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ABSTRACT:
A better understanding of ultrasound scattering in a three-dimensional (3D) medium can provide more accurate

methods for ultrasound tissue characterization. The possibility of using two-dimensional impedance maps (2DZMs)

based on correlation coefficients has shown promise in the case of isotropic and sparse medium [Luchies and Oelze,

J. Acoust. Soc. Am. 139, 1557–1564 (2016)]. The present study investigates the use of 2DZMs in order to quantify

3D scatterer properties of dense media from two-dimensional (2D) histological slices. Two 2DZM approaches were

studied: one based on the correlation coefficient and the other based on the 2D Fourier transform of 2DZMs. Both

2DZM approaches consist in estimating the backscatter coefficient (BSC) from several 2DZMs, and then the result-

ing BSC was fit to the theoretical polydisperse structure factor model to yield 3D scatterer properties. Simulation

studies were performed to evaluate the ability of both 2DZM approaches to quantify scattering of a 3D medium con-

taining randomly distributed polydisperse spheres or monodisperse ellipsoids. Experimental studies were also per-

formed using the histology photomicrographs obtained from HT29 cell pellet phantoms. Results demonstrate that

the 2DZM Fourier transform–based approach was more suitable than the correlation coefficient–based approach for

estimating scatterer properties when using a small number of 2DZMs. VC 2020 Acoustical Society of America.
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I. INTRODUCTION

Quantitative ultrasound (QUS) techniques based on the

backscatter coefficient (BSC) are well established in the

field of ultrasound tissue characterization. The model-based

approach consists in fitting a theoretical scattering model to

the experimentally estimated BSC, and the fit parameters

(called QUS estimates) can be directly related to tissue

microstructure (e.g., scatterer size, shape, spatial organiza-

tion, and scattering strength). The most popular scattering

models are the spherical Gaussian model (SGM)1,2 and the

fluid-filled sphere model (FFSM),3 which assume sparse

media. The SGM, which was developed by Lizzi et al.,1,2

assumes that ultrasound scatterers are isotropic, sparse, and

spherical with a continuous impedance fluctuation following

a spherical Gaussian curve. The FFSM assumes that the

ultrasound scatterers are sparse discrete fluid-filled

spheres.3,4 QUS estimates have been successfully used to

assess tumors in the eye,5 prostate,6 breast,7 lymph nodes,8

fatty liver,9 and thyroid.10 Another class of theoretical scat-

tering models is based on a structure factor model (SFM),

which can characterize sparse and concentrated media.11,12

The SFM describes tissue as an ensemble of discrete scatter-

ers and considers potential interference effects caused by

coherent scattering using a structure factor.13,14 The SFM

has proven to be the most appropriate model for modeling

densely packed cells in in vitro cell pellet biophantoms15,16

and in ex vivo homogeneous mouse tumor models.17

However, even with advanced models, such as SFM, it

remains challenging to establish a relationship between

QUS scatterer property estimates and actual tissue micro-

structures (generally identified from optical microscopy

images) in heterogeneous tissues.17,18

In many soft tissues, the tissue microstructure responsi-

ble for scattering remain unknown. That is why a method

based on computational acoustic models, namely, three-

dimensional impedance maps (3DZMs), was developed as a

means to predict ultrasonic scattering from complex tissue

microstructures.19,20 In these previous studies, 3DZMs were

derived from a three-dimensional (3D) histological volume

set using signal and image processing methods. Specifically,

the 3D histological volume set is created from a series of

adjacent tissue sections that have been aligned to one

another and appropriately stained to highlight specific tissue

features. These tissue features are assigned acoustic imped-

ance values to form a 3DZM. By assuming weak scattering,

the BSC resulting from a plane wave incident on the tissue
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modeled by a 3DZM volume can be obtained by computing

the squared magnitude of the Fourier transform of the

3DZM. Finally, a scattering model can be applied to extract

QUS estimates. The QUS parameters estimated from

3DZMs are useful to help interpret QUS parameters obtained

experimentally with ultrasound such as in the 3DZM study

performed by Mamou et al.19 on complex mammary tumors.

The effective scatterer radius estimated from 3DZM analysis

can help suggest the anatomic structures responsible for scat-

tering such as the acini in a fibroadenoma tumor19,20 or the

hematocyte nuclei in the liver.21

However, obtaining 3DZMs using serial histology sec-

tioning is time consuming and expensive because numerous

sections must be made, affixed on a slide, stained, and opti-

cally digitized. Therefore, Luchies et al.22 proposed a theo-

retical method for estimating the effective scatterer radius

using two-dimensional impedance maps (2DZMs) instead of

3DZMs. This method consists in obtaining the BSC from

the 3D scattering volume by computing the Fourier trans-

form of the spatial autocorrelation function of a 2DZM,

which is equal to the magnitude squared of the Fourier trans-

form of the 3DZM when considering isotropic and random

media. This 2DZM correlation coefficient–based approach

has proven to be as accurate as the classical 3DZM when

considering simulations of sparse collections of scatterers

and rabbit liver histological slices.22 More recently, numeri-

cal simulation on monodisperse spheres with a volume frac-

tion of 30% demonstrated that the 2DZM approach can

capture information about the 3D spatial positioning of

scatterers.23

The present study investigates the use of 2DZMs in

order to quantify 3D scatterer properties of dense media

from two-dimensional (2D) histological slices. Two 2DZM

approaches were studied: one based on the correlation coeffi-

cient as proposed by Luchies et al.,22 and the other based on

the 2D Fourier transform of 2DZMs. Both 2DZM approaches

consist in estimating the BSC from several 2DZMs, and then

the resulting BSC was fit to the theoretical polydisperse SFM

to yield 3D scatterer properties. Simulations of 2DZMs

obtained from concentrated collections of scatterers (ran-

domly distributed polydisperse spheres or monodisperse

ellipsoids) are performed to evaluate the ability of 2DZM

approaches to quantify scattering from 3D dense media.

