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Abstract. We describe what is, to the best of our knowledge, the first
pilot study of coregistered tomographic x-ray and optical breast imaging. The purpose of this pilot study is to develop both hardware and
data processing algorithms for a multimodality imaging method that
provides information that neither x-ray nor diffuse optical tomography
(DOT) can provide alone. We present in detail the instrumentation
and algorithms developed for this multimodality imaging. We also
present results from our initial pilot clinical tests. These results demonstrate that strictly coregistered x-ray and optical images enable a
detailed comparison of the two images. This comparison will ultimately lead to a better understanding of the relationship between the
functional contrast afforded by optical imaging and the structural contrast provided by x-ray imaging. © 2005 Society of Photo-Optical Instrumentation
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1 Introduction: Significance of Combining
X-Ray and Optical Breast Imaging
Diffuse optical tomography 共DOT兲 is a relatively new breast
imaging modality.1– 8 Unlike the diaphanoscopy used in the
1930s through the 1980s, which attempted to image breast
tumors by simply looking at the shadows of light transmitted
through the breast,9,10 DOT uses tomography to reconstruct
3-D images of the entire breast volume, reducing the opportunities for overlapping structures to be falsely diagnosed as
cancer. DOT also has the potential to provide physiological or
pathological information about the breast; e.g., via determinaAddress all correspondence to Dr. Quan Zhang, Harvard Medical School, Massachusetts General Hospital, The Martinos Center for Biomedical Imaging, 135h
Stree, Building 149, Room 2301, Charlestown, Massachusetts 02129. E-mail:
qzhang@nmr.mgh.harvard.edu
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tion of both the absorbing and scattering structures, or by
utilizing spectroscopic analysis to determine blood volume
and oxygen saturation, water, and lipid distributions in the
breast. With DOT, the breast is illuminated with near-IR laser
light of different wavelengths, and the multiply scattered light
that exits the tissue is measured using a sensitive photodetector. Light traveling through the tissue is modeled using the
diffusion approximation to the radiative transport equation.11
With appropriate source and detector arrays, images of the
breast can be tomographically reconstructed at each wavelength 共in vivo optical absorption and scattering coefficients of
the breast are the parameters reconstructed in the images兲.
From the spectroscopic information acquired through the
combination of multiple wavelengths, total hemoglobin con1083-3668/2005/$22.00 © 2005 SPIE
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Fig. 1 Structure of the RF imager: signal flow from one source location to one detector (for simplicity the other eight detector channels are
not shown).

centration and oxygen saturation, water, and lipid distributions over the tissue in the reconstructed image can then be
calculated quantitatively. Diagnosis of breast lesions using
DOT is based on the assumption that pathological tissue
changes affect the local blood supply, oxygen consumption
status, and other parameters reflected through the optical
properties, such as water content and scattering, thereby generating optical contrast. Thus far, pilot in vivo bulk optical
properties of breast tissue12,13 and in vivo measurements of
endogenous optical properties and endogenous tumor contrast
have been reported.5– 8,13–26 The use of dynamic features27 and
exogeneous contrast agents28,29 have also been investigated.
In addition to using optical imaging as a stand-alone modality,
optical imaging guided by ultrasound30,31 and magnetic resonance imaging32 共MRI兲 has also been tested.
X-ray imaging 共mammography兲 is currently the most
widely accepted method for the diagnosis of breast lesions.
Mammography screening is the most effective means of detecting early stage, nonpalpable breast cancers and has been
shown clinically to reduce patient mortality through the early
detection of breast cancers.33,34 Studies have shown35–37 the
sensitivity of mammography to be about 86%, and screening
for breast cancer improves early detection of aggressive cancers that may reduce a woman’s life expectancy.38 However,
further improvements and multimodality imaging 共coregistered optical and X-ray imaging in our case兲 are still required.
For example, x-ray breast imaging reveals only morphologic
information. It does not provide physiological data, is generally nonspecific, and involves ionizing radiation. MRI or ultrasound can be used as adjunctive tests, but they have limited
specificity.39 In addition, the high cost of MRI discourages its
widespread use in screening. DOT, on the other hand, is inexpensive, provides relevant physiological information, and is
nonionizing and noninvasive. DOT, however, suffers from
relatively low spatial resolution. By combining x-ray and diffuse optical imaging techniques we hope to create a multimodality imaging method that combines the benefits of both. We
anticipate that the combined method will have increased sensitivity as DOT may detect lesions missed by x-ray imaging
alone, and increased specificity may result from the additional
Journal of Biomedical Optics

