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Abstract. A series of phantom experiments are conducted to demonstrate the ability of a T-matrix–based inverse
algorithm for tomographic recovery of morphologic characteristics of nonspherical particles embedded in het-
erogeneous turbid media. Diffusely scattered light at several wavelengths along the boundary of the phantom are
collected and analyzed to allow for simultaneous extraction of the size, concentration, and aspect ratio of the
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1 Introduction
Morphologic characterization of particles inside tissues and or-
gans is the subject of great interest for biomedical applications.
Optical imaging techniques are promising candidates for such
purpose since they are noninvasive and relatively inexpensive.1–5

The basic idea is to analyze the spectrum of scattered light in
order to extract morphologic information regarding the parti-
cles involved. In Ref. 1, a Mie theory–based inverse technique
was employed to retrieve the mean size and the concentration
of breast cancer cells using multispectral diffuse optical tomog-
raphy measurements. In Ref. 2, a light-scattering spectroscopy-
based technique was proposed for characterizing the sizes of
leukemic cells. In Ref. 3, optical measurements were performed
to retrieve information regarding the size and shape of periph-
eral blood particles. In Ref. 4, a Mie theory-based technique was
proposed to compute light scattering from biological cells. In
Ref. 5, the T-matrix method was utilized to recover the size and
aspect ratio of spheroidal cells using angle-resolved backscat-
tering data.

Most of the reported works focused on the study of spherical
particles using the Mie scattering model for this purpose.6 The
drawback of the Mie scattering model is its limited applicability
to real particle characterization applications.

Attempts have been made to characterize spheroidal particles
in tissue/scattering media using low-coherence interferometry
or light-scattering spectroscopy.7–9 The aspect ratios of aerosol
particles were retrieved using simultaneous measurements of
extinction coefficient and phase function.10In Ref. 11, retriev-
ing the aspect ratio of spheroidal particles was discussed using
linear depolarization of the scattered light in the forward and
backscatter directions. Phantom experiments were performed in
Ref. 12 to retrieve the size and the aspect ratio of spheroidal par-
ticles using angle-resolved low-coherence interferometry data.
While promising, these methods do not show their ability to re-
trieve the concentration of the particles, nor are they applicable
to an aggregate of randomly oriented particles with different
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sizes. In particular, these methods are inadequate to analyze
spheroidal particles located deep in tissue. In this work, we
present an inverse algorithm, based on multispectral diffuse op-
tical tomography (MSDOT) coupled with the T-matrix method,
to extract the statistical morphologic parameters of randomly
oriented spheroidal particles suspended deeply in heterogeneous
turbid media.

In MSDOT, near-infrared light, at several wavelengths, is
transmitted into the phantom and then the recorded photon flux at
its boundary is analyzed to retrieve the images of the absorption
and reduced scattering coefficients using the photon diffusion
equation-based nonlinear reconstruction algorithm.13, 14 MS-
DOT is an emerging modality that provides spectroscopic imag-
ing of deep tissue absorption and scattering coefficients,15–18

while the T-matrix method is a generalized Mie–Lorenz theory
for calculation of scattering from single or an aggregate of non-
spherical particles.19 We use a series of phantom experiments
to show the ability of our inverse algorithm to simultaneously
recover three statistical parameters of elongated polymer micro-
spheres embedded in scattering medium including the concen-
tration, mean size, and aspect ratio. To our knowledge, this work
is the first reporting the application of MSDOT for retrieving the
statistical parameters of nonspherical particles in turbid media
using experimental data.

2 Inversion Algorithm
We have derived the following expression which relates the mul-
tispectral reduced scattering coefficient of the media, μ′

s(λ),
measured by MSDOT, to the mean size, concentration, and as-
pect ratio of the contained particles under Gaussian particle size
distribution:20

μ′
s(λ) = φ

∫ r=rmax

r=rmin

∫ ε=εmax

ε=εmin

e−1/2[(r−rm )2/δ2
m+(ε−εm )2/δ2

ε ]

2πδrδε

×
[

1 − α1
1(r, ε)

3

]
〈Csca(r, ε)〉 drdε (1)
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Fig. 1 Microscopy of (a) polystyrene particles inside PDMS. (b) PMMA
particles inside PDMS. (c) Suspended PMMA particles recovered from
PDMS matrix.

where r and ε are, respectively, the particle equivalent radius and
aspect ratio with rm and εm representing their mean value. r is de-
fined as the radius of a sphere having equivalent surface area or
volume as a spheroid, while ε is the ratio of the equatorial radius
to the polar radius, which is less than 1 for the prolate spheroidal
particles used in this work. The concentration φ represents the
number of particles per mm3. δr and δε are the standard devi-
ations of the particle size and aspect ratio, respectively. 〈Csca(r,
ε)〉 denotes the averaged scattering cross section of an ensemble
of randomly-oriented monodisperse spheroidal particles, having
an equivalent radius of r and aspect ratio of ε. α1

1(r, ε) is a coeffi-
cient obtained by expansion of the phase function.19 An iterative
Newton method, accompanied with Tikhonov–Marquardt regu-
larization, is used to update rm, εm, and φ until the minimization
between the measured (by MSDOT) and calculated [by Eq. (1)]
scattering spectra is reached. If the vector �χ is the difference
between the observed and calculated reduced scattering
coefficient, the updates of unknown parameters �ζ (i.e., rm,
εm, and φ) are calculated by solving the following matrix
equation:

(J T J + γ I )�ζ = J T �χ (2)

where I is the identity matrix and γ is an appropriately chosen
regularization parameter. The elements of the Jacobian matrix J
are determined by direct differentiation of Eq. (1) with respect
to the model parameters.

