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Abstract. Optical quantification of large lesions imaged with diffuse optical tomography in reflection geometry is
depth dependence due to the exponential decay of photon density waves. We introduce a depth-correction method
that incorporates the target depth information provided by coregistered ultrasound. It is based on balancing the
weight matrix, using the maximum singular values of the target layers in depth without changing the forward model.
The performance of the method is evaluated using phantom targets and 10 clinical cases of larger malignant and
benign lesions. The results for the homogenous targets demonstrate that the location error of the reconstructed
maximum absorption coefficient is reduced to the range of the reconstruction mesh size for phantom targets.
Furthermore, the uniformity of absorption distribution inside the lesions improve about two times and the median
of the absorption increases from 60 to 85% of its maximum compared to no depth correction. In addition,
nonhomogenous phantoms are characterized more accurately. Clinical examples show a similar trend as the
phantom results and demonstrate the utility of the correction method for improving lesion quantification. C©2011
Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3573814]
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1 Introduction
Diffuse optical tomography (DOT) is an emerging, noninvasive
functional imaging modality that has demonstrated the clini-
cal potential for distinguishing benign from malignant breast
lesions1–15 and for monitoring neoadjuvant chemotherapy re-
sponse of advanced breast cancers.16–22 In our study, we have
used an ultrasound-guided DOT to overcome the limitation of in-
accurate target quantification by DOT alone. Because commer-
cial pulse-echo ultrasound is employed in reflection geometry,
DOT is implemented in the same geometry for coregistration
of both modalities. In the reflection-geometry DOT, the light
sources and detectors are deployed on a handheld probe and
data are acquired from the surface of the breast tissue.

In DOT imaging reconstruction, born approximation is typi-
cally used to relate the unknown optical properties of the tissue
to the measurements at the tissue surface and inversion is per-
formed with the conjugate gradient iterative searching method.
We have employed a semi-infinite absorbing boundary condi-
tion to derive the weight matrix, which describes the so-called
banana-shaped path of light propagation for a given source and
detector pair on the surface. Because the iterative searching
method is highly prone to converge along the steepest direction,
(i.e., the largest weight direction), this banana function causes
the reconstructed optical properties to be depth dependent. As
a result, even for a homogeneous large target, the reconstructed
absorption coefficients of top target layers, which normally have

Address all correspondence to Quing Zhu, Electrical and Computer Engi-
neering Department, University of Connecticut, 371 Fairfield Road, U1157,
Storrs, Connecticut 06269. Tel: 860-486-5523; Fax: 860-486-2447; E-mail:
zhu@engr.uconn.edu

more weight, are higher than those of the deeper target layers.
This is an intrinsic problem related to light diffusion in the tur-
bid medium. Therefore, it is essential to correct for the depth
dependency of the weight matrix before starting the iterative
searching procedure.

In our previous study, we introduced a depth-correction
method that incorporated the lesion depth information provided
by coregistered ultrasound.23 Generally, using the prior infor-
mation of the lesion location reduced the number of voxels with
unknown optical properties; thus, the inversion converged in a
few number of iterations. In that approach, the weight matrix was
balanced by normalizing its elements to the maximum of each
layer in depth, which improved the reconstruction for large phan-
tom targets, but the procedure was ad hoc. A method of depth
compensation based on the maximum singular values (MSVs) of
the weight matrix in different depths, was recently introduced
by Niu et al.24 In their method, due to the ill-conditioned in-
verse problem, a penalty term was added to the forward model
to stabilize the solution. Therefore, the algorithm actually de-
rived the result from an inaccurate forward model. As a result,
another scaling parameter was estimated to obtain the original
absorption map.25

In this study, we have adopted the MSV approach introduced
by Niu et al.,24 and appropriately scaled the weight matrix us-
ing the MSVs of the background and lesion layers indentified
by coregistered ultrasound independently without changing the
forward model. The inversion was performed using the scaled
weight matrix, and the reconstructed absorption distribution was
scaled back after inversion. This depth-correction procedure is
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precise, and no approximation is used. In this paper, the improve-
ment of using this new depth-correction algorithm is quantita-
tively evaluated using phantom targets and 10 clinical cases of
large malignant and benign lesions.

