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Abstract: The development of practical ultrasonic (US) tissue displacement measurement 

methods increases the number of available and useful applications of displacement/strain mea-

surements that can be made (eg, various blood flow measurements and measurements of tissue 

motion in organs such as the heart, liver, and so forth). Previously developed lateral modulation 

(LM) methods with a multidimensional autocorrelation method (MAM) or multidimensional 

Doppler method (MDM) and a steering angle method (ASTA) with lateral Doppler method pro-

duced accurate displacement vector and lateral displacement measurements, respectively. Such 

measurements cannot be obtained using only a conventional Doppler technique. Another new 

method has also been reported, using multiple crossed beams (MCBs) to obtain high-accuracy 

displacement vector measurements; that is, a displacement vector is synthesized using accu-

rately measured axial displacements with previously developed multidimensional displacement 

measurement methods, including the one-dimensional autocorrelation method (1D AM) with 

a multidimensional moving average (MA), together with conventional rotation processing of 

global echo data or a coordinate system (ie, a global echo rotation referred to as r method) by 

the negative value of the steering angles used in beamforming. However, in real-world applica-

tions, directivities of transmission and reception apertures, scattering, reflection, and attenua-

tion affect the direction and properties of US beams used for conventional axial displacement 

measurements employing beamforming methods such as a conventional nonsteered, steered, or 

secta beam, and they also affect ASTA and MCB methods. In this report, to improve accuracy 

in the measurements of an arbitrary directional displacement and a displacement vector using 

any beamforming methods, a spatial resolution in a beam angle (BA) is generated. For instance, 

for a two-dimensional (2D) Cartesian coordinate system, this is obtained by calculating the 

arctangent of the ratio of the axial and lateral instantaneous frequencies or the first moments 

of local spectra. On the basis of the 1D AM with a multidimensional MA, the local displace-

ment in the beam direction is accurately measured by dividing the local instantaneous phase 

change by the instantaneous frequency calculated in the beam direction, and an arbitrary direc-

tional displacement can be measured (axial, lateral, radial, and so forth), which is done with or 

without a rotation of local echo data. These are respectively referred to as BA and BAr (BA + 

local rotation) methods or, specifically, as the 1D AMBA (1D AM + BA) and the 1D AMBAr 

(1D AM + BAr). Also, it is theoretically shown that the 1D AM with MCB but no echo rota-

tion (ie, 1D AMBA with MCB) is equivalent to the most accurate MAM with LM, and that the 

1D AMBA with ASTA can also provide a lateral Doppler measurement. Through agar phantom 

experiments, in addition to steered spherical focusing beams for both transmission and recep-

tion, measurement accuracies with all of the new methods are also evaluated for rapid scanning 

beamforming such as using one or plural, steered or nonsteered plane wave transmissions, and 

steered or nonsteered spherical focusing beam receptions. For comparisons with the 1D AMBA 

and the 1D AMBAr, the spectra frequency division method (SFDM) used in the MAM is also used 
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instead of the 1D AM. All for the measurements of an axial displacement with axial compression and nonsteering, a lateral  displacement 

with lateral compression and ASTA and a 2D displacement vector with lateral compression and MCBs, BA methods based on the 1D 

AM and SFDM approaches achieve more accurate measurements with significantly fewer calculations than the corresponding BAr or r 

methods (ie, real time). BA methods do not yield dead region data in a region of interest and they do not yield any measurement errors 

because of an approximate interpolation of echo data or of measured motion/deformation data. However, the measurement accuracies 

of one-directional displacements are significantly lower than those of displacement vectors, because of the practical three-dimensional 

deformation or motion (eg, about a half standard deviation of the lateral displacement measurement). In terms of required processing, the 

MAM or the MDM with LM is better than methods with MCB (ie, real time). The proper combination of the SFDM with LM or ASTA 

will yield more accurate measurements in a trade-off with increasing the number of calculations.

Keywords: beam direction, beam angle (BA), axial displacement, lateral displacement, displacement vector, lateral modulation (LM), 

a steering angle (ASTA), multiple crossed beams (MCBs), multidimensional or one-dimensional autocorrelation method (MAM or 

1DAM), multidirectional moving-average (MA), spectra frequency division method (SFDM)

Introduction
Various ultrasonic (US) displacement/velocity measurement 

methods have been extensively developed for measurements 

of blood flow (eg, the continuous wave Doppler method 

[DM],1 the pulse wave DM,2 the autocorrelation method 

[AM],3 the cross-correlation method [CCM]4), and tissue 

strain (eg, DM, AM,5 and CCM6). Methods have also been 

developed for the analysis of sonar data and for other target 

motions. For approximately the past 60 years, tissue axial 

displacement/velocity/strain has been measured using such 

methods (ie, they are one-dimensional [1D] measurement 

methods), whereas other developments have permitted 

measurements of multidimensional displacement/velocity 

vectors and of strain/strain-rate tensors for blood flow7 (in the 

heart and other organs) and tissue motion (in the liver, and 

so forth)8 (ie, the multidimensional CCM [MCCM]).

Sumi et al9–19 have also developed other displacement 

measurement methods. For instance, the multidimensional 

cross-spectrum phase gradient method (MCSPGM),9,10 the 

multidimensional autocorrelation method (MAM),11–13 and the 

multidimensional DM (MDM)11–13 were developed for dis-

placement vector measurements – specifically, for simultane-

ous axial, lateral, and elevation displacement measurements. 

Such methods will be applied to measurements of blood flow 

and motion/deformation of the heart, blood vessels, liver, skin, 

muscle, and so forth under normal spontaneous motion or 

under artificial motion (static compression/stretch, vibration, 

acoustic radiation force, and so forth).20,21 The displacement/

velocity vectors and strain/strain-rate tensors are measured 

simultaneously and can also be used for estimating mechanical 

properties of such tissues,21 such as shear moduli.

For displacement vector measurements, the lateral modu-

lation (LM) methods of Sumi et al11–19 are effective. The LM 

methods can be used only through the use of superposed 

steered, crossed beams.12–19 Specifically, this is the use of super-

posed multiple steered beams with different steering angles 

obtained using the multiple transmission method (MTM),20,22 

or synthesized from a set of received echo data using the 

multidirectional synthetic aperture method (MDSAM)20,22 

(see appendix A in Sumi et al23). For LM methods, simultane-

ous or successive transmissions/receptions of a US signal can 

be used. Multiple transducers can also be used. LM permits 

echo imaging with almost the same lateral resolution as the 

axial resolution.15,16 For displacement vector measurements, 

another LM is also performed using the Fraunhofer approxima-

tion, as reported by other groups.24–27 Their common approach 

uses an apodization function that displays several continuous 

peaks. Moreover, this approach performs analogue LM pro-

cessing twice to obtain multidimensional analytic signals. In 

contrast, the digital LM approach developed by Sumi et al13 

produces analytic signals with less processing.

Alternatively, a displacement vector can also be measured 

by synthesizing axial displacements measured with the high-

est accuracy possible with regard to the respective beams by 

using multidimensional displacement measurement meth-

ods, including the 1D AM with a multidimensional moving 

average (MA)13,22 with the MTM or the MDSAM. Thus, this 

approach also uses new multiple crossed beams (MCBs) with 

nonsuperimposed or separated beams.13,17,18,20 However, LM 

measurement/imaging can be performed by superimposing 

the crossed beams. Although 1D measurement methods 

can also be used for LM,17–19,24–27 the MTM,28,29 and the 

MDSAM30 in place of the multidimensional measurement 

methods, decorrelation of local echo signals occurs because 

of target displacement in a direction orthogonal to the beams. 

