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1 Introduction

Fluorescence, the re-emission of light by some molecules
(called fluorophores) that have absorbed light of a shorter wave-
length, is widely used to investigate biological tissues.' It can
be induced by native fluorophores (autofluorescence) or by
administered fluorophores. The presence of fluorophores,
their concentration, and their changes over time are indicative
of the tissue state. Fluorescence spectroscopy can therefore
be used to identify different tissue types and pathological
states. It complements other optical spectroscopic techniques,
such as diffuse reflectance spectroscopy (DRS) or Raman
spectroscopy.

Each fluorophore has a characteristic emission spectrum that
depends on the excitation wavelength. By comparing or fitting
the emitted spectra of individual fluorophores to a measured
fluorescence spectrum of tissue the concentration of the fluoro-
phores present in the tissue can, in principle, be deduced. This is
not straightforward, however, since the measured fluorescence
spectrum will be strongly distorted by scattering and absorption,
both at the excitation and at the emission wavelengths. As a con-
sequence, quantitative information about fluorophore concentra-
tions can usually only be gained if correction techniques are
used to compensate for the effects of scattering and absorption.
This is called recovering the intrinsic fluorescent spectra (IFS)
of the tissue. The intrinsic fluorescence is the fluorescence that
is only due to fluorophores independent of the interference of
absorption and scattering.

Several techniques to recover the intrinsic fluorescence have
been developed. Bradley et al. reviews over 50 different publi-
cations that addressed the recovery of intrinsic fluorescence
properties.’ Although promising results have been obtained
with various methods, thus far all available methods have
their limitation. For example, probably one of the best available
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methods for recovering the intrinsic fluorescence spectrum was
developed by Zhang, Miiller et al.*> based on photon-migration
theory. The method requires a DRS spectrum measurement
taken at the same location with the same measurement geometry
as used for the fluorescence measurement. The requirement that
the DRS spectrum has to be taken with the same measurement
geometry is, however, limiting its applicability in practice.
Autofluorescence signals are normally faint compared to
DRS signals and are weakened further by absorption in the tis-
sue. It is therefore important for the source-detector fiber
distance to be as small as possible to achieve a high signal-
to-noise ratio. Conversely, DRS measurements typically achieve
better contrast with longer optical path lengths. Also, the widely
used diffusion approximation is not applicable for short distan-
ces.® Therefore, in practice the requirement to measure fluores-
cence and DRS spectra under the same geometry requires either
a compromise in the spectra quality or an additional DRS meas-
urement. Other very promising techniques were developed, e.g.,
by Sinaasappel and Sterenborg for multiple excitation wave-
lengths’ and by Palmer and Ramanujam based on fast Monte
Carlo calculations,® which is more flexible but too computation-
ally expensive for real-time intrinsic fluorescence recovery.

In this paper, we propose an alternative way to recover the
intrinsic fluorescence spectra, based on a look-up table derived
from Monte Carlo calculations that allow real-time intrinsic
fluorescence recovery. While this technique also needs a
DRS measurement, it holds the promise to be applicable regard-
less of the measurement geometries for fluorescence and diffuse
reflectance. This technique is validated on phantom measure-
ments. For comparison, we also present a modification to the
method developed by Zhang et al. and Miiller et al. that allows
intrinsic fluorescence reconstruction from fluorescence and
DRS spectra measured with the same probe geometry but
needs less prior information about probe-related parameters
than the original technique. A comparison between the
Monte Carlo look-up table and the photon-migration theory
on various phantoms and tissues will be presented. Finally,
we apply the modified photon-migration and the Monte
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Carlo look-up methods on biological tissue to evaluate their
usefulness in practice.

2 Materials and Methods

2.1 Theoretical Background

When monochromatic light of intensity 7, illuminates biological
tissue via an optical fiber, fluorescence is emitted with the spec-
tral distribution f,,(4,,). The indices x, m, and xm are used for
properties depending only on the excitation wavelength, only on
the emission wavelength, and on both wavelengths, respectively.
A fraction of the fluorescent light will be collected by a second
fiber yielding the measured fluorescent light intensity F,,,(4,,)-
The spectral shape of F,,,(4,,) will be distorted relative to f,,,
due to the influence of absorption and scattering. To determine
the relative concentrations of the fluorophores present in the tis-
sue, one first has to disentangle the effects of absorption and
scattering from fluorescence by recovering the intrinsic fluores-
cence f,, from F,,(4,,). We also assume that a DRS spectrum
is measured at the same location and that the spectral shapes
n(4,,) of the various fluorophores are known.

A photon at the excitation wavelength A, entering biological
tissue typically will experience multiple scattering events until it
is either absorbed or leaves the tissue. If it is absorbed by a flu-
orophore, then (with a probability of ¢,,,) a new photon at the
emission wavelength 1, is emitted. Again, this photon can be
scattered multiple times before it is either absorbed or escapes
the tissue so that it may be detected. A fluorescence photon
may even be re-absorbed by a fluorophore resulting in secon-
dary fluorescence, but this case is unlikely and shall be
neglected here.

The scattering and absorption properties of a diffuse medium
like biological tissue are characterized by the absorption coef-
ficient u,, the scattering coefficient ug, and the anisotropy
parameter ¢.° The coefficients u, and y; are defined as the prob-
ability of photon absorption and scattering per unit path length,
respectively, while the anisotropy parameter g is defined as the
average of the cosine of the scattering angle. In biological tissue,
the anisotropy parameter is typically g &~ 0.9, which means pre-
dominantly forward scattering.'” Small changes of g typically do
not have a large influence on scattering as long as the reduced
scattering coefficient ] = u,(1 — g) (which gives the probabil-
ity of equivalent isotropic photon scattering per unit length)
remains constant. Therefore, we set g = 0.9 for all calculations
and simulations described in this paper. Scattering and absorp-
tion coefficients are strongly wavelength dependent, so the tis-
sue properties at the excitation wavelength are described by 4.,
ul. and by p,,,, ul,, at the emission wavelengths. The absorption
coefficient from a given absorber is proportional to its concen-
tration, u, = > In(10)e;c;, where ¢; are the concentrations and
g; the extinction coefficients for the various absorbers present. In
biological tissue, typically only a small fraction of the absorbed
photons are actually absorbed by fluorophores.

Because fluorescence, absorption, and scattering are photon
events, it is conceptually easiest to look at spectral probability
distributions, i.e., the probability of an event for a photon with
given wavelength. However, in practice one does not measure
photon numbers or probabilities, but light intensities or energies.
In this paper, spectral probability distributions are used when
discussing principles and intensity spectra when showing actual
measurement. Spectral probability distributions and intensity
spectra are not proportional to each other due to the correction
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for the wavelength-dependent energy per photon /4c /A, where h
is the Planck constant and c is the speed of light.