2 Methods
2.1 Reconstruction Algorithm with

Depth Correction
In our ultrasound-guided DOT image reconstruction, a dual-
zone mesh scheme is used to segment the imaging volume into
a lesion region, L, and a background region, B, with fine and
coarse voxel sizes, respectively.26 The forward model based on
the diffusion equation, linearized by modified born approxima-
tion, is written as follows:

Usd = [WL, WB] [ML, MB] (1)

In Eq. (1), Usd is the scattered field measured at each source
and detector pair, [ML, MB] denotes the total absorption distri-
bution, and [WL, WB] denotes the weight matrix of lesion and
background regions, respectively. Weight matrix describes the
distribution of diffusive wave in the homogenous medium and
characterizes the measurement sensitivity to the absorption
changes in both spatial dimensions and in depth. For comput-
ing the weight matrix, we have used a semi-infinite absorbing
boundary condition at the surface and the corresponding ana-
lytic solution of the diffusion equation. In addition, the aver-
age optical absorption and reduced scattering coefficient of the
background medium needed for the weight matrix computation
are obtained from the measurements made with the homogenous
intralipid solution for phantom experiments and the normal con-
tralateral breast for clinical study. Finally, after computing the
weight matrix, inversion is performed with the conjugate gradi-
ent iteration searching method to obtain the total absorption map
from Eq. (1) and the total distribution was divided by different
voxel sizes at the lesion and background regions to obtain the
absorption distribution.

A proper scaling factor is required to balance the exponen-
tial decay of the weight matrix elements with depth. In general,
singular value decomposition of a two-dimensional matrix, is in-
tuitively interpreted as a sequence of three geometrical transfor-
mations: a rotation, a scaling, and another rotation. The scaling
transformation is a diagonal matrix where the diagonal entries
are matrix singular values. In addition, the Eckart–Young theo-
rem states that the least-squares approximation in α dimension
of a matrix of rank β can be found by replacing its smallest
(α–β) singular values to zeroes.27 It means that the large sin-
gular values contain most of the information in a data matrix,
and this is principally the basis of a method for compressing
the information in a matrix. On the basis of these properties, the
maximum singular value of a matrix has the maximum infor-
mation related to the scaling performance of its elements. As a
result, for correcting the depth dependency of the weight matrix,
the MSV of the weight elements of each layer is used.

Our modified algorithm for balancing the weight matrix us-
ing the MSVs of different depth layers, given the coregistered
ultrasound information, is as follows. In the first step, the el-
ements of weight matrix are grouped layer by layer from top
to bottom in the lesion and background regions as [WL, WB]
= [(W 1

L , . . . , W n
L ), (W 1

B, . . . , W m
B )], where W i

L, i = 1, . . . , n

represent the weights of voxels of the i’th layer of lesion re-
gion with n layers, and W j

B, j = 1, . . . , m represents weights of
voxels of the j’th layer of background region with m layers. Then
a scaling diagonal matrix including the MSVs of the layers is
composed as [SL, SB] = [diag(λn

L, . . . , λ1
L), diag(λm

B , . . . , λ1
B)],

where λi
L is the MSV of the i’th layer of the lesion region, and

λ
j
B is the MSV of the j’th layer of the background. Note that the

MSVs are rearranged inversely in the order from bottom to top
layer in both regions to compensate the decrease of the photon
density with depth at the next step. Then, the forward model is
rewritten as follows:

Usd = ([WL, WB][SL, SB])([SL, SB]−1[ML, MB])

= [WL, WB]′′ [ML, MB]′′ . (2)

Consequently, by applying the new weight matrix multiplied
by the scaling matrix, W′′, in the iterative inversion, depth
dependency of the reconstructed layers is relatively compen-
sated. Finally, the result of the inversion is scaled with the same
scaling matrix to obtain the original total absorption map of
[ML, MB] = [SL, SB][ML, MB]′′.

2.2 Phantom and Clinical Experiments
The experiments were performed with our frequency domain
near infrared (NIR) system that consisted of source and detec-
tion subsystems as well as a handheld probe.26 The source has
four laser diodes of wavelengths 740, 780, 808, and 830 nm. In
this study, the measurements obtained from 780-nm laser diode
was used because an optical absorption map was reconstructed
to demonstrate the depth correction approach. Each – laser diode
was modulated at 140 MHz and sequentially coupled into nine
optical source fibers through 4×1 and 1×9 optical switches.
The reflected light from tissue associated with each of the illu-
mination source was detected with 14 optical fiber bundles of
3 mm diam, simultaneously. The detection fibers coupled the
light into 14 parallel photomultiplier tubes and electronics chan-
nels. The configuration of the source and detector fibers dis-
tributed on the handheld probe with a coregistered ultrasound
transducer in the middle, is shown in Fig. 1.

