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Abstract. Diffuse near-infrared tomography of tissue reveals scattering
changes that originate from the submicroscopic features of the tissue;
yet the existing tools to use this information to predict which features
contribute to the scattering spectrum are limited by the lack of direct
data quantifying the particle sizes. Breast tissue was examined with
electron microscopy, and analysis showed that the distributions of
particle sizes appear in double exponential functions for most cellular
tissues. The average particle size histograms of high-grade cancer,
low-grade cancer, fibroglandular tissue, and adipose tissue were ex-
amined. The particle histograms were progressively decreasing in
magnitude for these tissue types, and the average size of the particles
increased, for these four tissues, respectively. Typical particle sizes in
the range of 10 to 500 nm for these tissue types, with biexponential
fitting, gave two particle distributions: one near 20 to 25 nm for the
smaller size and one at 110 to 230 nm for the larger distributions.
Mie scatter theory was used to take these particle distributions and
calculate scattering spectra. The ability to image reduced scattering
coefficient spectra of bulk breast tissues exists, and so this data pro-
vides insight into how bulk imaging may be mapped over to predict
factors related to the tissue ultrastructure. © 2006 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2398903�
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1 Introduction

The observed color of tissue comes from a complicated mix-
ture of absorption by chromophores and scattering from fea-
tures within the tissue.1 While the composition of molecular
absorbers in tissue are reasonably well predicted by individual
spectra, the microscopic features that cause scattering spectra
are considerably less easily predicted. This is mostly because
of the complicated mixture of cellular, subcellular and extra-
cellular features that cause scattering and because of the un-
certainty of their contribution to the refractive index
changes.2–4 Nonetheless, many recent studies have shown that
scattering parameters measured from tissue can be uniquely
correlated to tissue substructure, function, and progression of
disease.5–9 Scattering could potentially used to measure re-
sponse to therapy.9 In ongoing tomography work, many
groups are now examining the potential for diffuse tomogra-
phy to characterize tissue, and scattering is thought to be a
key feature indicating structural change, perhaps related to the
density of subcellular features. It is generally thought that it
may be possible to turn these measurements into estimates of
effective particle size and density; however, there are signifi-
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cant assumptions and simplifications that must be made in this
process, mostly related to the application of Mie scattering
theory. In this study, one subset of these features is examined
in detail, namely the distribution of particle sizes present in
tissue. Both normal and diseased breast tissues are examined
with electron microscopy �EM� to quantify the particle size
histogram. These histograms are central to being able to esti-
mate particle size and density from diffuse scattering
tomography,10–14 as well as to better understand how light
interaction with tissue in general can be used to interpret mi-
croscopic features of the tissue.

Recent developments in extracting cellular and subcellular
size and density features from tissues may have far-reaching
applications, yet uncertainty about the “gold standard” of how
to quantify particles that cause scattering in light is perhaps
the most important part of this to be developed more fully.
The central problem with having an independent way to mea-
sure particles that scatter light is that there is no clear way to
measure them. The size scale is thought to be in the same
range as the wavelength of light, but possibly extending well
above and well below this size scale. Thus, the diffraction
limitation of light imaging will not allow full resolution of
these features, and any other measure will be a surrogate to
this, as it will measure features with something other than
1083-3668/2006/11�6�/064007/10/$22.00 © 2006 SPIE
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light. Van Staveren et al.15 used EM to quantify the size dis-
tribution of Intralipid, a well-known and well-characterized
scattering solution of emulsified lipids in water. They showed
that the particle sizes were distributed as an exponentially
decaying function with larger numbers of small particle sizes
and significantly fewer of large sizes. They showed that esti-
mates of this distribution provided an excellent way to esti-
mate the bulk scattering coefficient spectrum of the solution.
EM distinguishes electron dense versus nonelectron dense
features of the tissue, and so membranes and areas of high-
density protein and lipid content appear darker than areas of
interstitial fluid or cytoplasm. To enhance the contrast, tissues
are stained with uranyl and lead, so the uranyl binds to phos-
phates and lead acts as an enhancer to the signal. Phosphates
are contained in large amounts in nucleic acids but are also
present in membranes. There is considerable support for the
belief that intracellular membranes are a major contributor to
scattering, yet essentially all the data about this is correlative,
and there is no independent measure of the size available.
Thus, this part of the study remains a hypothesis, but will be
examined in light of the resulting data.

