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Abstract. We experimentally study potential mechanisms by which
the enhancement factor in low-coherence enhanced backscattering
�LEBS� can probe subtle variations in radial intensity distribution in
weakly scattering media. We use enhanced backscattering of light by
implementing either �1� low spatial coherence illumination or �2�
multiple spatially independent detections using a microlens array un-
der spatially coherent illumination. We show that the enhancement
factor in these configurations is a measure of the integrated intensity
within the localized coherence or detection area, which can exhibit
strong dependence on small perturbations in scattering properties. To
further evaluate the utility of the LEBS enhancement factor, we use a
well-established animal model of cutaneous two-stage chemical car-
cinogenesis. In this pilot study, we demonstrate that the LEBS en-
hancement factor can be substantially altered at a stage of preneopla-
sia. Our animal result supports the idea that early carcinogenesis can
cause subtle alterations in the scattering properties that can be cap-
tured by the LEBS enhancement factor. Thus, the LEBS enhancement
factor has the potential as an easily measurable biomarker in skin
carcinogenesis. © 2010 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Light propagation in biological tissue and light-tissue interac-
tion are commonly studied in relatively large volumes, for
example, in a few cubic millimeters. In diffusion approxima-
tions for tissue optics, the radial distance distribution p�r�
with r=radial distance are commonly described by a function
of ls

*. In this respect, there have been numerous methods to
measure macroscopic optical properties such as the transport
mean free path of light ls

* in biological media to obtain infor-
mation about physiological conditions and disease status.1–5

Such measurements are ideal to study the profiles of p�r�
when r� ls

* as intended to capture the behavior of diffusive
light in biological media. On the other hand, it is challenging
to obtain information about p�r� when r� ls

*, in part because
it is extremely difficult to generate a pencil-like illumination
of �100 to 300 �m in diameter due to the diffraction. There
can be instances in which a subtle alteration in p�r� ls

*� may
not be sensitively captured by the diffusion-approximation-
based methods. To easily obtain p�r� ls

*� for tissue character-
izations, we can use enhanced backscattering of light �EBS,
otherwise known as coherent backscattering of light, CBS�.

EBS is a robust manifestation of self-interference effects in
elastic light scattering, which gives rise to an enhanced scat-
tered intensity in the backward direction.6–8 For a plane wave
incident on a semi-infinite random medium, every wave scat-
tered from the medium in the backward direction has its coun-
terpart time-reversed wave traveling along the same path in
the opposite direction. These waves have consistent phase dif-
ferences at the exit points and thus interfere constructively
with each other. Consequently, the angular profile of the EBS
peak can be considered a Fourier transform of p�r�. The width
of the EBS peak is inversely proportional to the product of the
wave number � and the transport mean free path of light in
the medium ls

*. In principle, the EBS peak amplitude can be
as high as 2, compared with the incoherent baseline. In par-
ticular, to detect a variation in p�r� when r� ls

*, we can use
the enhancement factor �i.e., the ratio of the exact backscatter-
ing intensity I ��=0 deg� to the incoherent baseline intensity�
in EBS measurements under low-spatial-coherence illumina-
tion �hereafter it is referred to as low-coherence enhanced
backscattering, LEBS�. The angular profile of LEBS can be
expressed as ILEBS�����0

�C�r�rp�r�exp�i2�r� /	�dr, where
C�r�= �2J1�r /Lsc� / �r /Lsc��, J1 is the first-order Bessel func-
tion, Lsc is spatial coherence length, and � is the backscatter-
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ing angle.9–11 Thus, the LEBS enhancement factor �1
+�0

�C�r�rp�r�dr /�0
�rp�r�dr. In other words, the LEBS en-

hancement factor is a measure of the intensity within the spa-
tial coherence area, which is also normalized by the incoher-
ent background intensity. Any changes in the LEBS
enhancement factor are directly related to changes in
p�r
Lsc�. In our previous studies,11–16 low-spatial-coherence
illumination was implemented in EBS to isolate low-order
scattering by dephasing the conjugated time-reversed paths
outside its spatially coherent area when Lsc� ls