Fig. 1 Configuration of source and detector optical fibers distributed
on the handheld probe. The source and detector locations are shown
with stars and circles, respectively. A commercial ultrasound transducer
is located in the middle open slot.
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Fig. 2 Experimental phantoms of (a) homogenous high contrast (HH),
(b) homogenous low contrast (HL), (c) top high contrast (TH), and (d)
top low contrast (TL).

In phantom experiments, 0.8% intralipid solution emulated
the background breast tissue optical properties with the cali-
brated absorption coefficient μa in the range of 0.02–0.03 cm−1

and reduced scattering coefficient μ′
s in the range of

6.9–7.8 cm−1. The solid plastisol phantoms with the calibrated
optical properties of μa = 0.158 cm−1, μ′

s = 6.53 cm−1, and μa

= 0.075 cm−1, μ′
s = 5.6 cm−1 were used to model the high- and

low-contrast lesions, respectively. The optical reflectance data of
the phantom submerged in the intralipid at different depths were
acquired with the NIR system, while the coregistered ultrasound
provided the location information. The surface of the handheld
probe was considered as the reference plane for the depth mea-
surement. Figure 2 displays different types of phantoms used in
the reported experiments, including homogenous high-contrast
(HH), homogenous low-contrast (HL), top high-contrast (TH),
and top low-contrast (TL) targets. Each of the homogenous and
non-homogenous phantoms shown in Fig. 2 had two sizes of
diameter, 2 and 3 cm. The imaging volume considered in the
reconstruction was 8 × 8 × 4 cm3. The voxel sizes of 0.25
× 0.25 × 0.25 cm3, and 1.5 × 1.5 × 1.5 cm3 were applied to
the lesion and background regions in x-y-z plane, respectively.

For the clinical studies, the protocol is approved by the local
Institution Review Board and all patients signed the informed
consent. Patients were scanned in a supine position while mul-
tiple sets of optical reflectance measurements were made with
coregistered ultrasound images at the lesion location and the
normal contralateral location of the same quadrant as the lesion.
As mentioned in Sec. 2, the optical properties of the background
required for computing the weight matrix were estimated from
measurements obtained at the normal contralateral location.

2.3 Evaluation of Reconstructed Images
The performance of the depth-correction method is evaluated
using phantom targets and clinical cases. To quantitatively com-
pare the results without and with the correction method, the
reconstructed absorption maps for each type of lesion shown in
Fig. 2 are given in Sec. 3. The spatial map in the x-y plane is
shown with 0.5- and 0.25-cm increments in depth for the phan-
tom lesions and clinical cases, respectively. To further quantify
the improvement with the correction method, maximum ab-
sorptions of the layers in the lesion region are extracted from
the corresponding reconstructed absorption maps. The standard
box and whisker plots of this data are presented, in which the
first and third quartiles of data are at the ends of the box, the
median is indicated with a vertical line in the interior of the box,
and the maximum and minimum values are at the ends of the
whiskers.28

The location of the box within the whisker provides insight
on the data distribution that implies the depth sensitivity in our
case. Normally, the maximum reconstructed absorption is com-
parable to the true value. Therefore, improving depth sensitivity
mainly raises the recovered values of deeper layers of a ho-
mogenous lesion. This effect is indicated in the plots by the
increase of the median or shift of the box toward the maximum
level. Furthermore, the box size is related to the data variation
such that the smaller box size is due to the smaller absorption
variation inside the lesion region. The other factor calculated for
homogenous cases is the position error (PE), defined as the abso-
lute difference between the depth of the maximum reconstructed
absorption and the true depth of the lesion center.

To quantify the accuracy of characterization of the nonho-
mogenous phantoms, the ratio of the absorption is calculated in
lesion region as defined by

R = Max absorption of top half

Max absorption of bottom half
. (3)

The expected values of this ratio are R = 1 for the homogenous
phantoms, R = 2 for TH contrast, and R = 0.5 for TL contrast
phantoms.

