorophores are distributed in differ-
ent layers of the skin and contribute to the overall
autofluorescence of the skin.

Steady-state autofluorescence of skin has been con-
sidered for in vivo detection of various skin diseases
and pathologies such as acne,” aging,®-1° photoaging
that is due to prolonged exposure to sunlight,!! pso-
riasis,’? skin cancer,*13-17 and diabetes.'® Table 1
summarizes these studies and the emission and ex-
citation wavelengths used. In addition, numerous
studies have been performed on the influence of
pigmentation®-21 and photobleaching22 on the auto-
fluorescence spectrum of human skin.

Koenig et al.” performed in vivo steady-state fluo-
rescence spectroscopy measurements on patients
with and without acne vulgaris. The authors used a

Table 1. Summary of Experimental Studies of Steady-State In Vivo
Fluorescence Spectroscopy of Human Skin

Reference A\, (nm) \r (nm) Application
7 407 590-720 Acne
8 325 390,430  Aging
9 260-460 340-480 Aging
10 330, 370 375,455  Aging
11 330, 330, and 370, 455, Aging
370 and
455
12 260-480 340-480 Psoriasis
13 250-400 300-600 Skin cancer
4,14, 15 350—470 450-750 Skin cancer
16, 17 410 430-716 Skin cancer
18 300-420, with a  300-600 Type 1 and 2
peak at 350 diabetes
19-21 337 380-560 Erythema,
pigmentation
22 442 490-600 Photobleaching
23, 24 350-470 400-700 N/A
25 442 400-750 N/A

krypton laser with excitation at 407 nm and were
able to identify spots containing bacteria responsible
for acne. They concluded that autofluorescence mea-
surements can be used to diagnose acne.

In addition, Na et al.1° studied in vivo steady-state
fluorescence emission intensity at 375 nm from skin
at the buttock after being excited by UV light at
330 nm and found that the emission increases with
age. They showed that fluorescence emission from
skin at this excitation wavelength can be used as a
marker for skin aging. Similarly, Sandby-Moller et
al.11 found that the fluorescence emission at 455 nm
from skin locations other than the buttock after being
excited by light at 370 nm strongly correlated with
age.

Moreover, Gillies et al.12 used both in vivo and ex
vivo fluorescence excitation spectra measurements to
study psoriasis. First, they identified various excita-
tion bands in human skin corresponding to different
fluorophores in different layers of the skin: (i) ty-
rosine is mainly confined to the epidermis, (ii) tryp-
tophan is present in the dermis and epidermis, and
(iii) collagen and elastin are confined to the dermis.
The authors then compared excitation spectra from
psoriatic and normal skin and found an increased
absorption that is due to tryptophan in psoriatic skin.
This was consistently observed in psoriatic patients.
They thus concluded that fluorescence spectroscopy
is a promising technique for the investigation of pso-
riasis.

Steady-state fluorescence spectroscopy has also
been used to study skin cancer. Brancaleon et al.13
studied in vivo and ex vivo skin steady-state autofluo-
rescence excitation and emission spectra and ob-
served that in both basal cell carcinomas and
squamous cell carcinomas, the endogeneous fluores-
cence attributed to tryptophan residues was more
intense in tumors than in normal skin. Their results
showed that endogeneous fluorescence of nonmela-
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noma skin cancers, excited in the UV region of
the spectrum, has characteristic features that are
different from those of normal skin and may be ex-
ploited for noninvasive diagnostics and for the
detection of tumor margins.'* Moreover, Zeng and
co-workers*14.15.22-27 combined numerical and exper-
imental tools to study spectral autofluorescence emis-
sion from skin and its applications to skin cancer.
Zeng and et al.28 experimentally studied the steady-
state autofluorescence from biopsied skin samples.
The authors also numerically simulated the trans-
port of excitation and fluorescent light at various
wavelengths by using the Monte Carlo method com-
bined with a seven-layer optical model of human
skin.26:27 Good agreement was found between exper-
imentally observed fluorescence from human skin
samples and numerical simulations. They further
used their experimental technique to diagnose skin
cancer.+14.15 Zeng and MacAulay* then performed in
vivo clinical trials to test the feasibility of fluores-
cence spectroscopy as a diagnostic tool for skin can-
cer. They were able to distinguish basal cell
carcinomas from noncancerous lesions with a sensi-
tivity of better than 85% and a specificity of about
75%. Similar studies by Panjehpour et al.1® and Vo-
Dinh et al.17 also showed that laser-induced fluores-
cence spectroscopy at an excitation wavelength of
410 nm could be used as an in vivo technique for
detection of squamous cell carcinoma, basal cell car-
cinoma, and precancerous lesions.

