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Abstract—Backscatter coefficients (BSCs) have been proposedto derive properties of tissue microstructure. BSCs can be
for decades for tissue characterization. The availability of for- estimated using ultrasound transducers with different focal
mulations based on weakly focusing conditions has resulted in numbers. The use of highly focused transducers offers the

a widespread use of large focal number (f/#) transducers for . - . . .
BSC estimation. The use of highly focused transducers (HFTS) possibility of improving the spatial resolution of BSC-based

offers the possibility of improving the spatial resolution of BSC- imaging by reducing the size of the region of interest (ROI)
based imaging. The model by Chen et al. [1] was developed for required to estimate BSCs.

estimating BSCs using transducers of arbitrary f/#. However, to  |n order to obtain meaningful information from BSCs it is
this date only preliminary experimental validation of this method necessary to compensate for the ultrasound system-dependent

has been performed. The goal of the present study is to analyze . . . . .
for the first time the accuracy of Chen’s method when estimating properties (transducer diffraction pattern, acoustic-electric re-

BSC vs. frequency curves with HFTs through both simulations SPOnse, etc). The availability of methods for estimating BSCs

and experiments. _ _ _ ~ derived from weakly focusing conditions [1], [2] and the
In simulations, BSC estimates were obtained using synthetic extended focal region that results from these conditions has

data produced with FIELD 1I, thereby including frequency-  ragyited in an overwhelming number of studies that used

dependent diffraction effects, from a simulated phantom con- . .
taining 41 um diameter solid spheres. The bandwidths of the weakly focused transducers to characterize hepatic [3], breast

simulated transducers ranged from 6-21 MHz with f/#s between [4] and cardiac [5] tissues, among others. Nevertheless, highly
1.5 and 3. In physical experiments, radio frequency (rf) data were focused transducers (i.e., focal number less than 2) have also

obtai_ned with 15 MHz, f/.1:5 and 10 MHz, f/2 transducer_s froma peen used for BSC estimation typically for high frequency
physical phantom containing glass beads of 41+/-bm diameter. applications [6], [7].

BSC estimates were produced using two methods: Chen’s model h Kk by Ch | id . .
(CM) and Chen'’s approximate model for weakly focusing condi- The work by Chen et al. [1] provides expressions to estimate

tions (CAM). Accuracy was quantified using the mean fractional BSCs using transducers with arbitrary focal number, and
error (MFE) between the estimated and theoretical BSC curves. approximate expressions for the case of a weakly focused
3BOS)\CS were estimated using gate lengths ()between15X and  transducer. Therefore, the use of the models in [1] will allow to
In simulations, the MFE using the CAM ranged from 30.6%- study the differences When esur_ngtmg BSCs with anq WlthQUt
56.7%, 11.8%-32.3%, and 4.8%-9.3% for an f/1.5, f/2, and f/3 assuming weakly focusing conditions from data obtained with
transducers, respectively. The MFEs were reduced to 8.5%- highly focused transducers. Some studies available in the
9.3%, 7%-7.4%, and 3.9%-4.1%, respectively when using the literature suggest that the general model in [1] may be used
CM. In experiments, the MFE using the CAM ranged from o compensate for the transducer diffraction pattern when
22.6%-43.3% and 6%-20.7% with the f/1.5 and f/2 transducers, estimating BSCs [8], [9]. However, a conclusive study on BSC

respectively. The MFEs were reduced to 13.2%-26.7% and 5.9%- - . . ; . .
7.8% respectively when using the CM. These results suggestestlmatlon from properly characterized scattering media using

that significant improvements in the accuracy of BSC estimation highly focused transducers has not yet been conducted.
with highly focused transducers can be achieved by using Chen's The goal of the present study is to analyze for the first

general model instead of weakly focused transducer formulations. time the accuracy of Chen’s method when estimating BSC vs.
frequency curves with highly focused transducers through both
| INTRODUCTION simulations and experiments.