*. In this case,
the coherent area �or the transverse modes� can be as small as
Lsc

2 =502 to 1002 �m2, while ls
* is of the order of a few mil-

limeters in biological tissue. In general, a change in p�r�
could be originated from variations in the macroscopic optical
properties such as ls

*. On the other hand, when r� ls
*, there

can be a case in which a subtle alteration in p�r� may not be
sensitively captured by the macroscopic optical property. Fig-
ure 1 illustrates the instance in which the LEBS enhancement
factor measurements can be distinct from conventional EBS
measurements. In conventional EBS, the probing volume of
the time-reversed interference waves is similar with those of
the incoherent waves, while low-spatial-coherence illumina-
tion generates a discrepancy between the coherent and inco-
herent volumes. The LEBS enhancement factor provides av-
eraged information of the local optical properties that are
determined by the multiple individual coherence volumes.
This averaging effect partially preserves the local optical
properties as compared with the averaging over the entire
area. Collectively, the LEBS enhancement factor can be sen-
sitive to subtle alterations in light propagation, in particular,
when r� ls

*.
In this paper, to study the LEBS enhancement factor �i.e.,

p�r
Lsc�� in weakly scattering media including early cancer-

ous tissue, we implement �1� low-spatial-coherence illumina-
tion using a finite size of an illumination source and �2� mul-
tiple spatially independent detections using a microlens array
under spatially coherent illumination. We investigate the en-
hancement factor in these configurations from various optical
properties of scattering media. In particular, a microlens array
in the detection arm under spatially coherent illumination en-
ables us to experimentally study the angular distribution of
coherent light propagation within each independent localized
area. Each microlens can serve as a spatial filter, which pro-
vides a unique configuration to study scattering properties of
the media in a localized area as similarly as low-spatial-
coherence illumination. Finally, we report a pilot animal study
of nonmelanoma skin cancer using two-stage carcinogen
treatments to investigate changes in the LEBS enhancement
factor during early skin carcinogenesis.

2 Methods
2.1 Experimental Setups
Our first experimental setup for LEBS measurements is de-
scribed in Fig. 2�a�. In brief, a beam of broadband cw light
was linearly polarized and delivered onto a sample with the
illumination diameter of 4 mm. By changing aperture size of
A1 in the 4-f lens system, we obtained two values of Lsc of
the incident light �Lsc=115 and 200 �m�. An interference
filter was placed in the delivery part to select the central
wavelength of 628 nm with the spectral width of 40 nm. The
value of Lsc was confirmed by the Young’s double-pinhole
interference experiments.17 The light backscattered by the
sample was collected by a sequence of a lens, a linear ana-
lyzer parallel to the incident polarization direction, and a CCD
camera. We analyzed angular intensity profiles with the polar-
ization direction parallel to that of the incident light. As
shown in Fig. 2�b�, we further demonstrated that the multiple
localized volume detections played a key role in LEBS mea-
surements as follows. We placed a microlens array between
the 4-f lens system and the relay lens system using spatially
coherent illumination from a He-Ne laser. The microlens array
�pitch, 250 �m, and area, 10�10 mm� was placed exactly
on the imaging plane of the sample so that each microlens at
different spatial locations additionally served as a spatial filter
for the time-reversed interference signals. The relay lens sys-
tem was used to map the focal plane of the microlens array
onto the CCD camera. More importantly, this configuration
can be used to study angular dependency of light scattered
from the sample over different spatial locations. Thus, our two
complementary experimental setups enabled us to investigate
EBS formation in the regime of r� ls