A secondary goal of this study is to estimate the particle
size distributions that result when using EM images, and then
use these histograms to predict the reduced scattering coeffi-
cient that is observed in diffuse tomography. When measure-
ments of diffuse tomography are taken, the transmission data
is fit to diffusion theory, and there is no possibility of deriving
the exact scattering coefficient spectrum, but rather the re-
duced scattering spectrum can be measured. The same spec-
trum can be estimated from Mie theory, and so the goal here
is to examine the shape and magnitude of these spectra to see
if they are similar. If similar spectra can be obtained, then it
makes sense that diffusion theory–derived spectra could be
used to estimate effective particle size and number density
values and images. This has already been shown in previous
studies; however, the justification for using the assumed ex-
ponential distribution of particle sizes was not validated prior
to this present study.

The application of Mie theory to scattering measurements

Table 1 The tissue samples used in this study we
immunohistochemical specimen slides to calcula
epithelial rate �F:S/E�, complete tissue type rati
�MVA�.

Tissue �diagnosis� E:S F:S/

Normal breast 0.003 0.4

Normal breast 0.009 0.4

Normal breast 0.030 0.1

Infiltrating ductal carcinoma,
low grade

0.166 0.0

Infiltrating ductal carcinoma,
intermediate grade

0.214 0.0

Infiltrating ductal carcinoma,
high grade

0.049 0.0
has a growing history, and yet the interpretation of whether it
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is appropriate is still unclear. Nonetheless, modeling the light
scattering particles as spheres is one of the few tractable ways
to proceed in using the scattering information, and care must
be taken to interpret these parameters as “effective” Mie esti-
mates. Much of the scattering in tissue is thought to be sub-
cellular organelles such as mitochondria, lysosomes, Golgi
bodies, vesicles, and so forth, all of which have sizes in the
range of 50 to 500 �m or less.16,17 Additionally, scattering
from well-organized cells in culture have been studied exten-
sively with a focus on estimating the scattering from the nu-
clei. Studies by Wax, Mourant, and Backman have all indi-
cated that scattering from larger structures, such as the nuclei,
could be present, but these are small signals superimposed
upon the dominant scattering from smaller particles, which
are significantly less than 1 �m in size.6,18 While these are
almost never spherical, individual photon events with the
membranes would clearly interact with a radius of curvature,
which might be considered spherical at the local level. In-
depth modeling of Mie estimates of the scattering has consis-
tently shown reasonable results under the assumption of the
particles being spherical. However, it is also possible to con-
sider that the scattering from subcellular organelles should be
viewed as a coated sphere or shell shape, where the mem-
brane is a thin layer over another medium. Wilson et al.9 have
shown that this gives a good estimate based upon angle re-
solved reflectance from cell suspensions undergoing apopto-
sis. Mie theory estimates of the scattering from shells have
been well developed and are examined in the present study as
possible ways to model the scattering, given the estimates of
the particle distribution histogram. Both of these modeling
approaches are examined using particle histogram data, with
the goal of determining which assumed model fits the data
more optimally.

2 Materials and Methods
2.1 Tissue Sample Processing and

Immunohistochemistry
Immediately after excision, three cases of normal breast �re-

lyzed with quantitative pathology estimates from
pithelial to stromal ratio �E:S�, fat to stromal and
rovascular density �MDV�, microvascular area

