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Abstract— Three scattering models were examined for
characterizing ex vivo canine livers and HT29 mouse tumors
in the 10–38- and the 15–42-MHz frequency bandwidth, respectively. The spherical Gaussian model (SGM) and the fluid sphere
model (FSM) that were examined are suitable for dealing with
sparse media, whereas the structure factor model (SFM) is
adapted for characterizing concentrated media. For the canine
livers, the scatterer radius and the acoustic concentration estimated with the three models were similar and matched well the
nuclear structures obtained from histological analysis (with relative errors less than 7%). These results show that the livers could
be considered as a diluted medium and that the nuclei in liver
could be a dominant source of scattering. For the homogeneous
mouse tumors, containing mostly viable HT29 cells, scatterer
radius and volume fraction estimated with the SFM showed
good agreement with the whole cell structures obtained from
histological analysis (with relative errors less than 15%), whereas
the sparse models (the SGM and the FSM) gave no consistent
quantitative ultrasound parameters. This suggests that the viable
HT29 cell areas have densely packed cellular content and that
the whole HT29 cell could be responsible for scattering. For the
heterogeneous tumors, the hyperechogenic zones observed in the
B-mode images were linked to the presence of small necrotic areas
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surrounded by viable HT29 cells. Comparison between sparse
and concentrated models shows that these hyperechogenic zones
could be considered as a concentrated medium.
Index Terms— Backscatter coefficient, ex-vivo tissues,
quantitative ultrasound, structure function.

I. I NTRODUCTION

Q

UANTITATIVE ultrasound (QUS) techniques providing insight into tissue microstructure are based on the
frequency-based analysis of the signals backscattered from
biological tissues. A spectral analysis approach consists in
estimating two spectral parameters: spectral slope and intercept [1]. The spectral slope is the slope with respect to the
frequency of the linear regression of the normalized power
spectrum (expressed in dB), and the spectral intercept is the
extrapolation of the normalized power spectrum linear fit to
zero frequency. The slope is related to the effective scatterer
radius, and the intercept is determined by the scatterer radius
and the acoustic concentration (the acoustic concentration is
the product of the scatterer volume fraction times the square
of the relative impedance difference between the scatterers
and the surrounding tissue). Another QUS method used to
extract effective scatterer radius and acoustic concentration
relies on theoretical scattering models in order to fit the
measured backscatter coefficient (BSC) from biological tissues to an estimated BSC using an appropriate theoretical
scattering model [2]. In general, two models are used to
describe the scattering from tissue. The more frequently used
model, called the spherical Gaussian model (SGM), describes
tissue as a random inhomogeneous continuum with impedance
fluctuations [1], [3]. The second model, called the fluid sphere
model (FSM), describes tissue as an ensemble of discrete scatterers with an impedance differing from that of a homogeneous
background medium, where the cells are generally considered
as the dominant source of scatterers and modeled as fluid
spheres [4]. Both the models yield two QUS parameters: the
average scatterer radius and the acoustic concentration.
The goal of QUS is to associate these parameter values
with specific tissue structures [1]. Feleppa et al. [5], [6]
demonstrated that the effective scatterer radius was relevant to
detect ocular or prostate tumors. In ocular malignant tumors,
larger scatterer radii were estimated by ultrasound when
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compared with normal tissues and were related to clusters
of melanin-laden histiocytes [5]. Waag et al. [7] related the
ultrasound backscatter measurements to the lobule structures
in the liver. Oelze et al. [8] distinguished fibroadenomas
(benign tumors) and carcinomas (malignant tumors) based on
the QUS estimates. The scatterer radius QUS images suggest
that the fibroadenomas have larger scatterers consistent with
the glandular acini radii and that carcinomas have smaller,
more uniform scatterer radii [8]. However, it is often difficult
to establish a relationship between QUS scatterer property
estimates and actual tissue structures (generally identified from
optical microscope images) [4], [9]. Oelze and O’Brien [4]
compared three scattering models (the SGM, the FSM, and
a new cell model to consider backscattering from cell nuclei
and cytoskeleton) to examine two mouse models of mammary
cancers: carcinomas containing uniformly distributed cells and
sarcomas containing cell clusters. None of the three models
produced good fits to the data, and QUS estimates did not
faithfully represent the actual microstructural differences as
observed from histological images [4].
In the aforementioned models (the SGM, the FSM, and the
new cell model), the scatterers are assumed to be independently and randomly distributed (i.e., to have a low scatterer
volume fraction) and multiple scattering is neglected (in line
with the Born approximation). Under these hypotheses, the
power of the backscattered signals linearly increases with
the scatterer volume fraction and depends on the radius and
acoustic properties of the scattering structures. This linear
relationship has been used to monitor the scatterer radius
and/or acoustic concentration. However, the assumption of
randomly distributed scatterers may not hold in concentrated
cell pellet biophantoms [11] or in tumors with densely packed
cells [12]. Therefore, our hypothesis is that a scattering
model considering the interference effects caused by the
correlations among scatterer positions (i.e., considering the
coherent scattering) may help to estimate QUS parameters
with better accuracy on densely packed media. The structure
factor model (SFM) is based on the same hypothesis used in
the FSM that the cells are a dominant source of scattering. The
SFM considers the coherent scattering by summing the contributions from individual cells and modeling the cellular interactions by a statistical mechanics structure factor [13], [14].
Our group performed experiments on tissue-mimicking phantoms [15] and cell pellet biophantoms [16] to show the
superiority of the SFM in comparison with other classical
models that do not take the structure factor into account
(i.e., the SGM and the FSM) to explain the BSC behavior for
concentrated media. More recently, the SGM, the FSM, and
the SFM were compared to estimate the scatterer radius and
the acoustic concentration from backscattering measurements
for cell pellet biophantoms [17]. In that study, the three scattering models gave similar QUS parameters for diluted media
(φ ∗ ≤ 0.06). However, the SGM and the FSM did not yield
accurate structural parameter estimates for the highest volume
fractions φ ∗ ≥ 0.12, whereas the SFM yielded satisfactory
estimates for actual cell volume fractions ranging from 0.006
to 0.30, i.e., for both diluted and concentrated cell pellet
biophantoms [17].