More recently, steady-state fluorescence spectros-
copy has also been used in the study of diabetes.
Indeed, Meerwaldt et al.1® performed in vivo steady-
state autofluorescence emission measurements of the
skin on the forearm of patients suffering from type 1
and type 2 diabetes. They excited the skin by using a
UV lamp with a peak emission at 350 nm and mea-
sured the emission intensity from 300 to 600 nm. The
authors showed that noninvasive measurements of
autofluorescence from skin could be a tool to assess
the risks of complications that are due to the accu-
mulation of advanced glycation end products in pa-
tients suffering from diabetes mellitus.

Moreover, numerical simulations of steady-state
autofluorescence from skin have been performed.
One of the most common numerical tools used to
study reflectance and fluorescence in biological tissue
is the Monte Carlo method.26:29-31 Tt is a statistical
method consisting of tracing the history of a statisti-
cally meaningful number of photons from their points
of emission to their points of absorption.32 The main
advantage of the Monte Carlo method resides in its
simplicity and ability to deal with complex problems
with relative ease. On the other hand, since it is a
statistical method it is prone to statistical errors.32
Churmakov et al.33 studied the steady-state spatial
distribution of fluorescence in skin by using a two-
dimensional Monte Carlo method. Their numerical
model takes into account the spatial distribution of
fluorophores in skin, and in particular the packing of
the collagen fibers. It was used to simulate fluores-
cence from a layer of fluorescent polymeric nanopar-
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ticles transferred onto the skin like a tattoo. These
devices could be used for health monitoring or eval-
uation of cosmetics.3* They also numerically studied
the effect of matching the refractive index at the skin
surface with the surrounding medium and concluded
that it improves the spatial localization of the fluo-
rescence signal from the skin.34-36 Furthermore, the
diffusion approximation of the RTE has also been
used extensively to study light transport in biological
tissue.37:38 However, Hielscher et al.3° have shown
that the diffusion approximation fails to predict the
fluence accurately for tissues with very low scattering
and absorption coefficients. The diffusion approxima-
tion also gives inaccurate results in highly absorbing
tissue.3® Also, it is difficult to describe collimated
sources by use of the diffusion approximation without
a careful choice of the source terms.40

Moreover, Yoon et al.*! compared the diffusion ap-
proximation with the solution of the RTE by using the
discrete ordinates method for a one-dimensional ab-
sorbing and scattering slab illuminated by a colli-
mated beam of light. Various quantities such as the
diffuse intensity (or radiance), total fluence, and dif-
fuse flux were computed. The effect of the optical
transport coefficients such as the single-scattering
albedo (from O to 1) and the scattering anisotropy
factor on the accuracy was also studied. The authors
concluded that the diffusion approximation does not
yield accurate angular profiles of the intensity except
at locations far from the source and the boundaries.*!
Furthermore, they showed that the diffusion approx-
imation estimates low reflection and high transmis-
sion for forward scattering and is not recommended
for a highly anisotropically scattering medium.4! The
Monte Carlo method, on the other hand, can be used
to compute the directional reflected and fluorescence
intensities.#2 However, such calculations would be
extremely computationally intensive in terms of CPU
time and storage capacity in order to obtain statisti-
cally meaningful results.

To the best of our knowledge, no study has numer-
ically or experimentally explored the directional vari-
ation of the fluorescence emission from human skin.
However, the angular profile of the reflectance and
the fluorescence signals could be valuable in design-
ing optical devices for biomedical applications. In ad-
dition, biological or morphological changes of the
human skin caused by aging or diseases could also
affect the directional reflectance and fluorescence sig-
nals by changing the scattering phase function and
refractive index of the skin layers. Thus this paper
presents numerical simulations of the directional re-
flectance and fluorescence of human skin exposed to
collimated or diffuse steady-state monochromatic vis-
ible excitation light.