Then scatterer properties (such as scatterer size or volume

fraction) estimated from both 2DZM approaches are com-

pared. Finally, 2DZM approaches are compared on 2DZMs

created from histology photomicrographs obtained from

colon adenocarcinoma (HT29) cell pellets. This study con-

tributes to the validation of 2DZM approaches in the case of

dense media as a valuable alternative to 3DZM.

II. BACKSCATTERING THEORY IN WEAK-
SCATTERING MEDIA AND IMPEDANCE MAPS

Assuming plane wave propagation, weak-scattering,

far-field approximation, and statistically homogeneous

media, the BSC in 3D space and the backscattering configu-

ration is given by [see Eq. (58) in Ref. 24]

BSCðkÞ ¼ k4

4p2V

� ð
hcz rð Þie�i2k�rd3r

����
����
2

þ
ð ð
h cz1 � hcz1ið Þ cz2 � hcz2ið Þ

� �

� e�i2k� r1�r2ð Þd3r1d3r2i
�
; (1)

where (2k) is the backscattering vector, k is the wavenumber,

V is the volume containing the scattering source, cz is the rela-

tive contrast in acoustic impedance at position r. For conve-

nience, we have written cz1 ¼ czðr1Þ and cz2 ¼ czðr2Þ, where

r1 and r2 represent two positions in the medium. The symbol

h i represents the ensemble average. In Eq. (1), the first term is

the coherent scattering contribution, and the second term is

generally identified as the incoherent scattering contribution

when considering independently and uniformly distributed

scatterers. However, this second term cannot be labeled

“incoherent” when considering dense media because, in this

case, the autocovariance function hðcz1 � hcz1iÞ ðcz2 � hcz2iÞi
would contain contributions from correlations among scatterer

positions.

By neglecting the coherent scattering contribution in

the first term of Eq. (1) and assuming isotropic medium, the

BSC in 3D space reduces to24

BSCCCðkÞ¼
k3

2p
hjcz�hczij2i

ð1
0

bcz
ðDrÞsin 2kDrð ÞDrdDr;

(2)

where bcz
is the correlation coefficient of cz, and Dr is the

lag distance, i.e., the length of the vector ðr1 � r2Þ.25 The

correlation coefficient depends on the microstructure of the

scattering medium and verifies bcz
ð0Þ¼ 1 and bcz

ð1Þ¼ 0.

Equations (1) and (2) introduced the theoretical back-

ground needed to understand the relationship between

ultrasonic backscattering and 2DZM. When considering iso-

tropic media, the BSC in 3D space can be estimated from

the correlation coefficient bcz
, which can be calculated from

the 2DZMs.

III. 2D IMPEDANCE COMPUTATIONAL MODELS

In this section, we recall briefly the 2DZM approach

based on the correlation coefficient,22 and then we present

the 2DZM Fourier transform–based approach. Both 2DZM

approaches consist in estimating the BSC from several

2DZMs, and then the theoretical polydisperse SFM is fit to

the estimated BSC. The fit parameters can provide a mean-

ingful description of the tissue microstructure. Note that

without loss of generality, in the remainder of the paper, the

term “2DZM” (or “3DZM”) is used to represent the 2D

impedance contrast map (or the 3D impedance contrast

map, respectively), i.e., the map of cz rather than that of z.

A. 2DZM correlation coefficient–based approach

The 2DZM correlation coefficient–based approach

consists in computing the correlation coefficient bcz
from
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2DZMs to evaluate the BSCCC in 3D space. More specifi-

cally, for each 2DZM, the mean value of cz is subtracted

from the impedance contrast map in order to obtain c0z ¼ cz

�hczi. The autocovariance function Ccz
was then computed

as

Ccz
ðrg;hÞ ¼

XN

j;l¼0

c0zðrg;h þ r0j;lÞc0zðr0j;lÞ; (3)

where j denotes the x axis index, l denotes the y axis index,

and rg;h denotes the lag position for the gth and hth indices.

Radial lines from Ccz
ðrg;hÞ are then averaged to obtain

Ccz
ðDrÞ. The correlation coefficient was obtained as bcz

ðDrÞ
¼ Ccz

ðDrÞ=jcz � hczij2. In practice, the estimation of bcz
ðDrÞ

can be biased for large lag distances if a small number of

2DZMs is used. (This point will be discussed further in Sec.

VI A.) Therefore, the correlation coefficient bcz
ðDrÞ was set

to zero outside the lag distance 0 � Dr � 6â. The scatterer

radius â corresponds to the radius estimated by fitting the

fluid-filled sphere correlation coefficient model to the esti-

mated correlation coefficient. The fluid-filled sphere correla-

tion coefficient model is expressed as24

btheo
cz
ðDrÞ ¼ 1� 3Dr

4â
þ ðDrÞ3

16â3
; for 0 � Dr � 2â;

0; for Dr � 2â:

8><
>:

(4)

For a collection of several 2DZMs, bcz
ðDrÞ was estimated

for each 2DZM, and the resulting averaged bcz
ðDrÞ allows

us to estimate the BSCCC as given by Eq. (2). Finally, the

resulting BSCCC was fitted to the theoretical polydisperse

SFM in 3D space in order to yield QUS parameters. [The

theoretical BSC using the polydisperse SFM in 3D space is

given by Eq. (4) in Ref. 16.]

