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Abstract. A method for image reconstruction of the effective size and
number density of scattering particles is discussed within the context
of interpreting near-infrared �NIR� tomography images of breast tissue.
An approach to use Mie theory to estimate the effective scattering
parameters is examined and applied, given some assumptions about
the index of refraction change expected in lipid membrane-bound
scatterers. When using a limited number of NIR wavelengths in the
reduced scattering spectra, the parameter extraction technique is lim-
ited to representing a continuous distribution of scatterer sizes, which
is modeled as a simple exponentially decreasing distribution function.
In this paper, image formation of effective scatterer size and number
density is presented based on the estimation method. The method was
evaluated with Intralipid phantom studies to demonstrate particle size
estimation to within 9% of the expected value. Then the method was
used in NIR patient images, and it indicates that for a cancer tumor,
the effective scatterer size is smaller than the background breast val-
ues and the effective number density is higher. In contrast, for benign
tumor patients, there is not a significant difference in effective scat-
terer size or number density between tumor and normal tissues. The
method was used to interpret magnetic resonance imaging–coupled
NIR images of adipose and fibroglandular tissues, and it indicated that
the fibroglandular tissue has smaller effective scatterer size and larger
effective number density than the adipose tissue does. © 2006 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2342747�
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1 Introduction
The relationship between the optical and biological properties
of tissue is necessary for the optical techniques in tissue di-
agnostics. Studies have shown that there is excellent contrast
in breast lesions relative to normal tissue, and that the scatter-
ing contrast between malignant and benign processes appears
to be significant.1 In the past decade, near-infrared �NIR� to-
mography, which is a method to generate images of internal
distributions of optical absorption and scattering at multiple
wavelengths by measuring light propagation through tissue,
has been developed with considerable interest as a breast im-
aging modality to characterize abnormalities noninvasively.2–8

Further, interest exists in exploiting the scattering spectrum of
tissue to characterize its microscopic properties, which may
provide fundamental insight into the morphological features
that are observed in the macroscopic diffuse light signal.9–16

There have been important advances in particle sizing through
Mie scattering theory,9–13,16–20 which is the model of light
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scattering for a spherical scatterer with size near the same
dimension as the radiation wavelength. In our previous
paper,21 an estimation method was presented to analyze bulk
tissue reduced scattering spectra in terms of their effective
Mie theory scatterer parameters, effective scatterer size, and
number density. In this paper, the image reconstruction
method for these effective Mie theory scatterer parameters is
presented based on the estimation method in the previous
paper.21

In estimating effective scatterer size and number density, it
is important to focus on what is known and unknown about
how light scatters in tissues constituting normal and malignant
cells. The morphologic changes from normal to diseased
breast tissue are seen by light microscopy in the cellular epi-
thelial component and the surrounding support stroma. Gen-
erally, the hallmark of an epithelial malignancy is an increase
in the overall epithelial cell density with increased nuclear
and nucleolar size. In order to facilitate invasion into the sur-
rounding stroma, subcellular compositional changes in that
matrix structure also occur. Microscopic subcellular alter-
1083-3668/2006/11�4�/041106/13/$22.00 © 2006 SPIE
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Wang et al.: Image reconstruction of effective Mie scattering parameters¼
ations exist that may not be apparent in standard pathological
analysis. Macroscopic scattering of light from tissue is
thought to originate from the multiple microscopic fluctua-
tions in refraction index between intracellular organelles and
extracellular structures, typically bounded by bilipid
membranes.22–24 Origin of the transport scattering coefficient,
which can be measured tomographically is likely to result
from these differences in the index of refraction between the
extracellular or cytoplasmic fractions of tissue and the lipid
composition of the membranes bounding each cell and cellu-
lar organelle. Hence, variations in the scattering spectral fea-
tures, which can be measured tomographically, may encode
morphologic and pathophysiologic changes in tissue at the
microscopic level. While it is possible to postulate causes of
scattering in tissue, it is considerably more difficult to design
objective experiments that prove a given hypothesis. Several
studies have demonstrated that light transport in tissue is
dominated by elastic scattering. The applicability of Mie
theory is only approximate because it strictly applies only for
spheres in a homogeneous background,25,26 yet such approxi-
mations have been used successfully in the interpretation of
natural scattering phenomenon and are explained here as a
reasonable first order approximate.27

Most of the previous studies of scatterer size determination
from scattering spectra have been focused on mucosal dis-
eases or dilute cell suspensions where the scattering by cell
nuclei has been a primary emphasis,9–16 and in general, an
increased nuclear scatterer size has been found in the diseased
tissue. In these studies, subtle oscillations in the scattering
spectrum were used to estimate nuclear size through fits to
Mie calculations. In other investigations, more focus has been
paid to the scattering of small particles in tissue. However, the
extent to which small and large particle size scatterers can be
simultaneously fit with sparse data is not yet clear, although
with full angular or spectral reflectance, it is evident that rea-
sonable estimation of both can be achieved.28–31 Mie scatter-
ing interpretation serves as a reasonable starting point to ana-
lyze elastic transport scattering spectra, and with sparse
wavelength data, it appears likely that only information about
smaller scattering particles can be effectively estimated.