Fibrosis/Fat/Epithelium MVD MVA

60/36/4 0.25 151

56/40/4 0.17 78

84/11/5 0.23 87

6/3/91 1.02 75

0/0/100 0.85 74

79/8/13 0.72 113
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duction mammoplasty specimens� and three infiltrating ductal
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carcinomas of breast were evaluated in the Department of
Pathology, sampled according to standard diagnostic proto-
cols, and processed routinely �formalin fixation, alcohol dehy-
dration, paraffin embedding�. Each tissue specimen was taken
from a different subject. A diagnosis was rendered on
4 �m-thick, routinely stained �hematoxylin and eosin� tissue
sections. The histologic details are given in Table 1. Repre-
sentative tissue sections from each case were also immuno-
histochemically stained using the pan-cytokeratin marker 5D3
�which highlights the epithelial component in the tissue� and
the pan-endothelial marker CD31 �which highlights the
endothelial-lined vascular channels�. Tissue type ratios �epi-
thelium compared to fat and stromal fibrosis �E:S�, fat com-
pared to epithelium and stromal fibrosis �F:S/E�, mean vessel
density �MVD�, and mean vessel area �MVA�� were assessed
quantitatively using image processing techniques as described
in a previous paper.19 Using optimized color images from
each slide, an automated macro in NIH IMAGE was used to
count vessel density and area based upon the grayscale thresh-
olded outline of the vessels. Unbiased estimates of volume
density for each tissue type �fat, stromal fibrosis, and epithe-
lium� in the tissue were obtained using point-counting stere-
ology techniques.

2.2 Electron Microscopy
For each of the six cases, 2-mm3 portions of fresh breast
tissue were fixed in 5 cc of 4% buffered glutaraldehyde for at

Fig. 1 EM images of normal fibroglandular tissues �a� and �b� at magni
are shown in �c� and �d�, at 4000� and 29 000�, respectively.
least 2 h at 4 °C, then placed in 0.1 M of sodium cacodylate
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buffer at 4 °C for at least 15 min up to a week. From each of
the three normal breast specimens, separate areas of fat, con-
nective tissue, and glandular tissue were sampled. From each
of the three breast tumor specimens, a representative tumor
was sampled. The tissue was then placed in 2% osmium
tetroxide with 0.1 M of sodium cacodylate buffer for 1 h at
4 °C, followed by graded ethanol �50, 70, 90, 100%�, and
then by L. R. White �50, 75, 100%� washes. The tissue was
embedded in L. R. White in covered gelatin capsules and
allow to stand overnight at room temperature in a hood before
being placed in a 60 °C oven for 22 to 26 h. The 0.5-�m
thick sections were cut and stained with 1% toluidine blue,
and selected areas were sectioned at 120-nm thickness, placed
on 3.0-mm copper grids, and then stained with uranyl acetate
and lead citrate. These samples were examined with a FEI
Tecnai F20 FEG electron microscope, and images were taken
at magnifications of 3500�, 4000�, 19 000�, 29 000� for
the different tissues as appropriate to capture the relevant fea-
tures of each sample. Representative images of normal tissue
and diseased breast tissues are shown in Figs. 1 and 2,
respectively.

2.3 Image Processing
Using the EM images, the intra- and extracellular particles
were quantified based upon the contrast in the EM images.
Information about the magnification of the image, the thick-
ness of the section, and the size in pixels of the digital EM

s of 4000� and 9900�, respectively. Adipose tissue example images
fication
picture contributed to converting raw counts into particle den-
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sity values. The following calculation was done to achieve
density dimensions of particles per cubic millimeters:

particles

mm3 = �# particles�� �66nm2

10 pixels
��4000X

Mag
�2

�Area�

��Thickness�� 1mm3

1018nm3� , �1�

where Area is the area in pixels of the image, Thickness is the
thickness of the section set at 100 nm, and Mag was the mag-
nification of the image, here used in the ranges of 4000� up
to 29 000�, with a range of sizes for each tissue type. It was
important to include multiple magnifications of images to in-
crease the dynamic range over which the sizes could be reli-
ably quantified. In the normal fibroglandular tissue, six sepa-
rate images were analyzed; in the malignant epithelia, four
images were quantified; and in the adipose tissue, three
images were quantified, each on different ranges of
magnification.

The same series of procedures were carried out on all im-
ages. The EM pictures were first thresholded in IMAGEJ, based
upon a threshold. Varying thresholds were examined over the
entire range of possible values, and all images were analyzed
at five different threshold values. Early on in the study, it was
determined that the threshold value varied the numbers of
particles counted, but did not have a major effect upon the
shape of the particle size histogram. Different methods were

Fig. 2 EM images are shown of low-grade epithelial cancer �a� and
epithelial cancer are shown in �c� and �d� at 4000� and 15 000� ma
tried for choosing the threshold including simply stepping
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through an equispaced set of threshold values, as well as set-
ting the threshold on the maxima, minima, and points of in-
flection in the grayscale histogram distribution for each im-
age. However, to avoid bias related to the choice of threshold,
a equispaced range of threshold values were used for each
image, and the resulting values were all pooled together for
each image to create a composite of values for all thresholds.
A single typical thresholded binary image is illustrated in Fig.
3�b�, along with the original image Fig. 3�a�.