Following Zhang et al.,* we define the intrinsic fluorescence
f.m as the total fluorescence intensity of a thin slab of thickness
[ of nonabsorbing, nonscattering material containing the same
concentration of fluorophores. The absorption coefficient due
to the fluorophores only of this slab is denoted by p . If the
slab is optically thin (I < 1/u,y,) the intrinsic fluorescence
intensity distribution can be written as

Ay
fxm = IxTL“afx¢xm' (1)

Here, ¢,,, is the quantum yield, the probability that a photon
with the wavelength A, that is absorbed by fluorophore will gen-
erate a fluorescent photon in the wavelength range between 4,,
and /,, + A4,,. Furthermore, [y, is the probability that a pho-
ton with a wavelength 4, is absorbed in the slab by a fluorophore
and 4,/4,, corrects for the difference in energy between excita-
tion and emission photons. The quantum yield ¢,,, is given by

j'm A/1111 j'm
¢xm = ¢ Z( ) PR (2)
fO n(’lm)dim /1)6

with the total fluorescence quantum yield ¢ and 5 the spectral
intensity distribution of the generated fluorescence as a function
of the emission wavelength for the excitation wavelength used.
For a mixture of fluorophores f,,, becomes

A :
SFrm = IXTZ ln(lo)zgici¢;c;71a )
m i

where the index i sums over the different types of fluorophores
present in the tissue, and ¢; and ¢; are the concentration and the
extinction coefficient of the fluorophore, respectively. This
equation relates the fluorophore concentrations c; to the intrinsic
fluorescence f,,.

2.2 Algorithmns for Recovering the Intrinsic
Fluorescence

2.2.1 Photon-migration based methods

To extract the intrinsic fluorescence f,,, from the extrinsic mea-
sured fluorescence F,,,(4,,), Zhang et al. and Miiller et al. intro-
duced a method based on photon-migration theory. Since, in this
method the photon-migration due to scattering and absorption
only will be used to disentangle these from the fluorescence
measurement, it is essential that the diffuse reflectance and fluo-
rescence are measured with the same geometry and at the same
location. According to photon-migration theory, light traveling
in the turbid medium is described in terms of photon propaga-
tion with discrete tissue interactions. These discrete events can
either be scattering, absorption, or the emission of a fluores-
cence photon. A photon injected into the tissue from the delivery
fiber can either be scattered a number of times before reaching
the detection fiber, or be absorbed and be lost, or be absorbed
and re-emitted as fluorescent photon. The probability that a pho-
ton enters the medium via the illumination fiber, is subject to n
scattering events, escapes the medium, and is collected at the
detector fiber can be written as'!

pn ™ ke, )
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with constants f and x depending on the tissue properties and the
measurement geometry but being independent of n. The albedo
a, hence the probability that a photon interaction results in a
scatter event, is given by

Hs
= : (5)
My + Ha

The measured diffuse reflectance of a homogenous medium
is then given by

R= Zaxﬂn =

where a is the probability that n subsequent photon interactions
are scattering events.

The diffuse reflectance in absence of absorption (a = 1),
defined as R, can be written as R, = k/e with £ = ¢/ — 1.
Wau et al. showed that the parameter f can be written as

p=S01-yg). )

with S as a constant primarily determined by the source-detector
fiber geometry and ¢ the anisotropy parameter.

To describe the fluorescence, we first consider a dilute opti-
cal thin sample of thickness /, hence, yf,l < 1, having a homo-
geneous distribution of the fluorophore and no other absorbers
and scatterers. The intrinsic fluorescence produced by this sam-
ple is given by Eq. (1). For fluorescence in turbid medium, the
photon-migration can be divided into i scattering events fol-
lowed by a fluorescence event at i + 1 and subsequentn — i — 1
scattering events before reaching the detector fiber. The escape
probability for these events can be approximated by*

— Me_ﬁx(i+l)e_/}m(n—i—l)' (8)

Similar as for the diffuse reflectance, the measured fluores-
cence intensity can then be written as

A. o n-1 u )
Fam =57 ania;(;f" qm) arl o)
m

with a, and a,, the albedo at the excitation and the emission
wavelength, respectively. Note that the length scale [ in
which the fluorescence excitation can occur is the free optical
path length between two scattering events, i.e., 1/ug,.
Evaluating Eq. (9) while using Eq. (8), the intrinsic fluorescence
can be expressed by (see Refs. 4 and 5):

(©)

eﬁ—a

Fxm
. (10)

fxm - 1 Ry R, 1/2 R R,
Doxtom. X Nm
il \ et Roe \ Roy T €m

The parameters S = (1 — g)/f and [ have to be determined
for a given probe by validation on physical test phantoms as
described by Miiller et al. This method will be called the
MiillerZhang method in this paper.

In practice we found that obtaining reliable values for S and [
from phantom measurements is difficult. So to extract the intrin-
sic fluorescence in absence of prior knowledge of / and S, we
proceed as follows. For biological tissues, the anisotropy param-
eter g is typically only slowly varying in the visible (VIS) and
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near infrared (NIR) part of the spectrum,'® so taking g and ¢
constant is a reasonable approximation. Furthermore, from
Eq. (6) we deduce that the wavelength-dependent parameter
k is determined by scattering only. Using the determined R,
and a,, and substituting x,, = Ry(e’» — 1) in Eq. (6), we can
deduce the parameter f,, and thus the parameter ¢,,. From
the measured R,, and the determined diffuse reflectance in
absence of scattering R,, together with the parameter ¢,,, we
retrieve from Eq. (10) the intrinsic fluorescence from the mea-
sured fluorescence F,,, apart from a scaling factor. Since for
biological tissue we are interested primarily in the shape of
the intrinsic fluorescence, we finally normalize the total
retrieved intrinsic fluorescence to one. Throughout this paper
this normalized retrieved intrinsic fluorescence shall be used
for examples based on this photon-migration model. This varia-
tion of the MiillerZhang method will be referred to as the modi-
fied photon-migration (MPM) method.