In prior attempts to estimate effective scatterer size, as-
sumptions about the histogram of scatterer sizes in tissue were
made to reduce the estimation problem to be a two-parameter
�average scatterer size and number density, which are called
as the effective scatterer size and number density� estimation
problem. For larger particles, like cell nuclei, the histogram
shape has been assumed to be Gaussian.11,29,32–34 However,
smaller particles, like mitochondria, Golgi bodies, lysosomes,
and such, have often been assumed to be arranged in a log-
normal distribution.10 There is also a strong rationale for using
a simple exponential function for the distribution of smaller
particles in tissue, as the density of smaller organelle struc-
tures clearly continues to decrease well below our ability to
image these structures with optical microscopy. In tissue
phantom studies, Intralipid provides a distribution of sizes
where the histogram has been determined by electron micros-
copy to be exponentially distributed25 with an average size of
97 nm. In this paper, an exponential distribution of scattering
particle sizes is used to interpret the scattering spectra of both

Intralipid phantom and human breast tissue.
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One of the goals of NIR tomography research has been to
provide clinicians with new information about the underlying
properties of benign and malignant breast disease.8,35–38 How-
ever, there is emerging data indicating that NIR scattering
spectra are correlated to the normal composition of breast
tissue and that changes in breast physiology can be detected
by variations in scattering spectra.39,40

In a previous paper,21 the method for extracting effective
scatterer size and number density from the reduced scattering
coefficient spectrum was proposed. The scattering spectrum
was sampled at 6 wavelengths �661, 761, 785, 808, 826, and
849 nm� measured for transmission through normal breast tis-
sue using a clinical breast tomography system. In this paper,
the image reconstruction method for the effective Mie theory
scattering parameters is proposed based on the estimation
method in the previous paper. The assumptions and limita-
tions of this image reconstruction process are discussed to put
the study in perspective with prior work, and the method uti-
lized is analyzed through simulated and tissue-phantom data
to establish its accuracy. The value of image reconstruction
for effective scatterer size and number density from tomogra-
phy data could be quite significant; hence, methods to further
test and implement the approach are discussed. Acceptance of
the relevance of particle size and number density could be
easier than the more abstract quantities of scattering ampli-
tude and power, thus this work could have important benefits
in the field of medical use of diffuse tomography.

2 Methods
2.1 Mie Scattering Theory Interpretation

Mie theory26 provides an exact solution for elastic scatter, in
the case of a perfect dielectric sphere of arbitrary size in a
uniform background medium. Using Mie theory, the reduced
scattering coefficient spectra of bulk homogeneous samples
can also be expressed quantitatively, with the homogeneous
medium equation as

�s���� = N��a2�Qscat�m,a,���1 − g�m,a,��� , �1�

where � is the wavelength, N is the number density of the
scatterer, a is the scatterer size �the diameter of the scattering
particle�, m is the relative refractive index �m=n2 /n1, where
n1 and n2 are the refractive index outside and inside the par-
ticles, respectively� and Qscat�m ,a ,�� is a dimensionless scat-
tering efficiency factor that is calculated from an analytic se-
ries expansion that is the solution to the scattered wave
intensity from the sphere. Mie theory can be extended to ap-
proximate a multisized scattering particle medium by simply
summing the scattering contributions over all scattering par-
ticle sizes and adding an approximate normalized size distri-
bution factor, f�a�, which describes the histogram of scatter-
ing particle number density per unit particle size, in which
case Eq. �1� becomes

�s���� = N�
i=1

p

f�ai���ai
2�Qscat�m,a,���1 − g�m,a,��� . �2�
The average scatterer size could be expressed as
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�a� = �
i

aif�ai� . �3�

Equation �2� has implicit assumptions that the scattering par-
ticle index changes are all the same, which is a limitation that
should be recalled when it is applied in various problems.
However, the simulation study resuls in an earlier paper21 in-
dicated that the index changes typically result only in changes
of amplitude in �s�, rather than changes in the spectral fea-
tures in the NIR regime. Thus, while the assumption of con-
stant m is unfortunate, it still does allow an estimation of the
scattering particle size, given some a priori information about
the f�ai� function.