In order to include large numbers of images, a morphologi-
cal operator ANALYZE PARTICLES in the software package IM-

AGEJ was used to approximate the image as a conglomeration
of ellipses and then measure the radii of each, thus establish-
ing a particle size distribution. This feature of ImageJ works on
binary images only, after thresholding, and counts particles
that are dark and can be completely separated from other par-
ticles. Thus overlapping regions will be lumped together in
this type of analysis, yet by varying the threshold value, it is
possible to limit the effect of overlapping regions. The mini-
mum and maximum allowable particle size was specified in
units of pixels to be between 10 and 2500 pixels in size with
250 possible distinct sizes. Thus using images of differing
magnification was important to expand the usable dynamic
range. Figure 3�c� shows the resulting ellipse drawing after
analysis of identifying particles. Figure 3�d� shows the output
of this process: the histogram of the particle sizes composing
the original image at a specific value for the threshold. As the

4000� and 9900� magnificiations. Similar images of a high-grade
tions.
�b� at
gnifica
particle size increased, the histogram of data points displayed
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higher and higher variance, typical of poor statistics. The data
points toward the end of the particle size range were disre-
garded when the variance reached 50% of the mean value, as
these basically had very poor statistical power. The size range
was expanded through the use of multiple magnifications of
the EM images. The resulting histograms appeared to have a
biexponential decay of particle size except for adipose tissue,
which appeared to have a single exponential decay form to the
histogram.

2.4 Mie Theory Numerical Implementation
Two MATLAB computer programs were used in this study, for
simulating the sphere and shell data separately. The sphere
code was adapted from a version produced by Dave Barnett,
Loughborough University �http://www.lboro.ac.uk/
departments/el/research/ photonics/matmie/mfiles.html� and
the sphere and shell Mie code was adapted from the programs
developed by Christian Matzler, Institute for Applied Physics,
University of Bern �http://www.t-matrix.de/�. The latter pro-
grams were used for simulation throughout this research and
enabled a direct comparison between shell and spherical treat-

Fig. 3 �a� An original EM picture displaying approximately four epith
After thresholding, �b� shows the binary representation of the original i
of the threshold image is shown where particles were represented by
as a histogram of particle sizes in �d�.
ment. The functions used in this analysis were the calculation
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of the Mie scatter efficiency �MIE.m� for estimating Qext, Qsca,
Qabs, Qbackscat, �cos ��, Qratio. Based upon the inputs m and x,
where m is the complex refractive index ratio and x=koa,
with ko=2� /� being the wave number in the medium and a
being the particle radius. The program calculated the scatter
coefficients an and bn for given particle characteristics. The
calculation of scattering from coated spheres is done with a
MIECOATED.m program, which calculated the same Mie effi-
ciencies with specified characteristics of the core and coating
of the sphere. Inputs were the relative refractive indices of the
core to the exterior medium and the coating to the exterior
medium, respectively, along with the two radii of the spheres
multiplied by the wave number of the medium. Estimates of
the average cosine of the scattering angle and the scattering
coefficient were done by calculating the parameters at all par-
ticle sizes within the histogram and weighting the distribution
to the fraction of this distribution at this size. This was
summed over all sizes for the final estimate of g, �s, and then
also �s�.