2.2.2 look-up table methods

The probability of an absorbed photon generating a fluorescent
photon in the wavelength range between 4,, and 1,, + A4,, is

given by the effective quantum yield ¢¢If and can be written
8,12
as®

() =2 an

ax

The intrinsic fluorescence f,, is related to this effective
quantum yield using Eq. (1) according to

Ay
f - Ix_ﬂaxl¢8ff (12)

m

Furthermore, the probability p,,, that a photon from the exci-
tation light is re-emitted at the wavelength 4,, and then collected
by the delivery fiber is given by

Fxm /1_m
I.X }’X )

Pxm = (13)

If one ignores nonlinear effects (like photo-bleaching) ¢¢If
and p,,, have to be proportional to each other:

Pim = kon®in- 14

The factor k,,, represents the probability that a generated
fluorescent photon is detected and depends strongly on the opti-
cal properties of the tissue at the emission wavelength (u,, and
u,) and the probe properties (e.g., on the distance p between the
delivery and the collection fiber, the orientation, the diameters
and the numerical apertures of the fibers, and the reflectivity of
the probe material). It also depends on the tissue properties at the
excitation wavelength, because p,, and p/, determine the loca-
tion where the excitation photon is absorbed and therefore where
the fluorescent photon is emitted.

For a fixed probe, k,,, depends only on the optical properties
of the tissue at the excitation and the emission wavelengths:
kym = K (Haxs Bixs Ham»> Ham)s hence we can write [using
Eqgs. (12) and (13)]:
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1 Fo.l
= 7 IR (15)
kxm (/’taxv Hsx> Bams ﬂsm) I, Ax

In principle, &y, (Hayx» Hixs Ham» Ham ) €an be determined exper-
imentally, similar to an approach described by Rajaram et al. to
determine the diffuse reflectance R for a given probe at different
s, and " In this approach, they made measurements on vari-
ous phantoms with known optical properties to create a two-
dimensional look-up table. In the case of fluorescence, k.,
depends on four variables, so the look-up table has to be
four-dimensional. This makes determining a look-up table
experimentally not only impractical but unfeasible. An analyti-
cal or numerical approach is required to obtain a reasonable
sized look-up table for k,,. In this paper, a Monte Carlo
approach will be presented.

2.3 Development of a Monte Carlo Routine to
Calculate the Fluorescence Look-Up Tables

An efficient Monte Carlo method to describe fluorescence has
been developed in Ref. 8 based on earlier work presented in
Ref. 12. It considers fluorescence as a two-step process, with
an excitation and an emission step. In the excitation step, the
excitation light from the delivery fiber propagates through the
tissue and part of it is absorbed by the fluorophore. In the emis-
sion step, the fluorophores emit light at the emission wave-
length, which propagates through the tissue and is partly
collected by the collection fiber. The results of both steps are
then combined in a convolution procedure. Both steps are inde-
pendent of each other and can be calculated separately with stan-
dard Monte Carlo routines as described by Wang et al.'* The
excitation step depends only on the coefficient pair y,, and
ul, while the emission step depends only on u,, and p),.
The efficiency gain of the two-step model versus a single-
step model (see Refs. 15-17) for creating a look-up table is enor-
mous: it creates the four-dimensional look-up table out of two
two-dimensional tables of Monte Carlo simulations. To create a
10 values each look-up table for p,, pir, fam, and p, a single-
step method needs to perform 10,000 Monte Carlo simulations,
while the two-step method needs to do only 100 Monte Carlo
simulations each for the emission and the absorption step.

We consider the case where an optical probe is in contact
with semi-infinite tissue (z > 0) with the circular delivery
and collection fibers perpendicular to the tissue boundary at
7z = 0. The origin of the coordinate system (0, 0) is set at the
center of the exit facet of the delivery fiber. The light intensity
then is rotational symmetric around the delivery fiber enabling
the efficient use of cylindrical coordinates (r, z).

The excitation step is a standard Monte Carlo routine'* that
calculates the absorbed energy probability density A(r,z),
which is the probability per unit volume that a photon from
the source fiber will be absorbed at (r,z) for a given set of
Hax and .

A photon emitted by a fluorophore has to escape the tissue
before it can be detected. Due to the symmetry of the problem,
the escape probability depends only on the depth z at which the
emitting fluorophore is located. The emission step calculates the
fluorescence escape probability density E(r,z), which is the
probability per unit area that a photon emitted at (0, z) will
exit the tissue at the coordinate (r,0) and is captured by a col-
lection fiber taking the numerical aperture and diameter of the
fiber into account. Fluorescence emission is isotropic, so each
photon package starts in a random direction from (0, z). The
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photon package propagation is described by the absorption
and scattering coefficients u,, and p., of the tissue. Using
an independent Monte Carlo step to calculate E is a more gen-
eral but also a more computationally expensive approach than
using the principle of reciprocity to determine E from A as in
Refs. 8 and 12. And indeed in validation tests we obtained some-
what different values for E from the two methods. We believe
the reason for that is that the photon paths in the excitation and
emission steps are not perfectly symmetric as assumed for reci-
procity. For example, a fluorophore molecule close to the deliv-
ery fiber will have more photons coming from that direction of
the fiber than from other directions, so the absorption can appear
anisotropic while the emission of photons by the fluorophore is
always perfectly isotropic. A similar argument can be made for
the fibers: the light cone emitted from the delivery fiber will be
symmetric but the collection fiber will accept any light within its
numerical aperture (NA), whether symmetric or not.

E and A contain the spatial distribution of the fluorescence
process. The probability that a photon of wavelength 4,, is emit-
ted at (r, z) is given by

pgen(”? Z) = ¢§£{,A(F, Z)' (16)

To obtain the probability of the generated fluorescent light
being collected, this p,, has to be convoluted with the fluores-
cence escape probability density £ which we shall do for each
depth z separately. The overall probability of fluorescence pho-
tons exiting at the surface at a given radius r is then obtained by
integrating over all depths:®

pxm(r) = /pgen(r’ Z) * E("‘/, Z)dZ, 17

where r’ is the radius measured from the center of the delivery
fiber. The Monte Carlo simulations use an r-z grid with constant
step sizes Ar and Az, hence combining Egs. (16) and (17) yields

Pan(r) = ke (1) = S AZ D> A(r,z)) x E(r'.2;).
(18)

This is Eq. (14) with an explicit expression for the correction
factor k.

To calculate k,,,, a convolution of E and A is required. For
this paper, the convolution is done in Cartesian coordinates, so
first A(r,z) and E(r,z) are coordinate transformed into
A(x,y,z) and E(x,y,z). With the exit facet of the delivery
fiber at (0, 0, 0) and the entry facet of the delivery fiber at
(p,0,0) the equation for the correction factor becomes

kxm(p) = AXAyAZZZZA(xkvyj9 Z1>E(p _xkvij Zi)'
i Jj k
19

In a final step, k,,, is normalized by dividing it by the total
absorption coefficient yu,,. This is necessary because the above
derivation does not distinguish between absorption by fluoro-
phores and by other chromophores.