B. 2DZM Fourier transform–based approach

The 2DZM Fourier transform–based approach focuses

on 2D space and estimated the BSC2DFT from 2DZM slices.

The 3D scatterer properties (such as the effective scatterer

size) are then estimated by fitting the estimated BSC2DFT

with a scattering model in 2D space.

The BSC in 2D space is calculated by computing 2D

Fourier transforms of several 2DZMs and averaging the

radial (frequency) lines as

BSC2DFTðkÞ ¼
k3

4p2
E jFT 2DZMð Þj2
� � 1

L2

L

Np

� �4

; (5)

where E denotes the expected values, L2 is the surface of a

2D region-of-interest (ROI) divided into N2
p pixels to obtain

the 2DZMs, and FTð2DZMÞ represents a radial line of the

2D Fourier transform of a 2DZM matrix (with the line being

in the direction of the incident wave). The dependence in k3

comes from the scattering in 2D space as shown in Eq. (A2)

in the Appendix. The term (1/L2) allows us to compute the

backscatter by unit area. The 2D Fourier transforms give the

BSC2DFT values on a centered grid of wavevectors between

6pNp=ð2LÞ with a step of p=L. The theoretical polydisperse

SFM in 2D space is then fit to the estimated BSC2DFT to

yield QUS parameters. The polydisperse SFM in 2D space

considers an ensemble of discs differing only in size and is

detailed in the Appendix.

In this 2DZM approach, it is assumed that a given

3DZM contains a single type of scatterer/sphere differing

only in size, and the distribution of the sphere radii s follows

a gamma probability density function (PDF) given by

fðn;�aÞðsÞ ¼
1

n!

nþ 1

�a

� �nþ1

sne�ðnþ1Þs=�a ; (6)

where �a is the mean radius and n is the gamma width factor,

n > �1, which measures the width of the sphere radius dis-

tribution. The 2DZMs obtained from perfect cross sections

of 3DZM contain an ensemble of polydisperse discs. The

disc radius PDF p(r) of the planar section of the 3DZM can

be obtained from the convolution between the sphere radius

PDF fðn;�aÞ and the distribution of radii inside a sphere of

radius s as26

pðrÞ ¼ 2r

ð1
r

fðn;�aÞðsÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs2 � r2Þ

p ds: (7)

IV. MATERIAL AND METHODS

A. Simulations

Simulation studies were performed to evaluate the abil-

ity of 2DZM approaches to estimate the scatterer properties

of a simulated 3D medium (i.e., scatterer size, surface, or

volume fraction). Scatterers were uniformly randomly dis-

tributed with non-overlapping positions using a Monte Carlo

algorithm (see Sec. II B A in Ref. 27). The simulated volume

was fixed to L3¼ 280 � 280 � 280 lm3.

First, 3D media containing polydisperse spheres were

simulated to study the performance of 2DZM approaches.

The mean radius �a and the standard deviation of the radius

distribution r were chosen to be equal to �a¼ 4.5 lm and

r¼ 0.66 lm (n¼ 45). Second, collections of randomly ori-

ented monodisperse prolate ellipsoids were simulated with

axial ratio 1.5 (major axis of 5.89 lm and minor axis of

3.93 lm), and prolate ellipsoids of axial ratio 2 (major axis

of 7.14 lm and minor axis of 3.57 lm). Note that the

volumes of both types of prolate ellipsoids were equal to the

volume of a sphere of radius 4.5 lm. For the two sets of

simulations, volume fractions ranging from 0.6% to 30%

were investigated.

The simulated volume was sampled in N3
p ¼ 512 � 512

� 512 voxels and the 3DZM was constructed by arbitrarily

considering a relative impedance contrast equal to cz ¼ 0:11

within scatterers and cz¼ 0 elsewhere. Then, a collection of

2DZMs was obtained from the 3DZM by performing perfect
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cross sections in the XY plane at regular spacing (every 18

lm) in the Z axis as shown in Fig. 1.

Note that the surface fractions of the discs obtained

from the 2DZMs were approximately equal to the volume

fractions when perfect cross sections were used to generated

2DZMs: the averaged surface fractions were equal to 0.8%,

2.8%, 5.7%, 12.2%, 17.7%, 23.6%, and 29.3% for the stud-

ied volume fractions of 0.6%, 3%, 6%, 12%, 18%, 24%, and

30%, respectively. Therefore, in the remainder of the paper,

the theoretical surface fraction values will be approximated

by the prescribed volume fraction values.

B. Experiments

The 2DZM approaches were also tested using digital

histology photomicrographs from thin sections obtained

from HT29 cell pellet biophantoms. Cell pellet biophantoms

consist of centrifuged cells mimicking densely packed cells

in tumors and serve as simplified in vitro versions of real

tumors. The detailed procedure for constructing cell pellet

biophantoms is as follows. HT29 cells were grown at 37 �C
in T175 flasks with Dulbecco’s modified Eagles’s medium

containing 4.5 grams of glucose per liter and supplemented

with 10% fetal calf serum. For forming one cell pellet,

around 2 � 108 HT29 cells are needed. Cells from the T175

flasks were detached with accutase and washed in

phosphate-buffered saline (PBS). Cells from flasks were col-

lected and after homogenization with a pipette tip, 50 lL of

this cell suspension was withdrawn for cell size analysis.