3. Analysis

Let us consider an area of skin exposed to monochro-
matic excitation light with wavelength \,. The exci-
tation source could be a diffuse lamp or a collimated
laser. The fluorescent light emitted by the skin is
then transported to the detector by means of a stra-



Table 2. Optical Properties Used in the Seven-Layer Skin Model at 442 and 520 nm*

n Kk, (cm™ 1) o, (em™1) N N
Thickness (em™1)

Layer (pm) 442 nm 520nm 442nm 520nm 442nm 520nm 442nm 520nm 520 nm N,
Stratum corneum 10 1.45 1.45 190 40 2300 570 0.9 0.77 1.0 20
Epidermis 80 14 14 56 40 570 570 0.75 0.77 0.0 20
Papillary dermis 100 14 14 6.7 5 700 500 0.75 0.77 7.5 25
Upper blood plexus 80 1.39 1.39 67 24.5 680 500 0.77 0.79 7.5 20
Reticular dermis 1500 14 14 6.7 5 700 500 0.75 0.77 7.5 100
Deep blood plexus 70 1.34 1.34 541 181 520 500 0.96 0.96 7.5 20
Dermis 160 14 14 6.7 5 700 500 0.75 0.77 7.5 20
Subcutaneous fat — 1.46 1.46 — — — — — — — —

“Ref. 27.

tegically placed optical guide. The field of illumi-
nation is assumed to be wider than the total skin
thickness (~2 mm) so that the problem can be
treated as one dimensional.

The transport of excitation and fluorescence light
in skin is governed by the steady-state RTE for ab-
sorbing, emitting, and scattering media. The excita-
tion intensity /, at wavelength \, and in direction §
satisfies the steady—state RTE expressed as32
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where k,_and o,, are the linear absorption and scat-
tering coefficients at the excitation wavelength, re-
spectively. The scattering phase function ®, (§;, §)
represents the probability that radiation propagating
in direction §; is scattered into the cone d() around the
direction §. The first and second terms on the right-
hand side represent attenuation of the radiation in-
tensity by absorption and scattering, respectively.
The last term corresponds to the augmentation of
radiation due to in-scattering. Note that here the
emission by the medium has not been accounted for.
Indeed, the radiation emitted by a blackbody at the
normal body temperature of 37 °C and at the excita-
tion wavelength is assumed to be negligible compared
with the excitation intensity.

Moreover, a similar equation can be written for the
transport of fluorescent light emitted by the fluoro-
phores at wavelength Az
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The last term in Eq. (2) represents fluorescence emis-
sion stimulated by the excitation light coming from
all directions. Thus G, is the fluence defined as

Jio I, dQ. The intrinsic fluorescence coefficient B, is
the product of the fluorophore contribution to the
overall absorption coefficient at the excitation wave-
length \, denoted by k, » and the quantum yield QY
of fluorescence emission, i.e, ), = k, QY, .

The Henyey—Greenstein phase function was used
to account for the anisotropic nature of scattering by
each layer of the skin and is expressed as

1_g>\2

D, (0) =
:(©) (1+g,° - 2g, cos ©)*”

3

where g, is the so-called spectral scattering asymme-
try factor and 0O is the angle between the directions §;
and 8.

To model fluorescent light transport in skin, one
needs (i) a model of the skin morphology, (ii) the
optical properties of the skin layers at the excitation
and emission wavelengths, and (iii) the spatial dis-
tribution of the fluorophores and their fluorescence
coefficient B, . The optical model of human skin de-
veloped by Zeng et al.2” has been used in the present
study to predict the steady-state directional diffuse
reflectance and fluorescence from human skin. This
model was chosen among others because (i) it pre-
sents a complete and consistent set of properties and
(i1) it was validated against experimental data for
steady-state autofluorescence of human skin. Thus
skin is modeled as a seven-layered structure whose
thicknesses and optical properties at wavelengths of
442 and 520 nm are reproduced in Table 2.