The absorption, emission, and convolution steps described
above were implemented in a Matlab (from MathWorks,
Natick, Massachusetts) routine. All Monte Carlo calculations
were done on 7 mm by 6 mm r-z grids with a step-size of
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0.02 mm. Test runs showed that photons that penetrate deeper
than 6 mm or further than 7 mm from the source fiber have a
negligible contribution to the measured fluorescence. The
source and collection fiber had a numerical aperture of 0.22
and a core diameter of 200 um. The look-up tables were calcu-
lated on a 28 X 20 X 28 X 20 p/, — fax — Him — Ham grid. The
grid values were 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1, 1.25, 1.5,
2,25,3,35,4,5,6, 8, 10, and 12 mm~! for u/, and pu.,
and 15, 8, 6, 5, 4, 3, 2.5, 2, 1.5, 1.25, 1, 0.75, 0.5, 0.25,
0.125, 0.1, 0.05, 0.025, 0.01, and 0 mm™~! for Hay and pg,,
respectively. This grid covers typical values encountered in tis-
sue (a few 1 mm™! for u/ and of the order of few 0.1 mm~' for
i,)- The Monte Carlo simulations were run for 250,000 photon
packages both for the excitation and the absorption phase
(except for u,, =0, where the number was reduced to
100,000). Calculating the full look-up table took about three
weeks on a standard office PC. Information about the validation
of the Monte Carlo routine can be found in the Appendix.

2.4 Experimental Setup and Measurement Procedures

All measurements on tissue phantoms are performed with the
probe shown in Fig. 1(a), while some of the biological tissue
samples are measured with a probe geometry tip shown in
Fig. 1(b). The probe is connected to an optical console
which contains the light sources and the spectrometer.
Fluorescence is excited from fiber A with light from a laser
diode (Nichia NDUI113E, 1, = 375 nm). The fluorescence
light is collected by fiber B and sent to an optical spectrometer
in the visible wavelength region (Andor DU420A-BR-DD). A
filter in the spectrometer blocks light with a wavelength
A <405 nm. For DRS measurements, an optical switch changes
the light source of fiber A to a tungsten halogen broadband light
source (Ocean Optics, HL-2000-HP). A second halogen light
source is connected to fiber C, to allow the measurement of
the DRS spectra at a second longer distance. The fluorescence
and the DRS measurements use the same collection fiber B and
the same spectrometer. Fiber D is connected to a second NIR
spectrometer, which is not used for the fluorescence measure-
ment, but extends the DRS spectra into the near-infrared region.
The various light sources are switched on and off individually by
computer-operated shutters. The setup is controlled by a laptop
running software purpose-written in labview (from National
Instruments, Austin, Texas). More details about the setup,
including information about the calibration, can be found
in Ref. 18.

During each measurement, three spectra are acquired: a fluo-
rescence spectrum and diffuse reflectance spectra at the short

@3

Fig. 1 (a) Schematic drawing of the optical probe head used for the
phantom measurements and (b) the optical probe head used for tissue
measurements. The fiber ends at the tip of the probe are labeled A to D.
Distances are in mm.
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fiber distance (60 = 0.3 mm) and the long fiber distance
(6 = 1.8 mm). From the DRS measurement the absorption
and the reduced scattering coefficients are determined for all
wavelengths involved. This is done by fitting the spectra with
the diffusion theory model of Refs. 13 and 19. The absorption
coefficients u,, and u,, are determined from the extinction
spectra of the individual chromophores using the concentrations
as fitting parameters, while the reduced scattering coefficients
ul. and u/, are approximated by a superposition of two expo-
nential functions (one for Mie and one for Rayleigh scattering).
A Levenberg-Marquardt nonlinear fitting algorithm is used to
optimize the chromophores concentrations and scattering
parameter. The algorithm is described and validated in detail
in Refs. 18 and 20. The algorithm generally yields very good
agreement between measured and fitted DRS spectra. A draw-
back is that the model requires that the extinction spectra of all
absorbers are known. Also, the algorithm becomes less reliable
for short fiber distances (p < 1 mm) because the diffusion
approximation breaks down. As a result, one typically obtains
a different set of u! and p, from the short distance (SD) DRS
measurement than from the long distance (LD) with the long
distance set being more trustworthy.

To determine the intrinsic fluorescence according to the
MiillerZhang method, first the measured short distance DRS
spectrum is fitted by the diffusion theory model as described
above. From this fit the albedo «, can be determined.
Furthermore, we can deduce the scattering in absence of absorp-
tion by setting the absorption coefficient from this fit equal to
zero yielding R. In the MiillerZhang method, the probe-specific
parameters S and [ are determined from measurements on
known samples. From this § we can then determine f and sub-
sequently e. Inserting S, /, &, and the measured R and F,,, in
Eq. (10) yield the intrinsic fluorescence. In the MPM method,
the parameters S and / are not a priori known. Here, we deter-
mine x using the relation k = Ry(ef — 1). Inserting a,,, R,, and
k in Eq. (6) and using for R the measured short distance DRS
spectrum we can deduce the parameter f and thus the parameter
€ = (¢ —1). From Eq. (10) we can then deduce the intrinsic
fluorescence from the measured fluorescence F,,, apart from
a scaling factor.

To determine the intrinsic fluorescence with the Monte Carlo
look-up table (MCLUT) method, Eq. (15) is employed to cal-
culate ¢S, making use of the calculated previously look-up
table for k,,,. Then, Eq. (12) is used to determine the intrinsic
fluorescence f,,,, as defined above. This can be done with the
u. — pg-set from the short or the long distance DRS measure-
ment, resulting in two different intrinsic fluorescence spectra,
which we call short MCLUT and long MCLUT.

If the intrinsic fluorescence spectra #; of the individual fluo-
rophores are known, then the (relative) concentrations c; of the
fluorophores can be determined by fitting f,,, according to
Eq. (3) with the ¢; as fit parameters. We are only interested
in relative concentrations, so we set € and ¢,,, to 1 as scaling
factors.

2.5 Tissue Phantom Preparation

To validate the MCLUT method, phantoms with a single fluo-
rophore are made by diluting latex balls (scatterer, diameter
diameter ~ 1 um, Duke Scientific), red tissue marking dye
(absorber, #63020-RD, Electron Microscopy Sciences), and a
Lucifer Yellow preparation (fluorophore) in distilled water.
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These phantoms were also used to determine the constants .S and
[ for the flat-head-probe according to Ref. 5.

To compare the different techniques of reconstructing the
intrinsic fluorescence spectra in a quantitative way, a series
of phantoms are prepared. They contain a mixture of two differ-
ent fluorophores in various concentration ratios and an absorber
in various concentrations. The diffuse reflectance and fluores-
cence spectra of the phantoms are measured and the intrinsic
fluorescence spectrum of each phantom is recovered using all
three techniques. From the recovered intrinsic fluorescence
spectra the ratio of the two fluorophores in the phantom is deter-
mined. The deviation of the fluorophore ratio determined, thus
from the true fluorophore ratio is taken as a measure for the
quality of the recovery algorithm.