The remaining suspension was centrifuged for 5 min at

1200 g, and then the medium was aspirated and 500 lL of

PBS þ=þ was added. After homogenization with a pipette

tip, the cells were transferred in an eight-well Nunc Lab-Tek

II Chamber Slide System (Dominique Dutscher, Brumath,

France) and finally centrifuged for 5 min at 1700 g to form

densely packed cell pellets. Finally, the cell samples were

fixed in 10% buffered formalin for three days, dehydrated in

graded ethanol series, cleared in methylcyclohexane, and

embedded in methyl methacrylate resin before being sec-

tioned and stained with toluidine blue. The procedure was

repeated two times to form two cell pellet biophantoms.

To create the 2DZM, two impedance values were

used:28 1.84 MRayl for the nuclei and 1.66 MRayl for the

cytoplasm and extracellular matrix. The nuclei were

obtained by manual segmentation. Therefore, the nuclei are

considered to be the main source of scattering in the pro-

posed 2DZM computational study. The resolution of the

resulting 2DZM was 0.21 lm/pixel. Six non-overlapping

ROIs of sizes 512 � 512 pixels (L2 � 107.5 � 107.5 lm)

were selected at the center of the 2DZM in order to compute

the BSCCC when using the 2DZM correlation coefficient–

based approach, or compute BSC2DFT when using the

2DZM Fourier transform–based approach. Herein, the ROI

pixel size and spatial resolution is determined by the magni-

fication used to digitize the histology photomicrograph (i.e.,

here 20�). The representative ROI is shown in Fig. 2.

The actual radius, gamma width factor, and surface

fraction of the nuclei were also computed from manually

segmenting the histology photomicrographs. Segmented

nuclei were approximated by ellipses in order to deduce the

semi-minor axis b0 and axial ratio �0 of the fitted ellipses and

compute the actual effective scatterer radius a0 ¼ b0
ffiffiffiffi
�0
p

. The

surface fraction was the manually segmented area divided

by the total image area. The effective scatterer radius of the

segmented nuclei was found to be equal to 4.6 lm for cell

pellet 1 and 4.5 lm for cell pellet 2. The gamma width fac-

tor n was obtained by fitting the distribution of the nuclear

disc radii with p(r) given by Eq. (7), and was found equal to

66 for cell pellet 1 and 164 for cell pellet 2. The surface

fractions were found equal to 25% for both cell pellets.

C. QUS parameter estimation

The BSCCC and BSC2DFT are computed from a collec-

tion of at least six independent cross sections. When using

the 2DZM correlation coefficient–based approach, the

BSCCC was estimated in 3D space, and the QUS parameters

were obtained by fitting the BSCCC with the polydisperse

SFM in 3D space. When using the 2DZM Fourier trans-

form–based approach, the BSC2DFT was estimated in 2D

space, and the QUS parameters were obtained by fitting the

BSC2DFT with the polydisperse SFM in 2D space. For both

2DZM approaches, the fitting bandwidth was set to 20 –200

MHz. The lowest frequency of 20 MHz was chosen because

the BSC2DFT curves are unreliable for frequencies lower

than c=L � 15 MHz (where c is the speed of sound assumed

to be equal to 1500 m/s) in the case of the histology photo-

micrograph sample. The fitting procedure simultaneously

yielded four QUS parameters: the mean scatterer sphere

FIG. 1. (Color online) (a) Example of a 3DZM. (b) Corresponding 2DZM

obtained from a perfect cross section in the XY plane of the 3DZM.

FIG. 2. (Color online) (a) Typical example of the histology photomicro-

graph from the cell pellet biophantom. (b) Corresponding 2DZM obtained

from the histology photomicrograph within the red dashed square.
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radius a	, the standard deviation of the radius distribution

r	 ¼ a	=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
n	 þ 1

p
, the impedance contrast c	z and the total

surface fraction in 2D space /	 (or the total volume fraction

in 3D space).

The relative errors for the estimated QUS parameters,

denoted P	, are given by ðP	 � PtrueÞ=Ptrue, where Ptrue is the

actual value of P (i.e., actual sphere size a, standard deviation

of radius distribution r, surface or volume fraction /, or

impedance contrast cz). For the simulated media, each

reported QUS value corresponds to the estimated QUS param-

eters average obtained from five independent realizations of

2DZMs with the same numerical phantom parameters.

V. RESULTS

A. Comparison between simulated BSC3DFT and
BSCCC

Figure 3(a) gives the correlation coefficient bc for the sim-

ulated 3D media, consisting of polydisperse spheres at volume

fractions of 0.6%, 12%, and 30%. The bc are given in solid

lines when using 6 2DZM slices (blue lines) or 120 2DZM

slices (red lines). The dashed lines in Fig. 3(a) represent the

fluid-filled sphere correlation coefficient model btheo
c , given by

Eq. (4). As expected, the estimated bc deviates from the fluid-

filled sphere correlation coefficient model as the volume frac-

tion increases because this model is only valid for sparse

media. The corresponding BSCCC=k4 computed with the

2DZM correlation coefficient–based approach are given in

solid lines in Fig. 3(b). Also given in Fig. 3(b) are the BSC3DFT

obtained from the 3D Fourier transform of 3DZMs and com-

puted as follows: BSC3DFTðkÞ ¼ Ck4E½jFTð3DZMÞj2
, where

C is a proportionality constant. The BSC3DFT is considered as

the exact computation of the BSC in 3D space. Good agree-

ment is obtained between the BSC3DFT and BSCCC when using

120 2DZM slices. However, large differences (up to 20 dB)

are observed between the BSC3DFT and BSCCC when using

only six 2DZM slices for the lower volume fractions of 0.6%

and 12%, especially at frequencies larger than 90 MHz. These

large differences are discussed in Sec. VI A.