3 Results
3.1 Homogenous Phantom Experiments
The absorption map of the high- and low-contrast homogenous
phantoms of 2 cm diam, reconstructed without and with using
the depth correction is shown in Fig. 3. The slices in each panel
showing the spatial map in x-y plane at depths of 0.5–3 cm with
0.5-cm increments. The phantom center is located at depth of
2 cm, measured from the probe surface. Without depth cor-
rection, the top layer at depth of 1.25 cm has the maximum
absorption of 0.1345 for the HH phantom and 0.104 for the HL
one, which are about 84 and 72% of the expected values. With
depth correction, the center layer at depth of 2 cm has the max-
imum absorption of 0.1356 for HH and 0.102 for HL phantom,
which are about 85 and 73% of the expected values. Although
the reconstructed maximum absorption values are similar be-
fore and after correction, the target mass is reconstructed at the
center depth rather than at the top portion of the target.

The same experiment was performed for the HH and HL
phantoms of 2 cm diam located at depths of 1.5, 2.5, and 3 cm,
in addition to the HH and HL phantoms of 3 cm diam located
at depths of 2, 2.5, and 3 cm. For all cases, the maximum ab-
sorptions of target layers were extracted from the reconstructed
maps. Then, the box and whisker plots for that data are presented
in Figs. 4 and 5. These box plots show that the median of the
reconstructed absorption inside the phantoms increased toward
the maximum absorption after applying depth correction. This
improvement is calculated for all phantoms, and the result is
listed in Table 1. It is seen that the median is closer to the maxi-
mum for the HL phantoms in comparison to HH phantoms of the
same size. It is also demonstrated in the box plots that the box
size reduced due to applying depth correction. This confirms
the decrease of the absorption variation inside the homogenous
phantoms. The box-size reduction on average is about two times
for the 2-cm-diam targets and 1.8 times for the 3-cm-diam ones.
In general, the box size increases with increasing depth, while it
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Fig. 3 Reconstructed absorption map of a homogenous phantom of 2 cm diam with the center located at depth of 2 cm. (a, b) High-contrast
phantom without and with depth correction, respectively; (c, d) low-contrast phantom without and with depth correction, respectively. Each image
consists of six subimages. Each subimage is the spatial x-y image of 8×8 cm reconstructed at the depth marked on its title. The increment in depth
is 0.5 cm. For the absorption maps reported in this paper, the spatial dimensions of the subimage were kept the same and the reconstruction depth
might be different based on the target location.

is more consistent by applying the depth correction, indicating
more uniform depth sensitivity. Overall, the boxes of the bigger
phantoms are larger that demonstrate the increase of absorption
variation inside the larger phantoms. It is also represented in
Figs. 5(b) and 5(d) that, unlike the HH cases shown in Fig. 4,

Table 1 Compare the median of the data in the lesion layers to its
maximum absorption reconstructed without and with depth correction.

Median/Maximum

Phantom type HH HL

Phantom diameter (cm) 2 3 2 3

Without depth correction (%) 60 52 70 61

With depth correction (%) 85 79 90 82

the depth sensitivity is increased for the bottom layers of HL
phantoms located at depth of 3 cm.

Lastly, the PE is evaluated for all cases. The error is in the
range of the phantom radius, i.e., 0.75 cm for 2-cm-diam phan-
toms and 1.25 cm for the 3-cm-diam ones that decreases to the
range of the reconstruction mesh sizes, i.e., 0.25 cm after using
depth correction.

3.2 Nonhomogenous Phantom Experiments
The TH and TL phantoms of 2 cm diameter, located at depth of
2 cm are also imaged. The maximum reconstructed absorption
of TH phantom is 0.152 cm−1 at 1.25-cm depth while it has
moved to the depth of 1.75 cm with the value of 0.13 cm−1

by using the depth-correction method. For the TL phantom,
there is no information from the bottom half of the target when
the reconstruction is performed without depth correction. The
maximum absorption of 0.059 cm−1 is measured at the top
layer at a depth of 1.25 cm, whereas with depth correction,

Journal of Biomedical Optics May 2011 � Vol. 16(5)056002-4



Tavakoli and Zhu: Depth-correction algorithm that improves optical quantification of large breast lesions. . .