This paper examined the SFM to estimate the QUS properties of excised canine livers and mouse tumors, and compared
the use of the SFM with that of the SGM and the FSM. The
canine liver is quite homogeneous whereas some of the mouse
tumors were composed of two different areas: a cellular area
containing viable tumor cells and a necrotic area containing
lymphocytes and no viable tumor cells. The ability of the SFM
to simultaneously estimate the scatterer radius, the volume
fraction, and the relative contrast impedance was evaluated.
These QUS parameter estimates obtained from the three
models were compared with the true cellular structure properties observed from histological slides.
II. M ATERIALS AND M ETHODS
A. Excised Tissues
1) Canine Livers: Experiments were conducted on four
excised canine livers obtained from four mongrel male dogs.
Liver was used because of its relative homogeneity compared
with other tissues. Before ultrasound scanning, each specimen was immersed in the phosphate buffered saline (PBS)
solution and placed in a vacuum chamber for 30 min prior
to each experiment. All animal experimental procedures were
approved by the Columbia University Institutional Animal
Care and Use Committee (protocol number: Columbia University AC-AAAD5650).
2) Mouse Tumors: The human colon adenocarcinoma cell
line HT29 was grown in Dulbecco’s modified Eagles’s medium
containing 4.5 g of glucose/liter and supplemented with 10%
fetal calf serum. This cell line represents a very useful
xenograft model. HT29 xenografts rapidly grow and is a poor
vascularized tissue. Necrotic areas could appear in the tumor
core as a result of rapid growth and exacerbated by the low
vascularity of this tumor model. The 106 HT29 cells in 100 μL
of PBS were subcutaneously inoculated into the flank
of 6–8-week-old nude mice (Charles River Laboratories).
After two or three weeks of growth, the mice were euthanized
under anesthesia by cervival dislocation. For each mouse, the
tumor was excised and a part of the skin was removed. The
tumors were then immersed in PBS and were ultrasonically
imaged. A total of six tumors were used in this paper.
Animal housing and procedures were conducted according to
the guidelines of the French Agriculture Ministry and were
approved by the local ethics committee.
The time between euthanasia and the end of ultrasonic
acquisition was comprised between one hour and one hour
and a half for all the experiments, on both canine livers and
mouse tumors.
B. High-Frequency Ultrasound Data Acquisition
Ultrasound measurements were acquired using a Vevo 770
high-frequency ultrasound system (Visualsonic Inc., Toronto,
Canada) with an RMV 707 probe for the liver measurements and with an RMV 703 probe for the mouse tumor
measurements. The oscillating single-element focused circular
transducer of the RMV 707 and the RMV 703 probes had
the center frequencies of 25 and 30 MHz, the focuses of
12.7 and 10 mm, and the f-numbers of 2.1 and 2.5, respectively. The lateral resolution of both the probes was ∼115 μm.
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The radio frequency (RF) data were acquired from this scanner
at a sampling frequency of 100 MHz for the canine livers and
250 MHz for the mouse tumors with 8-bit resolution using a
data acquisition board (GaGe, USA).
RF data were collected from 20 different scan planes with
a step size of 500 μm for the livers, and from 5 to 10
different scan planes in the middle of the tumor with
a step size of 300 μm for the mouse tumors, using a
micropositioning system. Note that, in the case of the liver,
the orientation and the position of the probe were chosen
to prevent the presence in the scan plane of specular echoes
originating from the veins or arteries. A scan plane contains
approximately 312 echo lines. The probe focus was positioned
between 1 and 2 mm below the PBS/tissue interface. For
each scan plane, the data were separated into overlapping
rectangular regions-of-interest (ROIs), defined as the gated
region. The axial length of an ROI corresponds to the rangegated RF echo with a length of 0.6 mm for the livers and
of 0.5 mm for the tumors, corresponding to ten wavelengths
at the center frequency. The lateral length of an ROI corresponds to 60 adjacent echo lines from the Visualsonics probe
(corresponding to a length comprised between 0.6 and 1 mm).
BSC estimates were obtained for each ROI from the RF signals, as described in Section II-C. ROIs were chosen within the
liver or within the tumors where the B-mode images appeared
to be quite homogeneous. The overlap of ROIs was 75% for
both lateral and axial directions. Note that only one depth was
examined for the liver experiments, since a large number of
scan planes (equal to 20) were collected. The average number
of independent QUS estimates for a single liver was 80. For the
mouse tumors, the scanned depth varied according to tumor
volumes and ranged between 1.1 and 3.8 mm in the axial
direction (corresponding to a number of overlapping ROIs
comprised between 6 and 27, respectively).
C. Attenuation and BSC Measurement
The attenuation coefficients of the tissues were determined
using a standard substitution method [18]. Experiments were
conducted with a focused transducer with a center frequency of
20 MHz, a focus of 13 mm, and an f-number of 2.1. The power
spectrum of the emitted signal, denoted by Sref ( f ), is found
by reflecting the pulse from a reflector, with no tissue in the
acoustic path. A tissue specimen is then put in contact with the
reflector to determine its thickness as well as its attenuation.
The thickness of the tissue specimen D is deduced from
the time of flight between the transducer and the PBS/tissue
interface. The spectrum of the pulse transmitted through the
tissue back to the transducer is denoted by S( f ). The measured
tissue attenuation α0 (in dB/mm) is computed by taking the
log spectral difference between the two spectra [18]


Sref ( f )
10
log
(1)
α0 ( f ) = αPBS ( f ) +
2D 10
S( f )
where f is the frequency and αPBS is the frequency-dependent
attenuation of PBS, which is taken to be similar to water,
2.17 × 10−4 dB · MHz−2 · m−1 at 20 °C [19]. Assuming that
the tissue attenuation linearly increases with the frequency
(α0 ( f ) = α f ), a linear regression analysis provides the

Fig. 1.
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Illustration of the data processing of a mouse tumor.

attenuation coefficient α in dB/mm/MHz. For each tissue
specimen, the averaged attenuation coefficient was obtained
from ten different locations in the tissue specimen. The mean
attenuation coefficients were α L = 0.65 ± 0.05 dB/cm/MHz
(n = 4), αT = 0.63 ± 0.09 dB/cm/MHz (n = 4), and
α S = 3.36 ± 0.06 dB/cm/MHz (n = 2), for the canine
liver, the HT29 mouse tumor, and the skin, respectively
(n being the number of tissue specimens measured). The
attenuation coefficients found in the literature were in the
same range: 0.69 dB/cm/MHz at 10–30 MHz for the bovine
liver [20], 0.6 dB/cm/MHz at 10–30 MHz for the mouse
carcinoma tumor [21], and 2.6 dB/cm/MHz at 11–26.6 MHz
for the human dermis [22].
To take into account the attenuation effects, attenuation
compensation was individually conducted for every RF line
of each ROI. In the case of the canine liver experiments,
sound has to travel through only one layer of liver tissue
corresponding to the distance between the PBS/liver interface
and the beginning of the ROI, denoted by d L . In the case of
the mouse tumor experiments, before reaching the beginning
of the ROI, sound had to pass through two layers of attenuating
tissues: a first layer of highly attenuating residual skin of
length d S and a second layer composed mainly of HT29 cells
of length dT (see Fig. 1). For each RF segment of the ROI, the
values of d S and dT are different. Note that the residual skin
boundaries were delineated manually. The power spectrum of
the RF segment, denoted by Pmeas , was compensated for the
attenuation effects as follows [23]:
Pmeas ( f ) = |FT{RF L (t)W L (t)}|2 e4d L α L ( f )


4Lα L ( f )
×
for the liver
1 − e−4Lα L ( f )
= |FT{RF L (t)W L (t)}|2 e4d S α S ( f )


4LαT ( f )
4dT αT ( f )
for the mouse tumor
×e
1 − e−4LαT ( f )
where FT is the Fourier transform operator, RF L is the raw
RF-segment signal data, and W L is the rectangular window of
length L centered on the middle of the RF segment. Finally, the
60 attenuation-compensated power spectra of the RF signals
in the ROI were averaged to obtain Pmeas .
QUS images based on BSC analysis depict tissue properties in a system-independent manner. A reference phantom
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technique [24] was employed for BSC estimation to account
for the electromechanical system response and the depthdependent diffraction and focusing effects of the ultrasound
beam. The reference phantom was composed of distilled water,
2% agar powder (A9799, Sigma Aldrich, France), and 1%
of polyamide microsphere with a radius of 2.5 μm (orgasol
2001 UD NAT1, Arkema, France). Polyamide microspheres
(a sound speed of 2300 m/s, a density of 1030 kg/m3 , and
Poisson’s ratio of 0.42) have been already used in studies
of BSC estimation [15]. The reference sample is easy to
prepare and to handle, and the scattering process occurring
in an ensemble of identical solid microspheres at a very
low volume fraction of 1% (dilute medium) has been well
documented using the Faran model [15], [25]. Echoes from
the reference scattering medium were acquired and windowed,
as had previously been done with the tissue specimen under
consideration. Their power spectra were compensated for the
attenuation (using αref = 0.004 dB/mm/MHz, which was
measured independently by a standard substitution method
[18]) and then averaged to obtain Pref . The measured BSC
was thus computed as follows [24]:
BSCmeas (k) = BSCref (k)