3 Configuration of Phantom Experiments
To validate the inverse algorithm, we used two types of polymer
particles, polystyrene and polymethyl-methacrylate (PMMA),
with indices of refraction ∼1.57 to 1.59 and ∼1.48, respectively,

Fig. 2 Diagram of MSDOT measurement system and the phantom
experiment.

which are similar to those of tissue.21 Both the original polymer
microspheres needed to be deformed to become nonspherical.
Following the method described in Ref. 22, the particles were
embedded in an elastic polydimethylsiloxane (PDMS) matrix.
After PDMS was cured, it was sliced into thin strips. The PDMS
strips were placed in an oven and heated above the glass transi-
tion temperature of the microspheres (∼190oC). While the sam-
ple was heated, the microspheres were elongated under uniaxial
tension applied to the ends of strips. The sample was then cooled
down while the tension was still being applied. Finally, elon-
gated particles were extracted by chemical degradation of the
silicon matrix using sodium methoxide in isopropanol-hexane.22

Figures 1(a) and 1(b) show the microscopic images of the elon-
gated polystyrene and PMMA particles inside PDMS, while
Fig. 1(c) presents the microscopy of the recovered particles af-
ter chemical degradation.

As shown in Figs. 1(a) and 1(b), polystyrene particles
demonstrate higher elongation (smaller aspect ratio) compared
with PMMA particles. The minimum aspect ratio obtained for
polystyrene particles was ∼0.7 while it was ∼0.8 for PMMA
particles. We then conducted phantom experiments using our
MSDOT system at six wavelengths: 690, 733, 775, 808, 840,
and 915 nm.13, 14 The T-matrix database was generated for par-
ticles varying in the range of 0.5 to 6 μm in radius, and 0.5 to
1.5 in aspect ratio.19, 20 The background was a 35-mm radius
cylindrical solid phantom consisting of Intralipid and India ink,
and had an absorption coefficient of 0.005 mm− 1 and a reduced
scattering coefficient of ∼ 0.3 mm− 1.

A thin glass 9-mm diameter tube containing the nonspherical
particles was embedded off-center in the background phantom
as shown in Fig. 2. Both the original polystyrene and PMMA
microspheres had a nominal diameter of 10 μm.
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Fig. 3 (a) and (b) Reconstructed particle size, (c) and (d) concentration, and (e) and (f) aspect ratio of PMMA prolate particles.

The details of data collection system are elaborated in Ref. 14.
Briefly, light from one of the five continuous-wave laser modules
was transmitted to 16 preselected points at the surface of the
phantom through an optical switch for 2D (two-dimensional)
imaging experiments. 16×16 measured data was then input into
our MSDOT reconstruction algorithm to generate a 2D cross-
sectional image of the phantom.

It is well known that the main contribution of scattering in
the Intralipid background region arises from soybean oil par-

ticles, while in the target region the scattering is caused by
polymer particles.6, 23 The Intralipid particles are spherical and
have much smaller sizes (less than 500 nm in diameter) com-
pared with PMMA and polystyrene particles.23 Therefore, it
is necessary to use separate initial particle values for particle
characterization in the background region.6 We have generated
a second T-matrix database in the range of 20 to 500 nm for
the characterization of the spherical particles in the background
region.
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Fig. 4 (a) and (b) Reconstructed particle size, (c) and (d) concentration, and (e) and (f) aspect ratio of PMMA spherical particles.

For in vivo experiments, generally some a priori informa-
tion is available regarding the types of tissues and the particles
involved. If the parameters of scattering particles are consider-
ably different from each other, we will attempt to use different
initial parameter values because the scattering images provided
by MSDOT will allow us to differentiate different tissue types
before we characterize the particles in tissue. However, if the
scattering particles are on the same order of size, e.g., in the

breast tissue, single initialization in the entire computational
domain can reasonably retrieve the unknown parameters.

In all of the presented results, a search algorithm is first used
to find appropriate initial values of the unknown parameters us-
ing all possible combinations of size, concentration, and aspect
ratio. Then, the inverse algorithm is employed to recover the par-
ticle morphology by minimizing the error between the measured
and computed scattering spectra.20 The indices of refraction of
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Fig. 5 (a) and (b) Reconstructed particle size, (c) and (d) concentration, and (e) and (f) aspect ratio of polystyrene prolate particles.

polymer particles (PMMA and polystyrene) are assumed to be
known a priori. However, the extension of the algorithm for
retrieving the refractive index is possible and is currently under
development.

