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Abstract. We investigate anisotropic light propagation in biological
tissue in steady-state and time domains. Monte Carlo simulations per-
formed for tissue that consists of aligned cylindrical and spherical
scatterers show that steady-state and time-resolved reflectance de-
pends strongly on the measurement direction relative to the alignment
of the cylinder axis. We examine the determination of optical proper-
ties using an isotropic diffusion model and find that in the time do-
main, in contrast to steady-state spatially resolved reflectance mea-
surements, the obtained absorption coefficient does not depend on
the measurement direction and is close to the true value. Contrarily,
the derived reduced scattering coefficient depends strongly on the
measurement direction in both domains. Measurements of the steady-
state and time-resolved reflectance from bovine tendon confirm the
theoretical findings. © 2007 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Knowledge of light propagation in biological tissue is impor-
tant for a variety of optical applications in medicine. In ap-
plied theoretical models, it was normally assumed that the
light propagation in biological tissue was isotropic.1–4 In re-
cent years, however, it has been increasingly recognized that
light propagation in many tissue types is anisotropic due to
their aligned microstructure. Thus, it is important to investi-
gate errors when isotropic models are used to determine the
optical properties of tissues that have an aligned microstruc-
ture.

Anisotropic light propagation in human tissue has been
known for at least three decades. Walton, Outhwaite, and
Pashley reported that disks of dentin taken from extracted
human teeth show optical magnification and demagnification
properties.5 Light guiding in dentin and enamel was shown by
Altshuler and Grisimow.6 More recently, Marquez et al. found
that optical properties determined from spatially resolved re-
flectance experiments on chicken breast depend on the mea-
surement direction.7 This was also reported by Nickell et al.
for measurements on skin.8 In addition, they found that when
skin is illuminated with a pencil beam, the contour lines of
spatially resolved reflectance are ellipses oriented perpendicu-
lar to the collagen fibers at small distances, whereas the ori-
entation of the ellipses is parallel to the collagen fibers at large
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distances. They modeled the anisotropic light propagation
with the Monte Carlo method, taking approximately the scat-
tering by the collagen fibers into account. Recently, we ex-
plained the full pattern of spatially resolved reflectance from
tissue that consists of an aligned cylindrical microstructure by
implementing the exact phase functions of the cylinders into
the Monte Carlo method and by comparing it to measure-
ments on dentin and arteries.9,10 The dependence of the aniso-
tropic spatially resolved reflectance pattern on the polarization
has been studied experimentally by Sviridov et al.11 on skin
and bone samples.

Calculations of anisotropic light propagation based on the
diffusion theory12 or random walk approach13 were also per-
formed. These models are valid in the diffusion regime, i.e.,
the ellipses of the spatially resolved reflectance at large dis-
tances can be explained. The random walk model was applied
to analyze time-resolved reflectance measurements on aniso-
tropic phantoms14 and human skeletal muscle.15

We present investigations of steady-state and time-resolved
reflectance from biological media that consist of cylindrical
and spherical scatterers. We applied the Monte Carlo method
using the phase functions of cylindrical scatterers to simulate
the scattering by collagen fibers in tendon and by tubules in
dentin, and, in addition, the Henyey-Greenstein phase func-
tion to characterize spherical scatterers. The optical properties
were determined from spatially and time-resolved reflectance
by fitting solutions of the isotropic diffusion equation to the
Monte Carlo generated data and to measurements on bovine
1083-3668/2007/12�1�/014026/9/$25.00 © 2007 SPIE
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tendon representing a biological tissue with pronounced an-
isotropic optical properties. The optical coefficients obtained
for reflectance in different directions relative to the cylindrical
microstructure were explored and, if possible, compared to
the true optical properties.