In many tissue characterization applications it is desirable Il. METHODS
to obtain information about the microstructure of the materigl N

. . . \. BSC estimation methods

that is being analyzed. The backscatter coefficient (BSC) is )
an intrinsic property that quantifies the amount of energy thatLet <|S1(k)\ > represent the average spectrum of several
is reflected by a material as a function of the ultrasourrddio frequency (rf) lines gated between depths— Az/2)
wave frequency. Many studies suggest the usefulness of BS@d (F + Az/2) using a rectangular window, wherg is
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the transducer focal length and: is the length of the whereZ = kRsinf, Y = (kR?/r)(1 — rcosf/F) (see
ROI. Backscatter coefficien@(ké are estimated by removing Fig. 1 for definition ofd), andw; (Y, Z) andus (Y, Z) are the

system-dependent effects fro.S; (k)|2> This is partially Lommel function of the first and second order, given by

accomplished by dividing<|51(k;)\2> with a reference spec-

o0 2n+1
trum | S (k)|” obtained from a suitable, well-characterized re- w (Y, Z) = Z(_l)n (Y) Jons1(2),

flector. In addition, the diffraction of the ultrasonic transducer 0 Z
also has to be compensated. 0o v\ 202
Two methods for BSC estimation presented in [1], Chen's  u2(Y,Z) = Z(*l)" (Z) Jont2(Z). 4)
general model (CM) and its approximate version (CAM), n=0
are described in the following sections for simulated and
experimental data. 2) Chen's approximate model (CAM) with a planar refer-

ence: An approximate model to estimate BSCs using weakly
focused transducers was also provided in [1]. For the particular

= case when the ROI is centered arouAdand for weakly
focusing conditions, BSCs can be approximately estimated as
Transducer (Ref [1], EqS (31), (54) and (57))

_ <|Sl(k)|2> YV F?

NI 0h) = A s G, ©

3) CM and CAM with a point reference: In simulations,
BSC estimates were obtained using synthetic data produced
with FIELD Il [10], thereby including frequency-dependent
W diffraction effects. The use of a planar reflector as reference
in FIELDII is not practical and therefore a point reference was
used. The use of a different reference results in modifications
to the equations presented in Sections 1lLA.1 and Il.A.2.
Specifically, the BSCs using the CM can be estimated as

Phantom
———]
A=
e

Fig. 1. Schematic diagram of the geometry.

1) Chen's model (CM) with a planar reference: In exper-
iments, the reference spectrys,(k)|* was obtained from a

planar reflector with pressure reflection coefficiedbcated at 9
depth F'. For this particular reference, BSCs can be estimated ) — <|Sl(k)| > A1 ©)
as (Ref [1], Egs. (31), (34), (52) and (57)) T =g @m2FE &)
<|Sl(k;)\2> 2 1 and using the CAM as
nk) = ~———-L L Do(Gp)H(K) - —. @)
= Tp A g 2
(siwF)y 4
n(k) = @)

S,(K)° 0.46(27)2F2Az
Da(Gr) = |exp(~iGr)o(Gr) + 1G] ~ 112 =0
_ . _ B. Smulated and experimental data
where A is the transducer ared]/ (k) is a function that _ i i
compensates for attenuation effeafs, = (kR?/2F) is the 1) Smulated data: In simulations, BSC estimates were
pressure focusing gain of the transdudgris the transducer OPtaineéd from simulated phantoms containing.4d diameter
radius, and/,,(.) is the m-th order Bessel functioa(k) is a solid spheres. Attenuation effects were not included. The

diffraction correction function given by properties of the simulated transducers are given in Table I.
Pt TABLE |
f(k) = A DS (7”; k)dT', (2) TRANSDUCERS USED TO OBTAIN THE SIMULATED DATA
F—5F
fo f# | Diameter
na? [Z7RR ) 10 MHz | 2 1in
Dy(rik) = 75 ${[w(v,2)2/Y] .

r 7—0 13MHz | 3 0.51n

-3 15MHz | 1.5 | 05in

tlwa(v.2)2/YP) 27

(&)

dz, (3)
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2) Experimental data: In physical experiments, rf data wereCM instead of the CAM, with values below 10% for all three
obtained from an agar physical phantom containing glasenulated cases and more than a fourfold increase in accuracy
beads of 41+/-5um diameter. The attenuation coefficient wasbserved both with the /1.5 and /2 transducersfar= 30).
measured independently using an insertion loss technique iThe improvements in BSC estimation accuracy were much
through transmission. The reference was a Plexiglass planaore evident when highly focused transducers were used, but
reflector (v= 0.37). The properties of the simulated transducthe results with the simulated f/3 transducer suggest that CM

ers are given in Table II. may also provide minor improvements when using weakly

focused transducers compared to methods based on weakly
TABLE II focusing approximations such as the CAM.