Although a new demodulation method17–19 was developed for 

LM that uses only digital signal processing, and is different 

from other demodulation methods,25,27 the use of 1D measure-

ment methods, even with the multidimensional MA11–13,22 and 

the multidimensional phase matching,9,10,13 results in a lower 

measurement accuracy than the corresponding multidimen-

sional measurement methods.9,10,13,31,32
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Recently, Sumi et al17,18 described a steering angle method 

(ASTA), which is a simpler beamforming method than LM, the 

MTM, and the MDSAM. ASTA17,18 uses only a defined steer-

ing angle. All the beamforming methods, including ASTA, can 

be performed on an arbitrary orthogonal  coordinate system. 

However, ASTA has several advantages over LM, the MTM, 

and the MDSAM,17,18 and fewer calculations are required to 

complete beamforming than with LM, the MTM, and the 

MDSAM (see Sumi18 and appendix A in Sumi et al23).

However, with ASTA, the number of methods available 

to obtain a displacement vector measurement is limited to 

the spectra frequency division method (SFDM)23,33 or block-

matching methods17,18 such as the MCSPGM, the MCCM, 

and the MAM and the MDM using a block-matching method 

(referred to as MAMb17,18 and MDMb,17,18 respectively). The 

respective simulations described in Sumi18 and Sumi et al23 

confirmed that, for ASTA with 45°, the MCSPGM and the 

SFDM failed to yield a higher measurement accuracy than 

with LM (ie, 100 and 10 times larger SDs, respectively). Basi-

cally, for the SFDM with ASTA, the steered beam should be 

aimed in the direction of the target motion, which increases 

measurement accuracy in the displacement magnitude mea-

surements, as does the use of 1D displacement measurement 

methods with ASTA; however, this decreases the accuracy 

of the displacement angle.23 It was also confirmed that echo 

or coordinate rotation (eg, with no steering) increases the 

measurement accuracy of the displacement vectors.23 With 

the SFDM, plural multidimensional (two-dimensional [2D] 

or three-dimensional [3D]) analytic signals are generated 

by dividing a single-quadrant or single-octant spectra in the 

corresponding frequency domain to enable the use of the 

MAM and the MDM, which use multidimensional MAs. 

With the SFDM and a version of ASTA with nonsteered 

beamforming (ie, the first version of the MAM or the MDM 

without LM or beam steering11–13,23,31,33), the use of later-

ally, symmetrically divided spectra permits a more accurate 

measurement than the 1D AM or the 1D DM with a mul-

tidimensional MA.31 By using a proper apodization, it was 

possible to gain almost the same accuracy as with LM23,33 

(see discussions and conclusions section).

Alternatively, because only a single-quadrant or single-

octant spectra is obtained using ASTA, assuming there is 

no displacement in the axial direction, lateral displacement 

measurements17,18 can be made using the MAM11–13 and 

the MDM11–13 with a multidimensional MA. In addition 

to the application of multidimensional methods, simpler 

lateral displacement measurement methods have also been 

developed; for instance, the mirror-setting method,17,18 the 

lateral Doppler techniques (lateral AM or DM, which divide 

a multidimensional MA instantaneous phase change by a 

multidimensional MA lateral frequency),17,18,23 and others. For 

the two lateral measurement methods, the lateral coordinate 

axis must be set in the direction of the target lateral motion by 

rotating the coordinate system analytically or approximately 

(interpolation) during beamforming, or after beamforming 

in a spatial or frequency domain.17,18,23 These methods are 

expected to be useful for measuring blood flow in vessels 

running parallel to the body surface (eg, in the carotid 

artery). Thus, ASTA will permit the use of simpler manual 

techniques to obtain measurements for medical doctors or 

clinical staff personnel than conventional Doppler measure-

ment techniques. However, in order to increase measurement 

accuracy, a sensor for the mechanical steering angle and an 

automatic detector for blood vessels are required.

However, except for LM, the aforementioned measure-

ment methods using beamforming methods such as MCB, 

ASTA, conventional steering (eg, secta, radial scan, and so 

forth), nonsteering, and others have not dealt with problems in 

acquiring highly accurate data from beam directions generated 

in practice.34 In real-world applications, the beam direction 

generated differs from the designed one because of the exis-

tence of directivities of transmission and reception apertures. 

Moreover, the beam direction changes in different positions 

because of the effects of scattering, reflection, and attenuation. 

Thus, the beam direction also suffers from  frequency modula-

tions. As shown in this report, this decreases the measurement 

accuracy of displacement measurements34 (eg, measurements 

of displacement vectors and of axial, lateral, or radial dis-

placements). However, by estimating the respective center of 

the beams (eg, the center of the spectra), the beam direction 

can be calculated, as shown in Sumi.18 Such calculations can 

also be applied to local echo data to yield spatial resolution 

in the beam direction or beam angle (BA) data.34 However, 

estimating the instantaneous frequencies in all directions 

(ie, when done with the MAM or the MDM) also permits the 

calculation of the BA with a high spatial resolution.18,34 In the 

past, the BA data used in displacement measurements were 

set at values for performing analogue or digital beamforming 

to generate the beams designed (ie, determined by delays in 

the respective US elements) (see Appendix 1 for application 

to the conventional 1D AM3 or Sumi et al’s13,19,22,31 developed 

1D AM or 1D DM with a multidimensional MA).

In this report, new displacement measurement methods 

that use highly accurate BA data with a spatial resolution 

are investigated.34 The new methods are referred to as BA 

methods or methods used in a BA approach. With all the 
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beamforming methods, except for LM, the new methods can 

be used for all displacement measurements. For instance, 

for displacement vector measurements, the BA approach is 

applied to MCB at each point of interest. The use of accurate 

motion/deformation direction data obtained for nonsteered 

beamforming or ASTA also permits accurate measurement 

of displacements in an arbitrary direction (ie, of an arbitrary 

directional displacement such as displacements in axial and 

lateral directions) except in a direction orthogonal to the beam 

direction. In these cases, the most popular 1D AM,3 and Sumi 

et al’s13,19,22,31 developed 1DAM, 1D DM or the SFDM23,31 can 

be used. However, in all of the measurement methods, the MA 

to be calculated is multidimensionally similar to the MAM 

or the MDM.13,31 In conventional measurements using MCB 

or beam steering, echo rotation is performed to adjust the 

beam direction to the axial direction of a coordinate system 

(see Appendix 1, in which the conventional 1D AM is referred 

to as the 1D AMr, which is the 1D AM plus a global echo 

rotation of r). This is a conventional 1D AM with a rotation 

of the echo data frame or ROI or coordinate system with 

inaccurate BA data. The new BA method permits the same 

measurements without any rotation processing of echo data. 

Even though an accurately measured beam direction is used, 

the local echo rotation yields a low measurement accuracy, 

particularly when using an interpolation method such as a 

linear interpolation instead of a phase rotation method in a 

frequency domain9,10,13 with a phase-matching method. For 

comparison, such methods using a local echo rotation are 

referred to as a BAr method (BA + local rotation). The rota-

tion processing also makes it impossible to achieve measure-

ments in real time, as will be explained.