Pmeas (k)

(2)
Pref (k)
where k is the wavenumber and BSCref is the theoretical
BSC of the reference sample given by (2) in [15] using the
Faran [25] model.

where j1 is the spherical Bessel function of the first kind of
order 1 and a F is the radius of the fluid sphere. When using
the SGM or the FSM, the unknown QUS parameters are the
acoustic concentration n z and the effective scatterer radius aG
for the SGM (or a F for the FSM). In the rest of this paper,
the subscript G or F for the effective scatterer radius will be
omitted.
The SFM is based on the assumption that, at high scatterer volume fractions, interference effects are mainly caused
by correlations between the spatial positions of individual
scatterers that can be modeled with the structure factor.
By considering an ensemble of identical spheres of radius a,
the theoretical BSC for the SFM formulation is given
by [14], [15]
2

k 4 Vs2 γz2
3
j1(2ka) S(k)
(5)
BSCSFM (k) = n
4π 2
(2ka)3
where n is the sphere number density and S is the structure factor, which can be analytically obtained as described
in [15, eqs. (A1)–(A4)] based on [27]. The unknown QUS
parameters are the scatterer radius a, the volume fraction φ,
and the relative impedance contrast γz .
Estimated values of the QUS parameters were determined
by fitting the measured BSCmeas to the theoretical BSCs,
i.e., by minimizing the cost function

F=
BSCmeas (k j ) − BSCtheo (k j )2
(6)
j

D. QUS Parameter Estimates
This paper compared QUS estimates from three models—
the SGM, the FSM, and the SFM. Using the SGM, the BSC
is modeled using a spatial autocorrelation function describing
the size, shape, acoustic properties, and distribution of the
scatterers in the medium. The BSC can be expressed as the
product of the BSC in the Rayleigh limit and the backscatter
form factor FF [26]. The form factor describes the frequency
dependence of the scattering, in terms of the size, shape, and
acoustic properties of the scatterers. The Gaussian form factor
has been used for many applications [1]–[4] and models a
medium with continuous changes in acoustic properties. The
theoretical BSC using the SGM formulation is given by [26]
k 4 Vs2 n z −2k 2 d 2
k 4 Vs2 n z −0.827k 2 a 2
G
e
=
e
(3)
2
4π
4π 2
where n z is the acoustic concentration, d is the correlation
distance that characterized the continuous isotropic medium,
and Vs = (2πd 2 )3/2 . The effective scatterer radius aG is
related to the correlation distance d by setting values of Vs for
a continuum model equal to the volume of an effective sphere
3 [26, Sec. IV].
of radius aG : Vs = (2πd 2 )3/2 = (4/3)πaG
The FSM describes tissue as an ensemble of discrete scatterers with impedance differing from that of a homogeneous
background medium. By considering an ensemble of identical fluid spheres of radius a F (randomly and independently
distributed), the theoretical BSC for the FSM formulation is
given by [26]

2
3
k 4 Vs2 n z
j
(2ka
)
(4)
BSCFSM (k) =
1
F
4π 2
(2ka F )3
BSCSGM (k) =

where BSCtheo is given by (3) for the SGM, by (4) for
the FSM, and by (5) for the SFM. The cost functions were
minimized over 10–38 MHz for the canine liver experiments
with the RMV 707 probe and over 15–42 MHz for the
HT29 mouse tumor with the RMV 703 probe, approximately
corresponding to the −12-dB frequency bandwidth of Pmeas .
For the three models, the fitting procedure was performed
using the minimization routine fminsearch without constraint
in the MATLAB (The MathWorks, Inc., Natick, MA), i.e., a
Nelder–Mead simplex method. In the case of the SFM, the
fmincon routine was also tested with the constraint conditions
that 0 ≤ a ≤ 100 μm, 0 ≤ φ ≤ 1, and 0 ≤ γz ≤ 0.20.
The fmincon and fminsearch routines were compared because
fminsearch sometimes gave unrealistic values for the estimated
relative impedance contrast γz (up to values of 0.7). This last
point will be discussed later in Section IV-C. For the purpose
of comparison between the sparse models and the SFM, the
acoustic concentration for the SFM was also calculated as:
n ∗z = (φ ∗ γz∗2 /(4/3)πa ∗3).
For the three scattering models (the SGM, the FSM, and
the SFM), the goodness of fit of the model to the measured
BSCmeas was assessed by the goodness-of-fit statistic, R 2 ,
given by [4]

2
j BSCmeas (k j ) − BSCopt (k j )
2
R =1− 
2
j BSCmeas (k j ) − BSCopt 
where BSCopt represents the theoretical BSC computed with
the estimated values of the QUS parameters (obtained by
the minimization procedure), and BSCopt represents the mean
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Fig. 2. (a) 3-D illustration of a Gaussian distribution of spheres with the corresponding 2-D virtual slice (in red line) for HT29 nuclear radii for a volume
fraction of 0.3. (b) Corresponding projection of spheres for a 2-μm slice thickness. (c) Relationship between surface and volume fractions for the simulated
medium mimicking HT29 nuclei.

value of BSCopt over the studied frequency range (10–38 MHz
for the canine livers and 15–42 MHz for the HT29 mouse
tumors). The closer the R 2 value is to 1, the better the fit of
the model to the data.
E. Estimation of the Cellular Structures From the
Histological Sections
After the ultrasound measurements, the tissues were fixed in
10% formalin solution, processed, and embedded in paraffin.
Tissues were approximately sectioned in the same orientation
as the ultrasound scanning planes. The slices were then
stained with hematoxylin and eosin (H&E). For each tissue
(liver or mouse tumor) specimen, six histological images
were selected to measure several nuclear areas using the
ImageJ software. Assuming that the nuclei had circular shapes,
the corresponding nucleus radii were computed from the
area estimates. The mean nucleus radius was estimated by
measuring 3000 randomly selected cells. A procedure was
then performed to approximately obtain the nucleus volume
fraction from the 2-D histological images, as described in the
following. First, the number N of nuclei was calculated in
a given area L x × L y of the histological images in order to
obtain the real surface fraction, as φ2D = Nπa 2N /(L x L y ).
The calculation of the surface fractions was obtained from
15 histological images of area 150 μm × 150 μm. Second,
a correlation between the nuclear surface and volume fractions
was established for each cell category. To do this, spheres
mimicking nuclei were uniformly randomly distributed within
a simulated volume for a given volume fraction [Fig. 2(a)]
using a Monte Carlo algorithm [30, Sec. II.B.A]. The spheres
had a Gaussian distribution, with the mean radius and standard
deviation corresponding to those of the nuclei. Then, the
2-D virtual slices with a thickness of 10 μm (or of 2 μm)
were generated from the 3-D simulated volume [Fig. 2(b)].
The virtual slices thicknesses are equal to those of histology:
10 μm for the liver and 2 μm for the mouse tumor. The surface
fraction of the 2-D virtual slices was finally calculated to be
related to the volume fraction of the 3-D simulated volume.
This procedure was repeated several times for different volume
fractions varying from 0.02 to 0.40, and for the radii of the
different categories of cells. Fig. 2(c) shows an example of
the relationship between surface and volume fractions for the

Fig. 3.