functional information that DOT could provide in the interpretation of x-ray images.
In the following sections we present our work on combining x-ray and optical breast imaging. First we present the
instrumentation, followed by a discussion of the algorithms
we utilize for processing the combined data sets. Preliminary
clinical experimental results are then shown to demonstrate
the feasibility of this method.
To the best of our knowledge, this is the first study of
coregistered tomographic x-ray and optical breast imaging.
Through this initial work, we demonstrate that coregistered
x-ray and optical breast imaging is feasible and enables a
direct comparison of optical images with x-ray images. Previous studies on optical breast imaging have compared DOT
and x-ray images obtained at separate times.7,14 This approach, however, does not provide a true coregistration of the
contrast seen in each method since the positioning of the
breast can differ by a few centimeters, consequently confounding the interpretation of the images. With our combined
x-ray/DOT breast imaging approach, the images are from the
same compressed breast 共with x-ray fiducials to guarantee the
alignment兲 and are collected sequentially within a period of
90 s. This coregistration will ultimately enable a better understanding of the relationship between x-ray measures of morphology and optical measures of tissue physiology.

2

Instrumentation

The frequency domain optical imaging system uses a 70-MHz
radio frequency 共RF兲 modulation of the optical signal and
homodyne detection40,41 for its data collection. It has been
integrated with a tomosynthesis,42 a prototype 3-D digital
mammography system, and both optical and x-ray measurements are collected for the same subject. Essential to coregistration of the DOT and x-ray images is our optical probe
design.

2.1 The RF Imaging System
The RF imaging system employs in-phase and quadraturephase 共IQ兲 demodulation techniques first introduced for DOT
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by Yang et al.40 and Chance et al.41 Our system uses two diode laser sources 共785 and 830 nm, respectively兲, time-shared
between 40 source fibers and nine avalanche photodiode
共APD, Hamamatsu C5331-04兲 detector channels. Figure 1 is a
block diagram of the signal flow from one source location to
one detector 共for simplicity the other eight detector channels
are not shown兲. On the source side, the incident laser light is
modulated at a frequency of 70 MHz. A 2⫻1 optical multiplexer selects one of the two source lasers and a 1⫻40 optical
multiplexer 共Dicon Fiberoptics VX500兲 switches the laser between 40 source positions 共using 140-m multimode silica
fibers兲. On the detector side, light emerging from the medium
is collected by avalanche photodiodes 共Hamamatsu C533104, through 3-mm-diam silica fiber bundle兲, converted to a
voltage, amplified and then demodulated. Demodulated I and
Q voltages are sampled by two 16-bit analog-to-digital 共AD兲
boards, from which the amplitudes and the phases are calculated. The computer controls the operation of the imager
through its digital input-output 共IO兲 interface. Typical characterization results of this imager are as follows: Noise equivalent power 共NEP兲: 1 pW/Hz1/2; maximum bandwidth: 20 Hz;
modulation depth: roughly 75%; output light power at the end
of the source fiber: approximately 8 mW; dynamic range: 60
dB; amplitude-phase crosstalk: 0.02 deg/dB; time to complete
data collection for one image: 60 s; maximum single channel
共dual wavelength兲 sampling rate: 12 Hz 共limited by the 2⫻1
optical multiplexer兲.