2 Theory
2.1 Monte Carlo Method
To calculate the light propagation in biological tissue that con-
tains cylindrical scatterers, we modified our standard Monte
Carlo code to implement the phase functions of cylindrical
scatterers.9,10 These phase functions were obtained from an
analytical solution of the Maxwell equations for an infinitely
long cylindrical scatterer at oblique incidence.16 The calcula-
tions show that light incident at an angle � relative to the
cylinder is scattered in a cone, with the cylinder as the axis of
the cone having a half angle � �see Fig. 1�a��.17 The scattering
intensity around the cone for a certain � depends on the scat-
tering direction defined by �. Figure 1�b� shows these scatter-
ing functions for all integer � values between 1 and 90 deg.
For small � angles, the scattered intensity has a relative small
dependence on �, whereas for large � values, the scattered
intensity changes by several orders of magnitude. These cal-
culations were performed for a collagen fiber in tendon hav-
ing a diameter of d=3 �m,18 a refractive index inside and

18

Fig. 1 �a� Scheme of light scattering characteristics by a cylinder. �b�
Scattering phase functions of an infinitely long cylindrical collagen
fiber in tendon for different incident angles � �1,2,3. . .90 deg� and
�=800 nm. The thick red curve shows the phase function of an iso-
tropic distribution of the cylinders �color online only�.
outside the cylinder of 1.46 and 1.36, respectively. Wave-
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lengths of 633 and 800 nm �shown in Fig. 1�b�� were applied,
because the measurements in the steady-state and time do-
mains were performed at 633 and 800 nm, respectively. We
note that the angle � is different from the normally used scat-
tering angle �. Only in the case of perpendicular incident light
��=90 deg� does � equal �. In addition to the phase function,
also the scattering efficiency Qsca of the cylinder has to be
considered.17 Figure 2 shows the scattering efficiency for the
collagen cylinder at 633 and 800 nm. It can be seen that Qsca
is much smaller in the direction parallel to the cylinder ��
=0 deg� than perpendicular to the cylinder
��=90 deg�.

The single scattering characteristics of the cylindrical scat-
terers were implemented into the Monte Carlo code to calcu-
late the multiscattering found in biological tissue.9,10 The cy-
lindrical fibers were aligned parallel to the x axis in the semi-
infinite turbid medium �see Fig. 3�. The pencil light beam was
incident in the z direction at x=0 mm, y=0 mm.

In addition to the cylindrical scatterers, we assumed that
the tissue consists also of a certain concentration of spherical
scatterers. �Or more generally, we regarded scatterers that
have a rotationally symmetric phase function, for example,
randomly aligned scatterers with an arbitrary shape for unpo-

Fig. 2 Scattering efficiency versus � for the collagen fiber in tendon
tissue at �=633 and 800 nm.

Fig. 3 Scheme of the turbid medium and some of the quantities used

in the Monte Carlo simulation.
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larized incident light.� For characterization of these particles,
a Henyey-Greenstein function having an anisotropy factor of
0.8 was employed. The reduced scattering coefficient of the
spherical particles is denoted by �s,iso� .

Using the Monte Carlo code, we calculated the spatially
resolved reflectance R�x ,y� and the time-resolved reflectance
R�t ,x ,y� from the surface of the tissue. To demonstrate the
anisotropic light propagation, we calculated also the reflec-
tance in polar coordinates R�� ,�� and R�t ,� ,��, where � is
the distance between the source and the detector, and � indi-
cates the angle between the detector direction and the x axis
�see Fig. 3�. Reflectance data of adjacent � values ���
=20 deg� and the corresponding sector mirrored at the x axis
were averaged to reduced the statistical noise of the Monte
Carlo simulations.

In Fig. 1�b�, we depicted an additional curve �thick red
line�, which shows the phase function for an isotropic distri-
bution of cylindrical tendon fibers. For the calculation of this
phase function, it has to be taken into account that both the
solid angle, for which a certain scattering function is valid,
and the scattering efficiency depend on �. Alternatively, the
phase function can be calculated from a Monte Carlo simula-
tion with an isotropic distribution of the cylinders, consider-
ing only single scattering.

We used the phase function for an isotropic distribution of
cylinders to check the Monte Carlo code. First, the anisotropy
factor g= �cos���� of the phase function was calculated. For
example, for the phase function at �=800 nm shown in Fig.
1�b�, we obtained g=0.989. Then, the scattering coefficient
for a certain � was computed with

�s��� = Qsca���dcA, �1�

where cA is the density of the cylinders �number per area�.
The scattering coefficient averaged over all cylinder direc-
tions can be derived using

��s� =

�
0

	/2

�s���sin���d�

�
0

	/2

sin���d�

=�
0

	/2

�s���sin���d� . �2�

Finally, the reduced scattering coefficient �s,cyl� was obtained
with

�s,cyl� = ��s��1 − g� . �3�

Here, the index cyl indicates the reduced scattering coefficient
that is caused by an isotropic distribution of the considered
cylinders.