Histological image of a canine liver.

simulated medium mimicking HT29 nuclei. It is evident that
the surface and volume fractions follow a linear relationship.
Similar linear relationships were obtained for the radii of the
different categories of cell (data not shown).
III. R ESULTS
A. Canine Livers
1) Estimation of the Hepatocyte Structures From the Histological Sections: The liver is a homogeneous tissue, which
consists of densely packed hepatocytes. An example of the
histological slice of the canine liver using light microscopy is
shown in Fig. 3. The hepatocyte nuclei are distinctly round,
and the cytoplasmatic membranes are well defined. Most cells
have a single nucleus, and 15% of them are binucleated
cells [28]. On these histological slices, the nucleus and whole
cells radii were estimated, along with the nucleus-to-cell-ratio.
Note that this ratio for hepatocytes is quite small, around 0.35.
The volume fraction of nuclei was estimated from their surface
fraction on the histological slices, and the volume fraction of
whole cells was calculated as φC = 0.925φ N (aC /a N )3 [where
the coefficient 0.925 = (1 − 0.15) + 0.15/2 corresponds to the
15% of binucleated cells]. These nucleus and cells radii as
well as the corresponding volume fractions are summarized
in Table I.
2) QUS Parameters: For each of the four canine livers,
the QUS parameters were estimated with the SFM in the
10–38-MHz frequency bandwidth. An example of the estimated scatterer radii a ∗ and volume fraction φ ∗ estimated
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TABLE I
E STIMATES OF THE C ELLULAR S TRUCTURES M EASURED OR D EDUCED F ROM THE H ISTOLOGICAL I MAGES FOR THE H EPATOCYTES IN THE C ANINE
L IVERS AND FOR THE HT29 C ELLS AND NK LYMPHOCYTES IN THE M OUSE T UMORS . T HE A STERISK S YMBOL D ENOTES THE VALUES
E STIMATED D IRECTLY F ROM THE O PTICAL M ICROSCOPE I MAGES

TABLE II
M EAN E STIMATED VALUES OF a ∗ , φ ∗ , γz∗ , AND n ∗z O BTAINED W ITH THE SFM (U SING B OTH fminsearch AND fmincon) FOR THE
F OUR C ANINE L IVERS AND THE C ORRESPONDING G OODNESS - OF -F IT R 2 . T HE L AST C OLUMN I NDICATES THE
P ERCENTAGE OF QUS P ROPERTY E STIMATES T HAT W ERE S EPARATED IN T WO C LUSTERS

Fig. 5 also shows in dashed lines the nuclear radius and the
acoustic concentration deduced from the histological analysis.
The nuclear acoustic concentration deduced from histological
analysis was calculated as the ratio φ N /((4/3)πa 3N ) (with
a N and φ N given in Table I) multiplied by estimates for the
relative impedance contrast comprised between 0.06 and 0.12.
This range of values for the relative impedance contrast seems
to be reasonable when compared with the impedance contrast
of leukemia cells (γz = 0.051) [16] or of red blood cells
(γz = 0.11) [31] found in the literature. The SFM, the FSM,
and the SGM yielded quasi-identical values of a ∗ and n ∗z ,
except for liver 2 for which the acoustic concentration was
slightly higher. The goodness-of-fit statistics for the three
models given in Fig. 5(c) are similar, with a mean value
around 0.88.
Fig. 4. Scatterer radii a ∗ and volume fractions φ ∗ estimated with the SFM
for liver 1 (using fmincon). QUS property estimates were separated in two
clusters.

using fmincon is given in Fig. 4. This plot of data points
(a ∗ and φ ∗ ) displays two point clusters. The same behaviors
were obtained with the four canine livers, such that the QUS
parameter estimates were separated in two clusters. Therefore,
data clustering was performed using the routine fitgmdist in
the MATLAB to fit Gaussian mixture distribution model with
two components to data points (a ∗ and φ ∗ ). Table II lists the
QUS parameters a ∗ , φ ∗ , and γz∗ averaged for the four canine
livers and estimated with the SFM using both fminsearch
and fmincon. Most SFM estimates (around 65%) were found
for cluster 1 with the lowest volume fraction, whatever the
optimization routine used. In the following analysis, we will
focus on the results obtained in cluster 1.
For the ROIs where the SFM estimates were found in
cluster 1 with fmincon, the scatterer radius a ∗ and the acoustic
concentration n ∗z estimated from the FSM and the SGM were
calculated. Fig. 5 summarizes the results for the four canine
livers using the three scattering models. To compare the scatterer property estimates to underlying tissue microstructures,

B. Mouse Tumors
1) Estimation of the Cellular Structures From the Histological Sections: Some of the mouse tumors studied here
are heterogeneous because when a tumor grows, it may
develop what is known as a necrotic core. An example of
the histological slice of such a heterogeneous mouse tumor is
shown in Fig. 6(a). It contains two different areas: a cellular
area containing viable HT29 tumor cells and a necrotic area
containing a majority of natural killer (NK) lymphocytes and
no viable tumor cells. The nuclei boundaries of HT29 cells
in the viable cellular area are well defined, but not the cytoplasmatic membranes [Fig. 6(b)]. The nuclei of lymphocytes
in the necrotic area are piknotic, and NK lymphocytes are
surrounded by fluid filled spaces that may correspond to spaces
left by HT29 cells [Fig. 6(c)]. The cytoplasmatic membranes
were not observable for the HT29 cells and NK lymphocytes
in the histological images from mouse tumors. Therefore,
the nucleus-to-cell ratio of HT29 cells was estimated on a
complementary experiment on fixed cells from in vitro culture,
whereas the nucleus-to-cell ratio of the NK lymphocytes was
deduced from the literature [29]. The volume fraction of
nuclei was estimated from their surface fraction on histologic
slices, and the volume fraction of whole cells was calculated
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Fig. 5.
(a) and (b) Structure parameters a ∗ and n ∗z estimated with the
SFM (using both fminsearch and fmincon), the SGM, and the FSM for
the four canine livers. Only the SFM results found in cluster 1 are given.
Dashed lines: nuclear radius and acoustic concentration deduced from histological analysis. (c) Corresponding goodness-of-fit R 2 .