Nine phantoms were made, called N1 to N9. All phantoms
contain the same amount of scatterers. The scatterers are
Polybead® polystyrene microspheres from Polysciences,
Inc. with a diameter of 1.025 4+ 0.01 ym. The initial suspen-
sion was diluted in demiwater to a polystyrene concentration
of 2.4 V%. The absorbers used are a mixture of Amaranth and
Tartrazine from SigmaAldrich. Amaranth and Tartrazine are
both red food dyes with a high stability against photo-bleach-
ing. Using a mixture creates a more characteristic absorption
spectra than a single absorber. The extinction spectrum of the
mixture was measured and it showed two distinct absorption
maxima at 434 and at 522 nm. Phantoms N1, N2, and N3
are prepared with 5 V% of the absorber mix, phantoms N4,
NS5, and N6 with 1.25 V%, and phantoms N7 and N8 with
0.5 V%. Phantom N9 does not contain any absorber and is
used as a reference.

The fluorophores used are preparations of Stilben-3 and bril-
liant Sulfaflavin in demiwater. Three different combinations of
the two fluorophores were used. Both fluorophores have broad
fluorescence peaks with a maximum around 425 nm (Stilben-3)
and 525 nm (brilliant Sulfaflavin). These two peaks will typi-
cally still be visible in the intrinsic fluorescence spectra of a mix-
ture, with the relative height of the peaks depending on the
Stilben3/Sulfaflavin ratio. Phantoms N1, N4, and N7 were pre-
pared with an (arbitrarily scaled) Stilben3/Sulfaflavin ratio of 1;
N2, N5, and N8 with a Stilben3/Sulfaflavin ratio of 2.75; and N3
and N6 with Stilben3/Sulfaflavin ratio of 0.26. These ratios were
determined by measuring the fluorescence spectra of the various

(@)

10 M, [mmT]

0.1

’ -1
W [mMm™]

(b)

mixtures and then fitting the spectra of the individual fluoro-
phores. The intrinsic fluorescence spectrum of all fluorophore
preparations are measured on the undiluted preparation without
any additional absorbers or scatterer present.

2.6 Biological Tissue Measurements

To determine the applicability of the MPM and MCLUT tech-
niques to biological tissue, we also measured various ex vivo
human tissue samples. These measurements were conducted
at The Netherlands Cancer Institute (NKI-AVL) under approval
of the internal review board. Tissue samples from lung, liver,
breast, and cervix are obtained from patients undergoing a sur-
gical tumor resection. The freshly excised tissues are grossly
inspected by a pathologist prior to our measurements. A differ-
ent optical probe is used with a sharp step-like tip [see Fig. 1(b)]
that can penetrate the tissue and measure inside the tissue vol-
ume. The measurements on cervical tissue are done on the sur-
face of the ectocervix with the flat-head probe. The analysis is
done as described above for the phantoms. No good values for
the constants / and S are available for the step probe so the origi-
nal MiillerZhang method is not used for the biological samples.

3 Results

3.1 Examples of Look-Up Tables

Figure 2 shows two typical examples of the look-up table k,,
calculated with our Monte Carlo routine. The images only
show a two-dimensional subset where the values at the excita-
tion wavelength are kept fixed at /. = 1.25 mm™' and yu,, =
20 mm~'in(a)and at g/, = 5.0 mm~' and p,, = 1.5 mm~" in
(b) both for a source-detector fiber distance p = 0.3 mm. As one
would expect, the correction factor k,,, decreases for increasing
Ham-> 1.€., the measured fluorescence intensity decreases with
increased absorption at the emission wavelength. The influence
of u,, is more complicated. For low values of y.,, there exists
a maximum k,,, i.e., an increase of the scattering coefficient
Ul increases the measured fluorescence intensity until a maxi-
mum is reached after which a further increase in y;,,, results in a
sharp drop. The maximum grows less pronounced and finally
disappears when the absorption coefficient pJ, increases
further.

10 Hom [mm"]

0.1

W g 7]

Fig. 2 Example of two Ky, (ksx, fhv, Hsm, Ham) look-up tables. The full look-up table is four-dimensional; the image shows only the p/, — p,,,, curves for
two different fixed u/, — u,, combinations: (@) uy = 1.25 mm=", y,, =2 mm~" and (b) ul, =5 mm=", u,, = 1.5 mm~", p = 0.3 mm.
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Figure 3(a) shows the dependence of k,,, when scattering
and absorption properties are varied at the excitation
wavelength for fixed u!, = 10 mm™', u,, =1 mm~'. The
correction factor k,, shows variations of the same order of
magnitude as when varying the parameters at the detection
wavelength.

For monochromatic excitation, there is only one value for y;,
and p,, but a different (i), pa,) duplet for every measured
emission wavelength. Using those as input for the look-up
table yields a correction factor spectrum k,,,(4,,). Figure 3(b)
depicts four such spectra, using the same (i), ftam) SPECtrUmM
but with moderate differences in the /., and p,, values. These
differences cause significant deviations in the absolute values of
the correction factor but also noticeable changes in the shape of
the curves.

(@)

1

1 0.1
Wy [mm™]

3.2 Recovery of the Intrinsic Fluorescence Spectrum
Using the Monte Carlo Look-Up Table

This section describes the recovery of the intrinsic fluorescence
spectrum using the MCLUT method. As an example, we con-
sider the phantom with one absorber, one fluorophore, and one
type of scatters (see Sec. 2.5).

Figure 4 shows the DRS and fluorescence spectra measured
on the single fluorophore phantom. The red paint has absorption
peaks at 528 and 571 nm, which are clearly visible in the DRS
spectrum and the latter also in the fluorescence spectrum. The
absorption clearly has a major influence on the measured fluo-
rescence spectra, which looks very different from the real intrin-
sic fluorescence of the fluorophore [Fig. 4(b)].