In the time domain, we checked the Monte Carlo code by
calculating R�t ,�� for an isotropic distribution of cylinders
�with and without spherical scatterers�. We fitted the time-
resolved solution of the diffusion equation to the time-
resolved reflectance simulated with the Monte Carlo method
for different � values. The obtained optical coefficients were
compared with �s,cyl� calculated with Eqs. �1�–�3� and the ab-
sorption coefficient used in the simulations. The optical prop-
erties agreed within 10%, which is a typical error due to the

application of the diffusion approximation. Similar tests were
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performed in the steady-state domain, and again, the fitted
optical properties agreed with those used in the Monte Carlo
simulations within differences of 10%.

2.2 Diffusion Theory

For the determination of optical properties of biological me-
dia, it is normally assumed that the light propagation is iso-
tropic. Usually a solution of the isotropic diffusion theory is
applied to obtain the optical properties from spatially and
time-resolved reflectance measurements.2,19 To investigate the
errors due to the application of these equations for tissue hav-
ing an anisotropic light propagation, we fitted R��� and
R�t ,�� for a semi-infinite homogeneous medium to the reflec-
tance data obtained from the Monte Carlo simulations and to
the experiments. The extrapolated boundary condition was
used. For the calculation of R�t ,��, we applied a solution that
considers the flux term only20 �Eq. �5� in Ref. 21�, whereas for
R���, the slightly more complex solution considering the flux
and the fluence term was applied �Eq. �8� in Ref. 21�, because
it matches the Monte Carlo simulations better than the solu-
tion that considers only the flux term. In the time domain,
however, the solutions for both boundary conditions agree
similarly to time-resolved Monte Carlo simulations.21

In the steady-state domain, R��� was fitted to Monte Carlo
data for distances between �=1 mm and �=16 mm for each
� direction. Smaller values than �=1 mm were excluded
from the calculations because of the breakdown of the diffu-
sion solution.21 The end point of the fitting range was chosen
by considering the dynamical range of our charge-coupled
device �CCD� camera. In the time domain, the start time of
the fitting range was at the peak of the R�t ,�� curves obtained
from the Monte Carlo simulations. The end time was chosen
at the time when R�t ,�� was approximately two and a half
orders of magnitudes smaller than at the peak of R�t ,�� for
the time-resolved reflectance averaged over all � directions.
In general, we found for both domains that different fitting
ranges did only marginally change the derived optical proper-
ties. The weights used in the fitting routine were calculated
using Poisson statistics.

3 Materials and Methods
The spatially and time-resolved reflectance measurements
were performed on bovine achilles tendon, which was ob-
tained from the butcher a few days before measurements and
stored in the freezer �−20°C� in the intermediate time. For
the measurements it was thawed out to room temperature. The
sample size was unmodified and was approximately 50
30

15 mm in x, y, and z directions; with the collagen fibers,
clearly visible to the eye, running parallel to the longest side
�compare Fig. 3�.

The measurements of the spatially resolved reflectance
were performed similarly as described in detail elsewhere.22

Briefly, a HeNe laser at �=633 nm was approximately per-
pendicular incident to the biological tissue. The laser beam
was focused at the tissue boundary having a diameter of
50 �m. The remitted light was imaged onto a 16-bit CCD
camera cooled down to −65°C. No polarizers were used in

the measurement setup. For each experiment, a background
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measurement was performed with the laser switched off and
subtracted from the measurement with the laser beam
switched on.