Furthermore, two different boundary conditions at
the skin surface are considered. The skin sample can
be directly exposed to air, and thus there is a mis-
match in the refractive index across the skin-air in-
terface. Then, a photon coming from within the tissue
and reaching the interface at an angle greater than
the critical angle is reflected back into the tissue. The
critical angle is defined as 6, = arcsin(1/n,,) where n,
is the refractive index of the stratum corneum. The
air—skin interface and the interfaces between the
skin layers are inherently rough and have to be ac-
counted for in simulations to understand their influ-
ence on the distribution of excitation and fluorescence
light in skin.43 However, for the sake of simplicity,
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the skin—air interface and the interfaces between the
skin layers are assumed to be optically smooth in the
present simulations. Then the incident light is re-
flected and refracted according to Snell’s law, and the
transmitted and reflected intensities are computed
with Fresnel’s equations, as is commonly per-
formed42:

1 [sin*(9, — 0,) . tan®(6; — 6,)

0)=5|— for 6,=96,,
(%) =5 sin®(0, +0,) tan®(6, + 0,

p(6;)=1 for6,>6, (4)

where p is the proportion of intensity reflected for a
given angle of incidence 6; and 6, is the angle of trans-
mittance given by Snell’s law, i.e, 6, = n sin 0,. Al-
ternatively, an index-matching cream can be applied
to the skin, thus eliminating the total internal reflec-
tion at the skin—air interface.

Moreover, in spite of varying refractive indices
within the skin, reflection and refraction effects at
the interfaces between skin layers are considered
negligible as the difference in refractive index be-
tween these layers is minimal (see Table 2). Instead,
only the speed of light, ¢ = ¢,/n, was varied in each
layer. Had there been a larger change in the refrac-
tive indices between adjacent layers, then the RTE
would have had to be solved in each layer separately
with the appropriate boundary conditions.

Furthermore, the effects of the directionality of the
excitation light on the directional reflectance and flu-
orescence has also been investigated. This is of prac-
tical importance as the incident light can be (i)
collimated if the excitation source is a laser or (ii)
diffuse if it is a lamp.

Finally, Egs. (1) and (2) are solved successively by
use of the modified method of characteristics3 (i) for
collimated or diffuse excitation and (ii) with or with-
out an index-matching cream applied between the
skin and the detector.

The conventional method of characteristics con-
sists of transforming a hyperbolic partial differential
equation into a set of ordinary differential equations
that are solved along the characteristic curves. It is
based on a Lagrangian formulation that identifies
photons at an initial time and follows them along the
characteristic curves at subsequent times as they are
transported. Characteristics are path lines of photons
in the physical space along which information prop-
agates. Although the conventional method yields ac-
curate solutions, it suffers from problems related to
grid deformation because of the nonuniform velocities
of the particles being traced. The modified method of
characteristics is a variation of this approach and
makes use of a fixed grid and traces particles back-
ward in space from each of the grid points and thus
overcomes the problem of grid deformation. In this
method of solving the RTE in three dimensions, the
RTE is converted to an ordinary integrodifferential
equation and three ordinary differential equations in
time, one for each spatial dimension. These equations
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Fig. 1. Excitation light fluence as a function of depth inside skin

for A, = 442 nm for collimated excitation light with and without
index-matching cream.

are then solved at each location and for each direction
by use of standard numerical procedures for ordinary
differential equations. Further details about the pro-
cedure can be found elsewhere? and need not be re-
peated here.

4. Results and Discussion

Simulations of directional reflectance and fluores-
cence of human skin exposed to collimated or diffuse
irradiation were performed with a discretization of IV,
points along the z direction and N, discrete polar
angles for 6 varying from 0 to . The numerical re-
sults were considered to be converged for N, = 226
and N, = 181. For example, a grid size of N, = 311
points along the z direction and N, = 181 polar angles
resulted in a change of less than 1% in the computed
values of G, for the case of diffuse excitation with-
out an index-matching cream. A discretization of
N, = 226 and N, = 241 resulted in a change of less
than 2% in G, _for the same configuration. The num-
ber of points used for each skin layer is reported in
Table 2.