as φC = φ N (aC /a N )3 . These nucleus and cells radii, as well
as their volume fractions for HT29 cells and NK lymphocytes,
are summarized in Table I. Note that the estimations of
the cellular structures could have some uncertainties, since
the cells/tissues shrink a little during the fixation process.
In addition, the estimations of the whole NK lymphocytes
may be less reliable in comparison with the other cellular
structures (nuclear NK lymphocyte, or nuclear/whole HT29
cells), because the nucleus-to-cell ratio used to estimate the
whole NK lymphocyte radius was obtained from the literature.
2) B-Mode Images From the Mouse Tumors: Experiments
were conducted on growing HT29 mouse tumors. Based on the
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histological observations, the smaller tumors 1–3 were homogeneous, mainly containing viable HT29 cells while the bigger
tumors 4–6 were heterogeneous, with the presence of several
necrotic areas containing NK lymphocytes. Fig. 7 represents
the typical examples of histological slices from homogeneous
and heterogeneous tumors, and their corresponding B-mode
images. On the histological image of the heterogeneous tumor,
one can observe some necrotic areas corresponding to regions
no longer containing HT29 cells but infiltrated by NK cells
(see also Fig. 6). The corresponding B-mode image presents
a central hyperechogenic area [see Fig. 7(e)], which is not
observed in the B-mode image of the homogeneous tumor.
We quantified the whole tumor area as well as the necrotic
area from 20 successive histological slices (2-μm thin sections
every 10 μm), as shown in Fig. 7(d). For each histological
slice, the ratio of the necrotic to the total tumor area was
then calculated. A similar procedure was applied for five
B-mode images to compute the ratio of the hyperechogenic
to the total tumor area, as shown in Fig. 7(e). This study
was performed on tumor 4, whose central zone was sectioned
into serial histological slices. The ratio obtained from the
histological images was found around 0.13 ± 0.01, whereas
the ratio estimated from the B-mode images was even greater,
approximately 0.34 ± 0.05.
3) Spectral Parameters From the Homogeneous and
Heterogeneous Tumors: The averaged ultrasound-integrated
backscatter (UIB) corresponding to the averaged BSCmeas over
the analyzed frequency bandwidth (i.e., 15–42 MHz for the
RMV 703) was calculated for each tumor over the entire tumor
area (including the part that was necrotic in the heterogeneous
tumors). The averaged UIB was found equal to 0.36 ± 0.16,
0.37 ± 0.20, and 0.31 ± 0.15 10−2 cm−1 · sr−1 for tumors 1,
2, and 3, respectively, and equal to 0.79 ± 0.41, 0.90 ± 0.56,
and 0.84 ± 0.52 10−2 cm−1 · sr−1 for tumors 4, 5, and 6,
respectively. Tumors 1–3 present lower values of averaged
UIB with a smaller variance than other tumors. Statistical
significant differences were observed between the homogeneous group (tumors 1–3) and the heterogeneous group
(tumors 4–6) when using the UIB (P < 0.001 with an ANOVA
Kruskal–Wallis test). The enhancement of the UIB values for
tumors 4–6 is linked to the hyperechogenic areas in those
tumors and corroborates the presence of necrosis, as previously
observed in [34].
In Sections III-B4 and III-B5, the QUS parameters of the
homogeneous tumors were estimated from a gated B-mode
region of the whole tumors. For the heterogeneous tumors,
two gated B-mode regions were manually defined to surround
a hyperechogenic area (due to the presence of some necrotic
areas) and a less echogenic area that mainly contained viable
HT29 cells (called in the remainder of this paper viable HT29
cell area). Note that both the gated B-mode regions were
selected as having a quite homogenous aspect.
4) QUS Parameters From the Viable HT29 Cell Areas:
Fig. 8 shows an example of QUS parameters estimated
with the SFM using fmincon, as well as the UIB parameter. The scatterer radius a ∗ , acoustic concentration n ∗z ,
and UIB images were constructed by superimposing colorcoded pixels on a conventional gray-scale B-mode image
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Fig. 6. (a) General view of a histological image from a heterogeneous mouse tumor containing viable and necrotic areas. Histological images of (b) cellular
area containing viable HT29 cells and (c) necrotic area containing a majority of NK lymphocytes.

Fig. 7. (a) Histological slice from a homogeneous tumor and (b) corresponding B-mode image. (c) and (d) Histological slice from a heterogeneous tumor
and (e) corresponding B-mode image. Panel (d) shows the contours of several necrotic areas and corresponds to a zoomed-in view of the histological section
presented on Panel (c).

of the tumor. The size and the location of the color-coded
pixels corresponded to ROIs from which parameters estimates were obtained. The UIB was rather homogeneous
around 0.37 × 10−2 cm−1 · sr−1 , the scatterer radius a ∗
around 6.6 μm, and the acoustic concentration n ∗z around
35.3 dB · mm−3 .
When considering the SFM estimates for the mouse tumors,
two clusters of data points (a ∗ and φ ∗ ) were obtained (data
not shown): one cluster with a high volume fraction, approximately 0.54–0.59 (called cluster 1), and another cluster with
lower volume fraction, approximately 0.10 (called cluster 2),
as previously observed with the canine liver experiments.
Table III lists the QUS parameters a ∗ , φ ∗ , and γz∗ averaged for the six tumors on the viable HT29 cell areas and
estimated with the SFM using both fminsearch and fmincon.

The majority of the SFM estimates (around 87%) was found
for cluster 1, whatever the optimization routine used. Concerning the SFM estimates from cluster 1, the scatterer radius
and the volume fraction obtained using fminsearch are slightly
higher than those obtained using fmincon, but the relative
impedance contrast estimates are very different using fminsearch and fmincon. Table IV also lists the QUS parameters
a ∗ , φ ∗ , γz∗ , and n ∗z , and UIB estimated with the SFM from
cluster 1 (using fmincon) for each mouse tumor in the viable
HT29 cell areas.
For the ROIs where the SFM estimates were found in
cluster 1 with fmincon, the QUS parameters from the SGM
and the FSM are estimated. The scatterer radius a ∗ and the
acoustic concentration n ∗z for the SFM, the SGM, and the FSM
are presented in Fig. 9. Also given in Fig. 9 (dashed lines) are
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TABLE III
M EAN E STIMATED VALUES OF a ∗ , φ ∗ , γz∗ , AND n ∗z O BTAINED W ITH THE SFM (U SING B OTH fminsearch AND fmincon) FOR THE S IX T UMORS ON THE
V IABLE HT29 A REAS AND THE C ORRESPONDING G OODNESS - OF -F IT R 2 . T HE L AST C OLUMN I NDICATES THE P ERCENTAGE OF QUS P ROPERTY
E STIMATES T HAT W ERE S EPARATED IN T WO C LUSTERS

(>1.1 × 10−2 cm−1 · sr−1 ) than in the viable HT29 cell area
(<0.8 × 10−2 cm−1 · sr−1 ).
The QUS parameters estimated with the SFM from cluster 1
(using fmincon) are given in Table IV for each mouse. For
the ROIs where the SFM estimates were found in cluster 1
with fmincon, the QUS parameters from the SGM and the
FSM are estimated. The scatterer radius a ∗ and the acoustic
concentration n ∗z estimated by the SFM, the SGM, and the
FSM are presented in Fig. 11. The goodness-of-fit statistic
reveals that the concentrated SFM gave satisfactory fitting
curves (R 2 ≈ 0.90) followed by the sparse SGM (R 2 ≈ 0.84).
IV. D ISCUSSION
A. Canine Livers

Fig. 8.
Quantitative images using the SFM for a homogeneous tumor
superimposed on the gray-scale B-mode image.

the whole cell radius and the acoustic concentration deduced
from the histological analysis in order to compare the QUS
parameter estimates to the underlying tissue microstructures.
The QUS parameters estimated with the sparse SGM and FSM
are very different from the concentrated SFM. The comparison
between the goodness-of-fit statistics for the three models
given in Fig. 9 shows that the concentrated SFM had the best
fit to the experimental data (R 2 ≈ 0.93) followed by the sparse
SGM (R 2 ≈ 0.86).
5) QUS Parameters From the Hyperechogenic Areas:
An example of QUS parameter images obtained with the
SFM is given in Fig. 10 for a heterogeneous tumor composed
of a hyperechogenic area (due to the presence of some
necrotic areas) and a less echogenic area (mainly containing
viable HT29 cells). Fig. 10 reveals that the scatterer radii
estimated with the SFM were quite similar in both the
areas, but the acoustic concentrations were slightly higher
in the less echogenic area when compared with the hyperechogenic area. The UIB is higher in the hyperechogenic area