In Table 1, the average values of measured reduced scattering
coefficient, from the MSDOT system, in the target area and the
background phantom are presented. In Table 2, the measured
values of particle size and aspect ratio from several microscopic
images of PMMA particles are presented.

4 Characterization of Polymer Particles
We first tested our inverse algorithm for retrieving statistical
parameters of the prolate PMMA particles. The aspect ratio
was estimated to be ∼0.85 for these particles from the mi-
croscopy. The equal-surface-area-sphere diameter of a prolate

particle was calculated using Dm =
√

2a2 + 2abξ

sin(ξ ) , where a and

b are the equatorial and polar radius, and ξ = arcos(a/b).24 An
equivalent particle size of ∼ 9.1 μm was estimated. Figure 3
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Table 1 Averaged reduced scattering coefficient at six wavelengths of
interest (mm− 1).

Example 1 Example 2 Example 3

(Fig. 3) (Fig. 4) (Fig. 5)

Average μ′
s in the

target/inclusion
0.122 0.405 0.315

Average μ′
s in the

background
0.237 0.535 0.661

presents the recovered morphologic images using our inverse
algorithm where the quantitative plots along y = 0 line (which
passes through the target center) are also shown. We found that
the mean particle size and aspect ratio are 8.5 μm and 0.84,
respectively, in good agreement with the expected values. The
concentration images [Figs. 3(c) and 3(d)] demonstrate almost
two times contrast in volume fraction between the target area
and the background region. The actual concentration of PMMA
particles in the target area is hard to accurately estimate since
the particles are recovered after chemical degradation of PDMS
strips. However, the reconstructed value for the volume fraction
(∼1%) is close to the original concentration of the purchased
particles with similar scattering spectra. In the background re-
gion, the retrieved mean particle size, volume fraction, and as-
pect ratio are 160 nm, 0.7%, and ∼1, respectively, which are
in good agreement with the actual parameters of the Intralipid
particles.6, 23

We also conducted an experiment using the original spheri-
cal particles to demonstrate the sensitivity of the algorithm for
differentiating between spherical and spheroidal particles. The
images of particle size, concentration, and aspect ratio are shown
in Fig. 4. We see that an aspect ratio of ∼1.002 is obtained
[Fig. 4(e)], which is very close to that for spherical particles.
The recovered size image demonstrates a diameter close to the
nominal diameter of purchased microspheres (10 μm). In this
experiment, since the original PMMA particles are used, we
could obtain a higher concentration of particles (∼2% volume
fraction) as shown in Figs. 4(c) and 4(d).

As a final example, polystyrene particles having larger elon-
gation or smaller aspect ratio compared with PMMA particles
were used as the target. The reconstructed images and quanti-
tative plots along y = 0 line are shown in Fig. 5. Again, while
the images of all three parameters are well reconstructed for this
case, the recovered aspect ratio was found to be ∼0.79, in good
agreement with the actual value of 0.7.

In the utilized model, the calculations are based on indepen-
dently scattering particles; hence for densely packed system of

Table 2 Measured particle size and aspect ratio from five microscopic
images of elongated PMMA particles.

Mean Image 1 Image 2 Image 3 Image 4 Image 5

Equivalent
diameter (μm)

9.1 8.48 9.6 9.38 9.3 8.7

Aspect ratio 0.85 0.9 0.83 0.79 0.91 0.81

particles, modifications to the current model are required. The
other problem is that in some cases, the Gaussian distribution
model cannot accurately model the variations of the parameters;
thus the employed statistical model should be replaced with
other appropriate models. Furthermore, the scattering particles
are assumed to be homogeneous in both target and background
regions. As a result, the optical particle characterization in highly
heterogeneous tissues needs some changes to the current model.
Finally, when the domain under consideration is nonscattering
or low scattering, the application of diffusion-equation–based
diffuse optical tomography for extracting morphological pa-
rameters of particles becomes challenging and a higher-order
diffusion model or radiative transfer equation based method
may be needed.

We have tested the current algorithm for characterization of
red blood cells which have relatively higher absorption coef-
ficient (∼0.1 mm− 1). Since this method relies on the scatter-
ing spectra, it can be employed provided that there is enough
scattering contrast between the target and the background re-
gion. For highly absorbing particles, some modifications to
Mishchenko’s T-matrix code were suggested.25 Also, we ex-
pect that the current algorithm produces reasonable results
with other tube diameters and its locations within the phantom
background.

5 Conclusions
In conclusion, an inverse algorithm for simultaneous tomo-
graphic recovery of the size, concentration, and aspect ratio
of spheroidal particles is validated using phantom experimen-
tal data. The results obtained are consistent with that mea-
sured by optical microscopy. In this work, the particle-particle
interactions are not considered. Therefore, for highly dense en-
sembles of nonspherical particles, some modifications need to
be considered in our theoretical model. We plan to report such
studies in the near future.
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