From the p/,, 1) » phsm» and u,,, from the short distance meas-
urement the correction factor &, is determined by interpolation

0.3

xm

0.2

Correction factor k

-1 -1
—uax=0.1 mm ,usx=1 mm

0.15 \ | — =, =05 mm™, W =1 mm™"[1
‘ [ R pax=0.1 mm™, u’sx=2 mm™!
L e -1 ~14
01Fwv 1y, =05 mm™, ' =2 mm

400 450 500 550 600 650 700 750 800 850
Emission wavelength km [nm]

Fig. 3 (a) Example of a k,, look-up table for a fixed pl, — pam combination: ul, =10 mm=', p,, =1 mm~". (b) Calculated correction curves for
identical (ul,,, fam) spectra but different uZ,, and u,, combinations. The curves were calculated for u/,, = 1 mm~" and for the u,,,-spectrum determined

by a blood concentration of 0.75 mg/ml oxyhemoglobin.
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Fig. 4 Plot of (a) the measured reflectance spectrum and the calculated correction factor k,,,, and (b) the measured fluorescence spectrum and the
recovered fluorescence spectra compared to the measured intrinsic fluorescence spectrum of the pure fluorophore preparation. All graphs are scaled to
facilitate comparison.
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from the look-up table [Fig. 4(a)]. It is obvious that k,,,, has sim-
ilar features as the measured reflectance spectrum. Figure 4(b)
shows the recovered intrinsic fluorescence spectrum using the
MCLUT technique. Good agreement between the recovered
intrinsic fluorescence spectra and the fluorescence spectra mea-
sured on the pure fluorophore preparation is obtained.

3.3 Comparison of Different Methods for Obtaining
the Intrinsic Fluorescence on Phantoms

In this section, the recovery of the intrinsic fluorescence of the
nine samples (N1 to N9) will be discussed. All samples are mea-
sured with the probe and setup described in Sec. 2.4, with DRS
measurements being taken at both the short and the long dis-
tance. Figure 5 shows the DRS measurements and the resulting
fits for two of the phantoms. Agreement between the

Phantom N1
25| (@)
3 -
— 25+
]
S,
|
©
2
5 151
[hs
1 -
short measurement
ost  F | mme==- short fit i
long measurement
----- long fit
0 . . L L T T N
400 450 500 550 600 650 700 750 800

Light wavelength [nm]

Reflectance [a.u.]

850

measurement and the fits is limited by the uniform size of
the scatterers, which causes ripples in the u/,,-spectra that can-
not be reproduced by the exponential function used. Figure 6
depicts for the same two phantoms the measured fluorescence
curves, the intrinsic fluorescence curve of the fluorophore mix-
ture, and the intrinsic fluorescence curves recovered with the
MiillerZhang, MPM, and MCLUT. The Monte Carlo look-up
table method is used with both the short and the long DRS
measurement.

Although not shown in this paper, the recovered intrinsic
fluorescence of the other phantoms exhibit similar results: the
strong absorption dips are removed from the fluorescence spec-
tra for all the methods used. However, the relative heights of
the two fluorescence peaks are rarely recovered correctly.
Furthermore, the fluorescence intensity >600 nm is decreasing
slower than observed in the real intrinsic fluorescence regardless

Phantom N6
ast (P)
3
25
2
1.5
1
short measurement
o5+ 4 | me===- short fit |
long measurement
----- long fit
0 . L . T I N
400 450 500 550 600 650 700 750 800 850

Light wavelength [nm]

Fig. 5 DRS measurement curves (solid lines) with fitted curve (dotted lines) at short (black) and long distances (red) for the phantoms (a) N1 and (b) N6.

The long-distance curves were multiplied with 7 to enhance the visibility.
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Fig. 6 The directly measured and the recovered intrinsic fluorescence spectrum of phantoms (a) N1 and (b) N6. The graphs are scaled so that the

integral under the curve is 1.
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of the method used. It is not clear whether this “tail” is caused by
the algorithms or whether it is due to actual additional fluores-
cence (e.g., by the fiber probe or by the polystyrene
microspheres).

To derive a measure for the quality of the fit, the recon-
structed fluorescence curve is fitted as a superposition of the
individual intrinsic fluorescence curves of Stilben 3 and brilliant
Sulfaflavin. This fitting was done in the wavelength range from
405 to 575 nm to limit the influence of the low intensity, long
wavelength “tail” on the result. From the fitting results the
Stilben3/Sulfaflavin ratio is calculated. Table 1 lists the devia-
tions (in %) from the expected Stilben3/Sulfaflavin ratio for
each sample for the various methods used. The last two rows
in Table 1 give the mean and the standard deviation for each
technique.

3.4 Recovering the Intrinsic Fluorescence
of Biological Tissue in Practice

In this section, different intrinsic fluorescence recovery methods
shall be compared when applied to human breast, lung, liver,
and cervix tissue samples. Typical examples of the DRS and
fluorescence spectra obtained from these human tissue samples
are shown in Fig. 7. To retrieve the scattering and absorption
from the DRS spectrum, we apply the fitting as described
above taking the chromophores hemoglobin, deoxyhemoglobin,
water, lipid, beta-carotene, collagen, and bile (for liver samples)
into account. In Fig. 7(a), 7(c), and 7(g) the double dip structure
due to oxyhemoglobin near 550 nm is clearly visible and fitted
well in these three cases. In Fig. 7(e), i.e., liver tissue, the double
dip is less prominent and the blood is more deoxygenated. When
we compare the recovered intrinsic fluorescence according to

Table 1 Deviation of the recovered fluorophore ratios (Stilben3/
Sulfaflavin) from the expected ratio expressed in percentage (%) for
eight phantom samples. The row labeled =2 gives the sum of the squared
deviations for each method. The average deviation (average) over the
eight samples and the standard deviation (STDEV) are given as well.

Method

the MPM method with the MCLUT method, we observe that
the intrinsic fluorescence reconstruction of the MPM and the
short distance MCLUT methods are similar. In comparison,
the long distance MCLUT methods seems to result in an “under-
correction,” meaning that the long distance MCLUT result is
closer to the original measured spectra than those of the
other methods. Apart from lung and liver where the absorption
due to blood is large, the three models predict similar results for
the recovered intrinsic fluorescence.

4 Discussion

This paper reveals different ways to recover the intrinsic fluo-
rescence spectrum from measured spectra of the fluorescence
and the diffuse reflectance in turbid media. The MCLUT tech-
nique is, as far as the authors know, the first time that a look-up
table has been used for this purpose.

The shape of the look-up table calculated by the Monte Carlo
routine is complex but plausible: with increasing absorption,
both at the excitation and the emission wavelength, the mea-
sured fluorescence decreases [Figs. 2 and 3(a)]. The influence
of scattering is more complicated. The scattering coefficient at
the emission wavelengths inversely correlates with the maxi-
mum distance from the fluorophore that, on average, the emitted
photon will reach on its random walk through the tissue.
Therefore, increasing u.,, at first raises the measured fluores-
cence as the photon density at the collection fiber increases
but then decreases because most photons cannot reach the col-
lection fiber anymore. This explains the maximum in Fig. 2(a)
and 2(b). Varying the scattering at the excitation wavelength also
produces a maximum in the fluorescence intensity for medium
ul. For low scattering, the excitation photons can enter deep
into the tissue before being absorbed by a fluorophore, resulting
in very few fluorescent photons exiting the tissue. For large p/,,
the excitation photons will be absorbed very close to the delivery
fiber and many photons will be scattered out of the tissue with-
out being absorbed. Therefore, maximum collection of fluores-
cent photons occurs for medium scattering at the excitation
wavelength.