1) Comparison Between Sparse and Concentrated Models:
The scatterer radius a ∗ and the acoustic concentration n ∗z
obtained from the FSM, SGM, and SFM are quasi-identical,
as shown in Fig. 5. This had been observed on diluted cell
pellet biophantom experiments for cell volume fractions less
than 0.06 [17, Fig. 7]. Indeed, when the medium is diluted, the
structure factor is close to the unity value, and the concentrated
SFM is equivalent to the sparse FSM modeling. In addition,
the goodness-of-fit statistic reveals that all the models fit well
the measured data. Thus, the similarities of the QUS estimates
and of the goodness-of-fit statistics obtained with the sparse
and concentrated models suggest that the liver is a diluted
medium (with low scatterer volume fraction).
Moreover, the sparse models (the SGM and the FSM) and
the SFM from cluster 1 give a mean scatterer radius around
5.3 μm that closely matches the true radius of hepathocyte
nuclei with a difference around 8%. The mean acoustic concentration (around 26 dB · mm−3 ) estimated with the three
models agrees well with the nuclear acoustic concentration
of 25 dB · mm−3 deduced from histological analysis. These
findings also corroborate our suggestion that the liver is a
diluted medium. Indeed, if the nuclei (and not the whole
cells) are the cellular structures responsible for scattering,
the corresponding scatterer volume fraction is expected to
be approximately 0.02 (see Table I). To conclude, the QUS
parameter estimates from the three scattering models suggest
that the nucleus is the dominant source of scattering in the
liver in this frequency range. This conclusion was previously
suggested in a numerical study based on 3-D impedance maps
of rabbit liver [32].
2) Simultaneous Estimation of the Volume Fraction and
Relative Impedance Contrast Using the SFM: One of the
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Fig. 10. Quantitative images using the SFM for a heterogeneous tumor
superimposed on the gray-scale B-mode image.

Fig. 9. (a) and (b) Structure parameters a ∗ and n ∗z estimated with the SFM
(using both fminsearch and fmincon), the SGM, and the FSM on the viable
HT29 cell areas for the six tumors. Only the SFM results found in cluster 1
are given. Dashed lines: whole cell radius and acoustic concentration deduced
from histological analysis. (c) Corresponding goodness-of-fit R 2 .

characteristics of the SFM is its ability to provide the volume
fraction and the relative impedance contrast (whereas the
sparse models SGM and FSM provide only the acoustic concentration). The frequency-dependent BSC behavior depends
on the product σb (k, a)S(k, a, φ), whereas it only depends on
σb (k, a) when using the sparse models (the SGM or the FSM).
This ability was studied here on the canine liver data, as shown
in Table II.
For the SFM estimates from cluster 1, both
optimization routines gave similar scatterer radii and

acoustic concentrations. Moreover, the mean scatterer radius
agrees well with the true nuclear radius of hepathocyte.
However, the volume fraction and the impedance contrast
are very different depending upon the optimization routine.
When using fminsearch, the mean volume fraction was six
times smaller than the nuclear volume fraction estimated
from histology, and the impedance contrast was higher,
around 0.34. Note that we empirically found that fminsearch
provides the global minimum, as observed by plotting some
cost function surfaces. An example is given in Fig. 12.
As expected, several couples (φ and γz ) gave the same
BSC behavior and quasi-identical cost function values, as
shown in Fig. 12(a) and (c). When using fmincon, excellent
agreements were obtained between the nuclear structures
(radius and volume fraction) estimated by ultrasound and
by histology. The mean volume fraction was found equal to
0.024 and agrees well with the nuclear volume fraction of
approximately 0.02 estimated from histological analysis. The
mean impedance contrast was found equal to 0.12 and seems
to be in a reasonable range of values [16], [31].
The SFM estimates from cluster 2 are quasi-identical
whatever the optimization routine tested (i.e., fminsearch or
fmincon). The mean scatterer radius estimate was comprised
between 7.4 and 7.8 μm, which is slightly larger than the
actual nuclear radii of ∼5.7 μm. The mean volume fraction estimate was six times larger than the nuclei volume
fraction and three times smaller than the whole cell volume
fraction. Thus, the estimates from cluster 2 did not match
any microstructural characteristics observed from histological
images. There could be several meanings for the estimates
from cluster 2. They could be attributed to the presence of

MULEKI-SEYA et al.: HIGH-FREQUENCY QUS SPECTROSCOPY OF EXCISED CANINE LIVERS AND MOUSE TUMORS

1345

TABLE IV
E STIMATED VALUES OF a ∗ , φ ∗ , AND γz∗ AND UIB O BTAINED W ITH THE SFM F ROM C LUSTER 1 (U SING f mincon) FOR THE V IABLE HT29 C ELL
A REAS AND THE H YPERECHOGENIC A REAS AND THE C ORRESPONDING G OODNESS - OF -F IT R 2

effect on the BSC might as well contribute to the estimates
from cluster 2, as explained in the following. Fig. 13 shows
the respective effect of varying a, φ, and γz on the BSC;
a log–log scale was chosen to better visualize the BSC
frequency dependence and the spectral slope. An increase in a
has the effect of decreasing the spectral slope and increasing
the amplitude, whereas an increase in φ has the effect of
increasing the spectral slope. A decrease in γz has the effect
of decreasing the BSC amplitude at all frequencies. That is
why the overestimation of φ goes with the overestimation of a,
and the overestimation of a goes with an underestimation of γz
for the estimates of cluster 2 (when compared with cluster 1).
Finally, one might think that the estimates from cluster 2
correspond to cost functions having several local minima.
Fig. 12(d) represents an example of measured BSCmeas curve
and the corresponding fitted curve obtained from the SFM
(dashed line). The estimates belong to the QUS data from
cluster 2. The corresponding cost function of the fitted data
from cluster 2 shown in Fig. 12(e) exhibits several local
minima. The global minimum was satisfactorily estimated with
the minimization procedure. However, neither the global minimum nor the local minimum is correlated with the true nuclear
structures. Also represented in Fig. 12(d) (solid line) is the
theoretical BSCSFM curve calculated with the mean QUS parameters obtained with cluster 1 using fmincon (see Table II).
Although both theoretical curves are quite similar, the QUS
parameters a ∗ , φ ∗ , and γz∗ from clusters 1 and 2 are different.
B. Mouse Tumors

Fig. 11. (a) and (b) Structure parameters a ∗ and n ∗z estimated with the
SFM (using both fminsearch and fmincon), the SGM, and the FSM on the
hyperechogenic areas for the three heterogeneous tumors. (c) Corresponding
goodness-of-fit R 2 .

other possible scattering sources, such as nucleus aggregates
of binucleated cells or microvessels. The difficulty in simultaneously evaluating three parameters that can have the same

1) QUS Parameters From the Viable HT29 Cell Areas: For
the viable HT29 areas, the goodness-of-fit statistic reveals that
the SFM had the best fit to the experimental data (Fig. 9).
In addition, large differences in the QUS parameter estimates were obtained depending upon whether a sparse or
concentrated model is used. The mean scatterer radii obtained
with the sparse SGM and FSM are equal to 1 and 0.7 μm,
respectively, and are not correlated with the cellular structures.
In our previous experiments on cell pellet biophantoms,
it was observed that the sparse models underestimated
scatterer radius when the volume fraction was greater
than 0.12 [17, Fig. 7]. The same behavior was obtained
in this paper on ex vivo mouse tumors. The goodness-offit parameters obtained with the concentrated SFM and the
differences between sparse and concentrated models suggest
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Fig. 12. (a) Example of measured BSC and corresponding fitted curve obtained with the SFM using both fminsearch and fmincon. (b) Logarithm of the
cost function F(a, φ) for a fixed value of γz∗ = 0.15 for the SFM. The logarithm is shown here in order to increase the visual contrast. (c) Cost function
F(a ∗ , φ ∗ , γz ) with the SFM for varying values of γz (a ∗ and φ ∗ being calculated for each fixed value of γz ). (d) Example of measured BSC for cluster 2
and corresponding fitted curve obtained with the SFM (dashed line). Also represented in solid line is the theoretical BSCSFM curve calculated with the mean
QUS parameters of the SFM for cluster 1. (e) Similar to (b) for γz∗ = 0.033. (f) Similar to (c).