* by altering either the
illumination property or the detection configuration. For the
animal studies, as shown in Fig. 2�c�, the lens in the detection
arm directly projected the angular distribution of the backscat-
tered light onto the slit of the spectrograph, which dispersed
the light according to its wavelength in the direction perpen-
dicular to the slit of the spectrograph. Thus, angular distribu-
tion of backscattering light in a certain wavelength range can
be selected. In particular, we can avoid the spectral range that
is affected by the hemoglobin absorption band. For the pilot
animal study, we used the values of Lsc=120 �m to study
carcinogenesis in the superficial skin.
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Fig. 1 Schematic illustration of the instance in which the LEBS en-
hancement factor can be distinct from the EBS enhancement factor
under spatially coherent illumination. The two media �sketched in �a�
and �d�� consist of scatterers of different relative refractive indices nr,
different diameters Dp, and different numbers of particles �per millili-
ter�, while the transport mean free path ls

* and the anisotropic factor g
are identical. In this case, �b� and �e� show the identical angular pro-
files with the enhancement factor of 2 because of the same ls

*. On the
other hand, the LEBS enhancement factors in the two media can be
different, because the relative small coherent volumes determined by
low-spatial-coherence illumination partially preserves the local opti-
cal properties as compared with the conventional measurement in the
large volume.
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2.2 Phantom Preparations
We studied that the LEBS enhancement factor can be sensi-
tive to subtle alterations in p�r
Lsc� ls

*� resulted from
changes in either the macroscopic scattering properties such
as ls

*, or the internal structures such as the relative refractive
indices and the scatterer sizes. We mixed microspheres with
different amounts of the solvents, and varied the relative re-
fractive index nr �=np /nm, where np and nm are the refractive
indices of the particle and the medium, respectively� and the
particle size Dp. In particular, to study the effect of a minute
perturbation by nr and Dp alone, we must keep the macro-
scopic scattering properties identical. In this case, we used
0.87-�m polystyrene microspheres �np=1.58, Ref. 18� and
0.78-�m silica microspheres �np=1.46, Ref. 19� as the scat-
terers and distilled water or glucose solution as the media.
Table 1 illustrates representative sample preparations when
ls
*=400 �m and g=0.91 at 	=628 nm. To accurately mea-

sure nm of the mixed medium of glucose and water, we ob-
tained elastic backscattering spectral data ranging from
450 to 650 nm from the glucose suspension containing poly-
styrene microspheres of Dp=5.43 �m. We fitted the experi-
mental spectra with Mie theory simulations using the known
particle diameter Dp and the known np of the large particles.
Because the ripple spectral pattern from the glucose suspen-
sion of the large particles was highly dependent on nm, we

could accurately estimate nm when the correlation coefficient
between the simulation and the experimental spectra was the
maximum. For the glucose suspension with the concentration
of 3.11 mol /L, we obtained its nm=1.38 at 628 nm at room
temperature. Using this procedure, we also confirmed
nm=1.33 of water at room temperature.20 In the main study,
we varied ls

* from 32 �m to 1 mm and fixed g of 0.91 to
mimic most biological tissue.21 The macroscopic scattering
properties were calculated using Mie theory.22 The dimension
of the samples was approximately ��25 mm2�13 mm.

3 Results of the Phantom Studies
Since Lsc is an additional length scale in LEBS, we first ex-
perimentally confirmed that the ratio of ls

* to Lsc can serve as
a unitless length scale, which was also used in previous the-
oretical studies.9,10 Note that Lsc / ls

* is related to the ratio of
the interference portion contributed by the coherent volume to
the incoherent baseline. We tested that the unitless length
scale Lsc / ls

* can determine the enhancement factor of LEBS.
In this experiment, we prepared two different scattering media
of ls

*=400 �m and ls
*=700 �m and measured the EBS an-

gular profiles under Lsc=115 �m and Lsc=200 �m, respec-
tively. Figure 3 shows the angular profiles from the two typi-
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Fig. 2 Complementary experimental setups using �a� EBS measurements under low-spatial-coherence illumination �i.e., LEBS�, �b� multiple spa-
tially independent detections using a microlens array, and �c� LEBS spectroscopy instrument. �a� The aperture A1 determines the spatial coherence
length of illumination. A single lens L projects the angular distribution of the backscattering light onto the CCD camera. �b� The microlens array in
the detection arm offers multiple mutually independent spatial filters under spatially coherent illumination. �c� The lens in the detection arm
projects the angular distribution of the backscattered light onto the slit of the spectrograph, which disperses the light according to its wavelength
in the direction perpendicular to the slit. The CCD records an intensity matrix as a function of the wavelength and the backscattering angle. P1 and
P2 are polarizers. A1 and A2 are apertures. F is an interference filter.