Time-resolved reflectance measurements were performed
with a home-built spectroscopy system.23 An actively mode-
locked titanium: sapphire laser provided light at �=800 nm.
A couple of plastic-glass fibers �core diameter 1 mm� deliv-
ered light into the sample and collected the reflected photons
at a distance �. A double microchannel plate photomultiplier
tube �R1564U, Hamamatsu, Japan� with an S1 surface and a
PC board for time-correlated single-photon counting were
used for detection. A small fraction of the incident beam was
split off, coupled to a fiber, and fed directly to the photomul-
tiplier tube for on-line recording of the instrumental response
function �IRF�. Overall, the IRF was �60 ps full width half
maximum �FWHM�. The reduced scattering and absorption
coefficients were obtained from the same solution of the iso-
tropic diffusion equation for a semi-infinite homogeneous me-
dium, as used in the best fit of Monte Carlo simulations. The
theoretical curve was convoluted with the IRF and normalized
to the area of the experimental curve.

A simultaneous estimate of �s� and �a was achieved by
best fitting with a nonlinear least square method the measured
time-resolved reflectance curves to the reflectance R�t ,��. For
determination of �s� and �a, two different fitting ranges were
used, although in both cases both parameters were fitted. The
fitting range for the assessment of �s� was taken from the peak
channel down to 1% of the peak value. For the retrieval of �a,
we followed a different strategy to face the problems related
to the variation of the fitted �s� along the different directions.
In fact, also in isotropic media, a scattering-to-absorption cou-
pling is observed for low interfiber distances and low �s� val-
ues ���10 mm, �s�0.5 mm−1�. This effect is possibly due
to the inaccuracy of the theoretical model convoluted with the
instrumental response function.24 In particular, for the system
used in the present study, when decreasing the scattering co-
efficient from 1.2 mm−1 down to 0.4 mm−1 for �a

=0.006 mm−1 and �=10 mm, the fitted �a is altered by up to
30% �data not shown�. This is possibly related to the fact that
upon decreasing �s�, the fitting range shrinks toward earlier
photons. Contrarily, if the fitting range is kept fixed for all
measurements to the interval obtained for the highest �s�, then
the scattering-to-absorption coupling is reduced. In particular,
for our system, fixing the range from 100% down to 1% of the
peak value of the highest �s� measurement, the coupling is
�20%. Moving toward longer lived photons, i.e., from 50%
down to 1%, the coupling gets �10%. Consequently, the fit-
ted �a for the anisotropic measurements were analyzed apply-
ing this latter range.

Measurements on bovine tendon were performed at differ-
ent angles �=0,20, . . . ,340 deg with a fixed interfiber dis-
tance �=10 mm. 16 measurements were repeated in each po-
sition, with acquisition time of 1 s for each position and count
rate of 2
105 counts/s. The optical properties obtained from
the fitting for all measurements performed in the same experi-

mental condition were averaged.

Journal of Biomedical Optics 014026-
4 Results
4.1 Steady-State Spatially Resolved Reflectance
Figure 4�a� shows the spatially resolved reflectance R�x ,y�
obtained from the measurements on the tendon sample. The
tendon’s collagen fibers were approximately aligned in the x
direction. The contour lines of R�x ,y� have an elliptical shape
oriented perpendicular to the collagen direction at small dis-
tances from the incident source, whereas at large distances the
ellipses are oriented parallel to the direction of the collagen

Fig. 4 Spatially resolved reflectance from tendon tissue obtained �a�
from measurements using a CCD camera and �b� from Monte Carlo
simulations. Isoreflectance contour lines are shown �a� in number of
counts and �b� in mm−2.
fibers.
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In Fig. 4�b�, R�x ,y� obtained from the Monte Carlo simu-
lations are depicted. In the calculation, the density of the col-
lagen fibers was set to cA=12700 mm−2, which would result
in a reduced scattering coefficient of �s,cyl� =1 mm−1, if the
cylinders were distributed isotropically. For the spherical scat-
terers and for the absorption coefficient, we assumed �s,iso�
=0.8 mm−1 and �a=0.01 mm−1, respectively. The results
from the Monte Carlo simulation show good qualitative
agreement with the measurements. The orientations of the el-
lipses at small and large distances are the same as in the
experiment. By changing the ratio between �s,cyl� /�s,iso� , the
axis ratio of the ellipses can be altered �see Sec. 5�.

