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Abstract

A theoretical model is described for application in ultrasonic tissue characterization using a
calibrated 2-D spectrum analysis method. This model relates 2-D spectra computed from
ultrasonic backscatter signals to intrinsic physical properties of tissue microstructures, e.g., size,
shape, and acoustic impedance. The model is applicable to most clinical diagnostic ultrasound
systems. Two experiments employing two types of tissue architectures, spherical and cylindrical
scatterers, are conducted using ultrasound with center frequencies of 10 and 40 MHz, respectively.
Measurements of a tissue-mimicking phantom with an internal suspension of microscopic glass
beads are used to validate the theoretical model. Results from in vitro muscle fibers are presented
to further elucidate the utility of 2-D spectrum analysis in ultrasonic tissue characterization.
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l. INTRODUCTION

The goal of ultrasonic tissue characterization (UTC) is to improve ultrasonic diagnostic
capabilities by providing quantitative measures of the physical properties of soft tissues.
During the past two decades, a number of investigators have explored clinical ultrasonic
tissue characterization for disease diagnosis using a one-dimensional (1-D) spectrum
analysis method.1~3 Zagzebski et al. constructed quantitative ultrasound images based on the
frequency-dependent backscatter coefficient of tissues to study liver diseases.# Miller and
associates developed the integrated backscatter to study cardiovascular tissue.>~” Insana and
Hall studied the acoustic backscatter of kidney microstructures.8: Donohue et al.
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investigated a generalized spectrum method in breast tumor classification.1® Among these
groups, anisotropy in attenuation and in backscatter was reported for tissues, e.g., skeletal
muscles,! myocardium,’+12 and kidney.8:13

In the early 1980s, Lizzi et al. developed a calibrated (normalized) 1-D spectrum method to
quantitatively characterize tissue in terms of its physical properties.1* This technique utilizes
the radio-frequency (rf) echo signals measured directly at conventional clinical ultrasound
probes. It has proven to be useful in the diagnosis of diseases in various organs, ranging
from eye,15:16 preast,17:18 prostate, 19 kidney and liver,20:21 to plaque?2:23 and lymph nodes.
24 \We have extended this 1-D technique to 2-D using the same clinical data to more fully
characterize tissue microstructures in terms of their physical properties.2> For example, 2-D
spectra are distinctly different for asymmetric microstructures, e.g., muscles, and isotropic
scatterers, all of which can produce similar 1-D spectra.

In 1-D spectrum analysis, ultrasonic rf echo data undergo Fourier transform only with
respect to the range direction. In 2-D spectrum computation, rf data from adjacent scan lines
are treated in a coherent fashion so that both range and cross-range tissue features can be
examined. In an earlier paper, we outlined the ultrasonic tissue characterization method
using 2-D spectrum analysis and demonstrated the feasibility of employing this 2-D
spectrum analysis method with clinical rf data from ocular melanomas.26 In this paper we
present the theoretical model underlying our UTC method using 2-D spectrum analysis. Our
theoretical model is based on wave propagation in a statistically homogenous medium with
randomly distributed local inhomogeneities, which are characterized by a 3-D Gaussian
spectral autocorrelation function (ACF). Our analysis shows that 2-D power spectra are
related to known transducer factors and to tissue physical properties such as size, shape, and
acoustic impedance fluctuation.

Two series of experiments were conducted to validate the theoretical model. We obtained 2-
D spectra relevant to two types of tissue architectures, spherical and cylindrical scatterers.
For studies of isotropic scatterers, we employed a tissue-mimicking phantom with an
internal distribution of glass beads (spherical scatterers); the phantom was scanned with 10
MHz ultrasound. For studies of cylindrical scatterers, we scanned in vitro muscle fibers with
40 MHz ultrasound. These studies were conducted to further elucidate the utility of 2-D
spectrum analysis and to evaluate the ability to detect tissue structural features, such as
anisotropy, that are not apparent in 1-D spectrum analysis.

The rest of the paper is organized as follows. The 2-D spectrum analysis method and
operations are described in Sec. 1. The theoretical model is derived based on wave
propagation in random medium in Sec. I1l. In Sec. IV, two separate experiments are
presented to corroborate the theoretical model.