Fig. 13. Effect of increasing a and φ and of decreasing γz on the BSC,
when using the SFM.

that the viable HT29 areas could be considered as concentrated
media with densely packed cells.
The SFM estimates from cluster 1 represent the majority
(around 86%) of the estimates. The mean scatterer radius estimated with the SFM was found equal to 7.1 μm using fmincon
and 8.9 μm using fminsearch, which is slightly larger than the
whole HT29 cell radius, with relative errors of 7% and 32%,
respectively. The scatterer volume fraction matches quite well
the whole cell volume fraction deduced from histological

analysis, with relative errors less than 15%, whatever the
optimization routine tested. Using fminsearch, the impedance
contrast is overestimated, when compared with the cellular
impedance contrast values comprised between 0.05 and 0.11
found in the literature [16], [31]. Overall, excellent agreements
were obtained between the cellular structures estimated by
ultrasound and the whole cellular structures deduced from
histological observations using the SFM with fmincon. The
scatterer radius and the volume fraction estimated with the
SFM using fminsearch are also quite satisfactory. This finding
suggests that the whole HT29 cell is the dominant scattering
source in the HT29 mouse tumors.
For both fminsearch and fmincon routines, the SFM estimates from cluster 2 gave a mean scatterer radius comprised
between 3.6 and 4.2 μm, which is slightly smaller than the
HT29 nuclear radius. However, the mean scatterer volume
fraction was ∼0.10, which does not match the HT29 nuclear
volume fraction with a relative error of 58%. So the estimates
from cluster 2 did not represent the actual microstructural
parameters of viable HT29 cells, whatever the optimization
routine tested.
2) B-Mode Images and QUS Parameters From the Hyperechogenic Areas: The ratios between the necrotic and whole
tumor areas obtained from the B-mode images (0.34) and
from the histological images (0.13) were very different. This
discrepancy could be due to small necrotic areas close to each
other. If the distance between necrotic areas is smaller than the
lateral resolution of the RMV703 probe (equal to 110 μm),
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these areas cannot be discriminated on the B-mode images.
In addition, the spaces between necrotic areas could contain
HT29 cells undergoing a cell death process that could also
contribute to the increase in echogenicity [12]. To test these
hypotheses, we delimited a larger area that surrounds all
the small necrotic areas, as shown in Fig. 7(c). The new
ratio was found equal to 0.32 ± 0.05, which is close to the
hyperechogenic area value found on the B-mode images. The
large hyperechogenic area found in the B-mode image may be
composed of a mix of HT29 cells (viable or undergoing a cell
death process) and NK lymphocytes. The difference between
the new ratio (0.32) and the initial estimated ratio (0.13) from
the histological images suggests that both cell lines occupy an
equivalent proportion in the large hyperechogenic area.
When estimating the QUS parameters from the large hyperechogenic area, the scatterer radius and the acoustic concentration from the necrotic area differed depending upon whether
a sparse or concentrated model is used (see Fig. 11). So this
tissue could be considered as a concentrated medium. The
QUS parameters estimated with the SFM slightly showed
larger scatterer radius and smaller volume fraction when
compared with the QUS parameters from the viable HT29
areas (see Table IV). One can notice that the radius and the
volume fraction estimated from the hyperechogenic areas are
closer to the true structures of whole HT29 cells than to the
structures of lymphocytes, since the lymphocytes are smaller
than the HT29 cells. Based on the SFM estimates, one could
think that the HT29 is the dominant scattering cell line, but it is
not consistent with the differences observed on the UIB values
between the hyperechogenic areas and the viable HT29 areas.
It is difficult to compare the QUS estimates obtained from
the SFM and the cellular structures observed in histological
slices in the hyperechogenic area. First, this difficulty could be
explained by the complex histopathological features: the large
ROI sizes (at least 600 μm × 500 μm) used for the ultrasonic
data analysis contain small necrotic areas surrounded by
HT29 cell areas [see Fig. 7(d)]. Based on the histological
observations, several components could be responsible for
scattering: the viable HT29 cell, the HT29 cells undergoing a
cell death process, the NK lymphocytes (in the necrotic areas),
and the dispersed cytoplasmic fluid (in the necrotic areas).
In addition, not all changes observed on optical histology will
result in scattering changes. Second, the SFM used in this
paper considers identical scatterers and could fail to estimate
scattering structures from mixtures of scatterers differing in
size and/or in acoustic properties. The understanding of the
QUS parameters estimated with the SFM and their relationship
with histological features are thus difficult. We try, herein, to
explain the increase in UIB observed in the hyperechogenic
areas within the framework of a discrete-scattering approach.
As a first approximation, the tissue was modeled as a twocomponent scattering medium. The two types of scatterers
involved were the whole HT29 cells and the (nuclear or
whole) NK lymphocytes, since the nuclear or whole cells are
generally assumed to be the dominant source of scattering
in the discrete-scattering approach [4], [12], [16]. Fig. 14
compares the predicted BSC (using the SFM) from the nuclear
and whole NK lymphocytes, and from the whole HT29 cells.
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Fig. 14. Predicted theoretical BSC using the SFM from the nuclear and
whole NK lymphocytes as well as the whole HT29 cells.