2.2 Optical Probe and System Setup
Our optical breast imaging probe design 共shown in Fig. 2兲 is
the essential component for coregistration of DOT and x-ray
images 共manufactured by Innovations in Optics, Inc兲. The optical probe should enable collection of the optical measurements without interfering with the x-ray image and without
altering the position of the breast between acquisition of the
optical and x-ray images. Ideally, the optical and x-ray images
would be acquired simultaneously. However, we could not yet
justify fabrication of an optical probe that was x-ray transparent, or at least spatially uniform to the x-ray image. We therefore designed a quick-release optical probe that enabled the
x-ray images to be acquired immediately after the optical images 共optical and x-ray images are acquired sequentially
within 90 s兲 without moving the breast. The lower optical
probe assembly, which sits on top of the x-ray digital detector
housing, is comprised of a removable source fiber array and
an inverted polycarbonate compression plate 共the index of refraction at 800 nm is 1.573兲. The upper assembly consists of a
standard compression plate modified to house a removable
array of detection fibers. The 2.3-mm-thick and antireflectioncoated compression plates remain stationary during both DOT
and x-ray image acquisition. Metal markers at the edge of the
compression plate with a fixed position relative to the optodes
are used to ensure the strict coregistration of the two imaging
modalities. The optical fiber arrays are quickly removed between the optical image and the x-ray image to reduce fiber
induced artifact in the x-ray images. Removal of the fiber
arrays does not alter the position of the breast tissue.
The 3-D x-ray images are generated using the tomosynthesis digital breast imaging system.42,43 The tomosynthesis system uses an amorphous Si-based flat-panel detector located in
the same position as the film cassette of a conventional filmJournal of Biomedical Optics

Fig. 2 (a) Structure of the compression plate designed for coregistered
x-ray and optical breast imaging and (b) probe configuration. The
solid circles indicate the location of source fibers and the open circles
indicate the location of detector fibers. Source fibers and detector
fibers are on the bottom and top plates, respectively, and are on a
1-cm grid.

screen mammography system. The detector has 1800⫻2304
pixels with a 100-m pixel size. The tomosynthesis system
reconstructs the 3-D structure of the breast using eleven projections taken over a 50-deg angular range above the base in
5-deg angular steps. The tomosynthesis images are reconstructed using a maximum likelihood iterative algorithm.43
This x-ray system is ideal for our application, as it enables
direct comparison of the 3-D structure of the breast. However,
our optical imager could also be incorporated into a traditional 2-D x-ray mammography system. The combined x-ray
and optical imaging system is shown in Fig. 3.
Initially, both the source and detector fiber arrays are
placed within their respective compression plates. The patient
is then positioned and compressed according to standard
mammography procedures. The DOT image is acquired in
less than 60 s. Immediately following DOT image acquisition
both the source and the detector fiber arrays are removed using built-in quick release mechanisms. Finally, without moving the patient, an x-ray image is made. The entire procedure
of DOT and x-ray image acquisition takes less than 90 s. This
arrangement allows for strict coregistration of DOT and x-ray
images.
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where G is the frequency domain Green’s function,
the
analytical solution, by using image sources, for a slab geometry with infinite X and Y dimensions, and  a is the scattered
wave produced by an absorption perturbation. The subscript s
indicates sources and subscript d indicates detectors.
Equation 共2兲 can be discretized to yield the following system of linear equations

a ⫽Aa ␦ a ,

共3兲

where a is column vector with the scattered wave for each
source-detector pair, Aa is the Jacobian or sensitivity matrix
for the absorption inhomogeneity where the components of
Aa are derived from the integrand of Eq. 共2兲, and ␦ a is a
vector describing the absorption change at each voxel in the
medium.

Fig. 3 Combined x-ray and optical imaging system. The RF imaging
system is connected with the Tomosynthesis.

