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Abstract. When a large, highly absorbing breast lesion is imaged by
optical tomography in reflection geometry, most of the photons are
absorbed by the top portion of the lesion. As a result, the lower por-
tion of the lesion is not quantified correctly. This posterior light shad-
owing effect is similar to the sound shadowing effect frequently seen
in pulse-echo ultrasound images. The presence of significant posterior
shadowing of a lesion in ultrasound images suggests malignance. The
light shadowing effect due to optical contrast is characterized using a
simple measure and validated by the Monte Carlo photon-tracking
method and phantom experiments. Clinical examples of large malig-
nant and benign lesions are presented to demonstrate the shadowing
effect and the utility of the measure. Understanding and quantifying
the shadowing effect due to optical contrast is important for charac-
terizing larger malignant cancers from benign lesions. © 2010 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3431086�

Keywords: diffused light propagation in biological tissue; optical tomography;
Monte Carlo method.
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Introduction

ptical tomography using near-infrared �NIR� diffused light
as shown great promise in distinguishing benign from ma-
ignant breast lesions and in assessing chemotherapy response
f advanced breast cancers.1–18 Three geometries have been
sed frequently in optical tomography: transmission
eometry,5–7 ring geometry,17,18 and reflection geometry.12–16

n reflection geometry, the measurements are typically made
sing a handheld probe with many source and detector fibers
istributed on the probe. Compared with other imaging geom-
tries, reflection geometry has the significant advantage of
robing reduced breast tissue thickness. Therefore, lesions
lose to the chest wall can be imaged.

We have developed a co-registered ultrasound and optical
omography technique by deploying NIR source and detector
bers and a commercial ultrasound transducer on a handheld
robe. Co-registered ultrasound is used to guide the NIR to-
ography for lesion localization and also for image recon-

truction. Similar to the posterior shadowing effect of pulse-
cho ultrasound when imaging larger tumors, we have
requently observed a significant posterior light shadowing
ffect when imaging these large tumors.19 In other words, the
econstructed absorption maps of these large tumors have
hown much higher light absorption at the top portion than
hat of the deeper portion. We have also seen heterogeneous
ight absorption distributions when imaging advanced
ancers,19 and we have systemically characterized and quan-
ified the target heterogeneity in a recent study.20 There are
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two dominant factors that contribute to the depth-dependent
absorption mapping. The first is related to the weight matrix
used for image reconstruction, and the second is due to sig-
nificant light absorption of a tumor that causes a dramatic
reduction of the reflected light received from the deeper por-
tion of the tumor.

In our image reconstruction, Born approximation was used
to relate the unknown optical properties of the tissue to the
measurements at the surface, and inversion was performed
with the conjugate gradient iterative searching method. A
semi-infinite absorbing boundary condition was used to derive
the weight matrix that had the so-called banana shape for a
given source and detector pair. This “banana function” causes
the reconstructed optical properties to be depth dependent be-
cause the iterative searching method is highly prone to con-
verge along the steepest direction—i.e., the largest weight di-
rection. As a result, even for a homogeneous large target, the
reconstructed absorption coefficients of top target layers,
which normally have more weight, are higher than those of
the deeper target layers, which normally have less weight.21

This is an intrinsic problem related to light diffusion in the
turbid medium and can be partially corrected by appropriately
scaling the weight matrix.21 The second contributing factor to
the depth-dependent absorption mapping is due to the signifi-
cant light absorption of a highly vascularized tumor, which
causes a dramatic reduction of the reflected light received
from the deeper portion of the tumor.

In this paper, we have derived a simple measure to evalu-
ate the posterior light shadowing caused by optical absorption
of large targets. This simple measure is independent of target
location and, instead, depends on optical contrast of the target

1083-3668/2010/15�3�/036003/16/$25.00 © 2010 SPIE
May/June 2010 � Vol. 15�3�1



o
n
o

d
t
P
r
l
b
t
l
p
n
i

2
2
T
t
d
w
d
t
o
g
a
s
i
a
�
t
H
c
u
t
d
t
p
t
t
t
p
b
o
l
t
r
f

g
t
T
o
t
i
i
w
p
t

Xu and Zhu: Light shadowing effect of large breast lesions imaged by optical tomography…

J

f different size. The objective is to characterize large malig-
ant cancers from benign lesions based on optical contrast
nly.

The Monte Carlo �MC� photon-tracking method has been
eveloped to systemically evaluate the relationship between
he light shadowing effect and the target optical contrast.
hantom experiments are performed to validate the simulation
esults, and clinical examples are given to demonstrate the
ight shadowing effect and the utility of the measure. To the
est of our knowledge, the light shadowing effect due to op-
ical contrast has not been reported and characterized in the
iterature. Understanding and quantifying this effect is an im-
ortant step toward translating the optical tomography tech-
ique, especially when implemented in reflection geometry,
nto clinics for breast cancer diagnosis.

Methods
.1 Monte Carlo Simulation
he MC method22 was adopted to simulate the light propaga-

ion in a scattering medium and to visualize the absorption
istribution inside the medium. Briefly, the turbid medium
as modeled as having layers with finite thickness �along the
epth, z axis� of specified optical properties in each layer. If
he medium is homogeneous, all layers will have the same
ptical properties. In the simulation, millions of photons were
enerated at each source location. Each photon was incident
t 90 deg to the surface of the turbid medium and was as-
igned a unity weight W, which is analogous to the light
ntensity. Each photon went through many steps of absorption
nd scattering processes. After each step, part of the weight
W was absorbed by the medium, and the weight of the pho-

on was decreased. The photon was scattered following the
enyey-Greenstein function. The medium anisotropy, g, was

hosen to be 0.9 in this simulation. The roulette technique was
sed to terminate the photon when W�Wth, where Wth was a
hreshold value. Each photon either was absorbed in the me-
ium, was detected at the reflecting surface, or exited the
ransmitting surface. After the migration of one particular
hoton halted, a new photon was launched into the medium at
he source location. The MC simulation was performed in the
ime domain,23 and the resulting temporal data were Fourier
ransformed to provide frequency-domain amplitude and
hase shift as a function of distance. In this simulation, the
oundary condition can easily be controlled through the use
f refractive indices of the surface layer and the medium
ayer.24 The absorption boundary was used between the scat-
ering medium and the outer surface. The photon energy was
ecorded when it reached the outer surface �boundary� without
urther reflection.