Figure 5 shows the absorption and reduced scattering co-
efficients obtained by fitting the solution of the diffusion
equation for R��� to the Monte Carlo results shown in Fig.
4�b� for different � directions. The derived optical coeffi-
cients were mirrored at the x axis, because the simulated data
were summed up as described in Sec. 2. A strong dependence
of the derived absorption and reduced scattering coefficients
on the measurement direction � can be seen. This anisotropy
of the optical properties was already reported.7,8,10 However,
with the results presented here, the fitted optical coefficients
can be compared with the true optical properties of the turbid
medium. For example, the absorption coefficient used in the
Monte Carlo simulation is �a=0.01 mm−1 throughout the
semi-infinite turbid medium, whereas the derived �a changes
from �a=0.0044 mm−1 at �=90 deg to �a=0.0167 mm−1 at
�=170 deg. The reduced scattering coefficient varies be-
tween �0.8 mm−1, which is close to �s,iso� and 3.6 mm−1.
Obviously, using the diffusion equation, the derived absorp-
tion coefficients have large differences compared to the true
value. When the spatially resolved reflectance is averaged
over all � angles, the fitted optical coefficients are �a

=0.0051 mm−1 and �s�=1.71 mm−1. Thus, even in this case
the derived �a has a large error.

4.2 Time-Domain Reflectance
Figure 6 shows the time-resolved reflectance obtained from
Monte Carlo simulations at a distance of �=9.5 mm from the
source using the phase functions for a collagen fiber in tendon
tissue at �=800 nm. As in the steady-state domain, we used
�s,cyl� =1 mm−1, �s,iso� =0.8 mm−1, and �a=0.01 mm−1. Large
differences between the R�t ,�� curves in different directions
can be seen. The smaller �, the more photons are remitted at
early times. However, at long times the curves converge to
one curve. The experimental reflectance measured from the
tendon shows qualitatively the same characteristics, when de-
convolved with the instrumental response function �figure not
shown�. As the characteristics of R�t ,�� at long t are mainly
determined by the absorption coefficient, it can be hypoth-
esized that with time-resolved reflectance measurements, the
absorption coefficient can be correctly obtained using an iso-
tropic model.

To check this statement, we fitted the solution of the dif-
fusion theory for the time-resolved reflectance to the R�t ,��
obtained from the Monte Carlo simulation at different � di-
rections at a distance of �=9.5 mm. Figure 7�a� shows that
the fitted absorption coefficients do not depend on the mea-

surement direction except for the statistics of the Monte Carlo
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simulations. The absolute values are in average 10% larger
than the true absorption coefficient. This is in part due to the
relative large noise of the simulations �compare Fig. 6�. We
found that increasing the simulation time results in a small
decrease of the determined absorption coefficient and, thus, in
a smaller difference to the true absorption coefficient. In ad-
dition, we observed that the larger the distance between
source and detector, the closer the obtained absorption coeffi-

Fig. 5 Absorption coefficient �mm−1� and �b� reduced scattering coef-
ficient �mm−1� obtained by fitting the solution of the diffusion equa-
tion to the Monte Carlo generated steady-state spatially resolved re-
flectance from a turbid medium consisting of collagen fibers in tendon
and spherical scatterers for different � directions. The optical proper-
ties are mirrored at the x axis, because these data were summed up in
the Monte Carlo simulations.
cient is to the correct value. Contrarily, for small distances
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between source and detector ���” 1/�s��, we found that the
fitted absorption coefficient depends on the measurement di-
rection, but for these distances the diffusion approximation
breaks down anyway �at least for small times�.

The derived reduced scattering coefficient, in contrast, de-
pends strongly on the measurement direction. In a direction
parallel to the cylinders, it is more than three times smaller
than perpendicular to the cylinders. Thus, all the anisotropy of
the light propagation is embodied in the reduced scattering
coefficient. In general, the larger the ratio between �s,cyl� and
�s,iso� , the larger are the differences of the fitted reduced scat-
tering coefficient for different directions, i.e., the larger the
anisotropy of the light propagation.

Figure 8 reports the absorption and reduced scattering co-
efficients derived from the best fit of time-resolved reflectance
measurements performed on bovine tendon. The estimated �s�
shows a strong dependence on the measurement direction.
Specifically, the ratio between values derived from measure-
ments performed normal and parallel to the fiber direction is
10.6, while for �a it is just 1.16 when the fixed fitting range is
adopted, as described in Sec. 3. If the free fitting range �same
as for �s�� is used, the ratio for �a is increased to 1.38, yet is
till lower than the scattering variation.