A more empirical approach to Mie theory was first pro-
posed by van Staveren et al.25 in fitting the scattering spec-
trum of Intralipid. A number of groups have adopted the ap-
proach to characterize the spectrum of the reduced scattering
coefficient observed in tissues.37,40–42 In these studies, the
scattering spectra are considered to satisfy a power law rela-
tionship, similar to Rayleigh scattering where the scatter co-
efficient decreases as �−4, but using a power value smaller
than 4. Empirically, when there is a broad range of scattering
particle sizes, this spectrum is described by a power law curve
of the type

�s���� = A�−b, �4�

where A and b are model parameters for scattering amplitude
and scattering power, respectively. Equation �4� describes a
smooth function with no oscillations in the spectrum and con-
veniently restricts the fitting process to only two parameters.
The curve is quasi-linear in the NIR region and appears to fit
data from a large number of wavelengths reasonably well.43

2.2 Scattering from Tissue Spectra
In Eq. �2�, the number density only influences the amplitude
of the scattering spectra in the NIR range, and there are only
two parameters to determine the shape of the scattering spec-
tra including �i� the distribution function and �ii� the relative
refractive index. The distribution function could be separated
into two parts: the type of the distribution function and the
average size. So there are three parameters to determine the
shape of the scattering spectra including �i� the type of the
distribution function, �ii� the average scatterer size, �a�, and
�iii� the relative refractive index. If the type of the distribution
function and relative refractive index can be set by some
known information, then there are only two parameters left to
estimate in Eq. �2�: average scatterer size and number
density,21 which are called the effective scatterer size and
number density. Considering that the effective scatterer size
influences the shape of the scattering spectra in these two
parameters, the effective scatterer size can be estimated by
comparing the shape of the scattering spectra obtained with
Mie theory. Then, using this effective scatterer size estimate,
the effective number density can be calculated by comparing
the magnitude of the scattering spectra with Mie theory.

2.3 Image Reconstruction of Absorption and
Scattering Coefficients

Reduced scattering coefficients were obtained with the clini-

cal imaging system in use at Dartmouth �see Ref. 44 for de-
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tails�. Briefly, the system measures diffusely transmitted am-
plitude and phase shift at 100 MHz through up to 12 cm of
tissue and is designed for breast imaging for characterization
of tumors noninvasively. The measurements are taken at six
wavelengths �661, 761, 785, 808, 826, and 849 nm�, the data
is calibrated by a homogeneous phantom, and then fit to a
finite element diffusion theory prediction of the data. The fi-
nite element model is iteratively fit to the measurements
through a Newton minimization method, and images of ab-
sorption and reduced scattering coefficient are recovered at all
wavelengths. In recent years, a direct reconstruction approach
has been implemented that uses the known spectrum of the
absorbing species in the tissue �hemoglobin, oxyhemoglobin,
water� and the assumed model of scattering shown in Eq. �4�.
This inversion algorithm is described in detail in previous
papers and is believed to provide more accurate prediction of
the scattering parameters A and b from Eq. �4�.45,46 However,
related to the fitting for particle size and density, it must be
clearly understood that a sparse number of wavelengths can-
not be used to accurately fit a highly detailed scattering spec-
trum, and in fact, oscillations in the spectrum have not been
observed to date in bulk tissues. Thus the limited number of
wavelengths is not sufficient for identifying oscillations in the
scattering spectra that might be observed from larger Mie
scattering particles, and these have not been observed with
any certainty in diffuse spectra. However, oscillation in the
diffuse spectra can be omitted if the dominant scattering par-
ticle sizes are thought to be smaller than 1000 nm.21

2.4 Effective Scatterer Size and Number Density
Estimation Method

To estimate effective scatterer size and number density, with
the limited number of wavelengths available, any oscillation
in the spectra must be omitted because the dominant scatterer
sizes expected are small. The six experimental reduced scat-
tering coefficients are fit to predictions of the power law ex-
pression in Eq. �4�, first to get the scattering amplitude and
scattering power, and then to generate a function of reduced
scattering coefficient as a function of wavelength from 650 to
1000 nm. To extract the average particle size, this reduced
scattering coefficient function is normalized at one wave-
length �800 nm�. This normalization eliminates the influence
of number density, so that only average particle size needs to
be fit in the first stage. Using a least-squares minimization, the
average particle size can be effectively estimated. Then the
number density can then be estimated by comparing the origi-
nal unnormalized data with Mie theory �Eq. �2�� using a sec-
ond least-squares minimization method. In this fitting, the fol-
lowing error function is used:

� =� 1

n�
i=1

n

���s�
i exp − �s�

io�/�s
i�o�2	1/2

, �5�

where � is the error norm, n is the total number of wave-
lengths used in the fitting process, �s

i� exp is the experimental
reduced scattering coefficient at the ith wavelength, �s

i� o is
the reduced scattering coefficient at the ith wavelength calcu-
lated from Mie theory. Further details of this estimation