The MC program was extended to include a spherical tar-
et embedded inside the medium. The size, position, and op-
ical properties of the target were controlled from an input file.
he complex photon reflection and refraction at the interfaces
f the target and the medium were computed. It is important
o decide whether a photon was reflected or refracted at the
nterface between the target and the medium. The angle of
ncidence, the angle of reflection, and the angle of refraction
ere calculated in three dimensions. As shown in Fig. 1, a
lane P was established based on three points: center of the
arget �O�, the original position of the photon �E�, and the
ournal of Biomedical Optics 036003-
expected position of the photon after one-step propagation
�F�, assuming no reflection/refraction. The interception of the
photon propagation direction with the target is G. Plane P can
be expressed as

cos�A�x + cos�B�y + cos�C�z − p = 0, �1�

where A, B, and C were azimuthal angles of the normal vector
�GH� for plane P, and p was the distance from the plane P to
the center of the coordinate in the normal direction. Snell’s
law was applied to calculate the reflection angle ��KGI� and
refraction angle ��OGJ� in plane P. The calculated reflec-
tion or refraction angle was converted to the azimuthal angle
in the original �x ,y ,z� coordinates by solving the following
equation:

cos2 � · sin2 � − 2sin � sin2 ��sin2 � − cos2 � · cos �

+ sin2 ��sin2 � sin2 � − cos2 a� = 0, �2�

where � was one azimuthal angle of the reflection/refraction
line, � was the corresponding azimuthal angle of incident
line, � was the corresponding azimuthal angle of normal line
of plane P, and � was the angle between the incident line and
reflection line.

If a photon experienced total internal reflection, the photon
was first propagated to the point where its trajectory inter-
sected the boundary between the target and the medium via a
shortened step size �s1�. Then, the photon’s traveling direction
was changed to the reflection direction and propagated the
remaining step �s−s1� in the same medium. If the photon
experienced partial internal reflection, we simplify the com-
putation by assuming that the photon was either all reflected
or all refracted. To determine that, the reflection coefficient
from Fresnel’s equations25 was computed and compared with
a random number generated from a uniform distribution. If
the random number was less than the reflection coefficient,
the photon experienced reflection; otherwise, it was refracted.
In the latter case, the photon propagated to the boundary first
and then continued by following the refraction direction. The
final spatial location of the photon was calculated by propa-
gating the photon with a distance of s−s1, which was adjusted
in length according to the difference in total interaction coef-
ficients between the medium and the target. The total interac-
tion coefficient is the summation of the absorption coefficient
and the scattering coefficient.

P

x

y

z

O

E

F
G

H

I

J

K

Fig. 1 Illustration of the MC simulation when a target is embedded in
the medium.
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.2 Photon Tracking Method
he MC method has the advantage of tracking each generated
hoton.26 The detected photon can be separated into several
roups according to the propagation path of the photon. To
ompute the contributions of each target or top portion or
ottom portion of the target to the measured reflectance, we
ategorize each received photon at the surface into different
roups. The first group consists of photons that do not enter
he target �BG�, and the second group consists of photons that
nter the target �TG�. Figure 2�a� illustrates example paths of
hese two photon groups. The TG group can be further cat-
gorized into many subgroups based on the deepest depth that
ach photon has reached. For example, as shown in Fig. 2�b�,
f the target is separated into the upper half and the bottom
alf, the photons that entered the target can be further catego-
ized into two subgroups: the photons entering the upper half
arget only �UTG� and the photons reaching the bottom half
UBTG�. By summing the weights of detected photons from
ach group and then dividing the total weight, we obtained the
ntensity ratio as

Pi�s,d� = Wi/Wt i = 1,2, �3�

here Wi=�lWil, l is the index of received photons of each
roup. W =�n W is the total weight. n is the total number of

Detector

TG

BG

Background
tissue

Target

Source

TG (a)

SourceDetector
UTG

UBTG

Background
tissue

Target

(b)

ig. 2 Illustration of different photon groups. �a� Illustration of photon
roups when a single target is embedded in the medium. Target group
TG� consists of photons that enter the target; background group �BG�
onsists of photons that propagate in the background medium only.
b� Illustration of photon groups when the target is segmented into top
nd bottom layers. Upper target group �UTG� consists of photons that
nter the upper half target only; upper and bottom target group
UBTG� consists of photons that enter both the upper and bottom
arts of the target.
t i=1 i

ournal of Biomedical Optics 036003-
groups. The ratios of different groups provide information that
is group specific at each detector location �d� for a specified
source location �s�. The ratio between subgroups can also be
calculated, such as the ratio between the intensity of photons
entering the upper-half UTG and the intensity of photons
reaching the bottom-half UBTG. This ratio is denoted as
P�s ,d�= �WUTG /Wt� / �WUBTG /Wt�=WUTG /WUBTG in the fol-
lowing text, and it corresponds to the received scattered wave
from the top part of the target to the bottom part of the target.