The inputs of the optical constants of tissue came from
Drezek et al.8,20 and from Dunn’s PhD thesis.21 The index of

ells with associated intra- and extracellular organelles and structure.
or one particular value threshold value. In �c� the particle size analysis
pse of the approximate size. The results of this analysis are presented
elial c
mage f
an elli
the medium n2 was set at 1.35 and the index of the sphere n1
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at 1.40. These values correspond with experimental evidence
of the indices of the cytoplasm and of the extracellular mate-
rial. This yielded a relative index m of 1.04. For the shell
treatment, the index of the medium was set at 1.35, the index
of the shell n2 at 1.46, and the index of the core n3 at 1.35.
This yielded relative indices, m1 and m2, of 1 and 1.0815,
respectively. The thickness of the shell was taken to be 9 nm,
corresponding to the estimated thickness and index of the bil-
ipid membrane in cells and organelles.21

2.5 Comparing Mie Theory to Diffusion Theory

A central assumption in this work is that the scattering that is
predicted by estimates of the particle sizes could then be di-
rectly compared to the estimate of scattering observed in bulk
tissues, as quantified by fitting the signals to diffusion theory.
As described above, the scattering coefficient for a distribu-
tion of particles is estimated by summing the scattering effi-
ciency factor Csca over all the particle sizes, weighted by the
particle density histogram,

�s��� = 	
i=1

n

Csca�ri,��N�ri� , �2�

where N�ri� is the relative particle density as a function of
particle size. Another useful quantity is the average cosine of
the scattering angle, g���, where more intense scattering
is given more weight. g��� is also called the anisotropy

Fig. 4 Particle size distributions obtained by combining results from i
histogram; �b� normal adipose histogram; �c� high-grade epithelial tiss
coefficient
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g��� =

	
i=1

n

g�ri,��Csca�ri,��N�ri�

	
i=1

n

Csca�ri,��N�ri�

. �3�

In measurements from a highly scattering medium, these mi-
croscopic parameters do not hold much meaning, and so for
tomographic measurements, it is more productive to assume
that the scattering is isotropic and that under this assumption
there is an effectively reduced scattering coefficient that is the
inverse of the effective scattering length,12 and this is math-
ematically estimated by

�s���� = �s����1 − g���� . �4�

This final quantity is estimated in tomographic or bulk tissue
measurements of the breast. Therefore, the results of this
study will report variations of �s���� with wavelengths for the
different tissue types examined.

3 Results
The typical structures that can be viewed in EM can be seen
in the images shown in Figs. 1–3. The fibroglandular tissues
are dominated by epithelial cells and structural matrix com-
ponents of collagen. In Fig. 1�a�, there are several epithelial
cells that can be found by their darker nuclear regions, which
are distended in these cells and scattered in their interior.
Around these nuclear regions, there are many mitochondria
and other subcellular constituents. Basically the majority of
the cellular interior is composed of bilipid layer bound or-
ganelles, as can be seen more clearly in Fig. 1�b�.

Adipose tissue is distinctly different, with well-

rocessing as described in this paper: �a� normal fibroglandular tissue
� low-grade epithelial tissue.
mage p
circumscribed fatty regions distributed across the image in
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Fig. 1�c�. Close-up views of some of these are shown in Fig.
1�d�. Cutting adipose sections is known to be difficult, due to
the fact that the tissue does not solidify well and tends to
smear during the cutting process. Thus, obtaining clear adi-
pose sections for EM microscopy is challenging.

In carcinoma tissues, as shown in Fig. 2, the epithelial cells
are more infiltrating and generally have larger nuclei and
higher numbers of mitochondria. The overall pattern is highly
variable and thus it is difficult to come up with standardized
descriptions. However, representative images were taken from
the low-grade and high-grade tumor sections examined, and
images are shown at lower power and higher power in Fig. 2.
Images �a� and �b� are the low-grade tumor, and �c� and �d�
are the higher grade tumor.