This complex dependency of k,,, on the optical properties at
both the emission and the excitation wavelength justifies using a
four-dimensional look-up table. In particular, the influence of

Miiller MCLUT MCLUT ul and p,, cannot be described by a simple scaling parameter.
MPM Zhang (short) (long) This is demonstrated in the examples in Fig. 3(b) where a com-
N N N N parison of, e.g., the solid red curve with the dash-dotted green
Somple N1 s —19% 0% =13% curve shows that the shape of a correction spectrum can vary
N2 ~33% _36% 99, ~31% significantly if the optical properties at the excitation wave-
lengths change. This four-dimensionality is an important differ-
N3 33% 31% 48% 30% ence between the look-up table methods and the photon-
. . . . migration based methods, since the latter does not consider
N4 —3% -1% ~2% ~9% the optical properties at the excitation wavelength except for
N5 _16% ~13% ~16% —26% using u,, as a scaling factor.
On the tissue phantoms, the various techniques to reconstruct
N6 39% 41% 39% 32% the intrinsic fluorescence all perform reasonably well. The
strong absorption dips are filtered out regardless of the method
N7 14% 18% -11% ~13% used. However, the various methods produce subtly different
N8 16% 27% —26% _28% shvapes for the intrinsic fluorescence spef:tra that affect the d<'ater—
mined relative fluorophore concentrations. These determined
3?2 0.46 0.53 0.49 0.47 ratios of fluorophore concentrations were used as a measure
of the goodness of intrinsic fluorescence reconstruction.
Mean 5% 6% 3% ~7% Table 1 shows that none of the methods works best for all
STDEV 24% 259, 259 23% samples. To get a figu1.re of rpeﬁt for the overall quality of
each technique, the relative deviations are squared and summed
Journal of Biomedical Optics 027009-9 February 2013 « Vol. 18(2)
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Fig. 7 Short- and long-distance DRS measurements and the fit result for (a) breast, (c) lung, (e) liver, and (g) cervix human tissue are given. In (b), (d), (f),
and (h), the corresponding fluorescence spectrum and the recovered spectrum according to the MPM, MCLUT SD, and MCLUT LD are presented,

respectively.
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up (see the row labeled X2 in Table 1). By this measure, the
MPM and the MCLUT methods using the data from the long
distance measurement yield the best results. The MCLUT
method making use of the short distance diffuse reflectance
measurement and the MiillerZhang method perform somewhat
less well but the differences are marginal.

A common issue is caused by the fact that the source-detector
fiber distance is of the same order of magnitude as the typical
scattering length. This means that the light transport in tissue
does not comply with the criteria necessary for the diffusion
approximation to hold. In all the methods investigated in this
paper, the step to retrieve the scattering and absorption parameter
rely on this diffusion theory. In the MiillerZhang method and the
MPM this is partly solved by using only the scattering informa-
tion (i.e., the function R,) determined by this diffusion theory fit
while the absorption is only taken into account by using the sep-
arately measured diffuse reflectance spectrum R,,. For the
MCLUT methods, however, this is a serious issue when the
short distance DRS measurement is used. The MCLUT using
the long distance DRS measurement is affected least. The prob-
lem with the diffusion approximation for short distances therefore
explains why the long MCLUT works slightly better than the
short MCLUT for the phantom measurements. These fitting
errors might be lessened by employing, instead of the diffusion
approximation based fitting of the DRS spectrum, an inverse
Monte Carlo based fitting of the DRS spectrum.

The slightly improved performance of the MPM compared to
the original MiillerZhang method might be explained by the
additional freedom in the MPM method, where the parameters
[ and S are determined in each fit separately, compared to the
MiillerZhang method, where they are determined once based on
various test phantoms.

Care must be taken with the ranking of the various methods
to recover the intrinsic fluorescence used in the report. As mea-
surements were only done on a small number of similar phan-
toms, there remains a large margin for statistical and systematic
errors. For example, it appears as if all reconstruction methods
produce increasing errors for phantoms with decreasing
Stilben3/Sulfaflavin ratios, but it is unclear whether it is a
real effect or a statistical artifact and, if it is a real effect, whether
it is caused by our special choice of tissue phantom. Further
investigation on this point is required. Also, the method chosen
to compare the various techniques is rather arbitrary, even
though recovering the intrinsic fluorescence spectra and deter-
mining the fluorophore concentrations from it is of large prac-
tical relevance. Still, we believe that the phantom measurements
give a good first impression of the performance one can expect
from the various intrinsic fluorescence recovery methods. To the
best of our knowledge, this is the first attempt of a quantitative
comparison of different techniques. In general, we can conclude
that the various methods are able to reconstruct the intrinsic
fluorescence but the error in the reconstruction can lead to errors
in relative concentration on average of up to 25% (i.e., one stan-
dard deviation) as found in our examples.

From the examples presented on human breast, lung, liver,
and cervix tissue we observe that the MPM and short distance
MCLUT methods produce similar results for the recovered
intrinsic fluorescence. For breast and cervix tissue these
agree with the results from the long distance MCLUT method.
Although no benchmark with the real intrinsic fluorescence can
be made, these results are promising since the results are
obtained with two highly independent reconstruction methods.

Journal of Biomedical Optics

027009-11

When we compare the DRS spectra measured for this human
tissue with the phantom studied, we observe that the amount
of absorption and scattering present is of the same ballpark fig-
ure. Therefore, we expect that the recovery of the intrinsic fluo-
rescence also has an accuracy similar to that of the recovery of
the tissue phantoms. However, there may be additional unknown
chromophores present in the biological tissues which may cause
additional errors in the DRS fit and decrease the overall
accuracy.