We also performed Monte Carlo simulations for cylinders
other than collagen fibers. Figure 9 shows the obtained optical
properties derived by fitting the time-resolved solution of the
diffusion equation to simulation results calculated for dental
tubules. For these cylindrical channels, we used a diameter of
d=2 �m, and a refractive index inside and outside the cylin-
ders of ni=1.33 and no=1.52, respectively. The optical coef-
ficients used in the Monte Carlo simulations are �s,cyl�
=0.66 mm−1, �s,iso� =1 mm−1, and �a=0.03 mm−1. For this
simulation, the cylindrical tubules are only approximately
aligned in the x direction having a standard deviation of
10 deg around the x axis. The distance between source and
detector is �=9.5 mm.

As for the turbid medium containing collagen fibers, the
determined absorption coefficient is isotropic within the sta-
tistical nature of the Monte Carlo simulations. The differences

Fig. 6 Monte Carlo simulations of the time-resolved reflectance from
a turbid medium consisting of aligned collagen fibers in tendon and of
spherical scatterers for four different directions of the detector ��
=10, 30, 50, and 70 deg�.
of the fitted �a are in average smaller than 10 % compared to
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the value used in the Monte Carlo simulations, whereas the
values of the fitted reduced scattering coefficients depend on
the measuring direction. Here, the anisotropy of the fitted �s�
is smaller than for the data shown in Fig. 7. This is mainly due
to the smaller ratio of �s,cyl� and �s,iso� . Also, in general, the
not exact alignment in the x direction causes a more isotropic
light propagation.

5 Discussion
We investigated anisotropic light propagation in biological

Fig. 7 �a� Absorption coefficient �mm−1� and �b� reduced scattering
coefficient �mm−1� obtained by fitting the solution of the diffusion
equation to the Monte Carlo generated time-resolved reflectance from
a turbid medium consisting of aligned collagen fibers in tendon and
spherical scatterers for different � directions. The optical properties
are mirrored at the x axis.
media in steady-state and time domains. We showed experi-
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mentally and theoretically that in both domains the reflectance
depends strongly on the measurement direction relative to the
aligned microstructure.

In the theoretical study it was assumed that the turbid me-
dium consists of both aligned cylindrical and spherical scat-
terers. Scattering at the cylindrical microstructure causes the
anisotropy in the light propagation. More quantitatively, by
performing a series of Monte Carlo simulations, we found that
the degree of anisotropy depends mainly on the ratio between
�s,cyl� and �s,iso� . Further investigations showed that aniso-

Fig. 8 �a� Absorption coefficient �mm−1� and �b� reduced scattering
coefficient �mm−1� obtained by fitting the solution of the diffusion
equation to the time-resolved measurements on tendon for different �
directions.
tropic light propagation is practically not influenced by the

Journal of Biomedical Optics 014026-
absorption coefficient �data not shown�. Additionally, two dif-
ferent aligned microstructures were examined, describing col-
lagen fibers in tendon and tubules in dentin. We found that the
influence of the optical and geometrical properties of the cyl-
inders on the anisotropic light propagation is marginal as long
as �s,cyl� is the same.

We examined errors in determining the optical coefficients
of turbid media having an anisotropic microstructure when
commonly applied isotropic solutions of the diffusion equa-

Fig. 9 �a� Absorption coefficient �mm−1� and �b� reduced scattering
coefficient �mm−1� obtained by fitting the solution of the diffusion
equation to the Monte Carlo generated time-resolved reflectance from
a turbid medium consisting of cylindrical and spherical scatterers for
different � directions. The optical and geometrical parameters for the
cylinders were those of dental tubules.
tion are employed. In the steady-state domain, it was found
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that the reduced scattering and absorption coefficients derived
with the diffusion solutions depend strongly on the measure-
ment direction on the surface, as was already reported in the
literature.7,8,10 In this study, however, we presented a quanti-
tative comparison with the true optical properties. Even when
the � dependence is averaged over the entire 360 deg, the
derived optical properties have large errors. Thus, in the
steady-state domain the determination of the optical proper-
ties using an isotropic model can cause large errors when
applied to tissue having anisotropic optical properties, at least
if a part of the spatially resolved reflectance is measured at
distances for which ��” 1/�s�.