1.5 2 2.5 3

0.05

0.1

0.15

0.2

center depth (cm)
1.5 2 2.5 3

0.05

0.1

0.15

0.2

m
ax

 a
bs

or
pt

io
n

center depth (cm)

(b)

(d)

(a)

With depth correction Without depth correction 

2 2.5 3

0.05

0.1

0.15

0.2

m
ax

 a
bs

or
pt

io
n

center depth (cm)

(c)

2 2.5 3

0.05

0.1

0.15

0.2

center depth (cm)

Fig. 4 The box and whisker plot of the maximum absorption of the
layers in the lesion region. Homogenous high contrast of size 2 cm diam
reconstructed (a) without and (b) with depth correction. Homogenous
high-contrast lesion of size 3 cm diam reconstructed (c) without and
(d) with depth correction.

the maximum absorption is 0.073 cm−1 at a depth of 2.25 cm.
Figures 6(a) and 6(b) show the depth profiles from 0.5 to 3.5 cm,
of four types of phantoms. All of them are 2 cm diam in size and
are located at a depth of 2 cm. After applying depth correction,
the maximum reconstructed absorption is at the center mass for
the homogenous cases, whereas it is located at top of the center
line for the TH phantom and below the center line for the TL
one. Hence, it is clearly indicated in Fig. 6(b) that the phantoms
can be more accurately characterized. In order to quantify this
effect, the ratio R is calculated for the phantoms of 2 cm in size
located at different depths and the results are shown in Table 2. It
is seen that R is always >1 for the reconstructions without depth

Table 2 Ratio of maximum absorption of the top half to the maximum
absorption of the bottom half , R, calculated for phantoms of 2 cm diam,
reconstructed without (w/o) and with (w) using depth correction.

Phantom type TL HH HL TH

Expected R 0.5 1.0 1.0 2.0

Depth (cm) w/o w w/o w w/o w w/o w

1.5 1.34 0.77 1.36 0.98 1.64 1.02 2.14 1.27

2.0 1.53 0.83 2.25 1 2.47 1.14 2.05 1.38

2.5 2.58 0.8 2.57 0.99 2.79 1.12 3.63 2.27

3.0 4.81 3.66 2.48 1.18 2.89 0.93 9.67 4.7

correction because the maximum absorption is always at the
top layer. Whereas, by applying depth correction, R gets closer
to the expected values for the targets located at depths up to
2.5 cm. At a depth of 3 cm, the bottom half value is close to the
background value and R is still >1 for the TL case. Therefore,
with the threshold of R = 1, different types of the phantoms are
almost precisely characterized. The same factor, R, is calculated
for the phantoms of 3 cm in size, and the results are listed in
Table 3. Comparing the result without and with depth correction
confirms the improvement in the ratio by applying the correction
method for the targets located at a depth of 2 cm. At a depth of
2.5 cm, the ratio calculated for HH target is >1 and is very close
to 1 for the TL phantom. Therefore, the threshold of R = 1 was
not successful for these cases.

Before applying the correction to the clinical cases, it is nec-
essary to study its effect on the known inhomogeneous phantom.
This experiment was performed for the plastisol phantom shown
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Fig. 5 The box and whisker plot of the maximum absorption of the layers in the lesion region. Homogenous low-contrast lesion of size 2 cm diam
reconstructed (a) without and (b) with depth correction. Homogenous low-contrast lesion of size 3 cm diam reconstructed (c) without and (d) with
depth correction.
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Fig. 6 Depth profiles of reconstructed absorption map (a) without and (b) with depth correction for top low-, homogenous low-, homogenous high-,
and top high-contrast, 2-cm-diam phantoms located at a depth of 2 cm from left to right.

in Fig. 7(a). The middle core had a low contrast half-sphere of
2.5 cm diam embedded in the high-contrast shell phantom of
5 cm diam and height of 2 cm. The absorption coefficient was
μa = 0.25 cm−1 for the outer shell and μa = 0.06 cm−1 for the
core. The distance between the bottom of the phantom and the
probe surface was 2.3 cm. The result of reconstruction, shown
in Figs. 7(b) and 7(c), verified that the depth-correction method
kept the inhomogeneous target profile while enforcing better
sensitivity for deeper layers. It also shifted the reconstructed
maximum absorption of 0.139 cm−1 at a depth of 0.75 cm to
the location of central mass at 1.25-cm depth with a maximum
absorption coefficient of 0.11 cm−1.