3

Algorithms

3.1 General Linear DOT Image Reconstruction
Techniques
3.1.1 Forward modeling
Currently, the diffusion approximation to the radiative transport equation 共diffusion model兲 is the most popular physical
model used to describe photon propagation in highly scattering media.2,44,45 In the frequency domain, we set the source
term S ( r,t ) ⫽S ( r) e i  t , where  is the frequency and r is the
position vector, and the photon fluence rate  ( r,t )
⫽⌽ ( r) e i  t , so that the diffusion equation with spatially uniform 共i.e., homogeneous兲 optical properties becomes a Helmholtz equation
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where  a is the absorption coefficient, D⫽ v /3(  ⬘s ⫹  a )
⬇ v /3 ⬘s and  ⬘s is the reduced scattering coefficient, v is the
speed of light in the medium, and the subscript 0 indicates
unperturbed optical properties.
When the medium is heterogeneous  a is a function of
position r, and is the quantities that we would like to image.
For image reconstruction using a linear perturbation approach,
a solution to the inhomogeneous diffusion equation with an
appropriate boundary condition is required. In the Rytov
approximation,46 the fluence rate is written as  ( r)
⫽  0 ( r) e  ( r) , where  0 is the incident field and  is the
scattered wave. For a small absorbing inhomogeneity  a ( r)
⫽  a0 ⫹ ␦  a ( r) , where  a0 is the constant background absorption coefficient 共bulk optical property兲 and ␦  a ( r) is the
inhomogeneity term, the diffusion equation can be solved as
Journal of Biomedical Optics

3.1.2 Inverse problem
The inversion of the linear system described in Eq. 共3兲 is both
ill-posed and 共usually兲 underdetermined. Some type of regularization or stabilization technique is therefore required to
obtain physically meaningful results. Different techniques to
solve ill-posed linear systems have been studied.44,47,48 These
include algebraic methods, such as the algebraic reconstruction technique 共ART兲 and the simultaneous iterative reconstruction technique49 共SIRT兲, and subspace techniques such as
truncated singular-value decomposition 共TSVD兲 and the truncated conjugate gradient 共TCG兲 algorithm.50 Here we use the
classic Tikhonov regularization approach.51 If we abbreviate
the linear system of Eq. 共3兲 to a general form of y⫽Ax, the
solution can be found, in a least-squares sense, as the functional minimization of the cost function
f 共 x 兲 ⫽ 储 y⫺A"x储 2 ⫹ 储 x储 2 ,

共4兲

where ⬎⫽0 is the regularization parameter. This minimization is known as Tikhonov regularization. By varying  we
select between fidelity to the measurements 共→0兲 and small
image norm 共→infinity兲. Equation 共4兲 is minimized for a
given  by

x⫽ 关 AT •A⫹I• 兴 ⫺1 AT y,

共5兲

or under general assumptions

x⫽AT 关 A•AT ⫹I• 兴 ⫺1 y.

共6兲

We can use an L-curve technique to choose the regularization parameter  in the Tikhonov regularization.48,52 This involves plotting the curve of image norm versus residual parametrically versus the regularization parameter and choosing
the value of ␣ at the elbow of the curve. Here ⫽ ␣ M and M
is the maximum value of all the elements in AT A. However,
in practice the regularization parameter  was chosen experimentally and was larger than that determined by the elbow of
the L-curve to smooth image artifacts caused by significant
model error in our reconstructions. As we discuss in the fol-
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lowing, these model errors arise from treating the breast as a
homogeneous slab and potentially light piping within the plastic plate compressing the breast.

3.2 Choosing the Reconstruction Area
Since the boundary is known from the 3-D x-ray images, this
information can be used in determining the image reconstruction area, for instance we do not want to reconstruct optical
properties outside or near the air-tissue boundary. In practice,
we choose the region that is confined to the breast outline and
covered by the source and detector arrays. In the image reconstruction, this constrains the absorption perturbation to this
region within the breast only, and we are assuming that this is
the area probed by our measurements.
Previous studies have shown that combing the a priori
structural information from other imaging modality improves
image quality.53–56 A priori x-ray images can provide welldefined regions of interest 共ROIs兲, where there is a high possibility of cancer or some other source of optical contrast.
This a priori information can be incorporated into the DOT
image reconstruction as a constraint with which to fine-tune
the optical images. Spatial regularization for DOT was first
introduced by Arridge and Schweiger57 and elaborated in
Pogue et al.58 We previously described59 the incorporation of
prior x-ray spatial information provided into DOT. Here, we
only use prior information from the x-ray image only, to define the volume of tissue in which we perform the image
reconstruction to ensure that we are not reconstructing absorption contrast outside of the tissue. However, we still treat the
breast as a slab geometry, which will introduce model error
near the boundaries. Furthermore, we do not use the internal
tissue structural information provided by x-ray imaging to
constrain DOT as we have done previously.59