Table 1 Representative sample preparations of the scattering media
of ls

*=400 �m and g=0.91.

nr
�628 nm�

np
�628 nm�

nm
�628 nm�

Dp
��m�

Number of
particles
�per ml�

1.19 1.58 1.33 �water� 0.87 2.244�1010

1.15 1.58 1.38 �glucose� 0.76 5.514�1010

1.10 1.46 �silica� 1.33 �water� 0.78 1.226�1011
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Fig. 3 Angular profiles obtained from the water suspension of poly-
styrene microspheres of ls

*=400 �m and ls
*=700 �m under two differ-

ent values of Lsc=115 �m and Lsc=200 �m. Because ls
* /Lsc�3.5 in

the both cases, the enhancement factors are statistically the same.

Liu et al.: Enhancement factor in low-coherence enhanced backscattering…

Journal of Biomedical Optics May/June 2010 � Vol. 15�3�037011-3

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 16 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



cal scattering media when Lsc / ls
*�0.29. The enhancement

factors of the two cases were statistically the same with p
value=0.44, supporting the utility of Lsc / ls

*. Using the unit-
less parameter, we further studied the LEBS enhancement fac-
tors in the range of Lsc / ls

* from 0.2 to 6.25 using water sus-
pension of polystyrene microsphere �nr=1.19 and Dp

=0.87 �m�, as shown in Fig. 4�a�. When Lsc / ls
*�1, the en-

hancement factor was high and then decreased rapidly as
Lsc / ls

* decreased. Even in the case of Lsc / ls
*�1, there were

significant dephasing effects manifested as the reduction in
the enhancement factor, indicating that long scattering paths
can be substantially destroyed in this regime. Our experimen-
tal results are also in good agreement with the theoretical
studies.9,10

To explore the unique instance in which a subtle alteration
in p�r� may not be sensitively captured by the macroscopic
scattering properties, we investigated the effect of nr and Dp

on the enhancement factor when ls
Lsc
 ls
*. The regime of

ls
Lsc
 ls
* covers most biological cases where ls is generally

less than 100 �m and ls
* is greater than 1 mm. Figure 4�b�

shows that under the same macroscopic optical properties, the
higher nr gives rise to a higher enhancement factor under
low-spatial-coherence illumination. Indeed, when Lsc
 ls

*, the
enhancement factor can be sensitive to subtle changes in nr
and Dp. As shown in Fig. 4�b�, the gradual increase in the
enhancement factor over nr at a given Lsc / ls

* represents the
increase in the local scattering power, which cannot be as-
sessed using conventional EBS measurements. This is be-
cause the LEBS averages the multiple measurements of the
local optical properties when r� ls

*. This effect cannot be
manifested if the optical properties are averaged in the entire
area �e.g., Lsc� ls

*�. From the perspective of conventional
EBS, when the macroscopic optical properties of the scatter-
ing medium are kept the same, the EBS profile should remain
the same with the enhancement factor of 2. Overall, the LEBS
enhancement factor is directly related to a change in p�r

Lsc� ls

*�, which can be originated from variations either in
the macroscopic optical properties �e.g., ls

*� or the sample
structure details �e.g., relative refractive indices and sizes of
scatterers�. This characteristic of LEBS over a large range of
Lsc / ls

* further supports the utility of the LEBS enhancement
factor for tissue characterizations.