The effectiveness of the BA approach is confirmed for axial 

(nonsteered), lateral (ASTA), and vector (MCB) measurements 

in agar phantom experiments. Generally, steered spherical 

focusing beams are used for both transmission and reception. 

In Appendix 4, measurement results are also presented for rapid 

scanning beamforming,13,15,16,23 such as beamforming using one 

or plural, steered or nonsteered plane wave transmissions, and 

steered or nonsteered spherical focusing beam receptions.

New displacement measurements 
using measured BA data
Displacement measurements in a generated 
beam direction and in an arbitrary direction
A displacement in a beam’s direction can be accurately 

obtained when scanning a region of interest (ROI) using 

arbitrary beamforming with an arbitrary transducer (eg, 

linear, convex, and so forth), with nonsteered, steered with 

a variable steering angle (eg, secta, arc, circular, radial scan, 

and so forth), or with a defined ASTA, or with other methods, 

at each point of interest, with a generated beam direction.34 

The beam direction can be calculated at each point of inter-

est using the first moment of the local spectra obtained for 

local echo data centered on the point of interest, or from 

the instantaneous frequencies of the respective directions 

obtained using a multidimensional MA with the MAM or 

the MDM11–13 (see sections II-B and II-C in Sumi13).

For instance, when dealing with a 2D ROI expressed by 

a Cartesian coordinate system (ie, when using a 1D linear 

array transducer), if the first moments or instantaneous 

frequencies are expressed as (f
x
, f

y
), a BA α describing the 

beam direction at the point of interest (x, y) in Figure 1 can 

be calculated by

	 α = tan−1(f
y
/f

x
). (1)

An approach that uses the spatial resolution of the gener-

ated BA is referred to as a BA approach. Initially, the 

BA approach is applied with the conventional 1D AM or 

1D DM using global echo rotation. For instance, from the 

conventional 1D AM approach with inaccurate BA data (see 

Appendix 1, in which the 1D AM is referred to as 1D AMr, 

ie, conventional 1D AM with a rotation of the echo data 

frame or ROI or a coordinate system rotation), two new 1D 

AMs (the 1D AMBA and the 1D AMBAr) can be obtained 

as follows.

The 1D AMBA (1D AM + BA method)
With the conventional 1D AM, the displacement d(x, y) at 

the point of interest (x, y) in the beam direction shown in 

Figure 2 (the BA α obtained by Equation 1) can be obtained 

simply by dividing the instantaneous phase change ∆θ(x, y) 

between two frames by the frequency ( )f fx y
2 2+  in the 

beam direction as follows:

 2 2( , ) ( , ) / ( ).x yd x y x y f f= ∆θ +  (2)

Lateral direction

Space domain Frequency domain

1st moments

Spectra

0

α α

y

x

fy

fxDepth direction

Point of interest 
(x,y)

Beam direction

Figure 1 For a two-dimensional case, this is a schematic of the beam direction and 
generated beam angle α and the first moments of the local spectra or instantaneous 
frequencies (f

x
, fy) at a point of interest (x, y).
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Lateral direction
yPoint of interest

(x,y)

Depth direction x
Space domain

Beam direction

β

α
Tissue displacement dβ  (vector D = (dx,dy))

Displacement d in beam direction

Figure 2 For a two-dimensional case, this is a schematic of the displacement d in 
the generated beam direction (beam angle, α) and tissue displacement dβ (angle, β) 
at a point of interest (x, y).

Here, the instantaneous phase change ∆θ(x, y) is calculated 

from the multidimensional MA used in the MAM or the 

MDM11–13 (see sections II-B and II-C in Sumi13) in a man-

ner similar to the instantaneous frequencies (f
x
, f

y
).11,13 Next, 

∆θ(x, y) calculated in such a manner expresses the change in 

the instantaneous phase of the generated beam direction that 

occurs because of target motion at a point between the two 

frames. The calculation of ∆θ(x, y) with the multidimensional 

MA yields the new measurement. As mentioned, (f
x
, f

y
) can 

also be obtained as the first moment of local spectra.

For instance, if the direction of tissue displacement dβ(x, y) 

can be detected geometrically, such as from a corresponding 

US image or from other images (eg, the tissue displacement 

angle β shown in Figure 2), the tissue displacement dβ(x, y) 

can be calculated as follows:34

 dβ(x, y) = d(x, y)/cos(β − α) (3)

 = ∆θ(x, y)/(f
x 
cos β + f

y
 sin β). (3′)

Thus, being different from the conventional 1D AMr 

 (Appendix 1), without any rotation of echo data, the 1D AMBA 

yields a displacement dβ(x, y) measurement in an arbitrary 

direction (tissue displacement angle, β) in real time except 

in the direction orthogonal to the beam direction (BA, α). 

That is, dβ(x, y) cannot be calculated when |β − α| = 90°. As 

shown by Equation 3′, dβ(x, y) can also be calculated directly 

using ∆θ(x, y), (f
x
, f

y
), and β without the calculation of BA α 

(Equation 1) and the use of Equation 2.

The 1D AMBA using Equations 1–3, or 3′ can be used 

for an arbitrary BA α. For instance, for an arbitrarily shaped 

aperture, such a measurement can also be performed with no 

steering (α = 0°), except for the lateral displacement method 

with an angle β = 90°. Generally, the lateral frequency f
y
 

(ie, fluctuations) is not considered in such a case and is not 

used for calculations. However, such a multidimensional 

MA has also been used in 1D displacement measurement 

methods such as the 1D AM where f
y
 = 0 in Equations 1–3, 

or 3′ (Equations A3 and 3′ in Appendix 1; see Kasai et al,3 

Sumi,13,22 Sumi and Shimizu,19 and Sumi and Ebisawa31). 

However, when the lateral generated frequency fluctuation f
y
 

or the tissue displacement angle β is large, measurement 

errors increase.

If beam steering or ASTA is performed electrically or 

mechanically (α ≠ 0°), beams should be aimed in the direc-

tion of the target displacement. For instance, when blood 

flows in a direction parallel to the body surface, such as in 

the carotid artery, β ≈	90° in Equations 3 or 3′, and the tissue 

displacement dβ(x, y) can be calculated as follows:

 dβ(x, y) = d(x, y)/sin α  (4)

 = ∆θ(x, y)/f
y
. (4′)

This is because a displacement in the axial direction is dx = 0 

or dx ≈ 0, dβ ≈ dy (this is a lateral displacement). Thus, in this 

case, the 1D AMBA using Equations 1–3 or 3′ is equivalent 

to Sumi et al’s17,18,34 previously described lateral Doppler 

techniques (lateral AM or DM). However, it is worth noting 

that, unlike the lateral DM, the 1D AMBA does not require a 

lateral axis coordinate system oriented in the same direction 

as the target lateral displacement; that is, a rotation of the 

echo data or of a coordinate system is not required.

Similarly, for a 3D ROI,34 a displacement d(x, y, z) in the 

beam direction can be measured, and a tissue displacement 

dβ(x, y, z) in an arbitrary direction can be accurately measured 

(see Appendix 2). The first moments or instantaneous fre-

quencies in three orthogonal directions (f
x
, f

y
, f

z
) or rotational 

and polar angles (ϕ and θ) are used.