2.3 Weight Matrix Calculation and Image
Reconstruction

The Born approximation is used to relate the scattered field
Usd�rsi ,rdi� measured at the source �s� and detector �d� pair i
to absorption variations ��a�r�� in each volume element r�
within the sample. A dual-zone mesh scheme introduced by us
earlier12 was used to segment the imaging volume into lesion
region �L� and background region �B� with finer and coarse
voxel sizes, respectively. This scheme significantly reduced
the total number of voxels with unknown optical properties
and improved the convergence. In general, the inversion con-
verged in three to four iterations. The measured scattered
field, weight matrix, and total absorption distributions were
related in the following equation as

�Usd�M�1 = �WL,WB�M�N�ML,MB�T, �4�

where WL= �−G�rvj ,rdi�	0�rsi ,rvj� /D�M�NL
and WB

= �−G�rvk ,rdi�	0�rsi ,rvk� /D�M�NB
were weight matrices for

lesion and background volumes, respectively, and �ML�
= ��1L

��a�r��d3r� , . . .�NL
��a�r��d3r�� and �MB�

= ��1B
��a�r��d3r� , . . . . . .�NB

��a�r��d3r�� were the total ab-
sorption distributions of lesion and background volumes, re-
spectively. G was the Green’s function, 	0 was the incident
field, and D was the diffusion constant. Instead of using a
traditional inversion approach that reconstructs the ��a�r��
directly, we have reconstructed the total absorption distribu-
tion. The total is divided by the different voxel sizes of the
lesion and background at the end of the iterative optimization
to obtain the absorption distribution ��a�r��. This scheme
further conditions the inversion and improves the convergence
because the total absorption distribution in the background
region with a lower ��a and a larger voxel size has the simi-
lar scale as the total in the lesion region with a higher ��a
and a smaller voxel size. Furthermore, dividing the voxel size
at the end of the iterative inversion has significantly reduced
background artifacts because the voxel size in the background
region was much larger than that at the lesion region. The
conjugate gradient method was used for the optimization.

The scattered wave or perturbation received at the surface
due to the presence of an absorbing target can be approxi-
mated as Usd=Utop+Ubottom+Ubackground, where Utop and
Ubottom represent the perturbation generated from the top part
and bottom part of the target, respectively, and Ubackground is
from the background. The reconstructed total absorption dis-
tribution has three components of ��a_top, ��a_bottom, and
��a_background if the medium scattering heterogeneities are ne-
glected. We then have the following equation derived from
Eq. �4� as
May/June 2010 � Vol. 15�3�3
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�Utop + Ubottom + Ubackground� = �WL_top � ��a_top + WL_bottom

� ��a_bottom + WB

� ��a_background� . �5�

ssuming that the background perturbation, ��a_background, is
egligible compared with that of the target, we reach the fol-
owing approximation:

Utop � WL_top � ��a_top and �6�

Ubottom � WL_bottom � ��a_bottom.

e further assume the simplest case, that the reconstructed
arget absorption distribution is uniform for top and bottom
ortion of the target with constant values ��a_top and
�a_bottom. The ratio of Utop to Ubottom is directly related to
�a_top and ��a_bottom as

R�s,d� =
	Utop	

	Ubottom	
=

	� WL_top � ��a_top	
	� WL_bottom � ��a_bottom	

,

=

 �

V_top

WL_top
 � ��a_top


 �
V_bottom

WL_bottom
 � ��a_bottom

=

 �

V_top

− G�rvj,rd�	0�rs,rvj�/D
 � ��a_top


 �
V_bottom

− G�rvj,rd�	0�rs,rvj�/D
 � ��a_bottom

,

=
�s,d,�̄a,�s�,location,volume�
��a_top

��a_bottom
, �7�

here | | represents the absolute value. 
 is the ratio of the
ummation of two weight matrices computed from the top
ortion of the target and the bottom portion of the target. 
 is
function of source and detector positions, background ab-

orption and scattering coefficients, and target location and
olume. 
 characterizes the weighting of the photons propa-
ating through the top portion of the target over the bottom
ortion of the target and is independent of the target contrast.
ecause both incident field 	0 and Green’s function G expo-
entially decay with the depth, the summation of the weight
omputed from the top portion of the target is larger than that
omputed from the bottom portion of the target. The ratio 

ncreases with the target volume and target depth.

.4 Quantifying Light Shadowing Effect Due to Target
Optical Contrast Only

ased on the perturbation approach, the R�s ,d� is quantita-
ively related to the P�s ,d�=WUTG /WUBTG in the MC simu-
ation, which is the intensity ratio of the received photons
ntering the upper-half target only, UTG, and photons reach-
ng the bottom-half target, UBTG. For each pair of high-
ontrast and low-contrast targets of the same size located at
he same depth, R �s ,d� and R �s ,d� can be calculated.
high low

ournal of Biomedical Optics 036003-
The ratio of Rhigh�s ,d� and Rlow�s ,d� given in the following
equation cancels the weighting effect due to

�s ,d , �̄a ,�s� , location ,volume� and characterizes the light
shadowing effect due to target contrast only:

Rhigh/low =
Rhigh�s,d�
Rlow�s,d�

=

 ��a_top

��a_bottom



high


 ��a_top

��a_bottom



low

. �8�

Similarly, the ratio computed from high-contrast target
P�s ,d�high=WUTG /WUBTG and low-contrast target P�s ,d�low
=WUTG /WUBTG also cancels the weighting effect and depends
on target contrast only.

The estimation derived earlier attempts to explain the ap-
proximate relationship between ���a_top� / ���a_bottom� mea-
sured from absorption maps and intensity ratio P�s ,d�
=WUTG /WUBTG computed from the MC simulations. In ex-
periments, it is impossible to separate the perturbation mea-
surements into contributions from top and bottom parts of the
target. However, the reconstructed ��a_top and ��a_bottom can
be measured from absorption images and can be quantita-
tively related to average percentage of weight P
=WUTG /WUBTG. In the computation, the maximum �as mea-
sured at the top and bottom parts of the target were used to
approximate the ���a_top� / ���a_bottom� as
�max �a_top� / �max �a_bottom�. This approximation avoids the
computation problem when the ��a_bottom is too small.