21
method are provided in an earlier paper.
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2.5 Effective Scatterer Size and Number Density
Image Reconstruction Method

From the estimation method briefly presented above, the ef-
fective scatterer size, �a�, and number density, N, images are
estimated from experimental measurements of the scattering
power b and amplitude A. Data in Ref. 21 showed that out of
�a� and N, it is only �a� that influences the shape of the
scattering spectra in the NIR region. Effective scatterer size
�a� can therefore be directly estimated from the experimental
value of b. When the scattering amplitude is normalized to
A=1 at 800 nm, the effective number density N=N0 is also,
such that N0 is also determined only by the scattering power
b. Then for arbitrary A, the effective number density can then
be estimated by N=AN0. So given A and b, both �a� and N
can be estimated with this sequential process.

By simulating a series of b values to get the results for �a�
and N0, an empirical polynomial power function was found
for �a� as a function of b, and for N0 as a function of b. The
equations for �a� and N0 are represented as polynomial ex-
pressions, listed in Table 1. The fit to the data for �a� was
found to be optimal with a seventh order polynomial, whereas
the fit to the data for N0 required only a third order polyno-
mial.

2.6 Phantom Study
Data from the tomography system was used to validate this
estimation approach by initially using tissue-simulating phan-
toms with well-characterized particle size and density. Hetero-
geneous gelatin phantoms were used, containing Intralipid in-
clusions at five different concentrations, ranging from 0.75 to
1.75% in steps of 0.25%. This range of inclusion concentra-
tions provided a reduced scattering coefficient spectrum with
the same particle size but linearly increasing number density.
The data at each concentration was analyzed with the method

Table 1 Power function estimates for effective
given the index of refraction values specified fo
power series was taken out to seven orders, whe

Bilipid membrane

Power
order

n1=1.36, n2=1.4 n

�a� �nm� N0 �m−3� �a�

0 2.93�103 14.7 3.1

1 −9.57�103 3.76 −1.0

2 1.35�104 −2.71 1.67

3 −1.03�104 0.403 −1.3

4 4.52�103 6.58

5 −1.15�103 −1.8

6 1.58�102 2.68

7 −8.96 −
described above with image reconstruction for the effective
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scatterer size and number density. By varying the concentra-
tion, each spectrum is expected to result in the same �a�, with
a theoretical value near 97�±3� nm, as measured by van Sta-
veren et al.25 This experiment provided an effective way to
examine imaging inclusions within an otherwise homoge-
neous domain.

2.7 Image Reconstruction of �a� and N for Human
Breast Tissue

In the second step, the image reconstruction method was ap-
plied to cancer breast tissue images. The study was approved
by the institutional committee for the protection of human
subjects. NIR imaging studies were performed on symptom-
atic women recruited into the study following an abnormal
mammogram and at the time of referral to biopsy. Informed
consent was provided prior to the NIR imaging exam. Data
from 12 patients were used in the analysis presented here,
including 3 cancer patients and 9 benign tumor patients. For
the diseased breast, both the cancer tissue and the background
normal tissue were studied; the region of the tumor was de-
lineated manually based upon a radiologist’s prediction of the
location of the lesion from the x-ray mammograms. The re-
gional average value was calculated for both the tumor and
the normal tissue values. The contralateral breast was also
analyzed separately as a whole value. Reconstruction of im-
ages for all patients was done with a direct estimate of the
scattering parameters based upon an algorithm that incorpo-
rates all six wavelength data sets simultaneously and con-
strains the fitted images to recover hemoglobin, oxygen satu-
ration, water fraction, and scattering spectra, fitted to A and b
parameters.

2.8 Study of Subject Images from the MRI-NIR
System

In a final stage in the testing of the parameter estimation ap-

er size �a� and normalized number density N0,
e �n1� and inside �n2� the spheres. For �a�, the

r N0 only three orders were required.

se tissue Intralipid phantom

6, n2=1.49 n1=1.33, n2=1.47

N0 �m−3� �a� �nm� N0 �m−3�

14.0 6.67�103 13.5

4 2.87 −2.67�104 3.41

−2.18 4.43�104 −2.42

4 0.316 3.89�104 0.35

1.94�104

3 −5.55�103

8.45�102

−53.1
scatter
r outsid
reas fo

Adipo

1=1.3

�nm�

�103

9�10

�104

8�10

�103

1�10

�102

16.4
proach, the data processing method was applied to images
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from a magnetic resonance imaging �MRI�-coupled NIR sys-
tem for breast tissue imaging. A clinical prototype hybrid im-
aging system, which combines NIR spectral tomography and
MRI, was used to determine tissue structure with improved
spatial resolution.47–50 Combining these two methodologies
into a platform for simultaneous data acquisition allowed for
excellent coregistration and data synergy. NIR reconstructions
that use appropriate spatial constraints from a priori structural
information about the boundary between adipose and fibro-
glandular tissue, lead to images with millimeter resolution and
better represent the physiological differences between these
two types of tissue. Thus, these images were used with the
algorithm to predict effective scatterer size and number den-
sity to examine the typical values for adipose and fibroglan-
dular tissue.