Fig. 4 Optical image reconstruction process flow chart.

detectors兲 is then calculated, and is taken as the average bulk
optical properties of the breast. Figure 4 shows a schematic
representation of the basic reconstruction procedure.

4
3.3 Estimating the Average Bulk Optical Properties of
the Medium
Our described image reconstruction algorithm relies on an
estimate of the average bulk optical properties of the medium.
These optical properties are calculated in the following way.
The first step is a phantom-based system calibration. The
source and the detector coefficients are calibrated using homogeneous phantoms using the methodology described in
Ref. 60. The homogeneous phantoms were soft bags filled
with intralipid and ink solution. The phantom tests and the
patient test were conducted under similar test conditions
共phantom tests were done immediately after the patient test
and with the same source-detector separations and the signal
level acquired from the homogeneous phantoms were close to
that acquired from the patient兲. These source and detector
coefficients are used to calibrate the patient data. Repeated
phantom tests indicated that the estimated source and detector
coefficients were repeatable to within 5%. For the calibrated
patient data, each frequency domain measurement from a specific source-detector pair is fit by the homogeneous diffusion
model described in the algorithm section using a simplexbased nonlinear fit to determine the absorption coefficient and
the reduced scattering coefficient. Recall that measurements
are only obtained at 70 MHz. The average of these optical
properties for all measurements 共total number of measurements equals to the number of sources times the number of
Journal of Biomedical Optics

Preliminary Clinical Results

Determination of the in vivo optical properties of human
breast tissue, as well as DOT-based breast imaging, has increasingly become a focus of researchers.5,6,8,13,15,17–26 The
purpose of our preliminary clinical study was to test our multimodality imaging methodology and identify shortcomings to
improve on for a more rigorous future clinical study.
Before applying a new instrument to clinical measurements, it is important to verify its performance on tissue phantoms. The application of the described analysis algorithms
provided estimates of the homogenous optical properties of
phantoms accurate to within 10%. This accuracy has been
verified for optical properties ranging 4 cm⫺1 ⬍  s⬘
⬍12 cm⫺1 and 0.02 cm⫺1 ⬍  a ⬍0.1 cm⫺1 , typical of the
published breast optical properties.5,6,8,13,15,17–26 Heterogeneous phantoms with 2-cm-diam spherical tumors embedded
in the center of a 5-cm-thick otherwise homogeneous slab
were used to test the accuracy of the linear reconstruction
procedure. The absorption contrast of the tumor, where we
define the contrast as the difference between the tumor and
the background, was always underestimated due to the point
spread function 共or blurring兲 of the inverse problem. The
phantoms typically reconstructed 26% of the true contrast
with a regularization ␣⫽0.02 关Eq. 共6兲兴. When we increased
the regularization to ␣⫽0.8 共as used for the clinical data兲, the
reconstructed contrast was 1% of the true value. This underestimation of the true contrast can only be improved by pro-
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Fig. 5 For subject 1, slices of tomosynthesis, 785-nm optical absorption, and 830-nm absorption images are shown in the first, second,
and third rows, respectively. The circle in the 3-D x-ray image indicates the location of the fibroadenoma. The white circle in the optical
images indicates the lateral position of the lesion observed in the x-ray
image. The rectangular area inside the breast is where the optical
image reconstructions are confined.