2.5 Phantom and Clinical Experiments

The experimental validation was performed using our existing
frequency domain NIR system.27 It consisted of laser diodes
of 780-nm and 830-nm wavelengths. The outputs of the laser
diodes were amplitude modulated at 140 MHz and optically
switched to 9 positions on a handheld probe. Fourteen optical
fibers of 3-mm diameter were coupled to 14 parallel detection
channels. For phantom experiments, Intralipid solution was
used to emulate background breast tissue optical properties.
Polyester resin spheres of calibrated values �a=0.23 cm−1

and �s�=5.45 cm−1, and �a=0.07 cm−1 and �s�=5.50 cm−1

were used to emulate high-contrast tumors and low-contrast
benign lesions. Both high- and low-contrast targets have three
sizes of 1.0-, 2.0-, and 3.0-cm diameter to emulate small,
medium, and larger lesions. In each experiment, the measure-
ments were first made from a simple Intralipid background
that was used as the reference data. The measurements were
repeated for selected solid target phantoms immersed in the
Intralipid background at known depths. A commercial ultra-
sound probe was located in the middle of the handheld probe
to provide the depth and the location of the target.

The same setup has been used for clinical studies. The
study protocol was approved by the local Institution Review
Board. Signed informed consent was obtained from all pa-
tients who agreed to participate in the study. Patients were
scanned in a supine position while multiple sets of optical
reflectance measurements were made with co-registered ultra-
sound images at the lesion location and the normal contralat-
eral location of the same quadrant as the lesion. The measure-
May/June 2010 � Vol. 15�3�4
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ents obtained at the normal location were used to estimate
ackground optical properties, which were used to compute
he weight matrix for imaging.

Results
.1 Example of Absorption Distributions of Different

Photon Groups
n the first set of MC simulations, photons have propagated in

12 cm�12 cm�7.5 cm volume of background �a

0.03 cm−1 and �s�=6.0 cm−1. A simulated lesion of 3-cm
iameter and �a=0.3 cm−1 and �s�=6.0 cm−1 was located at
0 ,0 ,2.5 cm�. The simulated lesion has the same refractive
ndex of n=1.33 as that of the background medium. The
ource was located at �−2.0,0 ,0 cm�, and the detector was
ocated at �0,0 ,0 cm�. In MC simulation, each photon was

(a)

(c)

Source Detector

Source Detector

ig. 3 Simulated absorbed weight distribution of a single target insid
lane. �a� The background photon group �BG� consists of photons th
nter the target. �c� The upper target group �UTG� includes the photo
pper half and the bottom half. �d� The upper and bottom target grou
arget is separated into two parts.
ournal of Biomedical Optics 036003-
assigned an initial weight of unity. As the photon propagated
in the medium, part of the weight �W was absorbed after
each step. The absorbed �W inside the 3-D volume was
summed in the y direction and projected into the x-z plane, as
shown in Fig. 3. In each figure, the vertical axis is the propa-
gation depth z in centimeters, and the horizontal axis is the
lateral dimension x in centimeters. Each figure is normalized
to the total number of photons and displayed in logarithmic
scale. The target position is marked with a white dashed
circle. Figures 3�a� and 3�b� show absorption distributions of
the photons that have propagated in the background medium
only �BG group� and entered the target �TG group�, respec-
tively. Figure 3�c� is the distribution of the photons that have
entered the upper part of the target only �UTG group�, and
Fig. 3�d� is the distribution of photons that have entered both
the upper and bottom parts of the target �UBTG group�.

(b)

(d)

Source Detector

Source Detector

-D volume was summed in the y direction and projected to the x-z
ot enter the target. �b� The target group �TG� consists of photons that
ring the upper half target only, when the target is separated into the

TG� includes the photons that reach the bottom half target when the
e the 3
at do n
ns ente
p �UB
May/June 2010 � Vol. 15�3�5
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3.2 Computed Intensity Ratios of Two-Photon Groups

The MC simulations were performed for small, medium, and
large spherical targets of 1.0-, 2.0-, and 3.0-cm diameters
located at different depths, respectively. The background op-
tical properties were �a=0.03 cm−1, �s�=6.0 cm−1, and the
target optical properties were �a=0.3 cm−1, �s�=6.0 cm−1 for
the high-contrast case and �a=0.1 cm−1, �s�=6.0 cm−1 for
the low-contrast case. All targets were located at �0,0 ,z� cm,
and center depth, z, was varied from 1.0 to 3.0 cm. Figure 4
is the imaging probe with the source and detector positions
marked. Using this probe, the intensity ratio �P
=WUTG /WUBTG� was calculated for both high- and low-
contrast targets at all source–detector pairs. The average P
=WUTG /WUBTG was 3.04, 4.34, and 6.62 for the high-contrast
3-cm target located at 2.0, 2.5, and 3.0 cm, respectively; and
the corresponding P was 1.86, 2.68, and 4.06 for the low-
contrast target of the same size. The intensity ratios under
other imaging conditions are given in Table 1. As predicted by
Eq. �7�, P=WUTG /WUBTG increases with the target depth.
However, the ratio of Phigh / Plow according to Eq. �8� is inde-
pendent of the source–detector separation and the target loca-
tion and dependent on target contrast only when the target

low-contrast targets at different center depths.