We also used the microlens array under spatially coherent
illumination, as shown in Fig. 2�b�. The microlens can serve
as a spatial filter so that time-conjugate waves outside its fi-
nite aperture cannot interfere with each other. Similarly to
EBS measurements under low-spatial-coherence illumination,
Fig. 5 shows that the enhancement factor of each EBS cone is
significantly reduced, because each microlens determines the
coherent volume. The medium in Fig. 5 was a uniform sus-
pension of polystyrene microspheres. The nonuniform peak
profiles were due to the inconsistent focal lengths of each
microlens and imaging aberrations. Overall, this configuration
enabled us to calculate a matrix of the enhanced factors. We
prepared two different media of different nr and Dp with the
same macroscopic scattering properties of ls

*=370 �m and
g=0.92 at 543 nm. The values of ls

* of both samples were
confirmed to be the same by the identical angular profiles
using the conventional EBS measurements. The enhancement
factor was calculated by averaging the intensity from all the
azimuthal angles. Figure 5 illustrates typical multiple EBS
cones formed by each aperture of the microlens array when
Lsc was much greater than the pitch size. We compared the
two enhancement factor matrices pairwise, as shown in Fig. 6.
Using paired t tests, the two enhancement factor matrices
were statistically different with p value=4.64�10−5, al-
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Fig. 4 �a� Enhancement factor as a function of the unitless length scale
Lsc / ls

* measured from the water suspension of polystyrene micro-
spheres �nr=1.19� and �b� enhancement factor over the unitless length
scale Lsc / ls

*
1 for three different nr and Dp. The LEBS enhancement
factor depends on subtle perturbations of ls

*, nr, or Dp.
Fig. 5 Typical 3�3 angular profiles measured under spatially coher-
ent illumination �i.e., He–Ne laser� using the microlens array that al-
lows multiple spatially independent detections. The angular range of
each EBS cone is from −3 to 3 deg. The EBS cones are normalized by
the intensity at a large scattering angle. The pitch of each microlens is
250 �m.

Fig. 6 Enhancement factor matrix measured using the microlens array
under spatially coherent illumination �i.e., Lsc� ls

*�. Although the two
media have the identical macroscopic scattering property �ls

*

=370 �m and g=0.91 at 543 nm�, the multiple spatially independent
detections reveal the influence of nr and Dp on the enhancement
factor matrix.
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though the macroscopic scattering properties were identical.
This result was in good agreement with the previous LEBS
enhancement factor measurements under low-spatial-
coherence illumination. We note that the overall enhancement
factors using the microlens array were lower than that of the
single LEBS reading, probably due to low angular resolution
through the series of the lenses. This result from the second
experimental setup �Fig. 2�b�� shows that each EBS peak in
the matrix is mainly determined by the localized traveling
waves, supporting the previous result that a single LEBS read-
ing �i.e., the averaged value of many unit EBS cones� can
detect the subtle changes in p�r� ls

*�. In addition, this con-
figuration helps us to further understand the working prin-
ciples of LEBS.

4 Feasibility Study for the Detection of Early
Carcinogenic Alterations Using LEBS

4.1 Pilot Animal Study Using Cutaneous Two-Stage
Chemical Carcinogenesis of Skin Cancer

To evaluate the utility of the LEBS enhancement factor for
characterizing early carcinogenic alterations, we conducted a
pilot animal study using an established animal model of non-
melanoma skin cancer �NMSC�. Our animal study was ap-
proved by the Purdue Animal Care and Use Committee. Mul-
tistep models of carcinogenesis have been intensively
studied23 in the mouse model of NMSC and the skin is the
ideal organ to study carcinogenic alterations in vivo over time.
We employed 7,12-dimethylbenz�a�anthracene �DMBA� �
phorbol ester 12-O-tetradecanoylphorbol 13-acetate �TPA�-
treated mice as a model system for NMSC �Ref. 24� In our
DMBA/TPA-treated mice, cancer initiation was accomplished
by a single dose of DMBA on the dorsal skin, and cancer
promotion was triggered by repeated applications of TPA,
producing multiple papillomas. Because of strong similarities
with human skin carcinogenesis, this highly reproducible ani-
mal model has been widely used in basic and clinical cancer
research.23 Indeed, this is among the most intensively studied
murine models of epithelial cancers and several ongoing hu-
man clinical trials are based on results generated by this ani-
mal model. In addition, in the previous LEBS studies,14,25

different animals or patients harboring different carcinogen-
esis stages were used without monitoring carcinogenesis over
time. Because of the easy accessibility to the skin, our animal
model enabled us to monitor each animal through several
stages of carcinogenesis without sacrificing them at different
time points, and to analyze the data specifically from the ani-
mals eventually harboring invasive tumors.