B. Comparison between simulated BSC3DFT

and BSC2DFT

The simulated BSC3DFT and BSC2DFT obtained from the

same 3D polydisperse sphere distribution are compared in

order to assess how the 2D BSC derived from the 2DZM

Fourier transform–based approach can be linked to the

actual 3D backscattering. Examples of 3D sphere radius

histograms and corresponding 2D disc radius histograms

obtained from six 2DZMs are shown in Fig. 4(a). The corre-

sponding 3D BSC [BSC3DFT=k4] and 2D BSC [BSC2DFT=k3

�ð4a=3Þ] are compared in Fig. 4(b). The normalization of

BSC by k4 in 3D and k3 in 2D removes the frequency depen-

dence of Rayleigh scattering. The BSC2DFT is multiplied by

4a=3¼Vs=As in order to compare the BSC amplitudes in

2D and 3D spaces because the backscattering is proportional

to the scatterer volume Vs in the 3D space (spheres) and the

scatterer surface As in the 2D space (discs) in the Rayleigh

scattering regime.

Overall, [BSC3DFT=k4] and [BSC2DFT=k3 � ð4a=3Þ]
have similar amplitudes as a function of volume fractions.

Moreover, [BSC3DFT=k4] and [BSC2DFT=k3 � ð4a=3Þ]
curves have similar shapes with similar frequency positions

FIG. 3. (Color online) (a) Examples of correlation coefficients bcz
for the simulated 3D media consisting of polydisperse spheres at volume fractions of

0.6%, 12%, and 30%. The bcz
are estimated by using 6 2DZM slices (blue lines) or 120 2DZM slices (red lines). Also noted by dashed lines is the fluid-filled

sphere correlation coefficient model btheo
c given by Eq. (4). (b) Corresponding BSCCC=k4 computed from the 2DZM correlation coefficient–based approach

by using 6 2DZM slices (blue lines) or 120 2DZM slices (red lines). The BSCCC is computed by setting bcz
ðDrÞ to zero outside the lag distance 0 � Dr � 6

â. Also noted by dashed lines are the BSC3DFT=k4 computed from 3D Fourier transforms of 3DZMs.
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of BSC maxima. Indeed, the [BSC3DFT=k4] and [BSC2DFT=
k3 � ð4a=3Þ] curves are flat in the Rayleigh scattering

regime for frequencies less than 40 MHz, corresponding

to ka < 0:75 (a¼ 4.5 lm). Then the [BSC3DFT=k4]

and [BSC2DFT=k3 � ð4a=3Þ] amplitudes decrease in the

50–90 MHz frequency range, corresponding to 0:95 � ka
� 1:7, for which the first maximum of BSC occurs. Finally,

note that the BSC2DFT computed by using 6 or 120 2DZM

slices are similar.

C. QUS parameters estimated from 2DZM approaches

Figures 5(a)–5(d) summarize QUS parameters a	; r	;
/	; c	z estimated from both 2DZM approaches for the simu-

lated 3D media, consisting of polydisperse spheres for vol-

ume fractions ranging from 0.6% to 30%.

When considering the 2DZM correlation coefficient–

based approach for estimating QUS parameters, the BSCCC is

computed by using a small (6) or large (120) number of

2DZM slices. The QUS parameters estimated by using 120

independent 2DZM slices show a good agreement with actual

parameters. The maximum relative errors of mean values are

equal to �2.2%, 3.0%, �16%, 18% for the parameters

a	; r	; /	; c	z , respectively. It is noticed that the standard

deviations of a	 and r	 are small, i.e., less than 1.2% and

5.8% of their mean values, respectively. Whereas the QUS

parameters estimated by using six independent 2DZM slices

show large fluctuations, the standard deviation of a	 reaches

values up to 20% of the mean value. The maximum relative

errors of mean values are equal to �8.2%, �36%, �70%,

136% for the parameters a	; r	; /	; c	z , respectively.

The 2DZM Fourier transform–based approach gives

very similar QUS estimates when using 6 or 120 2DZM

slices so only the QUS estimates obtained from 6 2DZM sli-

ces are given in Fig. 5. One can observe a systematic bias of

about 0.15 lm for a	 estimates (corresponding to relative

errors of 3.4%) and about approximately 2.7% for /	 esti-

mates (corresponding to relative errors less than 23% for

FIG. 4. (Color online) (a) Examples of a disc radius histogram obtained from six 2DZM slices for the surface fractions of 0.6%, 12%, and 30%. The solid

red line represents the disc radius probability density function (PDF) given by Eq. (7) and the dashed blue line represents the sphere radius PDF given by

Eq. (6). (b) Examples of BSC2DFT=k3 � ð4a=3Þ (solid lines) and BSC3DFT=k4 computed from 3D Fourier transforms of 3DZMs (dashed lines). The BSC2DFT

are estimated by using 6 2DZM slices (blue lines) or 120 2DZM slices (red lines).

FIG. 5. (Color online) Parameters (a	; r	; /	 and c	z ) as a function of actual

volume fraction. The QUS parameters are estimated by the 2DZM correla-

tion coefficient–based approach (when each BSCCC is computed with 6 or

120 2DZM slices) or the 2DZM Fourier transform–based approach (when

each BSC2DFT is computed with six 2DZM slices). The dashed black lines

represent the actual parameters.
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/ � 12%). The difference between the maximum and mini-

mum values of radius a	 is 0.2%, which is smaller than the

difference obtained with the 2DZM correlation coefficient–

based approach by using the same number of 2DZM slices

(i.e., six 2DZM slices).