As an alternative to the 1D AM, the 1D DM can 

also be used as a 1D displacement measurement method 

(Sumi,13,22 Sumi and Shimizu,19 and Sumi and Ebisawa31). 

 Correspondingly, based on the 1D DM and the 1D DMr, 

the 1D DMBA (1D DM + BA method) and the 1D DMBAr 

(1D DM + BAr method) can also be used (see Appendix 1). 

Although the instantaneous phase change and instantaneous 

frequencies are calculated in a different manner, as in the 

1D AM, a multidimensional MA is also used for the calcula-

tions (see section II-C in Sumi13). However, in this report, 

the 1D DM approach is not evaluated.

For comparisons with the 1D AMBA and the conventional 

1D AMr (Appendix 1), the 1D AMBAr is compared (1D AM 

with local BA rotation, or BA + r) using BA α (Equation 1). 

In contrast to the conventional 1D AMr using global echo 

rotation with inaccurate, averaged BA data (see Appendix 1), 

with the 1D AMBAr, the echo data are locally rotated at each 

point of interest using accurately measured BA data for α, so 

that the beam direction corresponds to the axial direction (ie, 

a local echo rotation is performed) (Figure 3).

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

27

Ultrasonic displacement measurements using generated beam angles

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Reports in Medical Imaging 2012:5

The 1D AMBAr (1D AM + BAr method)
When rotating echo data for displacement measurements 

in a beam direction based on the conventional 1D AMr 

(see Appendix 1), accurate data for the BA α should also be 

used (Figure 3).34 With the conventional 1D AMr, the BA 

data for α provides inaccurate values (they are described as 

α′ in Appendix 1), because the analogue or digital beam-

forming used to generate the designed beam is defined by 

delays assigned to the respective US elements, rather than by 

obtaining accurate BA data for α expressed in Equation 1. 

In the authors’ case,23 for global echo rotation, in practice, 

the global BA has been calculated with Equation 1 using 

the first moments (f
x
′, f

y
′) of the global spectra (see also 

Appendix 1).23

In contrast, the 1D AMBAr performs a local rotation of 

echo data at each point of interest (x, y) using Equation 1 in 

a spatial or frequency domain, as shown in Figure 3. In such 

a 2D case, the Fourier transform is 2D (Figure 3A and B) or 

1D (Figure 3C). Although the global rotation of echo data 

using the first moments of the global spectra23 also yields a 

higher measurement accuracy than a conventional global 

echo rotation, the achievable accuracy is lower than what can 

be obtained by a local rotation (eg, 1D AMBAr), as will be 

shown shortly. However, 1D AMBAr measurements cannot 

be accomplished in real time, owing to the large number of 

calculations needed for local rotations over an ROI, and they 

yield less accurate measurements than the 1D AMBA.

For rotation in a 3D case, a rotational angle ϕ and a 

polar angle θ are calculated using three frequencies (f
x
, f

y
, f

z
) 

that are accurately measured in three orthogonal directions 

(see Appendix 2) and used in a manner similar to that for 

the 2D case.

For Sumi et al’s23,33 previously described SFDM, accurate 

BA data for α, the rotational angle data for ϕ, and the polar 

angle data for θ (ie, steering angles for 2D and 3D ROIs) can 

be used to increase measurement accuracy (ie, by deterieing 

a direction for the spectra division in addition to perform-

ing angle corrections using a tissue displacement angle). 

From the respective divided spectra, equations are obtained 

for the MAM or the MDM by synthesizing instantaneous 

frequencies and an instantaneous phase change. As already 

mentioned, for a nonsteered case, the SFDM is the first 

version of the MAM without LM or any steering.13,23,31,33 

For 2D and 3D ROIs, a straight line or a flat plane can be 

used to divide spectra. Sumi et al23 have also described 

some other division methods. For instance, a curved line 

or a curved plane can also be used for the spectra division. 

When obtaining more equations than the number of unknown 

displacement components with the SFDM, the least squares 

method can be used. However, these methods were not used 

in this report.

In addition to the original SFDM, Sumi et al23 have 

developed two other versions of the method. That is, when 

using the original SFDM version, displacement in a steered-

beam direction can be synthesized by measuring a displace-

ment vector without echo rotation, whereas when using the 

SFDM1 (version 1, referred to as SFDM1r in this report), the 

displacement in the steered-beam direction can be obtained 

by setting the generated beams in the axial direction with 

echo rotation as with the conventional 1D AMr; and when 

using the SFDM2 (version 2), the lateral displacement is 

directly obtained as a lateral displacement component of the 

measured displacement vector after an echo rotation similar 

to the one used with the lateral Doppler techniques (ie, the 

direction of the lateral axis is set in the direction of the domi-

nant lateral displacement). With the SFDM2, BA data is not 

used, so neither the BA nor the BAr method is used with the 

SFDM2. Alternatively, the SFDM and the SFDM1 can be 

improved by using accurate BA data and are referred to as the 

 SFDMBA (the SFDM + BA method)34 and the SFDM1BAr 

Point of interest
(x,y)

Depth direction

Space domain

Beam direction

Spectra
Nominal frequency f0
or 1st moment f0'
or instantaneous frequency f0'

2D frequency domain 1D frequency domain

Lateral direction

0

αα

0

A B C

Figure 3 For a two-dimensional (2D) case, this is a schematic of the (A) space and (B) frequency domains after a rotation with angle −α at a point of interest (x, y). 
(C) Schematic for the one-dimensional (1D) frequency domain.
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(the SFDM1r + BAr method),34  respectively. The SFDMBA 

and the SFDM1BAr are described as follows.

The SFDMBA (SFDM + BA method)
On the basis of the original SFDM,23 the single-quadrant 

or single-octant spectra obtained with ASTA is divided 

to obtain simultaneous equations (the MAM or the MDM)11–13 

for the unknown displacement vector D(x, y) components 

(Figures 2 and 4). From the measured displacement vector, 

the displacement d(x, y) or d(x, y, z) in the beam direction can 

be calculated with a high degree of accuracy. The BAs are 

measured, and Equation 1 expresses α for a 2D case;  Equation 

B1 in Appendix 2 expresses the rotational angle ϕ and the 

polar angle θ for a 3D case. Tissue displacement dβ(x, y) 

or dβ(x, y, z) is also obtained with high degrees of accuracy 

such as by using Equation 3. In a manner similar to that 

for the 1D AMBA, this measurement can be accomplished 

with no echo rotation. However, the number of calculations 

required is greater than for the 1D AMBA because of  the use 

of the MAM or the MDM. In this report, the MAM is used.

The SFDM1BAr (SFDM1 + BAr method)
As already mentioned, the original SFDM123 is referred to as 

SFDM1r in this report. It uses a global echo rotation based 

on axial displacement measurements13,31 obtained with the 

original MAM or the MDM without LM or beam steering. 

For a nonsteering case (ie, a version of ASTA),13,31 the SFDM 

yields a higher measurement accuracy than conventional 

methods such as the 1D AM. This is because of synthesizing 

a lateral instantaneous frequency and a lateral instantaneous 

phase for laterally large bandwidth spectra echo data. Using a 

proper apodization, almost the same accuracy is achieved as 

when using the MAM with LM.23,33 Moreover, for the SFDM 

with ASTA with a nonzero steering angle, an echo rotation 

for such a nonsteered condition is realized, which increases 

 measurement accuracy.23 The degree of improvement depends 

on the lateral bandwidth of the steered beam.