3.3 Clinical Studies
The absorption maps of benign and malignant large lesions re-
constructed without and with depth correction are evaluated in
this section. Figure 8(a) shows a coregistered ultrasound B-scan
of a larger suspicious mass located at 10 o’clock position of the
right breast of a 43-year-old woman. The large lesion region is
marked with the white dashed line. The borders of the lesion
were not clear, and the size estimated by ultrasound was about
3×3 cm in spatial dimensions and 2.0 cm in depth. The fit-
ted background tissue optical properties were μa = 0.23 cm−1

and μ′
s = 2.12 cm−1. The core needle biopsy revealed that

the lesion was an invasive ductal carcinoma. Figures 8(b) and
8(d) illustrate the reconstructed absorption maps at depth of
0.5–3 cm with 0.25-cm increments, and Figures 8(c) and 8(e)

Table 3 The ratio of maximum absorption of top half to the maximum
absorption of bottom half, R, calculated for phantoms of 3cm diam that
were reconstructed without (w/o) and with (w) using depth correction.

Phantom type TL HH HL TH

Expected R 0.5 1.0 1.0 2.0

Depth (cm) w/o w w/o w w/o w w/o w

2.0 1.48 0.93 2.67 1.02 1.57 0.97 2.78 1.29

2.5 2.22 1.05 6.26 1.19 2.36 1.08 5.3 2.43

show the reconstructed absorption profiles in depth. Similarly,
Fig. 9 shows a coregistered ultrasound and the absorption maps
of a large suspicious lesion located at 8 o’clock position of the
right breast of a 39-year-old woman. The borders of the lesion
were not clear and the estimated dimensions by ultrasound were
5 × 5 cm in spatial dimensions and 2.2 cm in depth. The

Fig. 7 (a) Schematic of the inhomogeneous phantom, (b, c) Absorption
maps reconstructed without and with depth correction, respectively.
Each image consists of eight subimages with the depth marked on the
subimage title. The increment in reconstruction depth is 0.25 cm in
this case.
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Fig. 8 A malignant cancer obtained from a 43-year-old woman. (a) A coregistered ultrasound B-scan. The cancer was located from 1 to 3 cm in
depth. (b, c) Reconstructed absorption maps in (b) spatial and (c) depth without depth correction. (d, e) Absorption maps with depth correction.

calibrated optical background was μa = 0.03 cm−1 and
μ′

s = 5.93 cm−1. The core needle biopsy revealed that the
lesion was a benign fibrocystic change with a moderate degree
of intraductal hyperplasia. For the malignant case, the maximum
absorption was 0.44 cm−1 at a depth of 1.25 cm that was shifted
to the depth of 1.75 cm with the value of 0.37 cm−1. For the
benign case, the maximum was 0.11 cm−1 at a depth 1.25 cm

that moved to 2.25 cm with the value of 0.118 cm−1 after using
depth correction.

The box and whisker plot of the maximum absorption of
the lesion layers for 10 larger lesions, including five benign
and five malignant cases, is shown in Fig. 10. Table 4 provides
patient information, lesion size, and center depth as measured by
coregistered ultrasound. The box size reduction is ∼2.7 times for
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Fig. 9 A benign lesion obtained from a 39-year old woman. (a) A coregistered ultrasound B-scan. (b, c) Reconstructed absorption maps in (b) spatial
and (c) depth without depth correction. (d, e) Absorption maps with depth correction.

malignant cases and two times for the benign ones. The median
is 76 and 87% of the maximum value that improves to 96 and
98% after depth correction used for the malignant and benign
lesions, respectively. Note that, the benign lesions in general
have smaller box size than the malignant ones.

4 Discussion and Summary
In this study, we have introduced a depth-correction method
that balances the weight matrix at the typical depth range en-
countered in the breast imaging of large lesions in the reflec-

tion geometry. Another factor that contributes to the depth-
dependent absorption mapping in addition to the weight matrix,
is the light-shadowing effect caused by highly vascularized
tumors.29 The significant absorption of a tumor causes a dra-
matic reduction of the reflected light received from the deeper
portion of the tumor. As a result, the lower portion of the le-
sion is not quantified correctly. This posterior light-shadowing
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 sug-
gests malignance. As an example, the malignant case shown in
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Fig. 10 The box and whisker plot of the maximum absorption of the layers in the lesion region. Malignant cases reconstructed (a) without and (b)
with depth correction. Benign cases reconstructed (c) without and (d) with depth correction.