Table I summarizes the QUS parameters (a	; r	; /	;
c	z ) estimated from both 2DZM approaches using six 2DZM

slices for the cases of simulated ellipsoids and realistic spa-

tial distributions of cells. Mean 6 standard deviation are

computed from five independent realizations of 2DZMs

(i.e., 5 � 6 2DZMs) for the simulated ellipsoids and three

independent realizations of 2DZMs (i.e., 3 � 6 2DZMs) for

the histological slices of HT29 cell pellets.

In the case of randomly oriented prolate ellipsoids (first

two columns of Table I), both scatterer radius and surface

fraction are satisfactorily estimated by the two 2DZM

approaches with absolute relative errors less than 6.6% when

the actual axial ratio �¼ 1.5. However, for ellipsoids with the

largest axial ratio �¼ 2.0, both scatterer radius and surface

fraction are underestimated with a relative error up to�20%.

In the case of realistic spatial distributions of cellular

structures within cell pellets (last two columns of Table I), the

scatterer radii a	 and relative impedance difference c	z esti-

mated by the 2DZM Fourier transform–based approach agree

well with the expected values (with relative errors less than

5% and 9%, respectively), whereas the surface fractions /	

are overestimated. The scatterer radius a	, estimated by the

2DZM correlation coefficient, varies between 3.4 and 5.9 lm

(corresponding to relative errors up to 31%). Finally, one can

notice that the QUS parameters estimated by the 2DZM corre-

lation coefficient–based approach show larger standard devia-

tions (i.e., 53 times larger for /	) than those estimated by the

2DZM Fourier transform–based approach.

VI. DISCUSSION

A. Advantages and disadvantages of both 2DZM
approaches

The present study compares two different 2DZM

approaches: one based on the correlation coefficient and the

other based on the 2D Fourier transform of 2DZMs.

The advantage of the 2DZM correlation coefficient–-

based approach is the estimation of the BSCCC in 3D space.

However, this approach requires a large number of 2DZMs

because at least 120 slices was necessary to obtain a satis-

factory match between BSCCC and BSC3DFT [Fig. 3(b)].

This result is in line with the study of Luchies et al.,23 show-

ing that 2DZMs based on the correlation coefficient can be

used to capture information about the 3D spatial positioning

of scatterers when using a large number of 2DZM slices

(12 800 2DZM slices in Ref. 23). It is noticed that the largest

differences between BSCCC and BSC3DFT are obtained when

using only 6 2DZM slices for the lower volume fractions

/ � 12% [Figs. 3(b1) and 3(b2)] because six independent

2DZM slices did not provide sufficient data for the ensemble

average of bcz
to converge (as illustrated in the supplemental

figure,29 showing the bcz
calculated using 1, 6, or 120 2DZM

slices). The bcz
curves obtained from a single 2DZM slice

differ more from each other for lower volume fractions

when compared to higher volume fractions, thus, the num-

ber of 2DZM slices should be increased for lower volume

fractions. In the case of the lowest volume fraction of 0.6%,

the discrepancy between BSC3DFT and BSCCC is due to the

estimation of bcz
(Dr � 2a), which should be equal to zero

but is a non-zero quantity when bcz
is not averaged over a

sufficient number of 2DZMs [Fig. 3(a1)]. In order to support

this point, Fig. 6 displays the BSCCC computed by setting

bcz
ðDrÞ to zero outside the lag distance 0 � Dr � 2â, as

done previously by Luchies et al.22 for sparse media. As

expected, the BSCCC agree well with the expected BSC3DFT

at the lowest volume fraction of 0.6% when bcz
(Dr � 2â)¼ 0

[Fig. 6(a)]. However, the bcz
cannot be set to zero for

Dr � 2â when considering higher volume fractions because

it would create biases in BSCCC estimates as observed in

Figs. 6(b) and 6(c).

The advantage of the 2DZM Fourier transform–based

approach is its ability to capture information on 3D scatterer

properties with a small number of 2DZM slices as demon-

strated by satisfactory estimates of scatterer size distribution

(Fig. 5). Moreover, this approach uses the fast Fourier trans-

form algorithm, which is twice as fast to compute the

BSC2DFT than to compute the BSCCC. However, the 2DZM

Fourier transform–based approach does not allow estimating

TABLE I. QUS parameters estimated from the 2DZM correlation coefficient–based approach (denoted CC) and the 2DZM Fourier transform–based

approach (denoted 2DFT). Columns 1 and 2 correspond to the simulated 3D media consisting of randomly oriented monodisperse prolate ellipsoids.

Columns 3 and 4 correspond to the histological slices of HT29 cell pellets.

1 2 3 4

QUS parameters Approach Ellipsoids �¼ 1.5 Ellipsoids �¼ 2.0 Cell pellet 1 Cell pellet 2

a	 in lm CC 4.2 6 0.04 (4.5) 3.7 6 0.02 (4.5) 4.5 6 0.34 (4.6) 4.8 6 1.05 (4.5)

2DFT 4.3 6 0.05 (4.5) 3.8 6 0.01 (4.5) 4.6 6 0.06 (4.6) 4.5 6 0.11 (4.5)

r	 in lm CC 0.46 6 0.01 (0) 0.43 6 0.03 (0) 0.50 6 0.05 (0.56) 0.40 6 0.12 (0.35)

2DFT 0.47 6 0.01 (0) 0.38 6 0.04 (0) 0.56 6 0.02 (0.56) 0.50 6 0.10 (0.35)

/	 in % CC 29 6 0.5 (30) 23 6 1.1 (30) 37 6 10 (25) 30 6 24 (25)