We used eight female FVB/n mice for this pilot study
�three control mice and five treated mice�. This strain is
known to be particularly sensitive to two-stage chemical skin
carcinogenesis.26 We had four mice for the DMBA/TPA-
treated group and three mice for the age-matched control
group. One mouse among the treated mice was used for his-
tologic confirmation at 10 weeks after the carcinogenesis ini-
tiation. At 6 to 7 weeks of age, we shaved the dorsal skin of
the mice using an electric hair shaver and completely re-
moved hairs with a depilatory cream. One week after hair
removal, we started the topical carcinogen administration as
follows. The experimental group of the mice was treated with
a single topical drop of 0.2 ml acetone containing 25 �g

DMBA to the shaved dorsal skin. After 1 week, 0.2 ml ac-
etone containing 5 �g TPA was applied once a week for
20 weeks. We used acetone as a vehicle to dissolve DMBA or
TPA and to enhance the topical administrations. The control
mice were similarly treated with the equal volume of acetone.
The animals were lightly sedated using an intraperitoneal in-
jection of ketamine/xylazine to immobilize the mice immedi-
ately before LEBS measurements. The measurement area was
shaved using a clipper and a depilatory cream. We used the
experimental setup shown in Fig. 2�c�, in which the illumina-
tion beam size was 4 mm in diameter. To calculate the LEBS
enhancement factor without being affected by the hemoglobin
absorption, we averaged the spectral signals from
615 to 635 nm. In each mouse, we obtained four LEBS read-
ings from different dorsal areas covering an area of �1.5
�1.5 in. We calculated a mean value of the LEBS enhance-
ment factors from the four different readings in each mouse.
We obtained sequential LEBS readings in vivo at 6 and
10 weeks after the carcinogenesis initiation �i.e., DMBA
treatment�.

4.2 Result and Discussion of the Pilot Animal Study
We first evaluated all the mice in our pilot study by visual
inspection. We confirmed that all carcinogen-treated mice
used in this pilot study formed palpable papillomas of
�1 mm in diameter at �14 weeks after the DMBA treatment
�except the mouse used for histological evaluation�, and the
papillomas eventually progressed to invasive tumors. There
were no papilloma formations at 10 weeks after the first
DMBA treatment. The histologic evaluations from one treated
mouse at 10 weeks showed dermal inflammation with over-
lying epidermal erosions or mild epidermal hyperplasia as a
preneoplastic stage. Figure 7 shows that the LEBS enhance-
ment factor at 10 weeks is associated with cancer progres-
sion. On the other hand, at 6 weeks, there was no significant
difference in the LEBS enhancement factor between the
carcinogen-treated and control mice. After 4 weeks �i.e., at
10 weeks�, the LEBS enhancement factor revealed a statisti-
cally significant difference with the two-tailed p value
=0.0135. The LEBS enhancement factor in the control group
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Fig. 7 LEBS enhancement factor obtained from the precancerous skin
tissue at 6 and 10 weeks after the initiation of skin carcinogenesis as
compared with the age-matched control mice. The LEBS enhance-
ment factors do not show a significant difference between the
carcinogen-treated mice and the control mice at 6 weeks. However,
the LEBS enhancement factors at 10 weeks are statistically distinct.
We confirmed that all the treated mice in this cohort formed palpable
papillomas at 14 weeks after the DMBA treatment.
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increased as the mice aged, while the carcinogen-treatment
suppressed its increase. The distinct reduction in the LEBS
enhancement factor of the treated mice at 10 weeks suggests
an alteration in the p�r� ls

*� possibly due to changes in either
ls
* or structure details of the mice skin. Since the in vivo

studies enabled us to monitor each animal at several different
time points and to analyze the data specifically from the ani-
mals eventually harboring papillomas, our result was directly
correlated with cancer progression.