In contrast, in the time domain it was shown theoretically
and with experiments on tendon tissue that the fitted absorp-
tion coefficient does not depend on the measuring direction, if
the distance between the source and detector is sufficiently
large ���1/�s��. For smaller distances, coupling of the de-
rived absorption and the reduced scattering coefficients can be
seen as similar to the steady-state domain.

In in vivo investigations, the anisotropy of the fitted optical
coefficients is probably smaller, because normally many dif-
ferent tissue types with a different aligned microstructure are
involved.

The elliptical shapes of the experimental and theoretical
isointensity lines of the spatially resolved reflectance from the
tendon agreed qualitatively. A closer inspection of Fig. 4,
however, reveals that the experimental ellipses have a larger
ratio of the large and small semi-axes of the ellipses at large
distances, whereas this ratio is smaller at small distances �
compared to theoretical ellipses. By decreasing the isotropic
part of the reduced scattering coefficient �s,iso� , in the Monte
Carlo simulations, the ellipses at large distances are elon-
gated, and thus, match the experimental contour lines. How-
ever, also ellipses at small distances will be elongated in the
simulations, and this does not correspond to the experimental
results. This discrepancy is probably due to the wiggling form
of the collagen fibers in tendon. Thus, although they are glo-
bally aligned in one direction locally, a collagen fiber exhibits
different directions. Presumably, this structure will result in
smaller ellipses at small distances. Thus, the experimental re-
sults could be better reproduced by considering this wiggling
structure of the collagen fibers and by decreasing �s,iso� in the
Monte Carlo simulations. This also implicates that the col-
lagen fibers are by far the most important scatterers in tendon.

The angular dependence of the optical coefficients of bo-
vine tendon as derived from the fit of time-resolved reflec-
tance measurements is similar to what was obtained from
Monte Carlo simulations. Actually, the anisotropy of the fitted
�s� is even more marked for tendon measurements. However,
its real optical properties were not known, nor did we con-
sider the wiggling form of the tendon fibers. Consequently, no
attempt of quantitative comparisons was made. The fitted �a
of bovine tendon shows some systematic change in the mea-
surement direction, even though it is much smaller than ob-
served for �s�. Specifically, higher �a values are obtained
when the measurement direction is normal to the collagen
fibers ��=90�. This may be at least in part due to the finite
size of the sample that is not accounted for by the diffusion
model used to estimate the optical coefficients. Indeed, pho-

tons escaping from the boundary may lead to higher values of
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the fitted �a. Moreover, care must be taken when the differ-
ence between the scattering coefficients along the two or-
thogonal directions is high, and in particular, for very small
values of the lower scattering coefficient. In this case it is
possible to adopt the same strategies devised for isotropic
media to handle low scattering values, such as excluding the
early photons from the fit, or using a larger interfiber distance
for the lower �s�.

In this work we used the solution of the isotropic diffusion
equation to recover the optical properties. Recently, the solu-
tion of an anisotropic diffusion equation has been presented.12

By applying this anisotropic model, the turbid medium con-
taining cylinders in the x direction can be characterized with
two different reduced scattering coefficients, one for the x
direction and the other for the y and z directions. In the limit
of measurements far from the incident source ���1/�s��, the
solutions of the anisotropic diffusion equation for the reflec-
tance on the x and y axes are practically the same as the
solution of the time-dependent isotropic diffusion equation.
Thus, the optical coefficients derived for measurements in the
time domain on the x and y axes using the isotropic model
deliver also the reduced scattering coefficients needed for the
anisotropic model.

For spatially resolved steady-state reflectance, however, it
is in many cases difficult to fulfill the condition that the mea-
surements have to be performed far from the source. As a
result, we do have a coupling between the absorption and
reduced scattering coefficients �compare Fig. 5�. Yet deter-
mining the optical properties using several spatially resolved
steady-state measurements performed in different directions
in one fit, and by applying the anisotropic diffusion equation,
might improve the accuracy of the obtained optical properties.
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