2DFT 32 6 1.2 (30) 25 6 0.6 (30) 32 6 1 (25) 32 6 0 (25)

c	z CC 0.11 6 0.00 (0.11) 0.12 6 0.00 (0.11) 0.07 6 0.01 (0.11) 0.08 6 0.05 (0.11)

2DFT 0.11 6 0.00 (0.11) 0.12 6 0.00 (0.11) 0.10 6 0.00 (0.11) 0.10 6 0.00 (0.11)
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the BSC in 3D space; it only allows estimating the BSC in

2D space. As a consequence, the fitting procedure to esti-

mate the 3D scatterer properties uses the polydisperse SFM

in 2D space. It is interesting to observe in Fig. 4(b) that the

2D BSC derived from the 2DZM and the 3D BSC derived

from the 3DZM have the same behaviors: the maxima of

BSC2DFT and BSC3DFT occur at the same frequencies and

the amplitudes of BSC2DFT and BSC3DFT follow the same

trend. The good agreement in maxima positions between

BSC2DFT and BSC3DFT allows for the satisfactory estimation

of the average sizes of 3D scatterers using the 2DZM

Fourier transform–based approach.

The major result of this study is the validation of both

2DZM approaches to estimate the BSC (in 3D or 2D space)

for concentrated discrete scatterers with uniform back-

ground. Further comparison between 2DZM and 3DZM

should be conducted to confirm the added value of 2DZM

when more complex 3D structures (such as blood microves-

sels and/or collagen fibers) are involved.

B. QUS parameters from the 2DZM slices of simulated
polydisperse spheres

The present study incorporates the polydisperse SFM to

estimate QUS parameters when using 2DZMs. Both 2DZM

approaches using the polydisperse SFM (i.e., 2D Fourier

transform using 6 2DZM slices and correlation coefficient

using 120 2DZM slices) provide satisfactory QUS estimates

for the simulated 3D media, consisting of polydisperse

spheres at various volume fractions (Fig. 5).

In the case of dense media, the presence of tightly

packed scatterers gives rise to coherent scattering [which is

modeled by a structure factor Sðk; a;/Þ], which strongly

modifies the frequency dependence of the BSC. In addition,

to permit an accurate estimation of the scatterer radius, this

change in the BSC can be appropriately exploited to simul-

taneously estimate the volume fraction and the impedance

contrast as shown previously in ultrasonic experiments on

concentrated cell pellet biophantoms.16 Nevertheless, when

the medium is sparse, the structure factor is equal to one at

all frequencies and, therefore, the SFM inverse problem

becomes ill-posed and unable to separate the distinct contri-

bution of the volume fraction and impedance contrast and,

consequently, QUS parameters are incorrectly estimated.

That is why the estimation of the impedance contrast is

more accurate for dense media (/ � 6%) as shown in

Fig. 5(d).

It is interesting to observe that the inversion procedure

based on the polydisperse SFM yielded satisfactory esti-

mates of the scatterer radii standard deviation r	 [see Fig.

5(b)]. This accurate estimation was feasible because of the

use of a wide 20–200 MHz frequency bandwidth in the

inversion procedure, allowing the inclusion of the extrema

of the BSC. This finding demonstrates the strength and value

of the polydisperse SFM model approach with 2DZMs

because of the large frequency bandwidth available.

The QUS parameters for the 3D simulated media con-

sisting of polydisperse spheres were also estimated by fitting

the BSC with the polydisperse sparse model. More specifi-

cally, the BSCCC was fitted with the polydisperse FFSM in

3D space, and the BSC2DFT was fitted with the polydisperse

fluid disc model in 2D space given by Eq. (A1) with

S(k)¼ 1. Results are presented in the supplemental figure.29

The scatterer sizes are largely underestimated for the dense

media with actual volume fractions / � 24% as expected.

Indeed, the polydisperse sparse model neglects the coherent

scattering and is incapable of accurately modeling scattering

from dense media.

C. QUS parameters from the 2DZM slices of more
complex media (simulated ellipsoids and histology)

When using the 2DZMs based on the simulated prolate

ellipsoids (first two columns of Table I), the estimated scat-

terer radius agrees well with the expected effective radius

when the actual axial ratio �¼ 1.5 but not with the largest

axial ratio �¼ 2.0. In this last case �¼ 2.0, the scatterer

radius and surface fraction estimated by 2DZM approaches

are underestimated. For frequencies less than 70 MHz, a

decrease in a has the effect of decreasing the BSC ampli-

tude, and a decrease in / has the effect of increasing the

BSC amplitude for / � 25% (dense media). That is why the

underestimation of the radius is concomitant with that of the

surface fraction. It is also interesting to observe that a poly-

dispersity in size was found (i.e., r	 � 0.62 lm), whereas

the actual scattering medium was monodisperse. A physical

interpretation of this observed polydispersity is that the

structure factor of a collection of randomly oriented

FIG. 6. (Color online) Same as Fig. 3(b), but the BSCCC is computed by setting bcz
ðDrÞ to zero outside the lag distance 0 � Dr � 2â.
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monodisperse ellipsoids can be approximated by the struc-

ture factor of polydisperse spheres, as shown by Hansen.30

When using the 2DZM Fourier transform–based

approach based on the histology photomicrographs of HT29

cell pellets, excellent agreement was obtained between esti-

mated and actual nuclei sizes (relative error less than 5%).

The 2DZM correlation coefficient–based approach does not

allow us to correctly estimate the nuclei size. This bad esti-

mation and the large standard deviation obtained could be

explained by the small number of 2DZMs used (i.e., six

2DZM slices) as suggested by the results obtained from 3D

simulated media. Indeed, bias in scatterer size estimates can

be obtained with the 2DZM correlation coefficient–based

approach when the number of 2DZM slices is not sufficient

[for example, see the scatterer sizes estimated for actual

/¼ 24% in Fig. 5(a)].