Correspondingly, with the SFDM1BAr using local echo 

rotation, the SFDM (see Figure 4) is used for measuring 

displacements d(x, y) or d(x, y, z) in the beam direction after 

an echo rotation with a negative value of the accurately 

measured BA (Equation 1) – that is, −α (Figure 3B) or −ϕ 

and −θ (Appendix 1). Thus, a tissue displacement dβ(x, y) 

or dβ(x, y, z) is obtained from d(x, y) or d(x, y, z) such as by 

using Equation 3. However, such echo rotations over the ROI 

produce no real-time measurements.

For arbitrary orthogonal coordinate systems including 

arbitrary orthogonal curvilinear coordinates, all the new BA 

measurements can be performed. This also applies for the 

MCB methods with a BA approach, as described next.

Displacement vector measurements  
using MCB
For MCB, the BA approach – the 1D AMBA, the 1D AMBAr, 

the SFDMBA, and the SFDM1BAr – can also be used.34 At 

each point of interest, these methods can be applied to the 

respective beams generated for measuring displacements in 

the corresponding beam directions with high accuracy. By 

synthesizing the displacements measured in the respective 

beam directions, a displacement vector in an arbitrary direc-

tion can be measured with high accuracy.

For instance, for a 2D displacement vector measurement 

at a point of interest (x, y), as shown in Figure 5, two beams 

with different directions must be crossed at least at the point 

(x, y). When the displacements d
1
 and d

2
 measured in the two 

beam directions are expressed using the BAs α
1
 and α

2
 shown 

in Figure 5, the tissue displacement vector D = (dx,dy) can be 

measured by solving the following simultaneous equations:

 cosα
1
dx + sinα

1
dy = d

1

 cosα
2
dx − sinα

2
dy = d

2
. (5)

Frequency domain

Depth direction

Lateral direction

Instantaneous frequency

Instantaneous frequency

1st moments

Division
Beam direction

Spectra

0

α

fy

fx

Figure 4 For a two-dimensional case, this is a schematic of spectra frequency 
division using the first moments or instantaneous frequencies (fx, fy).

Depth direction x

Tissue displacement D = (dx,dy)

Point of interest
(x,y)

α2α1

y
Lateral direction

Beam direction

Displacement d2 in beam direction

Displacement d1 in beam direction

Figure 5 For a two-dimensional case, when using multiple crossed beams, the tissue 
displacement D, and displacements d1 and d2 in the respective beam directions are 
shown with beam angles α1 and α2 generated at a point of interest (x, y).
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That is, the displacements are solved as

 dx = (sinα
2
d

1
 + sinα

1
d

2
)/(sinα

2
cosα

1
 + sinα

1
cosα

2
)

 dy = (cosα
2
d

1
 − cosα

1
d

2
)/(sinα

2
cosα

1
 + sinα

1
cosα

2
). (6)

Generally, if obstacles (eg, bone) are not present, laterally 

symmetric beams can be used (α
1
 = α

2
).23

In this situation, suppose that when applying LM with the 

MAM or the MDM to the same superimposed or separated 

beams at the point of interest (x, y), an equation for the dis-

placement components dx and dy is obtained for the beam 

with BA α
1
 as follows:

 f
x1

dx + f
y1

dy = ∆θ
1
, (7)

where ∆θ
1
 is an instantaneous phase change at the point 

(x, y) between two frames, and f
x1

 and f
y1

 are the respective 

instantaneous frequencies at the same point (x, y) in the axial 

and lateral directions, and have a relationship to the BA α
1
 

as follows:

	 α
1
 = tan−1(f

y1
/f

x1
). (8)

Division of Equation 7 by ( )f fx y1
2

1
2+  yields the first of the 

simultaneous equations that make Equation 5; that is,

 f f f dx f f f dy dx x y y x y1 1
2

1
2

1 1
2

1
2

1( ) ( ) .+( ) + +( ) =  (9)

Similarly, regarding another beam with BA α
2
, the  second of 

the simultaneous equations that make Equation 5 is obtained. 

Thus, the application of accurate BA data to MCB yields 

LM. For measurement of a 3D displacement vector, three 

beams with different directions must be crossed at least at 

the measured point (consider the root of summation of three 

squared instantaneous frequencies, rotational angle, and polar 

angle, as shown in Appendix 3).

When obtaining more equations than the number of 

unknown displacement components, the least-squares 

method is used similarly to that in the case of LM.11–13 The 

beams that can possibly be used include a nonsteered beam 

similar to the case for LM when considering the simultaneous 

use of conventional nonsteered B-mode imaging.

Multidimensional phase matching 
performed with the use of BA data
Multidimensional phase matching permits manual handling 

of a US transducer for axial strain imaging or strain tensor/

shear modulus measurement/imaging.9,10,13,15,16,32,35 The phase 

matching prevents the occurrence of aliasing because of a 

large tissue motion during successive frames used for motion 

measurements, and it also increases an incoherence between 

paired local or windowed echo signals to be processed.9,10,13,32 

That is, the MCCM7,8 or the MCSPGM9,10 is used for mea-

suring a large tissue motion vector.13,32,35 The measurement 

can also be performed with spatially thinned-out echo 

data.13,20 Because a coarse estimate of a displacement vector 

is obtained by such a measurement, by spatially shifting the 

corresponding local windowed echo data or a search region 

echo data with the coarse estimate, multidimensional phase 

matching is achieved. Although the phase matching can 

also be performed in a Fourier domain by a phase rotation 

of the echo data, the calculation makes real-time measure-

ment/imaging difficult. Because the MCSPGM yields an 

analogue estimate with fewer calculations than the MCCM, 

when using the MCSPGM for the coarse estimate, the mea-

sured displacement data may be rounded off over the multiple 

sampling intervals. After the phase matching, a fine estimate 

is performed using the new BA approach described earlier 

for a displacement measurement in an arbitrary direction or 

a displacement vector measurement.

In the global echo rotation case (ie, the r method), phase 

matching is performed simply before or after the global 

rotation. Alternatively, phase matching can be performed in 

three ways when performing a local echo rotation – that is, 

when using the BAr methods (1D AMBAr or SFDM1BAr). 

The timing of the phase matching to be performed can be 

as follows: (1) after completing an echo rotation, coarse 

and fine estimates are successively performed with phase 

matching on the rotated echo data; (2) after completing a 

coarse estimate and phase matching, the echo data are rotated 

and used for fine measurements; (3) a coarse measurement 

is performed before echo rotation, and the coarse estimate 

obtained is re-expressed on the new coordinate obtained 

with echo rotation and is used for both phase matching and 

fine measurements.

On the basis of the estimate for the magnitude of a 

target displacement, the size of a local region (a rectangle, 

circle, cube, or sphere) and a search region with at least a 

twofold length of the local region are defined and used at 

first, and a region of the same size or larger than the search 

region is rotated using an accurately measured BA. For fine 

measurements, a small local region (and/or search region) 

can be used.10,13

As noted earlier, when local echo rotations are performed 

on respective points of interest, a real-time measurement 

cannot be achieved. Moreover, MCB using accurate BA 
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data requires more calculation time than LM. This is because 

MCB performs the phase matching and/or echo rotation on 

the respective steered beams, although measurement process-

ing can decrease if the coarse estimation is performed on the 

superimposed crossed beams in a similar way to that of LM. 