A. Collimated Excitation Light

The case of skin exposed to collimated excitation light
was considered first. An emissive power or intensity
of 10,000 W/m? was imposed normally onto the skin.
Figure 1 compares the steady-state profile of the ex-
citation fluence G, (z) in the skin at A\, = 442 nm
obtained in the present study with that obtained by
Zeng et al.2” using the Monte Carlo method. Unlike
the present study, the study by Zeng et al.27 used a
computer program that accounts for mismatches in
the refractive index between adjacent skin layers.
However, the values of fluence G, predicted by the
modified method of characteristics in the case with-
out an index-matching cream fall within 5% of that
predicted by Zeng et al.27 at all points except in the
stratum corneum, where the difference reaches up to
10%. Thus, given the uncertainty in the optical prop-
erties of each layer, it can be concluded that the small
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Fig. 2. Steady-state directional diffuse reflectance of skin at \, =
442 nm for collimated excitation light with and without index-
matching cream.

differences in the refractive indices between adjacent
layers can be ignored in numerical simulations.

Moreover, the fluence G, is reduced by 1 to 5% at
the air-skin interface when an index-matching
cream is applied. Indeed, using an index-matching
cream eliminates total internal reflection at the sur-
face of the skin. Thus more light escapes from the
skin and decreases the fluence within the skin. Note
also that the fluence distribution is similar in both
cases within the deeper layers of the skin and decays
rapidly into the skin. In all cases, beyond 65 pm in
the reticular dermis, the excitation light intensity
becomes negligibly small.

1. Directional Diffuse Reflectance

The overall reflectance of human skin consists of the
specular and diffuse reflectances. The specular reflec-
tance from the skin is computed by use of Fresnel’s
laws for the light incident upon the skin. For colli-
mated excitation incident normally, the specular re-
flectance is given by p(0) = (n. — 1)*/(n, + 1)
= 3.4% at 442 nm, corresponding to an intensity of
337 W/m? sr in direction 6 = 0°. The diffuse reflec-
tance, on the other hand, corresponds to the light
backscattered after it has traveled through the skin.
Figure 2 shows the angular profile of the steady-state
diffuse reflectance of human skin with and without
an index-matching cream under monochromatic col-
limated light at A, = 442 nm. The profile of the dif-
fuse reflectance from skin in both cases is relatively
isotropic and not as anisotropic as one would expect
for a highly forward-scattering medium like skin. The
diffuse reflectance from skin depends on the separa-
tion distance between the source and the detector. As
the distance between these increases, the depth of
skin probed increases. In fact, it was shown by Meg-
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Fig. 3. Steady-state directional fluorescence of skin at \z = 520
nm for collimated excitation light at \, = 442 nm with and without
index-matching cream.

linski and Matcher44 that the diffuse reflectance from
skin with the source—detector separation at 250 um
was from tissue within 100 pm from the surface. The
present study makes use of a wide beam illumination
and the reflectance is measured at the center of this
beam. Thus the detected reflectance represents an
integrated contribution of the reflectances from all
source—detector separations varying from zero to in-
finity. However, the major contribution to the diffuse
reflectance is from photons backscattered by the top-
most layers of the tissue. Thus the directional profile
of the diffusely reflected intensity resembles the
quasi-isotropic backscattering profile for a highly
forward-scattering medium.

Moreover, a small difference can be seen in the
directional profiles of the diffuse reflectance of skin
with and without an index-matching cream. The re-
flected intensities obtained with an index-matching
cream were higher than those obtained without an
index-matching cream. This can be attributed to the
presence of total internal reflection in the case of a
mismatch in refractive index resulting in lower re-
flected intensities from the skin.