Il. 2-D SPECTRUM ANALYSIS METHOD

2-D spectrum analyses are performed on the digital rf echo signals as described in our
previous reports.2% These rf data are acquired directly at the transducer of a conventional
medical ultrasound. Figure 1 is a diagram showing the geometry in which the transducer is
linearly scanned in the Y direction to examine tissue structures. For data acquisition, the
sampling rates in both range (points/mm) and cross-range (scan lines/mm) must be set
higher than the Nyquist rates to avoid aliasing for later Fourier analysis. In the range
direction, the Nyquist rate was determined by the band-width of the ultrasound beam. In the
cross-range direction, the Nyquist rate was determined by the beam-width.

Figure 2 is the diagram showing the sequence of operations of 2-D spectrum analysis. The
first step is a digital reconstruction of the B-mode image from the rf echo signals captured
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from each scan plane. The B-mode image serves to identify overall anatomic relationships
and guides region-of-interest (ROI) position. In this study, all ROIs were placed manually.
The ROI specifies the region where the rf signals will be analyzed. To compute 2-D
spectrum of the ROI, the 2-D rf signals inside the ROI are multiplied by a 2-D Hamming
function with window lengths Ly and Ly along the range and cross-range directions,
respectively. A 1-D fast Fourier transform (FFT) with respect to range is applied along each
scan line. To remove the effects of the transducer and system electronic modules, the 1-D
spectrum is divided by a calibration spectrum, which is the spectrum of rf echo signals from
a glass planar reflector in the transducer’s focal region.1* The resulting normalized complex
1-D spectrum is then Fourier transformed along the cross-range direction to obtain a 2-D
spectrum. The spectral magnitude is squared to compute a single realization of the 2-D
power spectrum. The resulting 2-D spectrum, syp(f,.) = sop(K.u), is specified in terms of the
temporal frequency f (MHz) and the cross-range spatial frequency x (cm™1). The spatial
frequency k pertains to the range direction, k=2xf/c, where f is the temporal frequency and c
is the speed of ultrasound propagation in the medium. The spatial frequency u pertains to the
cross-range direction. The “true”2-D power spectrum, Syp(k,u), is estimated as the ensemble
mean, formed by averaging 2-D power spectra of many nonoverlapping segments in the
tissue being examined or different scans of the same region. Power spectra are usually
expressed in decibel units. All subsequent plots of 2-D power spectra in this report are
calculated in dB as S'(f,)=10 log S(k,u).

lIl. THEORETICAL MODEL OF 2-D SPECTRUM ANALYSIS

In ultrasonic tissue characterization, the main challenge is to understand the alternation of
the acoustic properties of the tissue during diseases. In this section, we derive the theoretical
model of the 2-D spectrum analysis for UTC to better interpret the interaction of the
biological tissues and the ultrasound wave. This 2-D model is an extension of the 1-D
spectrum theoretical framework introduced by Lizzi et al. We start the section with the basic
assumptions of the model, followed by the mathematical formulation. We then treat a
specific class of stochastic scatterers characterized by a 3-D Gaussian ACF. Last, we show
simulation results for isotropic and quasi-cylindrical scatterers.

A. Mathematical formulation

The interactions between ultrasonic wave and biological tissues are complex. As the result
of this complexity, scattering from tissues remains an empirical science, but one requiring
the guidance of a realistic theoretical treatment.2” Before describing the details of the
mathematics, we will first review the basic assumptions underlying the theoretical model.

The initial assumptions of the model are

» Assumption 1: The scatterers in the examined tissue are stochastic weak scatterers
(Born approximation). This assumption holds for most soft tissues.

* Assumption 2: The tissue acoustic impedance fluctuations can be modeled as
statistically homogenous within the ROI. The stochastic tissue microstructures are
specified in terms of an ACF that quantifies the spatial disposition of acoustic
impedance within the ROI.

» Assumption 3: The ROIs are located within the focal region of the transducer and
the beam does not exhibit significant variations in pressure amplitude over the axial
length of the ROI. Under this condition, the beam can be treated as a quasi-plane
wave.

» Assumption 4: The time duration of the gate is much longer than the echo from a
single scatterer.
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Two additional assumptions are made for further simplification. They are not essential and
can be removed by making corrections to the model.