viding prior information.61 Li et al.59 described the use of
x-ray contrast as a prior for the optical image reconstruction
and showed an improvement in the reconstructed absorption
contrast accuracy. Further improvement in the reconstruction
accuracy is left for future research. Nonetheless these phantom results indicated that our instrument was performing as
expected and thus motivated the pilot clinical study.
In total, we measured 18 patients, aged 49 to 79, all of
whom were scheduled for biopsy for the suspicious findings
in a previous mammogram. Our goal was to determine
whether the lesion diagnosed by x-ray imaging could also be
detected in the reconstructed optical images. Of all the patients we studied, 14 cases provided useful information for
our study; others were less useful because of various technical
problems 共often because our relatively small fiber optic probe
failed to cover the lesion area兲. For these 14 patients, the
x-ray images indicated that eight of them had a lesion smaller
than 1 mm, such as microcalcifications 共group A兲, for three
patients the size ranged from 5 to 10 mm 共group B兲, and for
the other three the size ranged from 10 to 16 mm 共group C兲.
The cases presented below are for a subject from group
B共case 2兲 and a subject from group C共case 1兲.

4.1 Case 1
A 49-yr-old female with a fibroadenoma 共a benign lesion兲
11⫻16 mm in size was examined by the coregistered optical
and tomosynthesis imaging system. The reconstructed absorption images are shown in Fig. 5. The breast was compressed
to a thickness of 5.9 cm. The regularization parameter used
here was 0.8 times the maximum of AT A. This large regularization parameter overcomes our measurement and modeling
errors and results in significant smoothing of the data. The
matrix size was 360 measurements by 6300 voxels.
From the x-ray result we can see the fibroadenoma, whose
location was confirmed by our collaborating mammographer,
and also more structure can be found on the left half of the
breast, which indicates denser glandular tissue or connective
tissue content than the right half.
The optical images reveal a region of increased absorption
that corresponds with the location of the fibroadenoma. ComJournal of Biomedical Optics

pared with the 3-D x-ray images, the optical contrast of the
fibroadenoma is shifted by 2.5 cm. This may be due to the
model mismatch between the real boundary of the breast and
the simplified slab model used in the reconstruction. The large
regularization parameter can also lead to significant bias error
in the centroid location of the reconstructed absorbing perturbation.
The reduced absorption in the center and toward the right
is consistent with the reduced x-ray density on the right half
of the breast. However, it may also be due, in part, to distortions and artifacts due to the effects of the true boundary of
the breast compared to our slab model, or due to other systematic errors that are unique to clinical data acquisition. The
quantitative value of the average absorption coefficient shown
in Fig. 5 is reasonable for a compressed breast. The spatial
variation in the absorption coefficient is, we believe, significantly underestimated because of significant image smoothing
caused by the large regularization parameter. For a regularization of ␣⫽0.8, our phantom studies indicated that the reconstructed contrast was 1% of the true contrast. We expect the
same reduction for the clinical studies, indicating that the true
contrast of the fibroadenoma is more likely of the order of
0.01 cm⫺1 rather than 0.0001 cm⫺1.
The difference between the estimated  a of the lesion for
785 and 830 nm is encouraging. Commonalties between absorbing regions in the two images indicate regions of high
blood volume. Differences imply regions of oxygen saturation
contrast. Other researchers have reported higher blood volume
and lower oxygen saturation for benign breast lesions,20 although further work is required to quantitatively compare our
result with this finding.