2. Directional Fluorescence

Several studies have reported numerical results
showing the spectral hemispherical distribution of
fluorescent light from skin.27:34-36 The present study
expands on previous work by reporting the direc-
tional autofluorescence of skin under steady-state
collimated exposure at 442 nm. Figure 3 shows the
angular distribution of fluorescent light at 520 nm
from human skin excited by collimated light at
442 nm with and without an index-matching cream.
Unlike steady-state diffuse reflectance, the direc-
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Fig. 4. Angular distribution of the normalized reflectance and
autofluorescence intensities from skin exposed to collimated exci-
tation with an index-matching cream along with the profile of the
cosine law.

tional fluorescence intensity is highly anisotropic and
concentrated in the direction normal to the skin. This
is because the fluorescence signal is due to photons
emitted from deeper in the skin and emerging at the
skin surface after having been multiply scattered. In
addition, the fluorescence intensity with an index-
matching cream applied onto the skin is lower than
that without an index-matching cream. At any point
in the skin, the fluorescence intensity depends on the
irradiance G, . The latter is reduced when an index-
matching cream is used, resulting in a lower fluo-
rescence intensity. Furthermore, Fig. 4 shows the
normalized reflectance and autofluorescence intensi-
ties from skin exposed to collimated excitation with
an index-matching cream along with the cosine law.
Unlike the angular profile of the autofluorescence,
which resembles the cosine law, the reflectance fol-
lows a more isotropic profile. As mentioned earlier,
the main contribution to the reflectance is from pho-
tons directly backscattered from the topmost layer of
the skin and that have not undergone many scatter-
ing events.

The hemispherical fluorescence can be computed
by integration of the directional fluorescence over a
hemisphere:

R,, = —ZTrJ I,,(0, 0)cos 6 sin 6 d6, (5)

/2

where 6 is measured from the z axis. The values of R, ,
at 520 nm with and without an index-matching
cream are 84.5 and 106.25 W/m?, respectively. Un-
fortunately Zeng et al.2” normalized all the values of
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Fig. 5. Excitation light fluence distribution as a function of depth
inside skin for A, = 442 nm for diffuse excitation light with and
without index-matching cream.

fluorescence to the maximum value (set to 100), and
no quantitative comparisons could be made.

B. Diffuse Excitation

Recently, Meerwaldt et al.'® proposed an autofluores-
cence reader for studying skin autofluorescence from
patients with type 1 and type 2 diabetes. The device
made use of an UV lamp for excitation and an optical
fiber for collecting the fluorescence signal. Optimal
design of such an instrument would require an anal-
ysis of directional reflectance and fluorescence from
skin after being excited by diffuse light. Therefore the
case of diffuse excitation light such as that produced
by a lamp is now considered. A uniform incident in-
tensity profile of the form I, (z = 0,0 = 6 = 7/2)
= 10,000/7 W/m? sr is incident upon the skin sur-
face. This value was chosen so that the same emissive
power incident upon the skin was used for both dif-
fuse and collimated excitation simulations. A part of
this incident light is specularly reflected and the re-
maining transmitted into the skin. The proportions of
light reflected and transmitted are computed using
Fresnel’s laws.

Figure 5 compares the steady-state excitation flu-
ence G, (z) profile in the skin for diffuse excitation
light with and without an index-matching cream.
There is a large difference of up to 65% in the value
of G, with and without an index-matching cream.
This is because, without an index-matching cream,
light incident upon the skin is reflected off the skin
surface and only a fraction of this incident light is
able to penetrate into the skin.

Furthermore, the fluence G, in the stratum cor-
neum and the top of the epidermis for diffuse excita-
tion with an index-matching cream is larger than
that for collimated excitation by up to 90%. On the
contrary, in the deeper layers of the skin, the fluence
obtained with collimated excitation is higher than
that for diffuse excitation by up to 30%. Indeed, when
the excitation light is collimated, the entire energy is
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Fig. 6. Steady-state directional reflectance of skin at \,, = 442 nm for
diffuse excitation light with and without index-matching cream.

concentrated in a single direction into the skin. Since
each layer of the skin is a strongly forward-scattering
medium, the excitation light is able to penetrate deep
into the skin. On the other hand, in diffuse excitation,
only a part of the energy is directed normally onto the
skin and so the fluence decreases for locations deeper
in the skin. This indicates that fluorescence emitted
from diffuse excitation comes for a large part from
fluorophores located in the topmost layer of the skin.
On the contrary, collimated excitation tends to sense
fluorophores located deeper in the skin.