» Assumption 5: The transducers are single-element, moderately focused devices.
These are very commonly used in medical ultrasound imaging. But the analysis is
not limited to single-element transducers and can be extended to most clinical array
transducers.

» Assumption 6: Attenuation within the tissue is negligible for this report. If the
intervening attenuation is present, it can be compensated through the effective
intensity attenuation coefficient.14 The attenuation estimations can convey a great
deal of information concerning the tissue microstructure and have been studied by a
number of laboratories.28:29

The theoretical model of 2-D spectrum analysis builds upon the theoretical framework for 1-
D spectra.1* Under those assumptions, tissue scattering is related to acoustic impedance
fluctuations. The acoustic impedance (Z) is defined as the product of sound speed (c) and
density (p) in a medium. The calibrated 1-D power spectrum of the ROI analysis is the 1-D
tissue spectra divided by the calibration spectrum, which is the spectrum of rf echo signals
from a glass planar reflector in the transducer’s focal plane. It is the Fourier transform of the
product of the rf signal and a gating function,

s ®=[ [ [g1()T(x,y, 2)D*(y, 2)e ¥ dx dy dz, )

where the transducer is located at the origin of the Cartesian coordinate system; g,(x) is the
gating function along the beam propagation, or range, direction; T(x, y, z) is the fractional
variation of acoustic impedance of tissue in space; and D(y, z) is the beam directivity
function, given by the transducer geometry and frequency. All integrals in this report are
from —oo to oo,

The 2-D spectral analysis extends this result by considering the case in which the transducer
is scanned along the Y axis, which is orthogonal to the X axis, as shown in Fig. 1. From Eqg.
(1), the 1-D spectrum along a scan line centered at y; is

s y)=[ [ [T (x,y, DD*(y = yi, 2)e 2 dx dy dz, @)

where y; denotes the transducer location along the Y direction.

A 2-D spectrum is obtained by multiplying the complex 1-D spectrum from adjacent scan
lines with a gating function g,(y;) that encompasses a number of scan lines along the Y
direction. The product is then Fourier transformed with respect to y;,

Szp(knu):fsu)(ka yr)e_j#ylgz()’t) dyr, 3)

where 4 is the spatial frequency (cm™1) along the Y direction. The complex 2-D spectrum is
obtained by combining Egs. (2) and (3),

sl = [ [ [T(x,y,9D*(y =y, D1(X)g2() X dy dze eI dx dy,. @)

The 2-D power spectrum is computed as
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Spower (ks I't) :Szl) (k7 ﬂ) S:D (kv ll) B (5)

*

where s7 (k, ) is the complex conjugate of spp(K,u).

Substituting Eq. (4) into Eg. (5), one obtains the following equation,

spowerer) = [[[f ( [IITCr T D2 = 39D =5y dzay’

X[ g1(x)g2(y)g1 (x')gz(y,’)J

’ /
—J2KX = jpty1 o2k ity ")
xe /e M elSE el dx dy, dx dy,. ®)

Equation (6) is a general expression for the 2-D power spectrum of ultrasound echo signals.
To simplify the analysis of the conjugate functions, we make the assumptions regarding the
ultrasound beam, the impedance distribution, etc.

Since the scatterers in soft tissues that this model intends to characterize are randomly
distributed, a meaningful descriptor must be statistical by nature and involves an averaging
over a statistical ensemble. The “true” power spectrum, Sop, is estimated as the ensemble
mean, formed by averaging 2-D power spectra of many nonoverlapping segments in the
tissue being examined, or alternatively over different scans of the same tissue region,

Szp(kv ,Ll): <Spower(k’ ﬂ)> > (7)

where () indicates ensemble average. We apply this operation to Eq. (6) and note that both
the beam directivity function and the gating function are deterministic. The tissue function
T(x, V, 2) is the only random variable. Thus, from Eq. (6), the corresponding ensemble-
averaged 2-D power spectrum is

Sw = [[IIUS[Sf (T(x,y,zﬁ(x’,y’,z’))xDz<y—y,,z>Dz(y’—yfz’)dydzdy’dz’J

. . Iy , . ,
X[ 2()8(y)g(x )g(y, e 2kt gi2kr iy

Xdx dy; dx’ dy,,. (8)