Center Depth �cm�

2.0 cm 2.5 cm 3.0 cm

igh-
ntrast
rget

Low-
Contrast
Target

High-
Contrast
Target

Low-
Contrast
Target

High-
Contrast
Target

Low-
Contrast
Target

.84 0.68 1.21 0.92 1.11 0.93

.218
188�

�0.148
0.132�

�0.245
0.206�

�0.135
0.127�

�0.221
0.160�

�0.133
0.125�

.16 1.13 1.19 1.06 1.38 1.06

.51 1.15 2.30 1.56 3.27 2.15

.104
068�

�0.074
0.058�

�0.115
0.056�

�0.077
0.056�

�0.190
0.066�

�0.081
0.045�

.54 1.28 2.05 1.37 2.87 1.77

.04 1.86 4.34 2.68 6.62 4.06

.109
033�

�0.080
0.039�

�0.127
0.030�

�0.106
0.042�

�0.152
0.030�

�0.103
0.033�

.30 2.08 4.23 2.52 5.08 3.13
ig. 4 Probe geometry used for simulation and phantom experiments.
he red stars are the locations of sources, and the blue circles are the

ocations of detectors. The middle slot is used for a commercial ultra-
ound transducer. �Color online only.�
Table 1 Simulation results for high-contrast targets and

Target Diameter �cm� 1.5 cm

High-
Contrast
Target

Low-
Contrast
Target

H
Co
Ta

=1.0 cm Mean intensity ratio
�WUTG/WUBTG�

0.62 0.51 0

Reconstructed max �a �cm−1�
�max in top layer;

max in bottom layer�

�0.166
0.233�

�0.141
0.155�

�0
0.

Reconstructed ratio
Rhigh or Rlow

0.71 0.91 1

=2.0 cm Mean intensity ratio
�WUTG/WUBTG�

0.84 0.65 1

Reconstructed max �a �cm−1�
�max in top layer;

max in bottom layer�

�0.095
0.066�

�0.062
0.046�

�0
0.

Reconstructed ratio
Rhigh or Rlow

1.45 1.36 1

=3.0 cm Mean intensity ratio
�WUTG/WUBTG�

3

Reconstructed max �a �cm−1�
�max in top layer;

max in bottom layer�

�0
0.

Reconstructed ratio
Rhigh or Rlow

3

May/June 2010 � Vol. 15�3�6
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ize is the same. As shown in Table 2, the average values of
Phigh / Plow were 1.62, 1.65, and 1.65 when the center of the
igh- and low-contrast targets was located at 2.0, 2.5, and
.0 cm, respectively. The average is fairly constant and inde-
endent of depth. This indicates that the ratio of the total
umber of received photons from the top portion of the target
o the bottom portion of the target is 1.6 higher for the high-
ontrast target compared with that of the low-contrast target
f the same size. In other words, the high-contrast target ex-
eriences 1.6 times higher light shadowing effect independent
f the target location.

A similar comparison can be made for the medium-size
nd small-size targets. Figure 5 shows an example of

Table 2 Simulation results for the ratio Phigh /Plo
at different center depths.

Target Diameter �cm� 1.5

D=1.0 cm Slope 0.0

Mean 1.0

Standard deviation 0.5

D=2.0 cm Slope −0.

Mean 1.2

Standard deviation 0.5

D=3.0 cm Slope

Mean

Standard deviation

0 1 2 3 4 5 6 7
0

0.5

1

1.5

2

2.5

s-d distance(cm)

R
at
io
(P
hi
gh
/P
lo
w
)

d=2.0cm, depth=2.0cm

ig. 5 An example of ratio Phigh /Plow versus source–detector separa-
ion. The x axis is the source–detector distance, and the y axis is the
high /Plow. In the simulation, a pair of high-contrast and low-contrast
-cm targets was located at 2.0-cm depth.
ournal of Biomedical Optics 036003-
Phigh / Plow versus source–detector separation for the pair of
high- and low-contrast targets of 2.0-cm diameter located at
2.0-cm depth. The ratio Phigh / Plow remains fairly constant
over the entire range of source–detector separation. The mean
value of Phigh / Plow is 1.34, and the standard deviation is 0.57.
Note that when the source–detector separation is larger, the
total number of photons received at each detector is smaller,
and the signal-to-noise ratio �SNR� is lower. The mean values
and standard deviations of Phigh / Plow under other imaging
conditions are given in Table 2.

In Fig. 6, solid lines with circles show the average
Phigh / Plow versus target center depth for the three pairs of
large �blue�, medium �red�, and small �black� targets. The av-
erage Phigh / Plow values were 1.28, 1.34, 1.39, and 1.45 for the
medium-size target located at 1.5-, 2.0-, 2.5-, and 3-cm
depths, respectively, while the average values were 1.04, 1.14,
1.16, and 1.17 for the small 1-cm target located at the corre-
sponding depths. On average, the larger, medium, and small
high-contrast targets experience 1.64, 1.36, and 1.14 times
higher light shadowing effect due to the target contrast com-
pared with the low-contrast target of the same size. The re-
sults suggest that the 1-cm target is free of the posterior light
shadowing effect. The ratio Phigh / Plow is independent of the
target location and depends on the target contrast only.

3.3 Image Reconstruction Results of the MC
Simulations

The image reconstruction was performed on each data set, and
the ratio of reconstructed maximum absorption coefficients of
top and bottom target layers was calculated for each target
location. In the reconstruction, the background region was
divided into a relatively coarse mesh of pixel size 1.0
�1.0 cm2 in x and y dimensions, and the target region was
segmented into a finer mesh of 0.1�0.1 cm2 in x and y di-
mensions. The target region was chosen three to four times

a pair of high- and low-contrast targets located

Center Depth �cm�

2.0 cm 2.5 cm 3.0 cm

0.0232 −0.0844 0.0120

1.1428 1.1645 1.1691

0.6321 0.7716 0.8345

−0.0195 −0.0122 −0.040

1.3382 1.3895 1.4533

0.5676 0.6868 0.6759

−0.0857 0.0191 −0.0572

1.6207 1.6474 1.6497

0.6577 0.8587 0.8234
w when

cm

157

423

423

0215

781

700
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arger than the true target area. To compare the intensity ratio
btained from the MC simulation with the reconstructed
aximum absorption ratio measured from the top and bottom

arget layers in depth, we have reconstructed targets in two
ayers. The first target layer was located at the center depth of
he top half of the target, and the bottom target layer was
ocated at the center depth of the bottom half of the target.
he separation of two target layers was the radius of the tar-
et. This imaging reconstruction scheme matches the intensity
atio calculation used in simulation and makes the comparison
asier.