1. Directional Diffuse Reflectance

Figure 6 shows the angular profile of the steady-state
diffuse and total (diffuse and specular) reflectance of
human skin with and without an index-matching
cream under diffuse excitation light at A, = 442 nm.
Unlike collimated incidence, the directional diffuse
reflectance is strongly affected by the presence of an
index-matching cream. The emissive power in diffuse
excitation is distributed over the entire hemisphere,
unlike collimated excitation, in which the entire en-
ergy is concentrated in a single direction. As a result,
the values of reflected intensity at angles close to w/2,
because of contributions from photons incident at 6
close to m/2, are much larger for diffuse excitation
than for collimated excitation.

In the absence of an index-matching cream, only a
small fraction of the incident light is able to penetrate
the skin because of specular reflection at the skin—air
interface. Also, photons incident upon the skin—air
interface at angles greater than the critical angle
within the skin are reflected back into the skin. The
combination of these two effects results in a lower
intensity of the diffusely reflected excitation light in
all directions.

0 in degrees = With index-matching cream

0 o Without index-matching cream
30 -

30

L ec = 43.60

20
60
10 ~
O
° )
0 ° T T \90
0 10 20 30

Fluorescence Intensity, I,; (W/m?”sr)

Fig. 7. Steady-state directional fluorescence of skin at N\ = 520
nm for diffuse excitation light at N\, = 442 nm with and without
index-matching cream.

2. Directional Fluorescence

Figure 7 shows the angular distribution of fluores-
cent light from human skin exposed to diffuse exci-
tation with and without an index-matching cream.
The fluorescence intensity from the skin without an
index-matching cream is lower than that of skin with
an index-matching cream. This can be attributed to
the lower value of G, within the skin observed in the
absence of an index-matching cream. Moreover, the
directional fluorescence intensity profiles are similar
to those obtained for collimated excitation. Indeed,
the fluorescence depends solely on the excitation flu-
ence G, . Thus the directional profile of the fluores-
cence is independent of the directional nature of the
excitation source. However, because of the larger ex-
citation fluence, the fluorescence intensity is larger
for collimated than for diffuse excitation light by
about 38.5% with an index-matching cream and 61%
without an index-matching cream at the maximum,
i.e., at 6 = 0°.

5. Conclusions

This paper has presented the steady-state directional
reflectance at 442 nm and fluorescence at 520 nm
from human skin using a numerical technique for
solving the RTE. The skin was treated as a seven-
layer medium with optically smooth interfaces. Col-
limated and diffuse excitations at 442 nm were
considered with and without an index-matching
cream to eliminate total internal reflection. The fol-
lowing conclusions can be drawn for collimated exci-
tation light:

® The diffuse reflectance is nearly isotropic with
or without an index-matching cream. The major con-
tribution to the reflectance is from photons backscat-
tered from the stratum corneum and thus the
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reflectance profile resembles the quasi-isotropic back-
scattering profile of the Henyey—Greenstein phase
function for g = 0.9.

® The use of an index-matching cream increases
the amount of light reflected from the skin and de-
creases the fluence within the skin. The lower fluence
in turn results in a lower fluorescence emission from
the skin.

The following conclusions can be drawn for diffuse
excitation light:

® The diffuse reflectance is nearly isotropic when
skin is directly exposed to air, whereas the presence
of an index-matching cream increases the reflected
intensity at angles close to 6 = w/2 and distorts the
isotropic profile.

® The use of an index-matching cream allows a
greater amount of light to penetrate the skin. This
then results in increased reflectance and fluorescence
from the skin.

Finally, for both collimated and diffuse excitation,
the fluorescence is anisotropic and focused along the
normal to the skin.

These results are of particular importance with the
rising interest in studying the effect of cosmetics on
skin, pharmacokinetics, and noninvasive diagnosis of
various diseases that alter the autofluorescence and
diffuse reflectance properties of human skin. Predict-
ing the directional reflectance and fluorescence pro-
files can also be valuable in designing probes and
other optics for biomedical applications.
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