We now treat the specific case in which T(x, y, z) exhibits wide-sense stationarity. Under the
wide-sense stationarity condition, the mean value of a process is independent of the absolute
position and is only a function of the relative position. To express this mathematically,

’ 7 7
<T(x,y, AT(x,y .z )> =R, (Ax, Ay, A7), 00
a

’ ’ ’ ’
Ax=x —x, Ay=sy -y, Az=z -z, Aé=y -y, (9b)

where AX, Ay, Az, and A¢ are the lags along X, Y, Z, and y; coordinates, respectively, and Rt
is the ACF of T(x, y, z). Equation (8) can be rewritten as
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Soo=[[ [ [TR,(Ax, Ay, A2)R, (AL, AD)IR (Ax, Ay) X e/KA+ibY =B GAx dAy dAz AAE, (10)

’ ’
where§ =Y~V &1 =y =y AL=Ay - (y, _yf) , and Rp is a spatial ACF describing the
two-way directivity function of the beam,

R,(A&, A2)= [ [D?(&,2)D*(E+AE, 2+ A)dEdz, (11)

and Rg is a spatial ACF of the 2-D gating function, i.e.,

R, (Ax, Ay)= [ [21(0)g1(x+Ax)g2(y)g2(y+Ay) dx dy. (12)

Equation (10) is the general equation of the calibrated 2-D power spectrum for tissues
exhibiting wide-sense stationarity. It demonstrates that 2-D power spectra of rf signals are
basically determined by three ACFs: the ACF of the 2-D gating function, the ACF of the
ultrasonic two-way beam directivity function, and, the ACF of the tissue acoustic impedance
function. The second degree of freedom in the frequency domain allows the better
exposition of spatial anisotropy and orientation of three-dimensional tissue scatterers than
the previous 1-D spectrum method.

B. 3-D Gaussian tissue model and 2-D power spectra

The back-scattering power spectrum given in Eq. (10) assumes wide-sense stationarity for
tissue scatterers, but not any particular forms for the constituent ACFs. In this section, we
will derive analytic results for 2-D power spectra using specific functions for each ACF.

A Gaussian autocorrelation function represents a useful approximation for stochastic, but
continuous, variations in space of the tissue acoustic impedance function.3? The Gaussian
ACF is widely employed and has been found to agree with 1-D spectral shapes observed in
various clinical examinations.3! For broadband data such as in kidney, a single Gaussian
model might not fit the data well and a sum of Gaussian functions or a narrower band
analysis might be required.31:32

We generalize the 1-D Gaussian scattering model to a full three-dimensional Gaussian
function of separate characteristic lengths with the aim of taking into account the spatial
anisotropy of the average scatterers,

-]

where C specifies the effective volumetric scatterer concentration; Q specifies the relative
acoustic impedance difference between the scatterers (with acoustic impedance Z) and the
surrounding medium (with average acoustic impedance Zg); Vs specifies the volume of an
average scatterer; and, a, 5, and y represent effective sizes along the X, Y, and Z directions,
respectively.

RE(Ax, Ay, A7)=CV;0” X exp

)

(13)

In general, this function represents continuous, random spatial distributions of acoustic
impedance fluctuation with correlation lengths of , 8, and y in the X, Y, and Z directions,
respectively. It is often useful to interpret the ACF in terms of a random spatial distribution
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of discrete scatterers with effective dimensions of a, 8, and y in the three orthogonal
directions. Q is a spatially dependent function that is only being sampled along x and that, if
the sample were rotated (90 deg in many media), this analysis would provide a different 2-D
spectrum in anisotropic media. The acoustic beam interacts primarily with the axial
component of the impedance fluctuations, and to a much lesser extent with the lateral or
longitudinal components.

The treatment of the beam directivity ACF is greatly simplified by the fact that the
transducers commonly used in clinical ultrasound are moderately focused. In the focal zone

of such transducers, the beam ACF can be closely approximated as a 2-D Gaussian function;
14

0.36k%a> W\,
RD(Afa AZ):WeXpl—O.Zz(E) (AE°+AZ)

)

(14)

where a is the aperture radius and R is the focal length of the transducer. The —3 dB beam-
width is approximately equal to nR/ak.