The reconstruction results are listed in the second row of
ach category in Table 1. The reconstructed images are not
hown here. The ratios of reconstructed maximum �a mea-
ured from the top-half target to the bottom-half target are
isted in the third row of each category. For the high-contrast
-cm target, the ratios were 3.30, 4.23, and 5.08 when the

arget was located at 2.0-, 2.5-, and 3.0-cm depth, respec-
ively. For the low-contrast 3-cm target, the reconstructed ra-
ios were 2.08, 2.52, and 3.13, respectively. Similarly, the ra-
io Rhigh/low, which is independent of the target location and
epends only on the target contrast, is plotted in Fig. 6 using
ashed lines with cross symbols. The ratio of Rhigh/low closely
ollows the Phigh / Plow computed from the MC simulations.
he average ratios of Rhigh/low for the three high- and low-
ontrast target pairs of larger, medium, and small were 1.63,
.35, and 1.06.

.4 Image Reconstruction Results of Phantom
Experiments

hantom experiments were performed at similar conditions as
he simulation. The Intralipid solution was used to emulate
ypical breast tissue optical properties of �a=0.027 cm−1 and

s�=7.20 cm−1 calibrated at 780-nm wavelength. The high-
ontrast and low-contrast targets of three sizes were used to

1.5 2 2.5 3
0.5

1

1.5

2

2.5

3

3.5

center depth (cm)

Ra
tio
be
tw
ee
n
hi
gh
an
d
lo
w
co
nt
ra
st
ta
rg
et
s

d=3.0cm, Phigh/Plow

d=3.0cm, Rhigh/Rlow

d=2.0cm, Phigh/Plow
d=2.0cm, Rhigh/Rlow

d=1.0cm, Phigh/Plow

d=1.0cm, Rhigh/Rlow

ig. 6 Average ratio of Phigh /Plow �intensity ratio� and Rhigh/low �recon-
truction ratio� versus target center location. The three groups of
urves correspond to target diameter of 1 cm, 2 cm, and 3 cm. Both
high /Plow and Rhigh/low are independent of target location, as predicted
y Eq. �8�.
ournal of Biomedical Optics 036003-
emulate the small, medium, and large lesions of 1.0-, 2.0-, and
3-cm diameter. Each target was located at different depths
from 1.5 cm to 3.0 cm with 0.5-cm increment in depth.

The reconstructed absorption maps were obtained follow-
ing the same procedure described in Sec. 2.3. In the recon-
struction, the coarse mesh was the same as the simulation in x
and y spatial dimensions. The target region was segmented
into a finer mesh of 0.25�0.25 cm2 in x and y dimensions.
The choice of fine-mesh size was based on considerations of
the system signal-to-noise ratio and the total number of voxels
with unknown optical proprieties. The layer or depth separa-
tion was chosen as 1.0 cm for coarse mesh and 0.5 cm for
fine mesh, which were the same as those used in the clinical
experiments. The fine-mesh target region was chosen three to
four times larger than the true target area. In the reconstructed
absorption map, each slice is the spatial x-y image of 8 cm
�8 cm. The depth of each slice is marked in the figure. In
order to compare with the clinical experiments, the recon-
struction was performed in 0.5-cm spacing in depth. Thus, the
3-cm-diam target and the 2-cm-diam target occupied five tar-
get layers and three target layers, respectively. The other lay-
ers in depth were the background.

The reconstructed images of the 3-cm high-contrast target
located at 2.0-, 2.5-, and 3-cm depth are shown in Figs.
7�a�–7�c�, respectively. The images of the 3-cm low-contrast
target located at the corresponding depths are shown in Figs.
8�a�–8�c�, respectively. For each set of images, the measured
maximum �a at the target layers are given in Table 3. If the
ratios R of measured maximum �a obtained from the top
target layer over that obtained from the second target layer are
calculated, the ratio R depends on the target location and in-
creases with the target depth, as predicted by Eq. �7�.

The Rhigh/low ratios for 1-cm targets that characterize the
light shadowing effect due to contrast only were 0.97, 0.91,
0.97, and 0.99 for this pair of high- and low-contrast targets
located at 1.5-, 2-, 2.5-, and 3-cm depths. The ratio Rhigh/low

was computed using Rhigh and Rlow obtained from the first
target layer over the second target layer. Compared with the
simulation, the Rhigh/low increases slightly with the target
depth. When the target depth increases beyond 2.5 cm, the
source–detector pairs greater than 5 to 6-cm separation
mainly receive photons from the bottom layers and the signal-
to-noise ratios of these data are lower compared with those
obtained from shorter pairs. This problem is more pronounced
when a larger absorber is embedded in the medium. As a
result, the reconstructed maximum �a values at the bottom
layers were slightly above the background values and were
the same for both high- and low-contrast targets. Under this
condition, the Rhigh/low is mainly the ratio of reconstructed
maximum �a values of high- and low-contrast targets at the
top layer, and it is higher than that predicted by Eq. �8�. How-
ever, the mean value is 1.54, which is very close to the mean
value of 1.6 obtained from the MC simulation. Thus, on av-
erage, the larger high-contrast target of 3 cm in size has ex-
perienced 1.6 times higher light shadowing effect due to the
target contrast compared with the low-contrast target of the
May/June 2010 � Vol. 15�3�8
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ame size.
For the 1-cm target, the reconstructed images of the high-

ontrast target located at 1.5, 2, 2.5, and 3 cm are shown in
igs. 9�a�–9�d�, respectively, and the images of the low-
ontrast target located at the corresponding depths are shown
n Figs. 10�a�–10�d�, respectively. For each set of images, the

easured maximum �a at target layers is given in Table 3.
he ratio R depends on the target location and slightly in-
reases with the target depth.