4.2 Case 2
The patient was 65 yr old. The 3-D x-ray images revealed a
vague density in the outer part of the left breast. After an
excisional biopsy, performed after the optical image, pathology showed an invasive carcinoma of mucinous type 共malignant breast lesion兲, 10⫻8.9 mm in size. There was also a
radio dense, crescent-shaped area surrounding the lesion. The
breast was compressed 共full mammographic compression兲 to
a thickness of 6.2 cm. The absorption images are shown in
Fig. 6.
Close to the lesion location, indicated by the circle, an
absorption contrast is present at both wavelengths. The systematic deviation in the position of the peak optical absorption contrast in the lateral coordinates relative to the position
of the invasive carcinoma in the x-ray image could arise from
modeling error or the large image regularization, as discussed
for case 1. The deviation in the position also corresponds with
the pattern of dense tissue observed in the x-ray image. A
region of low contrast is again seen toward the center of the
breast. As with case 1, this corresponds with the region of less
x-ray dense tissue.
From these two cases we see that optical absorption contrast is greater near the benign and malignant lesions as well
as in dense fibroglandular tissue identified on the 3-D x-ray
image. These results provide a preliminary study of the correlation between x-ray and near-IR optical density. The other
cases from groups B and C showed similar absorption contrast colocalized with the x-ray position of the lesion as well
as image artifacts introduced presumably from modeling error
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Fig. 6 For subject 2, slices of tomosynthesis, 785-nm optical absorption, and 830-nm absorption images are shown in the first, second,
and third rows, respectively. The contrast in the x-ray image indicates
the invasive carcinoma. The circle in the 3-D x-ray image indicates
the location of the invasive tumor. The white circle in the optical
images indicates the lateral position of the lesion observed in the x-ray
image. The rectangular area inside the breast is where the optical
image reconstructions are confined.

introduced by the air-tissue boundary. Examples from group
A, with lesions smaller than 1 mm, were presumably too
small to image given our current level of image noise and
image artifacts.

5

Summary

We presented a new hybrid optical and x-ray mammography
imaging system, together with an image reconstruction technique suitable for imaging the breast. Initial clinical results of
the first coregistered optical and x-ray breast imaging were
then presented. Optical images were reconstructed for both
benign and malignant lesions, revealing optical contrast close
to the location of the lesions shown in the corresponding x-ray
images.
Without the help of the coregistered x-ray image, we
would not have been able to determine which optical contrast
derives from the breast lesion rather than from other tissue
structures or is due to image artifact. In the optical images, we
found that optical contrast may appear outside the region
where the x-ray image indicates a lesion. Some of these regions of optical contrast may be physiological 共e.g., dense
tissue兲, others may be artifacts from undiagnosed systematic
errors. This method of coregistration is significant for the direct comparison of diffuse optical breast images with the gold
standard x-ray mammography, as it will guide interpretation
and validation of the optical method.
Most of the lesions we imaged were small in size, and thus
provided a low contrast-to-noise ratio. From the literature, we
found that almost all clinical optical imaging results published
previously were from lesions larger than 1.0 cm 共Refs. 5 to 7
and 14兲, with a large portion of the images published for
breast lesions around 3 cm in size. Most of our lesions were
smaller than those published results.
With our current system, our image contrast-to-noise ratio
is limited by modeling error and measurement noise. A rigorous study of the systematic modeling errors and their effect on
the image quality is required. With improvements in modeling
accuracy, and with an increased number of measurements, we
Journal of Biomedical Optics

expect to improve the image contrast-to-noise ratio to facilitate characterization of smaller lesions. Currently, we have
only two wavelengths of data and are not able to simultaneously determine the content of water and lipid, as well as
oxygenated and deoxygenated hemoglobin. We are therefore
developing an instrument with six wavelengths to improve the
spectroscopic analysis. In our clinical trial, we noticed the
heterogeneous nature of the breast, i.e., significant differences
exist in the optical properties of fatty tissue and fiberglandular
tissue. We also noticed that scattering carries useful information; ignoring scattering will potentially result in image errors.
Since this is a very preliminary clinical trial and our goal is to
reconstruct some reliable contrast first and also to determine
the improvements that we must make in the future instruments and clinical trial, rather than try to extend it to quantitative and physiological study, we kept the data analysis
simple and currently reconstruct absorption only. The results
regarding the heterogeneous structure of the breast and scattering imaging results will be explored in the future with a
modified system guided by these initial pilot results.
Our initial pilot clinical results demonstrated the feasibility
of applying DOT simultaneously with digital x-ray tomosynthesis for breast lesion detection. With further development
and validation of this methodology, we expect that this synergistic combination of optical functional information combined
with x-ray structural information will play an important role
in the clinical diagnosis of breast lesions and monitoring the
response to therapy.
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