The gating functions used along the X and Y directions are Hamming window functions. The
Hamming window gating functions reduce the spectral side lobes of a windowed Fourier
transform. Hamming window lengths Ly and Ly are the axial length and cross-range length
of the Hamming window, respectively.

Typically Ly and Ly are selected to be much larger than the corresponding correlation
lengths of the tissue microstructure, o and . Following the earlier treatment for 1-D
spectrum analysis, the Hamming ACFs along the X and Y directions can be approximated as
Rg1(0) and Rg2(0).2* These functions equal 0.4Ly and 0.4Ly, respectively, so that the 2-D
Hamming window ACF is approximated as 0.16LyxLy.

Substituting the ACFs into the integral expression of (Eq. 8), the 2-D power spectrum for
small scatterers with 3-D Gaussian ACF can be evaluated. The closed form solution is
expressed as
0.384L,L,CVQ*k*(aBy)(a/R)
(140221 (ka/Ryy 1)

, 15 1 (uR\?
xexp|‘(k“> 308~ osslia) |

(15)

Equation (15) is a closed form solution that relates 2-D spectra to scatterer features
including their effective sizes (a,5,y), concentration (C), relative acoustic impedance (Q),
and beam features (e.g., the —3 dB beam-width nR/ak). It shows that the 2-D power spectra
are linearly proportional to the FFT window lengths Ly, Ly and CQ?Z.

The gate lengths (Lx,Ly), scatterer concentration (C), and fractional difference of acoustic
impedance (Q) affect the overall spectral magnitude of S'(k,u), but do not affect the spectral
shapes. Therefore, for convenience, Ly, Ly, and CQ? are all set to unity in the following
plots. They can be applied to specific spectral results (in dB) by adding the term 10 log

(LxLyCQ?).

The 1-D power spectrum is obtained by integrating the 2-D power spectrum over u. The
result is

Med Phys. Author manuscript; available in PMC 2010 July 26.
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0.26L, CV,Q**(aBy)(a/R)*

Swk)= N2 Y
{1+O.22[(ka/R),8] } {1+O.22[(ka/R)y] }

7 X exp [—(koz)zl .
(16)

This expression is consistent with previous 1-D results.33

C. lllustrations of the theoretical 2-D power spectra

The theoretical 2-D power spectrum result is now applied to specific illustrative cases. In
discussing these results, a very high frequency transducer, referred to as a VHFU transducer,
was used. The transducer is representative of those used in high-resolution examinations of
the eye. It has a nominal center frequency of 40 MHz with —15 dB bandwidth from 10 to 60
MHz. The focal length is 15 mm and the aperture radius is 3 mm. The wavelength and —3
dB beam-width at 40 MHz are computed to be 37.5 and 75 um, respectively.

Figure 3(a) shows the theoretical 2-D power spectra of isotropic spherical scatterers with 10
um correlation length (a=g=y=10 um). The horizontal axis for the 2-D power spectrum is the
spatial frequency k, which is proportional to the temporal frequency f (k=2xf/c). The
temporal frequency varies from 10 to 60 MHz; for a typical value of ¢ (1500 m/s), this
corresponds to a spatial frequency k ranging from 40 to 250 mm™1. The vertical axis is the
spatial frequency x, which varies from —250 to 250 mm™1. The color indicates the intensity
of the spectral power, which varies from —15 dB (colored red) to —75 dB (colored blue).

Figure 3(b) shows 2-D power spectra of the cylindrical scatterers with 10 um diameter
(a=$=10 um) and 100 zm length (y =100 um). The cylinders are aligned perpendicularly to
the incident beam and their centers are randomly positioned. The transducer aperture radius
and focal length are 3 and 15 mm, respectively. The maximum spectral amplitudes is —2.2
dB. The angular spreads for cylindrical scatterers are much smaller than those of the
isotropic scatterers, shown in Fig. 3.