Fig. 8 revealed much higher absorption with maximum located
at the top target layer, which moved 0.25–0.5 cm deeper after
depth correction. However, the high-absorption layers were still
at the top part of the tumor mass. As seen by ultrasound, the
tumor mass center was approximately located at 2-cm depth.
For the benign case seen in Fig. 9, the higher absorption was
also shown at the top target layer and it was moved to approxi-
mately the center of the mass after applying the correction. This
suggests that the shadowing effect is more pronounced for the
malignant case and is not compensated after applying the depth
correction.

In Ref. 29, we derived a simple measure to quantify the
effect of light shadowing due to optical contrast only. The mea-
sure is obtained from a pair of high- and low-contrast targets
of a similar size, a similar target location, and similar back-
ground optical properties. This measure is defined as shadow-
ing factor = ratio of reconstructed maximum μa measured at
the highest absorption layer (depth) to that measured at the next
deeper layer (depth) of a high-contrast lesion over the ratio
similarly calculated from a low-contrast lesion. Therefore, this
shadowing factor is independent from depth-dependent recon-
struction caused by an unbalanced weight matrix, and it only

Table 4 Patient information and lesion location size and center depth measured by coregistered ultrasound.

Patient Patient US measurements Target
No. age Lesion type lateral × depth (cm) depth (cm)

1 76 Invasive Lobular Ca. >3* 2

2 43 Invasive Ductal Ca. 3.4 × 2.0 2

3 37 Invasive Ductal Ca. 2.2 × 2.0 2.25

4 76 Invasive Lobular Ca. 5.2 × 3.0 2.75

5 78 Invasive Lobular Ca. 1.8 × 2.0 3

6 26 Fibroadenoma 2.17 × 1.5 1.25

7 51 Fibroadipose tissue with acute and chronic inflammation 2.85 × 1.8 1.75

8 39 Fibrocystic changes and moderate degree of intraductal hyperplasia 5.3 × 2.35 2

9 76 Complex cyst 2.14 × 1.24 2

10 31 Fibroadenoma 5.2 × 3 2

*Recurrent cancer in the previous surgical site. Tumor size cannot be estimated from U.S. due to scar tissue. The size was estimated from x-ray CT.
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depends on the optical contrast. Using the reported depth-
correction method, the depth dependency due to the weight
matrix distribution is compensated to a large extent and the
shadowing effect can be used for characterizing the lesions indi-
vidually. It is expected that for the benign lesions, the ratio of the
maximum absorption of the highest absorption layer to that of
the next deeper layer is close to unity because the reconstructed
absorption map of the low contrast lesion after correcting un-
balanced weight matrix is more uniform. Therefore, using depth
correction, the malignant lesions can be directly characterized
by using the ratio of the maximum absorption of the highest ab-
sorption layer over that measured at the next deeper layer. This
ratio can be used directly without requiring a pair of lesions of
similar size and location.

For this small group of malignant and benign cases, the shad-
owing factor was measured using lesions of the similar size lo-
cated at a depth of 2 cm (Table 4). Before depth correction, the
ratio of the maximum absorption of the top layer to the max-
imum absorption of the next deeper layer is about two times
for the malignant and ∼1.33 times for the benign cases. As
a result, the shadowing factor is ∼1.5. After depth correction,
the ratio of the maximum absorption of the highest absorption
layer over the maximum absorption of the next deeper layer is
1.04 for benign cases and 1.3 for the malignant ones. This has
resulted in a shadowing factor of 1.3, which is more accurate
because the depth dependency of the weight matrix is corrected.
This result is significant for accurate diagnosis of large malig-
nant versus benign lesions once it is validated by more clinical
cases.

In summary, we have introduced a new depth-correction
method that incorporates the target-depth information provided
by coregistered ultrasound. This method balances the weight
matrix by using the maximum singular values of the target layers
in depth without changing the forward model. The performance
of the method is evaluated using phantom targets and 10 clinical
cases of larger malignant and benign lesions. The results for
the homogenous targets demonstrate that the maximum absorp-
tion location error is reduced to the range of the reconstruction
mesh size. Furthermore, the uniformity of absorption distribu-
tion inside the lesions has improved about two times and the
median of absorption has increased from 60 to 85% of its max-
imum compared to no depth compensation. Clinical examples
have showed a similar trend as phantom results and demon-
strated the utility of the correction method for improving lesion
quantification.
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