Note that in our reconstruction procedure with 0.5-cm in-
rement in depth, the small target with diameter of 1 cm is
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ig. 7 Experimental results of 3-cm-diam high-contrast target. The targ
ach slice is the tomographic display of reconstructed absorption dis
arked in the figure.
ournal of Biomedical Optics 036003-
typically reconstructed in one target layer. However, to com-
pare results obtained from large and medium-size targets, the
small targets were reconstructed in two target layers with the
top layer located at the middle of the top-half of the target and
the bottom layer located at the middle of the bottom-half of
the target.

The Rhigh/low ratios for 1-cm targets that characterize the
light shadowing effect due to contrast only were 0.97, 0.91,
0.97, and 0.99 for this pair of high- and low-contrast targets
located at 1.5-, 2-, 2.5-, and 3-cm depths. These values were
constant over the target depths studied. This result indicates
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hat on average, the small high-contrast target of 1 cm in size
id not experience the light shadowing effect due to target
ptical contrast.

The phantom experiments were also performed on the
edium-size 2-cm diameter high- and low-contrast targets.
he reconstruction results are given in Table 3, and the recon-
tructed images are not shown here. The Rhigh/low ratios for the
-cm target, which characterize the light shadowing effect
ue to contrast only, were 1.00, 1.20, 1.25, and 1.39 for this
air of high- and low-contrast targets located at 1.5-, 2-, 2.5-,
nd 3-cm depths. The ratio Rhigh/low was computed using Rhigh
nd R obtained from the first target layer over that obtained
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ig. 8 Experimental results of 3-cm-diam low-contrast target. The targ
ach slice is the spatial x-y image of 8 cm�8 cm, and the depth of e
low
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from the second target layer. The Rhigh/low increases slightly
with the target depth for the same reason discussed earlier.
However, the mean value, 1.22, is very close to the mean
value of 1.36 obtained from the MC simulation.

Figure 11 shows the Rhigh/low versus target depth obtained
from 1.0-, 2.0-, and 3.0-cm diameter targets. The Rhigh/low was
computed using Rhigh and Rlow obtained from the first target
layer over the second target layer. The Rhigh/low is fairly con-
stant over the depth studied; however, it increases slightly at
deeper depth for the medium and larger target data because
the signal-to-noise ratio decreases with depth.
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.5 Clinical Examples
wo examples were obtained from our ongoing clinical study
onducted at the University of Connecticut Health Center.
igure 12�a� shows a co-registered ultrasound B-scan of a
uspicious lesion. The center of the lesion was located at
.75-cm depth, and the size of the lesion was about 2.7 cm.
he fitted background tissue optical properties were �a

0.031 cm−1 and �s�=3.10 cm−1 at 780 nm. Using the same
econstruction scheme as the phantom experiment, the lesion
as reconstructed with a 0.5-cm increment, and the depth of

ach slice is marked in the figure. Considering the higher
oise level in clinical data, the target region was segmented
nto a fine mesh of voxel size 0.5�0.5�0.5 cm3 and the
oarse mesh of 1.0�1.0�1.0 cm3. The fine-mesh region
hosen was 4.5 times larger than the target area estimated by
ltrasound. The reconstructed absorption map is shown in Fig.
2�b�. At the first target layer, the reconstructed maximum �a
as 0.244 cm−1, the next layer was 0.116 cm−1, and the last

ayer was only 0.041 cm−1. The ratio between the first and
econd layer was 2.11. Ultrasound-guided core biopsy re-
ealed that the lesion was an invasive lobular carcinoma.

Figure 13�a� shows a co-registered ultrasound B-scan of a
uspicious lesion. The lesion center was located at 1.8-cm
epth, and the diameter of the lesion was about 3.0 cm. The
tted tissue background optical properties were �a

0.012 cm−1 and �s�=3.16 cm−1 at 780 nm. The lesion was
econstructed with a 0.5-cm increment, and the reconstructed
bsorption map is shown in Fig. 13�b�. In this example, the
econstructed maximum �a was 0.087 cm−1 at the first target
ayer and 0.068 cm−1 and 0.049 cm−1 at the second and third
arget layers, respectively. The ratio between the first layer

Table 3 Reconstruction re

Target Diameter �cm�

1.5 cm

High-
Contrast
Target

Low-
Contrast
Target

=1.0 cm Reconstructed
maximum �a �cm−1�
�max in top layer;

max in bottom layer�

0.155
0.172

0.086
0.093

=2.0 cm Reconstructed
maximum �a �cm−1�
�max in first layer;

max in second layer;
max in third layer�

0.120
0.089
0.052

0.109
0.081
0.046

=3.0 cm Reconstructed
maximum �a �cm−1�
�max in first layer;

max in second layer;
max in third layer;
max in fourth layer;
max in fifth layer�
ournal of Biomedical Optics 036003-1
and the second layer was 1.28, and the ratio between the first
layer and the third layer was 1.77. Ultrasound-guided core
biopsy revealed that the lesion was a benign mass with fibro-
cystic changes.

The Rhigh/low due to optical contrast only for this pair of
malignant and benign lesions of 3-cm size is 1.6. It is inter-
esting to note that the location and size of this pair of malig-
nant and benign lesions are slightly different; however, the
ratio Rhigh/low is very close to that obtained from the pair of
3-cm high- and low-contrast phantom targets. This result is
promising and suggests that it is possible to use the simple
measure Rhigh/low derived from this paper to compare the ma-
lignant versus benign lesions.

4 Discussion and Summary
In our clinical data obtained from large cancers, we have ob-
served two major types of vascular distribution patterns: het-
erogeneous distribution in both spatial and depth dimensions,
and homogeneous distribution in spatial dimensions only and
significant posterior light shadowing effect in depth.19 Hetero-
geneous vascular distributions are often seen in advanced
large cancers of more than 3 cm in size.15 This paper has
systemically characterized and quantified the posterior light
shadowing effect. In this paper, we derived a simple measure
to assess the light shadowing effect caused by the optical
contrast only. Because of the depth-dependent weight distri-
bution of the diffusive waves, the ratio of reconstructed �a
measured from the top target layer to the deeper target layers
depends on the target depth. The posterior shadowing effect
caused by highly absorbing malignant lesions can be sepa-
rated from the depth-dependent reconstruction using the

r phantom experiments.