The long distance MCLUT method produced rather differ-
ent reconstructions in tissues with strong absorption bands
[Fig. 7(c) and 7(e)]. One also sees that traces of the blood
absorption bands remain in the recovered intrinsic fluores-
cence spectra [Fig. 7(d) and 7(f)]. We attribute this to a low
fidelity in the reconstruction of the u, and yu; values due to
strong tissue inhomogeneities, high absorption, and a compli-
cated probe geometry. In order for the MCLUT method to
work, the optical properties in the volumes from the fluores-
cence and the DRS measurements have to be similar. This was
the case for the phantoms, but biological tissues are much less
homogenous. This is mainly an issue when using the long dis-
tance DRS measurement since it measures a much larger vol-
ume with less overlap with fluorescence volume. Also, for
samples with high blood content (liver, lung), the long distance
of the probe used was too long, resulting in excessive absorp-
tion. In Fig. 7(c) and 7(d), the intensity of the long distance
DRS measurements in the absorption bands is practically
zero. With the most characteristic part of the spectrum
gone, fitting errors increase and the long-distance DRS fit
becomes imprecise. This may attribute to the underfitting
seen in Fig. 7(b) and 7(c) in the short wavelength regions.
Last but not least, the complicated geometry of the fiber optical
probe which was necessary to penetrate into tissue [Fig. 1(b)]
might have added additional distortions to the long-distance
DRS spectrum (even though the fiber distances are the same
for both types of probe). For these reasons, we believe that
for liver and long tissues the long-distance MCLUT results
are less accurate than the results from the short-distance
MCLUT and from MPM.

In general, the MCLUT method depends more on the qual-
ity of the DRS fit than the MPM method. This is because g,
and p/ are more sensitive to fitting errors than R. This reduced
robustness may offset the advantage of not having to measure
fluorescence and DRS in the same geometry. Since the com-
putational effort is preloaded in calculating the look-up table,
the recovery itself is fast and computationally cheap. Overall,
the results show that it is possible to accurately recover the
intrinsic fluorescence spectrum from a short-distance fluores-
cence measurement using the MCLUT method with only a
long-distance DRS measurement. Results are best when the
sample is homogenous on the scale of the long distance and
has no absorption bands strong enough to introduce errors
in the DRS fit.

5 Summary and Conclusions

A new method based on Monte Carlo look-up-tables to recover
intrinsic fluorescence from measured fluorescence on turbid
media has been presented. This new method requires an addi-
tional diffuse reflectance measurement taken at the same loca-
tion as the fluorescence measurement but not necessarily with
the same probe geometry. The method has been validated on
various phantoms with known intrinsic fluorescence. The

February 2013 « Vol. 18(2)



Miiller and Hendriks: Recovering intrinsic fluorescence by Monte Carlo modeling

o, (@)

0.1}
: mcfluor.c

Set1: fluostitch.m
Set2: mcfluor.c
----------- Set2: fluostitch.m
~  Set3: mcfluor.c
------- Set3: fluostitch.m

Fluorescence [a.u.]

0.1 1
p[mm]

1.6 |- (Ib) ' ' l " + mcfluor.c p=b.5 mm
X mcfluor.c p=1 mm
141 O fluostitch.m p=0.5 mm|
12 @ O fluostitch.m p=1 mm |
_ ? °
=}
G 10F ® 3
8 g 6 1
c 08} -
2 & &
€ oosf Q .
2 ]
“ o4l i
%4 X X
02} H ® = 4
X X X
0.0 T T T T T T T T T

1A 1B 1C 2A 2B 2C 3A 3B 3C
Set

Fig. 8 Comparison of our fluorescence Monte Carlo routine fluostitch.m with the mcfluor.c program. (a) Distribution of fluorescence intensity versus
source-detector fiber distance p for three parameter sets each. Both types of curves are scaled so that for the parameter set 2 the fluorescence equals 1
for p=0.2 mm. Set 1: ul, = 0.5 mm~", pp =1 mm=", pul, =2 mm™", ., = 0.5 mm~"; Set 2: ul =5 mm™", py = 0.25 mm~", pl, =3 mm™',
Ham = 0.5 mm~™"; Set 3: uy, =2 mm~", p, =1 mm™", ulp, =1 mm™, y,, = 0.25 mm~". (b) Fluorescence intensity for different parameter sets cal-
culated with fluostitch.m and mcfluor.c for two different source-detector fiber distances, p = 0.5 mm and p = 1 mm. The excitation properties were
identical in all cases, pg, = 10 mm™", p,, = 1 mm~', while the emission properties were p,, = 20, 10, and 5 mm~"' for 1, 2, and 3, respectively, and,
Ham = 0.5, 1, and 0.25 mm~" for A, B, and C, respectively. Both types are scaled so that for the parameter set 1A the fluorescence equals 1 for
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MCLUT was also benchmarked against the photon-migration
method for intrinsic fluorescence recovery developed by
Miiller et al. and Zhang et al. (MiillerZhang method) and
with a slightly modified photon-migration method that does
not need prior knowledge of optical probe specific parameters.
These methods require a diffuse reflectance spectrum measure-
ment taken at the same location and with the same optical probe
geometry as the fluorescence measurement. The MCLUT
showed similar reconstruction accuracy as the methods based
on the photon-migration method. Furthermore, also the
MCLUT with different probe geometry for the DRS measure-
ment resulted in similar intrinsic fluorescence reconstruction
as the photon-migration method as long as the source-detector
fiber distance is chosen such that the DRS spectrum in the rel-
evant wavelength region is well detectable while, furthermore,
the fiber distance is smaller than the average scale of the tissue
inhomogenities. The modified photon-migration based method
proposed in this paper resulted in a slightly improved result than
found with the original MiillerZhang method.

In the current MCLUT method, the absorption and scattering
parameters are determined from the DRS measurement by
employing a diffusion theory model based fitting. The
MCLUT method is therefore sensitive for errors in both absorp-
tion and scattering coefficient. The photon-migration based
model uses only the scattering coefficient from this fitting
step, making this method less sensitive for fitting errors than
the MCLUT in the current form. In general, we can conclude
that the MCLUT is a promising technique to recover the intrinsic
fluorescence of biological tissues. It combines more flexibility
in the probe design and fast reconstruction times with similar
accuracy in reconstruction of the intrinsic fluorescence as
found in the photon-migration based reconstruction methods.
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Appendix: Validation of the Monte Carlo Routines

To validate our Monte Carlo program, we benchmarked our
Monte Carlo routines with existing peer-reviewed Monte
Carlo routines. The basic Monte Carlo routine and the calcula-
tion of A(r,z) were validated by comparing selected outputs
with results produced by the program MCML by Wang et al.'*
Both programs were in excellent agreement.

To validate the full fluorescence routine (called fluostitch.m),
the program mcfluor.c from Prof. S. L. Jacques was employed.!”
Figure 8(a) shows the distribution of the fluorescence intensity
F(p) calculated both with mcfluor.c and with fluostitch.m for
three different tissue parameter sets. To obtain the same accu-
racy required longer computation times for mclfuor.c program
than our new code fluostitch.c. Figure 8(b) shows the results of
another comparison between the two programs. Instead of show-
ing the whole spectrum F(p), only the values at two distances
are compared. The tissue properties at the excitation wavelength
are kept constant but are varied at the emission wavelength. The
graph shows again, a good agreement. The deviations are of the
same order of magnitude as the noise present in the data points.
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