The triangular spread of the 2-D spectrum of typical isotropic scatterers that are much
smaller than the beam-width is primarily associated with the beam characteristics. This
shape can be understood by noting that the —3 dB beam-width is approximately equal to <R/
ak(=Rc/af), which is inversely proportional to temporal frequency. The beam is relatively
wide for low temporal frequencies and narrow for high temporal frequencies, so that its
spectrum in the spatial-frequency domain is narrow for low frequencies and becomes
progressively wider for higher frequencies. Mathematically, this is due to the exp [(—1/0.88)
(«R/ka)] dependence of S(k,u), seen in (Eq. 15). A theory for the elastic scattering response
from a cylinder insonified by a plane wave was previously derived by Faran.34 Faran’s
theory is not directly applicable to the biological tissues, for which the quasi-cylindrical
scatterers in biological tissue are nonuniform and the incident beam is not planar. Our
theoretical model indicates that for long cylindrical scatterers, y > zR/ak, 2-D power
spectrum is proportional to 2 and a*. Wear et al. have also reported that, for cylindrical
scatterers, the association of Faran’s predictions with the measured backscatter coefficient is
not as clear as in the case of spherical scatterers.3>

IV. EXPERIMENTAL RESULTS

Two series of experiments were conducted to validate the theoretical model. A benchmark
study was carried out using a tissue-mimicking phantom with suspended microscopic glass
beads to simulate isotropic scatterers. In vitro beef muscle study was conducted to
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investigate the utility of the 2-D spectrum analysis in characterizing biological tissues with
cylindrical microstructures.

A. Phantom experiments

For the phantom study, 2-D rf data were acquired by the standard linear transducer scanning
(B-mode procedure). The tissue-mimicking phantom (ATS Laboratories, Bridgeport, CT) is
a rectangular rubber block with dimensions 5x5x8 cm?3. Its basic material, TE rubber, has an
attenuation coefficient of 0.5 dB/MHz-cm and speed of sound of 1450 m/ s. Glass beads are
randomly distributed inside the rubber to serve as isotropic scatterers. The mean diameter of
the scatterers is 10.2+2.3 zm. The nominal concentration of the scatterers is 12.8x107
particles/cm?.

The ultrasound transducer (Panametrics, Waltham, MA) used in this experiment is a single-
element, moderately focused, and broadband unit with a nominal center frequency of 10
MHz. It has a 10 mm aperture and 50 mm focal length. The data acquisition parameters are
shown in Table I.

Figure 4 is the B-mode image of the tissue-mimicking phantom with the ROl demarcated.
The attenuation is neglected, because the ROI is placed right below the surface and its size
along the range direction is small (0.28 cm). Figure 5 shows the 2-D spectrum of the ROI.
The horizontal axis is the temporal frequency, which varies from 5 to 15 MHz. The vertical
axis is the cross-range spatial frequency, varying from —25 to 25 mm~1. The color of the
spectrum indicates the intensity of spectral power ranging from 2 dB (in red) to —38 dB (in
blue), as shown in the colorbar.

Since the scatterers are spatially distributed in a random manner, the single 2-D spectrum
exhibits stochastic fluctuations similar to the random speckle pattern in B-mode images.
Averaging 2-D power spectra from uncorrelated regions produce a more reliable
representation of the 2-D spectrum. Ten ROIs from ten independent scan planes located in
the same distance from the phantom surface were analyzed with the procedure described in
Sec. Il.

Figure 6 is the averaged 2-D power spectrum obtained from ten independent ROIs. Figure 7
is the theoretical 2-D power spectrum of 10 um spherical scatterers scanned with a 10 MHz
transducer computed from Eq. (15). For this study, only the frequency dependence of the
theoretical model and the experiment result were compared. The theoretical prediction of the
spectral magnitude was not evaluated. It is interesting to note that both experimental and
theoretical results show a triangular spectral power distribution defined by the beam transfer
function, as expected for collections of scatterers that are much smaller than the beam-width
and the constituent ultrasonic wavelengths. As discussed in the theory section, the beam
transfer function is the Fourier transform of the beam’s two-way directivity function and is
inversely proportional to beamwidth, so that its 3 dB width increases with temporal
frequency f. The theoretical one is predictably smoother and less noisy. The close but less
than perfect agreement between the experimental spectra data and that of the theoretical
model is encouraging. The deviations may be caused by the various sources. One possible
source is sizes of the glass beads (10.2+£2.3 um). The larger glass beads with diameter near
12.5 um generate larger backscatter than small beads and could disproportionately cause the
2-D power spectra to be much narrower than expected. The main source may come from the
assumption of the Gaussian beam ACF for the single element transducer.