The imaging system used, described in detail by Brooksby
et al.,48 records measurements of NIR light transmission
through a pendant breast in a planar, tomographic geometry. A
portable cart houses the light generation and detection hard-
ware subsystems. Six laser diodes �660 to 850 nm� are am-
plitude modulated at 100 MHz. The bank of laser tubes is
mounted on a linear translation stage, which sequentially
couples the activated source into 16 bifurcated optical fiber
bundles. The central seven fibers deliver the source light
while the remaining fibers collect transmitted light and are
coupled to photomultiplier tube �PMT� detectors located in
the base of the cart. For each source, measurements of the
amplitude and phase shift of the 100 MHz signal are acquired
from 15 locations around the breast. The optical fiber bundles
extend 13 m into a 1.5 T whole body MRI �GE Medical Sys-
tems�, and the two data types �i.e., NIR and MRI� are ac-
quired simultaneously. The patient lies on an open architec-
ture breast array coil �MRI Devices� that also houses the
MRI-compatible fiber positioning system. The plane of fibers
spanning the circumference of a pendant breast can be posi-
tioned manually from nipple to chest wall if multiple planes
of NIR data are desired.

Experience has shown that significant improvement in the
stability and accuracy of the reconstruction process can be
obtained by incorporating prior anatomical information as an
input in the NIR parameter estimation problem.48,50–59 MRI
priors are implemented through the incorporation of a regu-
larization matrix, which has a Laplacian filter shape within the
same tissue type, and effectively relaxes these smoothness
constraints at the interface between different tissues, in direc-
tions normal to their common boundary.50 This approach pro-
vides an inherent smoothing of a given tissue type, such as
adipose or glandular tissues, but allows the two tissue types to
be significantly different from one another. Based upon a se-
ries of phantom studies, this approach, combined with direct
spectral reconstruction, has been shown to be the best esti-
mate of the chromophore concentrations and scattering pa-
rameters of these normal breast tissues. The values of A and b
in these images were then used to generate images of effective
scatterer size and number density.

3 Results
3.1 Empirical Equations for Estimation of �a� and N
In the imaging problem, the use of the empirical power func-

tions listed in Table 1 were ideal to map the reconstructed
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images of scattering parameters onto the effective scatterer
size and number density images. In all these studies, the size
distribution function was assumed to be an exponentially de-
creasing function, and their corresponding relative refractive
indexes were used. For the phantom study, n1=1.33, n2
=1.47 were used,25 and for the cancer patient study, n1
=1.36, n2=1.4 were used.22 For the MRI-NIR patient studies,
where the tissues could be uniquely segmented between adi-
pose and fibroglandular tissues, n1=1.36 and n2=1.4 were
used for the fibroglandular tissue, with the latter value being
taken for bilipid membranes,22 while for the adipose tissues,
n1=1.36 and n2=1.49 were used with the latter value being
the measured value for the lipid.50 The corresponding empiri-
cal equations for these three sets of refractive indexes were
estimated and the coefficients are shown in Table 1. The fit-
ting figures for the n1=1.36, n2=1.4 set are shown in Fig. 1.

3.2 Phantom Study Results
Figure 2�a� shows the diagram of the phantom, and 2�b�

Fig. 1 The relationship between scatter power, b, and effective scat-
terer size, �a�, is shown in �a� for simulated data �points� and the best
fit polynomial curve �coefficients in Table 1�. The relationship be-
tween effective normalized number density �the effective number
density when A=1� and scatter power is shown in �b� for the same
parameters, with the fitted polynomial curve shown �coefficients in
Table 1�.
shows the reconstructed images for b �Scatt. Power� and A
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�Scatt. Ampl.�, from the phantom with an inclusion of In-
tralipid at concentration of 1.0%. From these two images and
using the empirical equations, the reconstructed images of
effective scatterer size �Effec. Size� and number density
�Num. Density� were obtained as shown in 2�b�.

The physical region of interest �ROI� was taken as the size
of the hole, and the average value over the ROI was esti-
mated. For example, for the phantom with an Intralipid con-
centration of 1.0% in the inclusion, the effective scatterer size
and number density average values in the ROI were 111 nm
and 2.64�1014 m−3.