Moreover, although LM requires a multidimensional discrete 

Fourier transform (DFT) to be performed once, MCB requires 

the same plural number of DFTs as steered beams. Generally, 

a fast Fourier transform is performed for the DFT.

Agar phantom experiments
For testing these new methods, three experiments were 

performed that were distinguished by beamforming and the 

target measurements: (1) axial displacement/strain measure-

ments using a nonsteered beam; (2) lateral displacement/

strain measurements using ASTA; and (3) displacement 

vector/strain tensor measurements using MCB.

Axial displacement/strain measurements 
using a nonsteered beam
Nonsteered beamforming was performed using a linear 

array transducer. The agar phantom used was the same as 

that used in Sumi and Ebisawa.31 The rectangular ROI with 

the dimensions of 23.8 (axial) × 19.4 (lateral) mm was set 

at a depth of 3.2 mm. A central circular region (a cylindrical 

inclusion with a diameter of 15 mm and a depth of 15 mm) 

had a larger shear modulus than the surrounding region: a 

relative value of 3.33 (2.96 vs 0.89 × 106 N/m2). The agar 

phantom was compressed in the depth (axial) direction. The 

nominal US frequency of the transducer was 7.5 MHz. The 

agar phantom was compressed with global strains 0.7% and 

1.5% in the axial direction twice.

For the global axial compressions (compressional strains) 

of 0.7% and 1.5%, Figure 6 shows a depth (axial) position vs 

the means and standard deviations (SDs) of BAs measured at 

each depth using the first moments of local spectra (echo data 

with a local region with dimensions of 1.6 × 3.2 mm2). As has 

been shown, the BAs change in the depth  direction. However, 

almost the same results are obtained when independent of the 

compression force. The absolute means (biases) and SDs of 

the BAs generated are less than 0.5° and 1.0°, respectively 

(BAs , 1.5°). Thus, the lateral frequencies (f
y
) generated are 

less than 0.39 MHz, or 5% of the axial frequencies (f
x
). The 

depth-dependent changes of the means and SDs are relatively 

drastic and moderate, respectively. It is also worth noting that 

the SDs are larger than the means. Obviously, the nonzero BAs 

are caused by the spatially variant US properties of the target 

agar phantom (reflection, scattering, attenuation, and frequency 

modulation). As will be shown shortly, the measurement 

results are more stable when using the BA data (1.6 × 3.2 mm2) 
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Figure 6 For an agar phantom axially compressed with respective global strains, 0.7% and 1.5%, the depth vs means and standard deviations (SDs) of the beam angles are 
shown. These were measured using the first moments of local spectra with spatial resolution 1.6 × 3.2 mm2.
Abbreviation: deg, degrees.
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than when using the first moments of the spectra of local echo 

data with a large size (3.2 × 6.4 mm2) and MA instantaneous 

frequencies with a small size (0.5 × 0.6 mm2).

For a large global axial compression (1.5%), Figure 7A 

shows the means and SDs of the measured BAs using the 

first moments of the local echo data spectra with the same 

small size as that shown in Figure 6 (1.6 × 3.2 mm2) and 

with the large size (3.2 × 6.4 mm2), and instantaneous MA 

frequencies with 0.5 × 0.6 mm2. The order of the means 

of the measured BAs is as follows: first moments with 

1.6 × 3.2 mm2 , 3.2 × 6.4 mm2 , instantaneous  frequencies 

(0.5 × 0.6 mm2). The order of the corresponding SDs is as 

 follows: first moments with 3.2 × 6.4 mm2 , 1.6 × 3.2 mm2 , 

instantaneous frequencies (0.5 × 0.6 mm2). In addition, 

 Figure 7B shows the corresponding grayscale images of 

axial displacements and strains measured using the three 

BA data sets together with those measured using the original 

2D AM method with no steering (ie, the SFDM using global 

spectra divided with plus and minus lateral frequencies) 

and the conventional 1D AM with no BA correction. In the 

grayscale images (Figure 7B), the means and SDs evaluated 

at the central circular region of the inclusion are depicted 

(the diameters are 5.0 and 6.4 mm for the displacement and 

strain evaluations, respectively).

In particular, for the strain measurements, the use of the 

first moments with 1.6 × 3.2 mm2 yields the highest accu-

racy and stability of the BA methods (the SD for the strain 

is 0.141% (the smallest); 0.148% with the first moments 

with 3.2 × 6.4 mm2; and 0.153% with the instantaneous 

frequencies). This is because the use of a large local size 

(3.2 × 6.4 mm2) yields inaccurate BA data due to a low 

spatial resolution (ie, a larger mean and a smaller SD than 

those for a small local size [1.6 × 3.2 mm2]). The unstable 

BA data are obtained using the instantaneous frequencies 

with a spatial resolution that is too high (ie, the largest 

mean and SD of the BA methods). Also worth noting is 

that, in particular, the change of the SD of a BA measured 

with 1.6 × 3.2 mm2 is the most moderate of all. Although 

the f
y
 values generated are small, a significant improvement 

in measurement stability is confirmed (the SD of the axial 

strains is 0.141% using the optimal BA method vs 0.148% 

using the 1D AM with no BA correction;  however, it is 

0.128% (the smallest) with the 2D AM). Such an improve-

ment cannot be confirmed for the displacement measure-

ments (SDs of 9.17 [2D AM], 9.49 [1D AM with no BA 

correction]; 9.48 [first moments with 1.6 × 3.2 mm2]; 

9.77 [first moments with 3.2 × 6.4 mm2]; 9.49 × 10−3 mm 

[instantaneous frequencies]).

Lateral displacement/strain  
measurements using ASTA
ASTA was next performed using a linear array transducer. 

For ASTA, new methods based on the BA approach (BA, 

BAr, SFDMBA, and SFDM1BAr) were compared with the 

corresponding methods with neither the BA method nor 

the BAr method (ie, conventional 1D AM with global rota-

tion [1D AMr], SFDM, and SFDM1r). The agar phantom 

used was the same one described in Sumi et al,15,23 Sumi 

and Tanuma,16 Sumi and Shimizu.19 The rectangular ROI 

with dimensions of 13.7 (axial) × 13.2 (lateral) mm was 

set at the depth 12.2 mm, of which a central circular region 

(a cylindrical inclusion with a diameter of 10 mm and a depth 

of 19 mm) had a larger shear modulus than the surrounding 

region (a relative value of 3.29 [2.63 vs 0.80 × 106 N/m2]). 

The agar phantom was compressed in the lateral direction. 

Synthetic aperture data were acquired using a nominal US 

frequency of 7.5 MHz. For transmission and reception 

apodizations for ASTA, parabolic functions were used.15,16 

ASTA was set at 14.0°.