B. In Vitro beef muscle study

In this section, a 2-D spectrum technique is applied to analyze the nonisotropic scatterers of
in vitro beef skeletal muscle fibers. Beef muscle was chosen because it consists of elongated
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and unbranched fiber cells that resemble cylindrical scatterers. The radius of the fiber cells is
typically between 10 and 100 xm.

This experiment was carried out using a focused PVDF transducer (Panametrics, Waltham,
MA) with a center frequency of approximately 40 MHz, a 6 mm aperture, and a 12 mm
focal length. The 3 dB beam width is 60 zm at 40 MHz. The wavelength of ultrasound at 40
MHz frequency is 38.5 um. This corresponds to a pulse length near 70 um. The scan
parameters are shown in Table II.

Figure 8(a) shows the B-mode image, which had dimensions of 3 mm along the beam
propagation direction and 5 mm along the scan direction. Figure 8(b) is the photomicrograph
of the beef skeletal muscle. The specimen was fixed in 10% neutral buffered formalin,
dehydrated, embedded in paraffin, sectioned at 5 um, and mounted on a glass slide for
microscopic evaluation. The scale bar represents 200 um. The micrograph demonstrated the
characteristic histological features of skeletal muscles. Skeletal muscles are elongated,
unbranched cylindrical cells with numerous flattened nuclei located at fairly regular
intervals just beneath the sarcolemma.

The ROI was placed within a muscle bundle region for the 2-D analysis. The ROI segment
had dimensions of 0.75 mm along the range direction (containing sample points 500 to
1000) and 1.1 mm along the scan direction (containing scan lines 110 to 22). For 2-D
spectrum computation, the intervening attenuation is negligible due to the shallow depth and
small size of the ROI.

Figure 9 shows the 2-D power spectra obtained for the ROI in Fig. 8(a). The largest spectral
magnitudes occurred between 20 and 30 MHz. The narrow spread of the spectral power in
the cross-range frequency direction is consistent with the presence of the cylindrical
scatterers inside the beef muscle bundle as discussed in the theory section. For this study,
only the frequency dependencies of backscatter were considered. The theoretical prediction
of the absolute magnitude was not evaluated due to lack of knowledge of the beef muscle
acoustic impedance. The acoustic scattering of the biological tissues is complex. The
backscattered echo is a superpaosition of signals from many small structures within the
volume of ensonified tissue. It is suggested that the muscle fibers are the main source of
scattering.9:36.

V. DISCUSSION

We have derived a theoretical model that relates features of 2-D spectra to stochastic tissue
microstructures. In addition we showed the explicit form of a calibrated 2-D spectrum with a
general three-dimensional tissue acoustic impedance fluctuation model. In particular we
addressed the relationship between the scattering and tissue morphology, and the issue of
what features of tissue are responsible for ultrasound scattering.

Our theoretical model demonstrates how 2-D power spectra are related to the ultrasonic
beam, the transducer, and the tissue physical properties. The ultrasound beam factors are the
center frequency and bandwidth. The transducer factors are the diameter and focal length.
The tissue physical properties are the effective size, shape, concentration, and acoustic
impedance fluctuation of the tissue microstructures. These results are illustrated in the
limiting cases of isotropic and quasi-cylindrical scatterers. The 2-D spectral results are also
integrated over the cross-range spatial frequency to check for consistency with previously
reported 1-D spectrum results.

The following general observations can be made based on our theoretical investigation,
shown in Eq. (15). The concentration and acoustic impedance difference of the scatterers
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affect the overall spectral magnitude (expressed in dB), but not the spectral shape. The
spectral power distributions along temporal frequency (f) are mostly dependent on the size
of the scatterers along the range (X) direction. The spectral distributions along the cross-
range spatial frequency (u) axis are mostly determined by f, the scatterer size along the scan
(Y) direction. For normal incidence, the shape of the 2-D power spectra is relatively
insensitive to y, the scatterer size along Z axis (perpendicular to the scan plane).26