The summary values for each of the five phantom concen-

Fig. 2 In �a�, a diagram of the phantom geometry is shown, and in
concentration is shown. The background medium was a solid resin p
trations of Intralipid is shown in Fig. 3, with 3�a� showing the
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effective scatterer size. The circles indicate the results for the
phantom data. The estimation results for the phantoms with
different intralipid concentrations were almost all the same,
with an average value of 106 nm, which is shown by the solid
line in Fig. 3�a�, and standard deviation was 4 nm. This result
agrees to within 9% of the expected value of 97±3 nm from
van Staveren et al., as determined by electron microscopy
studies in their paper.25

Figure 3�b� shows the result for the ratio of effective num-
ber density to concentration, for varying concentrations of the
Intralipid inclusion. The circles indicate the results, with the

a set of reconstructed images of the phantom with 1.0% Intralipid
used in many previous studies �Refs. 46 and 62�.
�b�,
hantom
ratio of N over concentration being nearly constant for these
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phantoms, having average and standard deviation values of
2.4�1016 m−3±0.7�1016 m−3, which are shown by the
solid line in Fig. 3�b�. Because these phantom results were
consistent with what was expected, the approach was utilized
on human data, which is discussed in Sec. 3.3.

3.3 Patient Imaging Study Results
Figure 4�a� is a representative image example from a patient
with an invasive ductal carcinoma tumor in the breast, show-
ing an en face or craniocaudal slice of the breast as viewed
toward the patient. From our reconstruction, the hemoglobin
�HbT�, oxygen saturation �Oxy.�, water fraction �Wat.�, scat-
tering power �Scatt. Power�, and scattering amplitude �Scatt.
Ampl.� images were recovered, and these are all shown in
Fig. 4�a� in the plane of the tumor. Using the two empirical
equations for n1=1.36, n2=1.4, the effective scatterer size
and number density values were recovered at each pixel in the
image, using the images of the scattering power and scattering
amplitude. The resulting images are also shown in Fig. 4�a�.
These images indicate that the cancer tissue has smaller effec-

Fig. 3 The results are shown for different intralipid concentrations of
�a� average effective scatterer size, �a�, and �b� average effective num-
ber density, N, using bulk values from within the inclusion region, as
shown in Fig. 2.
tive scatterer size and larger effective number density than the
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background in this case. Figure 4�b� is a representative image
example from a patient with a benign tumor in the breast.

The ROI value is the average over the tumor area. The
average value over the remaining breast tissue excluded the
tumor ROI. The average value for the contralateral breast ROI
was estimated at the same mirror location as in the symptom-
atic breast. Studies have shown that breast tissue is highly
symmetric between breasts, such that comparisons between
ROI values taken from mirror locations in the symptomatic
and normal breasts are a good way to see differences from the
normal condition.

Figure 5 is the summary data for the patients, including the
cancer patients and the benign tumor patients. Figures 5�a�
and 5�b� show the average effective scatterer size and number
density values for the ROI, the background and contralateral
breast over all the cancer patients included in this study, as
well as the benign tumor patients. For the average effective
scatterer size in the ROI, the t-test value between of the can-
cer patients and the benign patients is 0.025. The data in Figs.
5�a� and 5�b� indicate that for the cancer patients, the ROI has
smaller effective scatterer size and larger effective number
density compared with both the background and the contralat-
eral breast; while for the benign tumors, effective scatterer
size and number density are all relatively close to that of the
background and the contralateral breast values. But it needs to
be mentioned that there are too few cancer patients to obtain a
generic conclusion about tumors in this study. More patients
will be studied in the future to reach such a conclusion. Fig-
ures 6�a� and 6�b� show the average difference over each kind
of patient for effective scatterer size �a� and number density
N between the ROI and background and between the ROI and
the contralateral breast.

3.4 MRI-NIR Subject Study Results
In the final stage of examining the predictions for effective
scatterer size and number density values, the images recon-
structed with combined MRI-NIR were used.62 The results for
two MRI-NIR patients are shown in Figs. 7�a� and 7�b�. Fig-
ure 7�a� �Region� is the MRI image for the first patient. The
inner part of the breast �darker in the image� is the fibroglan-
dular tissue, and the outer part �gray in color� is the adipose or
fatty tissue. The hemoglobin �HbT�, oxygen saturation �Oxy.�,
water fraction �Wat.�, and scattering power �Scatt. Power� and
amplitude �Scatt. Ampl.� images are shown in Fig. 7�a�. In the
estimation of �a� and N images, separate values for n2 were
used for each of the two tissue types, as discussed in Sec. 2,
and images of the breast interior were recovered. The esti-
mated images for �a� �Effec. Size� and N �Num. Density� are
also shown in Fig. 7�a�. These images indicate that the fibro-
glandular tissue has smaller effective scatterer size and larger
effective number density than the fatty tissue. For the second
patient, the same conclusion is obtained from these results.