Figure 8A shows the depth (axial position) vs the means 

and SDs of the measured BAs at each depth. Specifically, 

using the first moments of the spectra obtained for local 

echo sizes, 1.6 × 3.2 mm2 (high spatial resolution) and 

3.2 × 6.4 mm2 (low spatial resolution), and instantaneous 

MA frequencies with a size of 0.5 × 0.6 mm2 (the high-

est spatial resolution), almost the same means for the 

BAs are obtained: about 11.9°. In contrast with the axial 

displacement/strain measurements shown in the previous 

section, the order of the SDs is as follows: first moments of 

local spectra with a high spatial resolution (1.6 × 3.2 mm2) 

, low spatial resolution (3.2 × 6.4 mm2) , instantaneous 

frequencies.

For the 1D AM, SFDM, and SFDM1 approaches, 

Figure 8B shows the lateral displacements and lateral strains 

measured with or without BA data obtained using the first 

moments, whereas Figure 8C shows the corresponding 

statistics evaluated for a central circular region of the stiff 

inclusion using diameters of 5.0 and 6.4 mm for displace-

ment and strain evaluations, respectively.

In Figure 8B, the lateral displacement images are shown 

using the original coordinate system: for methods using 

global echo rotation (r: α = 11.9° in Figure 3 for the conven-

tional 1D AMr and SFDM1r), the measured lateral displace-

ments are relocated by spatially rotating back with a BA of 

11.9°. For the relocation calculation, a linear approximation 

was used. Nonrelocated displacements are omitted, because 

the linear approximation did not cause any significant errors 
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Figure 7 For a large global axial strain (ie, 1.5%) for the same agar phantom as that in Figure 6, (A) the depth vs means and standard deviations (SDs) of the beam angles (BAs) 
are shown. Depth vs means and SDs were measured using the first moments of spectra obtained with a high spatial resolution (1.6 × 3.2 mm2) and a low spatial resolution 
(3.2 × 6.4 mm2) and using the instantaneous frequency moving average with 0.5 × 0.6 mm2, respectively. (B) grayscale images (region of interest: 23.8 [axial] × 19.4 [lateral] at 
a depth of 3.2 mm) of axial displacements and axial strains measured using the original two-dimensional autocorrelation method (2D AM) version (a type of spectra frequency 
division method), one-dimensional (1D) AM with no BA correction, and the 1D AM using BAs with the corresponding three BA corrections. The means and SDs evaluated 
in the central circular region of the stiff inclusion are shown (for displacements, diameter = 5.0 mm; strains, 6.4 mm).
Abbreviations: deg, degrees; freq, frequency.
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(see Figure 8C; the means and SDs for the conventional 

1D AMr are 0.8457 and 0.0230 mm vs 0.8456 and 0.0230 

mm; for SFDM1r, they are 0.8438 and 0.0229 mm vs 0.8438 

and 0.0229 mm).

All the lateral strains in Figure 8B, except for the con-

ventional 1D AMr and SFDM1r method with nonrelocation, 

are also shown on the original coordinate system, obtained 

by applying a 2D differential filter with a cutoff frequency 

of 1.022 mm−1 (ie, spatially isotropically circular, as shown 

by equation 69 in Sumi et al36) to the lateral displacements 

expressed on the original coordinate system in the direction 

of the dominant deformation direction (7.6°), which is the 

most accurately measured angle data using the 2D AM and 

LM23 with respect to the lateral coordinate axis. For the 

conventional 1D AMr and SFDM1r, the nonrelocated lateral 

strains are also shown, and were obtained by applying the 

same 2D differential filter to the nonrelocated, measured 

lateral displacements in the dominant deformation direction 

of −4.3° (7.6° – 11.9°).

In contrast, both the BA and BAr methods (ie, the BA 

approach) do not require any relocation of measurements. 

For all the nonrelocation measurements, including with the 

1D AMr and the SFDM1r, the differential filter does not 

amplify the approximation errors included by the relocation 

of the displacements (ie, the measured strains should be 

relocated, not shown). However, the approximation errors 

that occur during echo rotation will be included in all of the 

 measurements except for the BA method, so the BA method 

is not affected by any such errors. Measurement accuracy 

will be examined in detail later in this report.

As shown in Figure 8C, for the lateral displacement mea-

surements using the 1D AM, SFDM, and SFDM1 approaches, 

the order of the SDs is as follows: BA or BAr (local rotation) 

methods . methods using global echo rotation (r) with 
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Figure 8 For an agar phantom compressed laterally, (A) shows the depth vs means and standard deviations (SDs) of the beam angles (BAs) measured using the first moments 
of spectra obtained with a high spatial resolution (1.6 × 3.2 mm2) and a low spatial resolution (3.2 × 6.4 mm2) and using the moving-averaged instantaneous frequencies with 
0.5 × 0.6 mm2, respectively. (B) grayscale images of lateral displacements and lateral strains measured using the conventional one-dimensional autocorrelation method (AM) 
plus a global echo rotation r (1D AMr; r, 11.9°), BA, BA plus local rotation (BAr), the spectra frequency division method (SFDM), the SFDM plus BA method (SFDMBA), 
the SFDM version 1 (SFDM1r; global rotation [r], 11.9°), and the SFDM1r plus BAr method (SFDM1BAr, local rotation), in addition to SFDM version 2 (SFDM2) and the 
lateral Doppler technique (AM) with global rotation (r′, 7.6°) for a steering angel method (ASTA). nonrelocated images are shown only for lateral strain images (ie, only 
obtained using global rotation [r, 11.9°; or r′, 7.6°] with the conventional 1D AMr, SFDM1r, SFDM2, and the lateral AM). (C) The corresponding evaluated statistics (ie, the 
means and SDs) of lateral displacements and lateral strains in the central circular region in the stiff inclusion (diameter = 5.0 and 6.4 mm for lateral displacements and lateral 
strains, respectively). The nonrelocated results are also shown for both the lateral displacements and the lateral strains. In the statistical results for the displacements, the 
magnitudes of the displacement vectors measured using two-dimensional (2D) AM and 1D AM with demodulation for lateral modulation (LM), and the conventional 1D 
AMr (global rotation [r], ±11.9°), BA, BAr, the SFDM, the SFDMBA, the SFDM1r (global rotation [r], ±11.9°), and the SFDM1r plus BAr method (SFDM1BAr) for multiple 
crossed beams are also shown. The statistics for the angles of the displacement vectors are shown in Figure 9C, together with other vector measurement results (ie, shear 
moduli and strain tensor components). The corresponding images are shown in Figure 9A (displacement vector components) and B (shear moduli and strain tensors). 
Abbreviations: conv., conventional; deg, degrees; Lat Dop, lateral Doppler technique; MCB, multiple crossed beam; SFDM2, spectra frequency division method version 2.
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Figure 8 (Continued)
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relocation or nonrelocation. The SDs evaluated in the lateral 

displacement measurements exhibit neither rigid lateral motion 

nor measurement errors, even though the SDs are evaluated 

in the stiff inclusion. However, the magnitude of the lateral 

strains in the inclusion is rather uniform. For instance, data 

for displacements and strains generated in such a circular 

stiff region included in finite and infinite surrounding regions 

compressed uniformly in one direction can be found in Sumi20 

and Sumi et al36 – these are numerical and analytic solutions, 

respectively. The lateral displacement measurements are 

affected by the generated axial displacement components. 