The BSC curves were computed for two extreme values of
relative impedance contrast (0.06 and 0.12). It is interesting
to observe that for the same relative impedance contrast, both
nuclear lymphocytes and whole HT29 cells give similar BSC
behaviors (based on the SFM theory). Small nuclear structures
(of 2.7 μm radius) with low volume fraction could have the
same BSC magnitude as densely packed whole HT29 cells
(of 6.7 μm radius). Based on the BSC amplitudes obtained
from several types of scatterers given in Fig. 14, the UIB
differences between the hyperechogenic areas and the viable
HT29 areas could be explained by the difference between BSC
curves, considering the following:
1) either the whole lymphocytes (a = 4.1 μm, φ = 0.24,
and γz = 0.06 or 0.12) and the whole HT29 cells
(a = 6.7 μm, φ = 0.64, and γz = 0.06 or 0.12);
2) or the nuclear lymphocytes with large impedance contrast (a = 2.7 μm, φ = 0.08, and γz = 0.12) and
the whole HT29 cells with low impedance contrast
(a = 6.7 μm, φ = 0.64, and γz = 0.06).
Future work should be conducted to go further into the understanding of the scattering from necrotic areas. For example,
based on our hypothesis of a tissue being modeled as a twocomponent scattering medium, the SFM should be developed
to take into account two populations of scatterers differing in
size (and/or in acoustic properties) using a bidisperse structure
factor [33].
Sherar et al. [34] have studied the ultrasound backscatter
from human bladder cell (MGH-U1) tumor spheroid and
observed a higher backscatter from necrotic areas. In this
paper, the higher backscatter was interpreted as large acoustic
impedance variations between the collapsed nuclear chromatin
and the surrounded liquid matrix, as the necrotic regions are
composed of pyknotic nuclei surrounded by large spaces containing dispersed cytoplasmic fluid. The explanation provided
in [34] is close to our second hypothesis, except that our
approach also includes the scatterer radius and the volume
fraction, which are of major interest when dealing with densely
packed tumor cells.
C. On the Choice of the fminsearch and fmincon Routines
Two routines (fminsearch and fmincon) were studied to
obtain the QUS parameters with the SFM. As shown in
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Figs. 5, 9, and 11, both routines gave similar R 2 values, whatever the tissue studied. The scatterer radius and the acoustic
concentration estimated with both the routines were also
within the same range of values for each cluster, respectively
(see also Tables II and III). However, the volume fraction
and the relative impedance contrast differ depending on
the routine used. Investigators interested in using the SFM
for clinical studies have to decide which routine to use.
On one side, the fminsearch routine empirically provided the
global minimum (as observed by plotting the cost function
surfaces—Fig. 6), but could result in unrealistic values with
the underestimation of the volume fraction (φ = 0.0032 for the
liver—Table II) or the overestimation of the impedance contrast (γz = 0.43 ± 0.88 for the mouse tumors—Table III).
On the other side, a major constraint when using the fmincon
routine was put on the relative impedance contrast comprised
between 0 and 0.2, but the QUS parameters estimated from
cluster 1 matched quite well the cellular structures obtained
from histology (note that the other conditions 0 ≤ a ≤ 100 μm
and 0 ≤ φ ≤ 1 did not greatly constrain the minimization
routine). Therefore, both the routines could be used to determine the scatterer radius and the acoustic concentration, but
the fmincon routine should probably be preferred to estimate
the QUS parameters (a ∗ , φ ∗ , and γz∗ ). For in vivo clinical
applications, the estimates from cluster 2 could bias the
QUS parameters but this paper shows that these estimates
represent only 35% and 14% for the liver and the mouse
tumor, respectively. As previously discussed in Section IV-A2,
there are several meanings for the estimates from cluster 2: the
presence of other possible scattering sources (microvessels or
cell aggregates, and so on) or the difficulty to simultaneously
estimate three parameters.
D. On the Use of the Structure Factor Model
The comparison of the goodness-of-fit statistics between the
sparse and the concentrated models shows the superiority of
the concentrated SFM to explain the measured BSC in densely
packed media. The values of R 2 obtained with the SFM are
around 0.89 for the livers, 0.93 for the viable HT29 areas,
and 0.90 for the hyperechogenic areas. It is interesting to
observe that the sparse and concentrated models gave similar
R 2 statistics and identical QUS parameters (scatterer radius
and acoustic concentrations) for the canine liver experiments.
Since both sparse and concentrated models explained the
measured BSC very well, this tissue could be considered as a
diluted medium. On the contrary, the sparse and concentrated
models yield different R 2 statistics and QUS parameters for
the homogeneous mouse tumors, and the SFM provides the
best fit to the data. This suggests that the SFM is the most
adequate to estimate the QUS parameters for cellular structures
and that the HT29 mouse tumors could be considered as a
concentrated medium.
For the canine liver, the SFM estimates matched well the
nuclear structures obtained from histological analysis (with
relative errors less than 7% on the scatterer radius and volume
fraction). This is corroborated by the similar QUS parameters
estimated with the three scattering models meaning that the

medium may be diluted. These results demonstrate that the
nucleus could be a dominant source of scattering in the liver.
For the viable HT29 cell areas, scatterer radius and volume
fraction estimated with the SFM showed good agreement
(with relative errors less than 15%) with the HT29 cellular
structure obtained from histological analysis, whereas the
sparse models (the SGM and the FSM) gave no consistent
QUS parameters. This suggests that the viable HT29 cell
areas have densely packed cellular content and that the whole
HT29 cell is responsible for the scattering. Concerning the
hyperechogenic areas (containing several small necrotic areas
with NK lymphocytes surrounded by HT29 cell areas), QUS
parameter estimates with the SFM were difficult to interpret
because of the presence of two cell types (HT29 cells and NK
lymphocytes). However, as the sparse models provide smaller
scatterer radius values and higher acoustic concentration values as for HT29 viable cells areas, these hyperechogenic
areas could be considered as a dense medium. Future studies
should focus on the understanding of the necrotic process by
conducting controlled experiments on cell pellet biophantoms
and on the improvement of the SFM to take into account the
tumor heterogeneity of the cell types.
High ultrasonic frequencies are required to estimate
microstructural parameters at the level of the nuclei or cells.
It is well known that the most accurate measurements are
obtained in the range of 0.5 < ka ≤ 1.2 (with ka the product
of the wavenumber and the scatterer radius) [35]. In this range,
the size of the scatterer is the principal factor determining
the frequency dependence of the BSC when using the sparse
models. At the center frequency of 25 MHz in livers (or at
the center frequency of 30 MHz in mouse tumors), QUS
is thus most sensitive to scatterer radius comprised between
4.8 and 11.5 μm (or between 4 and 9.5 μm, respectively).
Insana and Hall [35] have reported that for ka < 0.5 (the
Rayleigh scattering regime), the noise of the spectral estimate
is much greater that the changes due to the scatterer structure,
and measurement sensitivity is lost. In this paper, the scatterer
radius estimates less than 4.8 μm in livers or less than 4 μm
in mouse tumors (corresponding to ka < 0.5) are likely
erroneous. It is important to notice that when using the SFM
for examining densely packed media, both scatterer radius
and volume fraction could strongly modify the frequency
dependence of the BSC [that depends on the fluid sphere
form factor FF(k, a) and the structure factor S(k, a, φ)].
Franceschini et al. [17] recently demonstrated the SFM superiority over sparse scattering models (such as the SGM or
the FSM) to estimate the radius and acoustic concentration
for a product ka around 0.7, especially for concentrated media
with volume fractions φ ≥ 0.12. Further studies are required
to determine the accuracy of QUS parameters estimated using
the SFM for wider ka range and for several scatterer size
distributions and volume fractions.
V. C ONCLUSION
In summary, for both canine livers and viable HT29 cell
areas, the QUS parameters estimated with the SFM were
found to be well correlated with the true nuclear or cellular
structures, and the SFM (using fmincon) was able to provide
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quantitatively satisfactory estimates for the volume fraction
and the relative contrast impedance (instead of only the
acoustic concentration for the sparse models). This paper
demonstrated that the SFM is a more-appropriate model to
use for modeling densely packed cellular content in HT29
mouse tumors. The concentrated SFM provides better fit when
compared with classical models (the SGM and the FSM)
valid for diluted media. The SFM model makes it possible
to estimate structure parameters close to cellular structures on
the homogeneous HT29 mouse tumors, which the classical
sparse models (the SGM and the FSM) are incapable of. The
SFM has been initially developed for characterizing red blood
cell aggregation in flowing blood [13], [36], and it has been
used in a 2-D numerical study to explain the contribution of
changes in cellular size variance to the increases in the BSC
during a cell death process [21]. The method based on the
SFM described here could be a promising tool for assessing
disease or monitoring the response to anticancer treatment.
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