The reduction in the LEBS enhancement factor in the
carcinogen-treated group can be understood as follows. The
mouse skin consists of three major layers: the epidermis, the
dermis, and the hypodermis.27 The thickness of the mouse
epidermis is only around 10 �m, while the thickness of the
female mouse dermis is approximately 200 �m �Ref. 27�.
Because the LEBS enhancement factor contains light scatter-
ing signals mainly originating14 from tissue depth of �Lsc
�=120 �m�, the LEBS enhancement factor should contain
the coherent partial waves that travel to the upper layer of the
dermis. Recent studies about skin cancer also suggest that
squamous cell carcinoma leads to decreased scattering power
in the dermis probably due to degradation of collagen
crosslinks.28,29 Similar findings were observed in other types
of epithelia cancers such as oral and cervical cancers.30–32 Our
result is consistent with these studies, although our study time
points are at a stage of preneoplasia. Furthermore, our finding
that the local scattering power increased with age in the con-
trol mice is also in agreement with the studies in cervical
cancer.33 The previous animal studies12,14,15 of precancerous
alterations in colon cancer focused on the utility of the spec-
tral properties of LEBS. On the other hand, our current study
reports that a different quantification of LEBS �i.e., the en-
hancement factor� has the potential as an easily measurable
robust biomarker, not dependent on the illumination intensity.
Overall, our result supports the idea that the alterations in the
LEBS enhancement factor can precede the development of
papillomas �i.e., the classical early marker of skin carcinogen-
esis�, and that the LEBS measurements potentially enable a
better understanding of early carcinogenesis and prediction of
cancer progression.

A drawback of our studies is that the exact physical origin
of the change in the LEBS enhancement factor in our animal
study was not clearly elucidated by the tissue phantom stud-
ies. This is mainly because measuring ls

* in biological media
is not trivial. For example, EBS measurements under coherent
illumination are commonly used for measuring ls

* in nonbio-
logical tissue such as strongly scattering materials, given that
the full width at half maximum �FWHM� of the EBS peak
�	 / �3�ls

*�. However, in the mouse skin, ls
*

�0.5 to 1.0 mm �Refs. 1 and 5� and thus the FWHM of the
EBS peak is 0.003 to 0.007 deg at 600 nm. Measuring such
an extremely narrow peak is not experimentally simple. As a
result, EBS measurements are not commonly used to estimate
ls
* in biological tissue. We also attempted to measure ls

* in the
mice skin using conventional EBS measurements. However,
due to this experimental challenge, the multiple EBS mea-
surements from the same animal skin sample showed a 30%
standard deviation in the EBS peak width. Thus, it was im-
possible for us to draw any solid conclusion that the change in
the LEBS enhancement factor was originated from a change

in ls
*. Indeed, other methods such as integrating sphere mea-

surements only permit rough estimation of ls
* with large ex-

perimental deviations.1 In this respect, it is beyond the scope
of our current study to report the exact physical origin that
determines the LEBS enhancement factor in our animal study.
Another limitation of our study is that we did not include any
mathematical models that can describe the relationship be-
tween the LEBS enhancement factor and the sample optical
properties.

5 Summary
We experimentally studied the properties of the LEBS en-
hancement factor using two complementary methods: �1� low-
spatial-coherence illumination and �2� multiple spatially inde-
pendent detections. The second configuration can be useful
for studying angular dependency of light scattered from the
sample over different spatial locations. We demonstrated that
the intensity within the spatial coherence area can slightly
change due to changes in either the macroscopic optical prop-
erties, or the detailed subtle structural features such as the
relative refractive indices and the scatterer sizes. In particular,
when Lsc
 ls

*, which is valid for most biological tissue, the
LEBS enhancement factor can capture such alterations. Thus,
the LEBS enhancement factor has potential as an easily mea-
surable biomarker in skin carcinogenesis.
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