The particle size distributions of these four tissue types
were determined using multiple slices of the tissue and mul-
tiple imaging fields for each. Figure 3 shows the calculation
procedure from a single image, with one histogram shown.
Typically there were many small counts such as 1 or 2 at
higher particle sizes, where the accuracy of the method breaks
down. These lower points were typically eliminated from the
histogram prior to pooling data from different images, as the
error in accurately counting large particle numbers on high
magnification was unacceptable. Instead of using these error
prone counts at larger particle sizes, multiple magnification
levels were used, such that three different ranges of particle
sizes could be counted and combined on each graph, as is
seen in the data display on Figs. 4�a�, 4�c�, and 4�d�. Between
two and four images were analyzed for each type. The results
of each of the four tissue types is displayed in Fig. 4, and the
results of the fitting to these data are shown in Table 2, with
biexpoential fitting to the fibroglandular and cancer tissues,
and single exponential fitting to the adipose tissue data. The
best fit biexponential to the raw data points is shown on these
graphs in Fig. 4, except for Fig. 4�b�, which fit best to a single
exponential. The adipose tissue histogram had a smaller range
of particle sizes, mainly due to the observation that most fat
particles existed within a smaller range of sizes, and thus the
histogram of particle sizes in adipose was not as wide as
observed in more heterogeneous tissue types such as fibro-
glandular tissue.

The raw data from each histogram was averaged at each
particle size and used in Mie theory calculations to estimate
the reduced scattering spectra and the anisotropy parameter.
The calculations were done for all four tissue types, using
both sphere and shell computations. Treatment of the scatter-
ing particles as spheres and as shells yielded a similar rela-

Table 2 Fitting parameter results for a double exponential decay
model for the particle size histogram data shown in Fig. 4.

Tissue N1 �x�1 N2 �x�2

Normal fibroglandular 2�1010 22.6 2�108 159

Normal adipose — — 9�108 110

Low-grade epithelium 9�109 27.2 8�107 196

High-grade epithelium 1�1010 25.0 1�108 233
tionship between �s���� and wavelength �. However, the
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sphere plot in Fig. 5�a� is shifted vertically compared to the
shell plot in Fig. 5�b�. Charts depicting the spectrum of the
anisotropy parameter are also included for completeness in
Fig. 6.

Adipose tissue was consistently characterized by small
�s���� values and high-grade epithelial tissue with large ones.
In fact, for both treatments, the order of high-grade, low-
grade, fibroglandular, and adipose was preserved. In general,
�s���� values for the spherical treatment exceeded the ex-
pected values based on clinical data.22–24 The shell treatment,
however, generated values more in line with this clinical data.
In both cases, �s���� values for tumor tissue were clearly
separate from those of normal tissue, showing some promise
in the ability to use Mie theory–based calculations to catalog
the scattering in breast tissue.

4 Discussion
In proceeding with the analysis of this study, it is important to
recognize the underlying untested hypotheses that are implied
in this and related studies that examine how light scatters in
tissue. There are unfortunately quite a few untested questions,
and this is largely due to the nanometer size scale being con-
sidered and the inability to find good tools to examine light
scattering phenomenon at this size scale. Nonetheless, pro-
ceeding with the available tools may help migrate toward a
common understanding of this. The current study is observa-
tional in nature and provides supporting evidence for the over-

Fig. 5 The reduced scattering coefficient spectrum �s���� is shown as
calculated by �a� the solid spherical Mie theory calculation and �b� for
the shell simulation of Mie theory, using the particle distribution his-
tograms in Fig. 4.
all hypothesis that light scatters from membrane-bound sub-
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cellular and extracellular structures that have a large range of
sizes, weighted exponentially more toward the smallest ob-
servable scale.

A major assumption in the current paper is that cellular
organelles and extracellular structures as observed in EM im-
ages accurately represent the same structures that cause light
scattering in tissue. This is clearly a troubling assumption and
yet the tools to objectively evaluate this are arguably lacking
at the present time. The type of images shown in Figs. 1–3
show membrane-bound structures and areas of electron-dense
subcellular features, due to the contrast mechanism in EM that
preferentially provides contrast to these. This approach makes
some sense, because there is data to support the idea that
membrane-bound organelles contribute significantly to
scattering,25,26 and this is because of their change in refractive
index from the background medium. Clearly it is possible that
certain substructures observed in these images do not have the
same change in index of refraction as others and contribute
less to the overall scattered signal. If this is true, then this can
potentially contaminate the results of the study. Hopefully fu-
ture studies, possibly with near-field microscopy or phase
contrast microscopy, could help to catalog maps of correlation
between the observed structures in cells and that magnitude of
scattering from each. Additionally, there can be concern that
the tissue handling to prepare for EM might alter the tissue
structure; however, the tissue is fixed prior to preparation, and
so the only major deformation expected is in the preparation

Fig. 6 The anisotropy coefficient spectrum g��� is shown as calcu-
lated by �a� the solid sphere Mie theory and �b� the shell calculation,
using the particle size histograms represented in Fig. 4.
of fatty tissue, which is hard to cut in thin sections. However,
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care was taken to try and obtain samples that were minimally
distorted by the preparation and cutting prior to microscopy.