The simulated 2DZMs based on the histology photomi-

crographs were performed to assess the 2DZM approaches

on a more complex configuration but still close to dense col-

lections of discrete scatterers. The good agreement between

estimated and actual sizes obtained with ellipsoids �¼ 1.5 or

HT29 nuclei implies that QUS methods based on the SFM

are flexible with respect to the shape of the scatterers. The

model can still work reasonably well even if the scatterers

are nonspherical or non-isotropic individually. However, it is

important to note that a medium filled with randomly ori-

ented ellipsoids is actually isotropic even though each scat-

terer is not, an assumption that may be violated in tissues

where nonspherical cells may have a preferred orientation.

D. Significance of 2DZM approaches for clinical
and preclinical studies

Another important axis of research is the use of experi-

mentally obtained 2DZMs from acoustic microscopy.31–37

The 2DZMs obtained from acoustic microscopy systems

operating at very high frequencies (i.e., > 250 MHz) pro-

vide realistic data to evaluate the 2DZM approaches in real

tissues or even in cell pellet biophantoms but remain time

consuming. In addition, the spatial resolution of the 2DZMs

is approximately the wavelength at the center frequency of

the transducer used to collect the data, potentially limiting

the bandwidth used for model inversion. Nevertheless,

acoustic microscopy studies are ongoing and could provide

another insight in the methods proposed herein. Acoustic

microscopy can provide the acoustic properties of tissues at

different stages of pathology.33,34,37 Novel form factors

derived from the 2DZMs could prove more accurate than

previous standard form factors typically used for QUS stud-

ies. This ultimately would help with translation of QUS

methods for in vivo studies where sensitivity and specificity

to a particular disease could be improved by the use of better

scattering models.

VII. CONCLUSION

Two 2DZM approaches were compared to estimate 3D

scatterer properties from 2DZMs: one based on the

correlation coefficient and the other based on the 2D Fourier

transform of 2DZMs. Both 2DZM approaches use the poly-

disperse SFM to estimate QUS parameters. Results demon-

strate that both 2DZM approaches give similar 3D scatterer

properties. The 2DZM correlation coefficient–based

approach requires a large number of 2DZM slices, whereas

the 2DZM Fourier transform–based approach is able to esti-

mate 3D scatterer properties with a small number (i.e., six)

of 2DZM slices. The critical configuration of simulated

media for which the polydisperse SFM cannot accurately

estimate the scatterer size is that of randomly oriented pro-

late ellipsoids with an axial ratio of 2. In that case, further

work in understanding the scattering from randomly ori-

ented ellipsoids is required to better interpret the QUS

parameters estimated with the polydisperse SFM.

The results demonstrate that the 2DZM Fourier trans-

form–based approach is a valuable alternative to 3DZM for

studying isotropic concentrated scattering media with a

small number of 2DZM slices. The method based on the

2DZM Fourier transform–based approach could be highly

relevant to experimental and (pre-) clinical studies because

accurate 2DZMs can be directly obtained using state-of-the-

art acoustic microscopy systems and algorithms.31–37

Therefore, the proposed 2DZM approach could pave the

way toward an easier and more complete understanding of

ultrasound scattering in soft tissues, ultimately allowing a

faster adoption of more reliable QUS methods for a wide

variety of preclinical and clinical studies.
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APPENDIX: 2D ULTRASONIC BACKSCATTERING
THEORY

This appendix presents the polydisperse SFM for an

ensemble of 2D discs randomly distributed in 2D space with

the goal of modeling ultrasound scattering from a perfectly

thin tissue cross section. The discs represent the scatterers,

which are assumed to be fluid and nonviscous media with an

acoustic impedance z1 in a surrounding background medium

consisting of a (nonviscous) fluid with acoustic impedance

z0. (Note that such a 2D medium could also be thought of as

a 3D medium, having no variation in the third dimension,
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i.e., the scatterers are infinite cylinders. This will be used

below to derive the backscattering cross section of a single

disc.)

For considering the polydispersity in terms of scatterer

size, the scattering from a polydisperse system was approxi-

mated using the local monodisperse approximation. The

local monodisperse approximation assumes that a scatterer

of a certain size is always surrounded by scatterers of the

same size. Under this hypothesis, the polydisperse medium

is approximated by many monodisperse subsystems. The

BSC for a mixture of discs differing only in size is calcu-

lated as the sum of the scatterings from the monodisperse

subsystems weighted by the disc radius PDF p(r), and is

expressed as15

BSC
polyd2D
SFM ðkÞ ¼ m

ð1
0

pðrÞrbðk; rÞS k; r;/ð Þdr; (A1)

where k is the wavenumber and m is the number density

related to the total surface fraction / as m ¼ /=ðp
Ð1

0
pðrÞ

r2drÞ. The backscattering cross section rb of a single disc

was calculated using the fluid infinite cylinder expression in

the 2D case [see Eqs. (12) and (13) in Ref. 39]

rbðk; rÞ ¼
k3A2

s c
2
z

4p2

J1 2kað Þ
ka

� �2

; (A2)

where J1 is the first-order Bessel function of the first kind,

As is the disc area, and cz is the relative impedance differ-

ence between the discs and the fluid surrounding medium

cz ¼ ðz1 � z0Þ=z0. The function Sðk; r;/Þ in Eq. (A1) is the

monodisperse structure factor for an equivalent system, con-

sisting only of discs of radius r with a fixed total surface

fraction /, and obtained from the article by Guo and

Riebel.38
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