Center Depth �cm�

2.0 cm 2.5 cm 3.0 cm

st
Low-

Contrast
Target

High-
Contrast
Target

Low-
Contrast
Target

High-
Contrast
Target

Low-
Contrast
Target

0.084
0.087

0.155
0.169

0.075
0.079

0.165
0.171

0.080
0.083

0.129
0.071
0.028

0.144
0.064
0.031

0.121
0.067
0.040

0.139
0.069
0.040

0.093
0.064
0.045

0.074
0.065
0.048
0.030
0.028

0.167
0.075
0.028
0.028
0.028

0.090
0.061
0.040
0.031
0.028

0.189
0.057
0.028
0.028
0.028

0.100
0.057
0.035
0.022
0.028
sults fo

High-
Contra
Target

0.161
0.183

0.160
0.074
0.030

0.120
0.084
0.044
0.028
0.028
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imple measure derived from this paper. The measure is ob-
ained from a pair of high- and low-contrast targets of a simi-
ar size, a similar target location, and similar background op-
ical properties, and it is independent of target depth. To apply
his measure to clinical diagnosis, we will need to evaluate
everal groups of malignant and benign lesions. Each group of
alignant and benign lesions will have a similar size and be

ocated at a similar depth. The background optical properties
hould be similar as well. The ratio Rhigh/low of each group
ill be computed to validate the phantom results, and initial
bservations from clinical cases indicate that it is independent
f depth and depends on target contrast only. With further
linical validation, we may be able to diagnose malignant
ersus benign lesions of a subpopulation of patients who
resent posterior light shadowing effect, based on the ratio of
aximum �a measured from an absorption map at the first

nd second target layers. If this ratio is higher than a certain
hreshold compared with that obtained from the typical large
enign lesions of similar size located at similar depth, the
hance of the lesion being a malignant cancer is higher. We
nticipate that this light shadowing effect due to optical con-
rast only can be used to further diagnose larger cancers ver-
us benign lesions in addition to quantitative optical contrast.
or small lesions of approximately 1 cm in size, the light
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ig. 9 Experimental results of 1-cm-diam high-contrast target. From �a
espectively. Each slice is the spatial x-y image of 8 cm�8 cm, and
ournal of Biomedical Optics 036003-1
shadowing effect is negligible, and the diagnosis should be
based on quantitative optical contrast only.

The diagnostic value of optical tomography is to distin-
guish benign from malignant lesions. Large benign lesions,
especially some fibroadenomas and fibrocystic lesions, also
present posterior light shadowing, as shown in this study. To
quantify how much light shadowing effect is present in ma-
lignant lesions as compared with benign lesions, we will need
to use benign lesions as references to cancel out the depth-
dependent light shadowing effect. As seen from the clinical
examples, the lesions may not have exact spherical shape. We
have used the ratio of maximum �a reconstructed from the
top two layers to estimate the Rhigh and Rlow. In addition, the
lesion sizes, locations and background optical properties may
not be exactly the same. The ratio Rhigh/low obtained from the
two clinical examples was very close to that obtained from the
paired high- and low-contrast phantom targets of a similar
size. The accuracy and robustness of using this simple mea-
sure, Rhigh/low, is yet to be demonstrated in a large patient pool
presenting posterior light shadowing effect.

The limitation of this study is that only three target sizes
were studied, which covered the majority of the lesions we
have seen in the clinical studies, but not all. As discussed
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the target center was located at 1.5 cm, 2.0 cm, 2.5 cm, and 3.0 cm,
th of each slice is marked in the figure.
� to �d�,
the dep
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arlier, advanced cancers of more than 3 cm in size often
resent heterogeneous vascular distributions that can be used
o diagnose the malignance in addition to the light shadowing
ffect reported here.19

In our imaging reconstruction, the linear Born approxima-
ion is used to compute the weight matrix, which is indepen-
ent of target contrast. Thus, the 
 in Eq. �7� can be cancelled
ut for a pair of high- and low-contrast targets of a similar
ize located at a similar depth and embedded in a similar
ackground medium. For large high-contrast absorbers, the
orn approximation is not accurate. Therefore, the 
 may
eakly depend on the target contrast as well. However, the

easonably good agreement of our reconstruction results with
C photon-tracking results suggests that the simple measure

erived in the paper can be used as a first-order approximation
or the target sizes evaluated.

This paper to the best of our knowledge reports the first
tudy of the light shadowing effect due to optical contrast.
he simple measure derived in the paper may be useful to
rovide important guidelines to imagers in diagnosing larger
alignant cancers versus benign lesions once it is further vali-

ated by a larger group of patients.
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ig. 10 Experimental results of 1-cm-diam low-contrast target. The tar
espectively. The depth of each slice is marked in the figure.
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get center was located at �a� 1.5 cm, �b� 2.0 cm, �c� 2.5 cm, and �d� 3.0 cm,
ournal of Biomedical Optics 036003-1
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Fig. 11 The ratio Rhigh/low versus target center location obtained from
phantom experiments. The solid lines are the ratios computed using
Rhigh and Rlow obtained from the first target layer over the second
target layer.
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ig. 12 An example of a 2.7-cm malignant lesion. �a� A co-registered ultrasound B-scan image of the cancer. �b� Reconstructed absorption map at
80 nm.
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ig. 13 An example of a 3-cm benign lesion. �a� A co-registered ultrasound B-scan image of the lesion. �b� Reconstructed absorption maps at
80 nm.
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