The choice of method to quantify the particle sizes in an
automated way was another possible area of complication in
the study, but one that was arrived at after rationalizing that
hand counting of particles was simply inconceivable, due to
the large sample sizes needed for each tissue type and the
large number of particles present per image. Hand counting of
selected slides was done and provided a consistent picture,
although it has the complicating problems of observer bias in
determining what is and is not a particle. After using grids
overlayed on the images to attempt particle counting by hand,
it was concluded that this was not clearly a reliable method
for counting particles where the size range varied by over an
order of magnitude, with potentially overlapping particles
present. The only objective way to proceed was chosen as
computer-assisted counting. Clearly this approach has prob-
lems, in that there is potential bias in the way that the image
was thresholded and the way that the algorithm appeared to
link regions that were perhaps independent particles yet ap-
peared to be touching in the thresholded image. These are all
valid criticisms, yet in the end when a large range of threshold
values were used for any single image, the shape of the his-
togram resulting was always similar, with simply a change in
the vertical offset. The type of data shown in Fig. 3 is very
typical of the retrieved data in most images. The results indi-
cate that the histograms of particle sizes are all effectively
double exponential shapes, except for adipose tissue that ap-
peared to have only a single exponential shape. These are
consistent with an inspection of the images, which certainly
shows a much larger number of small features as compared to
the larger ones. This observation has very important implica-
tions for Mie theory or scatter theory modeling of the distri-
butions, as they then present simple distributions, where the
mean of the distribution �for a single exponential� is equal to
the decay parameter. This feature makes modeling the distri-
bution with a single parameter extremely useful. The overall
number density �i.e., the numbers on the y axis in Fig. 4� are
perhaps more questionable than the shape of the functions.
While the quantitative estimates calculated in Eq. �1� are as
accurate as can be achieved in this modeling, the question of
threshold level clearly alters the observed number density.
Thus, a major conclusion of this paper is that EM image
analysis is reasonably good at estimating the average scatterer
sizes, but potentially less accurate at estimating the absolute
number densities of these particles.

There is another underlying hypothesis in this work: that
Mie theory can be used to predict the scattering coefficient
spectrum from the particle density histograms found with EM
image analysis. This is directly examined, yet has several un-
derlying untested hypotheses that could impact the interpreta-
tion of the results. Specifically, there is an assumption that the
asymmetric patterns of membrane-bound organelles in tissue
can be approximated as “effectively” spherical shapes or
spherical shells, with respect to the more bulk scattered field
values estimated in the Mie simulation. Again, this is a diffi-
cult point to address, and while literature exists to model scat-
tering from cylinders as well, there is no clear path to mod-
eling highly complex or even asymmetric shapes beyond the
more complete approach of solving Maxwell’s equations on

assumed geometries. It is possible that EM-derived shapes
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could be used as the input to Maxwell’s equation solvers as
was recently attempted by several researchers,8,27,28 yet the
computational power to do this in a systematic manner with a
large number of particles is nontrivial. However, future stud-
ies could focus on this and perhaps shed light on this under-
lying assumption in breast tissue specimens.

Examining the predicted scattering spectra, the shell treat-
ment produced values for �s���� that were more in line with
expectations based on experimental results; as in clinical stud-
ies, we observe that reduced scattering coefficient values are
typically in the range of 0.5 to 1.5 mm−1.23 There is a large
discrepancy in the �s values for the two treatments, where the
shell treatment produces values in the range of 0��s�4 and
the sphere treatment produces values in the range of 0��s
�450. This difference is understandable because of the fact
that there is simply less material to influence light when the
scatterers are shells, despite an equal geometrical surface area.
Therefore, at first glance, the shell treatment of scattering par-
ticles seems to catalogue the phenomenon best. The values of
�s���� give some reassurance to the validity of the assumption
that the particle density is sufficiently low for Mie theory to
apply legitimately. The units of �s���� are inverse millimeters,
and the shape of the curves match the general shape expected.
The spectra of high-grade tumor tissue was significantly
higher than that of low-grade tumor tissue, and fibroglandular
tissue and adipose tissue were successively lower. These are
almost exactly what is expected from previous in vivo imag-
ing studies.10–14