In total, 10 sets of images from the MRI-NIR subjects
were used in this evaluation and the summary result for these
is shown in Fig. 8. The summary results show that the fibro-
glandular tissue has smaller effective scatterer size and larger
effective number density than the adipose tissue. For the av-
erage effective scatterer size, the t test between of the fibro-
glandular and adipose tissue showed a significant difference

with a p value of 0.048. For the number density, the t test
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Fig. 4 In �a�, reconstructed NIR images are shown for a cancer patient, showing the plane of the tumor in the breast, sliced in a craniocaudal view.
The panel of images shows total hemoglobin concentration �HbT�, oxygen saturation �Oxy.�, water fraction �Wat.�, scatter power �Scatt. Power� and
amplitude �Scatt. Ampl.�, as well as effective scatterer size �Effec. Size�, and number density �Num. Density� images. In �b�, the reconstructed NIR

images for a patient with a benign tumor in the breast are shown.
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showed a significant difference between the fibroglandular
and adipose tissue with a smaller p value of 0.004. Thus NIR
tomography appears to be able to delineate fibroglandular tis-
sue from fatty tissue more by the number density than by the
average size.

4 Discussion
Overall, results in this paper indicate that by defining the scat-
tering particle size and density distribution functions and as-
suming values of refractive indexes, Mie theory could be used
to estimate images of bulk effective scatterer size and number
density. The estimates have been derived from bulk transport
scattering measurements at six discrete wavelengths, 661,
761, 785, 808, 826, and 849 nm, assuming the reduced scat-
tering spectrum is smooth in shape across the wavelength
range. The inherent assumptions in this approach are that the
scattering particle size histogram of values is exponentially
weighted to smaller size particles and that the index of refrac-
tion can be expressed as a single pair of values inside and
outside of the particles. As shown in a previous paper,21

smaller particle sizes lead to similar reduced transport scatter-
ing spectra with little oscillation, whereas particles above
1 �m in size generate visible oscillations in the reduced scat-
tering spectra as a function of wavelength. Thus, any smooth-
ness assumption in scattering spectrum inherently limits the
results to estimating smaller scatterer sizes. The scattering

Fig. 5 The values for groups of subjects in terms of cancer and benign
lesions are shown, for �a� average effective scatterer sizes and �b�
average effective number density.
spectra currently reported for bulk breast tissue do not show a

Journal of Biomedical Optics 041106-
significant presence of oscillations as a function of
wavelength.6,41,43,60,61 While this observation could be an arti-
fact of the data processing, it is also reasonable to assume that
the dominant scattering particle sizes are less than 1 �m.
When imaging cells with phase contrast microscopy, the total
backscatter due to the cytoplasm is typically much more sig-
nificant than the nucleus, indicating that intracellular struc-
tures other than the nucleus are important determinants of the
scattering spectra, leading to larger fractional oscillations in
the spectrum recovered.

In this work, it was assumed that the distribution of scat-
tering particle sizes is exponentially weighted to smaller val-
ues. The rationale for this comes from the observation that the
largest number of membrane-bound structures in tissue are
considerably smaller than the nucleus. So although larger
structures, such as cell nuclei, typically 5 to 15 �m in diam-
eter, are known to scatter light, the primary small scattering
centers in tissue are thought to be the collagen fiber network
of the extracellular matrix, the mitochondria, and other intra-
cellular entities with dimensions smaller than the optical
wavelengths.25 Nonetheless, this assumption is an unsatisfac-
tory compromise, but one that is routinely employed in elastic
scattering spectroscopy, and should be further studied. Yet
given the difficulties in extracting subwavelength information
from samples, it is likely a problem without an easy solution
at this time in point.

Given these assumptions and limitations, a fitting proce-

Fig. 6 The relative differences in average region values are shown for
cancer and benign lesions for �a� average effective scatterer sizes and
�b� average effective number density.
dure is possible where the normalized scattering spectra are
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Fig. 7 Reconstructed images for two of the MRI-NIR subjects �a,b� are shown, with the MRI image in �Region�, and hemoglobin �HbT�, oxygen
saturation �Oxy.�, water fraction �Wat.�, scatter power �Scatt. Power�, and scatter amplitude �Scatt. Ampl.�. Estimates of �a� and N are shown in
�Effec. Size� and �Num. Dens.�, as calculated from �Scatt. Power� and �Scatt. Ampl.�. Image �b� is predominantly fatty tissue �gray in MRI image�,

whereas �a� is predominantly fibroglandular tissue �darker in MRI image�.
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used to estimate effective scatterer size first, and then effec-
tive number density can be readily determined. In making
assumptions about the exponential shape of the histogram of
scattering particle sizes, and in restricting the data to a sparse
number of wavelengths, there is inherent neglect of any oscil-
latory spectral components that may be present. In addition, a
further assumption was made that n1=1.36 and n2=1.4, for
the refractive indexes with material 1 being cellular cytoplasm
and fluid and material 2 being the bilipid membrane.