In our tissue-mimicking phantom experiments, the theoretical model of the 2-D spectrum
analysis has been validated with the backscattering from the sub-wavelength diameter glass
beads. The high degree of symmetry of the glass beads makes it an ideal benchmarking case.
The effect of the beam transfer function on the spatial frequency dependence of the 2-D
spectrum is clearly seen in the experimental spectra. The phantom study also demonstrated
that the 2-D spectra are sensitive to scatterers that are much smaller than the wavelength of
the ultrasound beam. The in vitro beef muscle study further illustrated the utility of the 2-D
spectrum analysis in characterizing biological tissue with quasi-cylindrical microstructures.
The triangular spread of the 2-D spectrum is much smaller than that of isotropic scatterers.
This phenomenon is entirely missing in 1-D spectrum analysis. The beef muscle study
demonstrated the advantages of 2-D spectrum analysis over the 1-D method.

In this study, we employed a glass plate reflector as the calibration target to normalize the 2-
D power spectra. It extracted the temporal frequency transfer function of ultrasound system.
A wide range of calibration techniques have been reported for 1-D spectrum analysis. Planar
surfaces such as acrylic, stainless steel, or immiscible liquid interface were used.3” A
reference phantom technigque was developed for the depth and frequency correction.38
Future work is needed to explore other calibration techniques that will allow compensation
not only for the temporal frequency but also for the cross-range component. The cross-range
calibration involves the “beam transfer function,” which is the Fourier transfer of the beam’s
two-way directivity function.

Conventional ultrasound imaging provides anatomical information. UTC is intended to
define quantitatively the physiological status of biological tissues. The overall hypothesis is
that pathologic changes alter the physical properties in a fashion that can be indexed by 2-D
spectral parameters. The 2-D theoretical model could be utilized to assess the optimal
parameters to be used in this technique.

We have implemented this 2-D UTC technique in clinical applications. We have
demonstrated the feasibility of employing 2-D spectrum technique to clinical rf data from
human intraocular melanomas?® and prostate gland.3° Further studies are underway to
evaluate the accuracy and precision of the 2-D spectral parameters in characterizing tissue
microstructures.

VI. CONCLUSION

We have expanded Lizzi’s 1-D spectrum theoretical framework to a 2-D spectrum
theoretical model. Two-dimensional spectra of backscatter ultrasonic signals from tissue
measures lateral (cross-range) microstructure dimensions that are not directly sensed by 1-D
spectra. 2-D spectra are sensitive to the structural features of biological tissues. Since these
are the features that pathologists often use for disease diagnoses, 2-D spectra can potentially
be a diagnostic tool. It can provide important information about the physiological condition
of tissue. This is an important step forward in the noninvasive ultrasonic tissue
characterization for disease diagnosis.
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Fig. 1.
Diagram showing a transducer scanning a specimen.
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Fig. 2.
Diagram showing 2-D spectrum analysis procedure.
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Fig. 3.
2-D power spectrum (a) Spherical scatterers a==y=10 um. (b) Cylindrical scatterers
0=p=10 um, y=100 xm.
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Fig. 4.
B-mode image of scan plane 1 of the tissue mimicking phantom. Image size is 3.08 cm

along the horizontal direction (range) and 2.56 cm along the vertical direction (cross-range).
The ROI size is 0.78 cm (range) by 2.2 cm (cross-range).
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Fig. 5.
2-D power spectrum of the ROI of the tissue-mimicking phantom.
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Fig. 6.
2-D power spectrum over 10 ROIs of the tissue-mimicking phantom.
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Fig. 7.
Theoretical 2-D power spectrum for isotropic scatterers with 10 um diameter.
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Fig. 8.

(a) B-mode image of beef muscle fibers. Image size is 3 mm along the range direction and 5
mm along the cross-range direction. The ROI is 0.75 mm (range) by 1.1 mm (cross-range).
(b) Photomicrograph of beef skeletal muscle bundles.
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Fig. 9.
2-D power spectra of the muscle fiber.
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Table |

Data acquisition parameters for the phantom measurements.

Sampling rate 50 MHz
Bit depth 8 bit/sample
Sampling points 1 Kbyte/line
Scan lines 256 lines/scan
Scan line separation 100 um
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Table Il

Transducer and data acquisition parameters for the beef muscle measurements.

Sampling rate 500 MHz
Bit depth 8 bit/sample
Sampling points 2024/line
Scan lines 512/scan
Scan line separation 10 um
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