TRANSDUCERS USED TO OBTAIN THE EXPERIMENTAL DATA It can also be observed that although the experimental

results support the significant reduction on MFE when using

Experimental Transducers the CM instead of the CAM, the accuracy improvements were
fo f# | Diameter not as large as the ones obtained in simulations. Potential rea-

10 MHz | 2 1in sons for this discrepancy may include errors in modeling the
EMaz] 151 osin transducer geometry, errors in the assumed theoretical BSC,

and noise effects. Regardless, the results support advocating
for the use of CM when estimating BSCs instead of the CAM
for highly focused transducers.

C. Accuracy assessment Figure 2 shows the experimental BSC curves produced with

Accuracy was quantified using the mean fractional errdfe 15 MHz, f/1.5 and 10 MHz, /2 transducers using the

(MFE) between the estimatedk) and theoreticah,, (k) BSC CM and the CAM forAz = 15X and Az = 30A. It can
be observed that all the estimated BSC curves are closer to

curves as
the theoretical ones after using the appropriate correction (i.e.,
N A . the CM), which is consistent with the MFE values reported in
i=1 M Although the choice of largé\ > values allowed to analyze
The theoretical BSC was calculated using the ability of both CM and CAM to correct for depth-
o dependent diffraction effects, the choice of gate lengths as
Nen = ﬁ/ p(a)o(k,a)da, (9) large as 30Xs not consistent with the goal of constructing
Am Jo high resolution quantitative ultrasound images. Therefore, a

whereg is the concentration of scatterers per unit of volumejmilar analysis using shorter ROIs centered at several depths
p(a) is the estimated scatterer size probability distributioalong the transducer focal region should be conducted.
function estimated experimentally from optical microscopy

images, andr(k,a) is the backscattering cross-section of an o .
individual scatterer of radius. The presented results suggest that significant improvements

Both for simulated and experimental data, BSCs were edfi- the accuracy of BSC estimation with highly focused

mated using gate lengthsz between 15)and 30\ Variance transducers can be achieved by using the Chen’s general
effects were reduced by averaging data from 120 and 441Mmpdel instead of weakly focused transducer formulations. This

IV. CONCLUSIONS

lines in simulations and experiments, respectively. conclusion is supported by the MFE results in different mag-
nitudes for all the transducers presented, both for simulations
I1l. RESULTS and experiments.
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TABLE Il

MFE IN SIMULATIONS AND EXPERIMENTS

MFE in Simulations
Transducer | CAM (Az =15)\) | CAM (Az =30\) | CM (Az=15)) | CM (Az = 30})
10 MHz f/2 11.8% 32.3% 7% 7.4%
13 MHz /3 4.8% 9.3% 3.9% 4.1%
15 MHz f/1.5 30.6% 56.3% 8.5% 9.3%
MFE in Experiments
Transducer | CAM (Az =15)\) | CAM (Az =30)) | CM (Az =15)) | CM (Az = 30X)
10 MHz f/2 6% 20.7% 5.8% 7.8%
15 MHz f/1.5 22.6% 43.3% 13.2% 26.7%
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Fig. 2. BSCs estimates with fifteen and thirty wavelengths gated regions and theoretical BSCs (dotted line) for two experimental highly focused transducers
((@) and (c) corresponds to a transducer wigF15MHz, F,=1.5 and 0.5"diameter, (b) and (d) corresponds to a transducer foithOMHz, F,=2 and
1"diameter). The first two estimates (top) were obtained using CAM and the second two (bottom) were obtained using CM.
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