The Intralipid phantom study provided a reasonable way
for image reconstruction of the effective scatterer size and
number density, with a mean size value of 106 nm and stan-
dard deviation of 4 nm �as seen in Fig. 3�. This result agrees
to within 9% of the expected value of 97±3 nm, suggesting
that this method is accurate in this case.

In the patient study, for a cancer patient, the estimated
effective scatterer sizes for tumor tissue and the background
normal tissue were 535 nm and 603 nm. The estimated num-
ber density for tumor tissue and the background normal tissue
were 12.4�1015 m−3 and 7.1�1015 m−3, respectively. It in-
dicated that for the cancer tissues examined here, they had
smaller effective scatterer size and larger effective number
density than the background normal tissue, on average. For
the benign tumor patients, the estimated effective scatterer
size for tumor and background normal tissue were 212 nm
and 229 nm, respectively; the estimated effective number
density for tumor and background normal tissue were 11.0

15 −3 15 −3

Fig. 8 The average tissue values are shown pooled for all MRI-NIR
subject images, for effective scatterer size �a�, and number density �b�,
for adipose and fibroglandular tissues.
�10 m and 10.9�10 m , respectively. For benign tu-
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mors, there was not a significant difference between the tumor
tissue and the background normal tissue.

For the MRI-NIR subject study, the estimated effective
scatterer sizes for adipose and fibroglandular tissues were
254 nm and 123 nm, respectively. The estimated effective
number density for adipose tissue and fibroglandular tissues
were 1.5�1015 m−3 and 10.7�1015 m−3, separately. This re-
sult indicated that the fibroglandular tissue had smaller effec-
tive scatterer size and larger effective number density than the
adipose tissue, which agrees with the physiologically under-
stood structure of adipose being larger lipid particles and fib-
roglandular being a compound of smaller intracellular and
extracellular structures.

One of the larger differences in this study, which is differ-
ent from earlier Mie scattering estimation studies, is the esti-
mate that the distribution of the scattering particle sizes in
breast tissue are exponentially weighted. This is not a com-
mon assumption in other papers, yet our preliminary work in
electron microscopy verifies that this is indeed the case.63 This
is also in agreement with the Intralipid results by van Staveren
et al.25 Several other papers use a likelihood function10 rather
than a pure exponential one, which has the problem of requir-
ing more free parameters for the shape of the function, mak-
ing the calculations even more problematic. Yet, the sizes of
particles nearest zero have the least impact upon the scattering
spectrum, so the difference between a likelihood function and
a pure exponential may be insignificant. Clearly, further
analysis of this assumption should be undertaken, and elec-
tron microscopy studies to verify this have been completed
and will be reported soon.

There are several ways potentially to improve the accuracy
and precision of the effective scatterer size estimates reported
here. The accuracy is likely to be increased by using a re-
duced scattering coefficient spectrum over a wider range in
the spectrum and with more wavelengths. Simulation results
indicate that the fitting algorithm improves with increased
number of wavelengths; however, our current tomography
system is limited to only six, although more will be added in
the near future. Another approach to improve the estimate is
to measure the scattering particle size histogram specifically
by electronic microscopy, as was done explicitly for Intralipid
in the paper by van Staveren et al.25 and given particle size
histograms could be applied to different tissues individually if
the system is used in MRI-guided mode. Other approaches
such as studying the angular scattering dependence of thin
samples may lead to similar information about the effective
scatterer size.9,16 A more accurate measurement of the range
of changes observed in the refractive index could be used to
improve the estimation, as the refractive index change is
clearly not just a single value, but is likely an entire range of
values that may or may not be correlated with the range of
particle sizes.

5 Conclusions
In summary, the patient results indicated that for a cancer
tissue, there was a difference in average effective scatterer
size and number density between the cancer and normal tissue
and that cancer tissue has smaller effective scatterer size and
larger effective number density. In benign tumor tissue, there

is no significant difference from the background tissue. The
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MRI-NIR subject study indicated that the fibroglandular tis-
sue has smaller effective scatterer size and larger effective
number density than the adipose tissue.

The method outlined in this paper provides a reasonable
estimation of effective particle size and density for diffuse
tomography applications where there are limited numbers of
wavelengths. When there is an exponential distribution to the
scattering particles in the smaller size ranges, Mie theory can
be used as a first order approximation of these parameters.
Medical acceptance of images of particle size and number
density may be easier to gain acceptance than scattering am-
plitude and power, due to the inherently clearer physical
meaning of the words.
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