The field of stereology prescribes a correction factor to
account for the underestimation of the scattering particle radii
due to the fact that if one cuts a sphere into thin slices, then
averages the radii of the slices, the value of the average will
be less than the actual radius of the sphere. Van Staverson
et al.15 omitted the correction factor noting that “larger par-
ticle sections are already over-represented. Thus the distribu-
tion is at least partly compensated �or even overcompensated�
for the absence of a correction.” However, because the sample
thicknesses were 100 nm nominally, it should be expected
that quantification of numbers of particles with size larger
than this might be underrepresented, simply because they can-
not be analyzed with full representation in these thinner slices.
In fact this might lead to a slightly enhanced count rate in
smaller particles due to the fact that larger particles that were
sliced above or below their midpoint would appear smaller
than their maximum diameter in most slices. Despite this po-
tential artifact, it seems undeniable that the particle size his-
tograms are heavily weighted to sizes smaller than 100 nm in
all cases, except perhaps adipose tissue. The number of par-
ticles in the 10 to 50 nm range is clearly orders of magnitude
higher than the number of particles above 100 nm, so while
there is potential skew in the exact exponential fit, potentially
biasing the distribution toward smaller particles, this bias is
likely quite small due to the magnitude of the decay function.
However, future studies with increasing thicknesses of
samples done in EM could be used to analyze this issue, ad-
mittedly with significant effort to normalize the data for thick-
ness change.

One last untested hypothesis in this work is that the par-
ticle density is sufficiently low to legitimately apply Mie

theory. The development and application of Mie theory is
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based upon the single scattering event of a plane wave hitting
a sphere or shell. Application of this model to bulk samples
implies that the spacing between particles is sufficiently larger
to allow each scattering particle to have a plane wave field
interacting with it, and therefore, there are not inter particle
field effects that would be sensitive to the density of packing.
It is generally acknowledged that this approach is valid only if
the mean particle spacing is at least 3 to 5 particle diameters,
or stated alternatively, that the density of packing of particles
is less than 10% of the volume. Clearly this latter statement is
not true, as is shown in the images in Figs. 1 and 2, where it
would appear to be at least 50% or more of the space is filled
with scatters. However, once the particle counting is com-
pleted and the average scattering coefficients are estimated,
the scattering coefficients are in the range of 1 to 50 mm−1,
leading to estimated mean free scattering lengths of
1 to 0.02 mm. If the “effective” scattering length is taken as
the measure of particle density, then the average scattering
events are spaced apart by 20 to 1000 �m, which is quite low
compared to the sizes of the particles counted here �i.e., rang-
ing from 1 to 1000 nm�. Thus, the density factor appears to
violate the 10% estimate of when Mie theory breaks down.
Yet the range of sizes of particles effectively reduces the over-
all scattering coefficient to the point where interactions do not
appear to be happening at the level that would cause violation
of Mie theory prediction. However, this is clearly a unsatis-
factory assessment and future work should examine this issue.

5 Conclusions
In summary, this report provides evidence for the fact that the
particle sizes are distributed exponentially in subcellular
structures, and that given assumptions about the index of re-
fraction change, the shape of the scattering spectrum in the
near infrared is consistent with what would be predicted by
these particle size histograms. The estimation of scattering
from Mie-theory shells has a better agreement with the ob-
served magnitude of scattering in bulk breast tissue; however,
this study is not conclusive in this area and further validation
with well-controlled particle sizes would help determine
which type of Mie theory should really be applied. It is likely
that the most definitive part of this study is the predication of
the average particle sizes for the different tissue types, which
are all in the range of 110 to 230 nm, with the normal tissues
being smaller in average size and the cancer tissues having
larger average size. Adipose tissues seemed to have the most
uniform size distribution, with only a single exponential
distribution.
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