As shown in Figure 8C, compared with the statistics of the 

magnitudes of displacement vector measurements evaluated 

for the corresponding measurement methods used with MCB, 

the local displacement measurements are inaccurate: the means 

and SDs are small and large, respectively (eg, for the 1D 

AMBA, 0.8433 and 0.0236 mm vs 0.8447 and 0.0100 mm). 

The measurement results obtained for such a displacement 

vector will be dealt with in detail shortly. The reason why the 

small means were obtained can be explained simply by the 

relationship between the directions of the beam and the target 

displacement (ie, inverse directions in the lateral direction). 

The order of measurement accuracy can be confirmed from the 

SDs of the lateral strains for which the means are almost the 

same: BA or BAr methods , methods using global  rotation 

(r) with nonrelocation , methods using global rotation (r) 

with relocation.

For the 1D AM approach, the SDs of the measured lateral 

strains (Figure 8C) are 0.0058 (BA), 0.0053 (BAr) , 0.0070 

(r with nonrelocation) , 0.0072 (r with relocation). For 

the SFDM approach, the values are 0.0052 (BA) , 0.0067 

(original), and for the SFDM1r approach, the values are 

0.0066 (BAr) , 0.0085 (r with nonrelocation) , 0.0087 

(r with relocation). In this experiment, the 1D AM and 

SFDM approaches yield almost the same measurement 

accuracy. However, this is different from the large lateral 

bandwidth case shown for axial displacement/strain mea-

surements using a nonsteered beam,31 and for the echo data 

with a small lateral bandwidth obtained with beam steering; 

compare the corresponding spectra (first panel on the left) 

with that of the nonsteered case (the third panel from the 

left) shown in figure 4B in Sumi et al.23 The 1D AM and 

SFDM approaches yield a higher measurement accuracy 

than the SFDM1r approach, regardless of a BA (ie, with 

no rotation), BAr (ie, with local rotation), or global rotation 

(r) approach.

For comparison, the corresponding results obtained using 

the SFDM223 and the lateral Doppler technique17,18,23 are also 

shown in  Figure 8A–C. These were obtained with a global 

echo rotation r′ (7.6°). Both the SFDM2 and the lateral 

Doppler technique yield inaccurate measurements. In the 

grayscale image for the SFDM2, the stiff inclusion cannot 

be detected, whereas in that of the lateral Doppler technique, 

clear measurement errors are detected. Inaccurate means and 

large SDs were confirmed for the corresponding lateral strain 

measurements (−0.0054 and 0.0526; −0.0172 and 0.0073 vs 

1D AMBA, −0.0180 and 0.0052).

Displacement vector/strain tensor 
measurements using MCB versus LM
The results of displacement vector measurements are 

described in this section. First, the same steered-beam echo 

data used for the lateral displacement measurements with 

ASTA shown in the previous section and the laterally, sym-

metrically steered-beam echo data (ie, the BAs are chosen 

and generated with values of −14.0° and −11.9°, respec-

tively)15,16,19,23 are used for comparisons of measurement 

accuracy with LM with the 2D AM vs MCB using BA or 

BAr methods (ie, 1D AMBA, 1D AMBAr, SFDMBA, and 

SFDM1BAr) and the corresponding global echo rotation 

methods (ie, 1D AMr, SFDM, and SFDM1r). For strain 

measurements, the 1D differential filter36 was used21,31 with 

almost the same cutoff frequency in both axial (0.894 mm−1; 

see equation 64 in Sumi et al36) and lateral directions as used 

with the 2D filter in the previous section.

Figure 9A and B show the grayscale images of measured 

displacement vector components, shear moduli, and 2D strain 

tensor components (the lateral, axial, and shear strains). In 

Figure 8C, the statistics (the means and SDs) are evaluated 

for a central circular region of the stiff inclusion using diam-

eters of 5.0 and 6.4 mm for the measured magnitudes of the 

displacement vectors in addition to those of the measured 

lateral displacements (as discussed in the previous section). 

Figure 9C shows those of other measurements: the angles 

of the displacement vectors, the strain tensor components, 

and the relative shear moduli obtained using the strain tensor 

components assuming a 2D stress condition (unity is used as 

a reference shear modulus value for relative shear modulus 

measurements).20,21,36

For comparison with LM, the grayscale images obtained 

with the 2D AM are shown in Figure 9A and B (the same 

images are also shown in figure 1A in Sumi and Shimizu19). 

The corresponding statistics are also shown in Figure 9C, in 

addition to those evaluated for measurements obtained with the 

1D AM13,22 with demodulation (the corresponding grayscale 

images are shown in figure 1B in Sumi and Shimizu19).17–19
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It is worth noting that in Figure 9B, the images of shear 

moduli are not shown for the methods using a conventional 

global echo rotation (r) – the 1D AMr and the SFDM1r. 

This is because dead regions for data occur at the four 

corners of the ROI because of the global echo rotation (see 

the four corners shown in the lateral strain images). In addi-

tion, a reference region for a shear modulus cannot be set 

at the right vertical borderlines for the 2D shear modulus 

 measurements. By considering the characteristic curves 

of the partial  differential equations where the coefficients 

are composed of the measured strain tensor components 

and the shear modulus is an unknown, a reference region 

should be selected so that the reference region extends in 

a direction that crosses the direction of a dominant defor-

mation (in this experiment, the reference region and the 

dominant deformation in the axial and lateral directions, 

respectively).20,21,36,37

As expected, being different from the lateral displacement 

measurements, the ranking of the SDs for the displacement 

vector measurements (except for the SFDM1 approach), 

as well as for the strain tensor measurements is as follows: 

BA method (no rotation) , BAr method (local rotation) 

, global echo rotation (r). This exhibits the order of mea-

surement accuracy (see those for displacements and strains 

in Figures 8C and 9C; those for displacement magnitudes 

and lateral strains for the 1D AM approach are 0.0100 mm 

and 0.00331 , 0.0107 mm and 0.00371 , 0.0112 mm and 

0.00531 mm). As shown by the strain measurements using 

the SFDM1 approach, SFDM1BAr (local echo rotation) 

is also more accurate than SFDM1r (global rotation [r]). 
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Figure 9 grayscale images of (A) displacement vector components and (B) shear moduli and strain tensor components measured using the two-dimensional autocorrelation 
method (2D AM) for developed lateral modulation (LM), and the one-dimensional (1D) AMr (1D AM plus a global echo rotation of r), the 1D AM plus beam angle (BA) 
method (1D AMBA), the 1D AMBA plus local rotation (1D AMBAr), the spectra frequency division method (SFDM), the SFDM plus BA method (SFDMBA), the SFDM 
version 1 (SFDM1r), and the SFDM1r plus BAr method (SFDM1BAr) for multiple crossed beams (MCBs). For the 1D AMr and the SFDM1r, four dead regions (in the 
corners) are shown in lateral strains. (C) The corresponding evaluated statistics (ie, the means and standard deviations [SDs]) of the displacement vector angles, strain tensor 
components, and relative shear moduli in the central circular region of the stiff inclusion (diameter = 5.0 and 6.40 mm for displacement vector components and for shear 
moduli and strain tensor components, respectively) and the statistics for 1D AM with demodulation for LM (corresponding grayscale images are shown in figure 1B in Sumi 
and Shimizu19). See Figure 8C for those of the corresponding displacement vector magnitudes.
Abbreviation: deg, degrees.
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Figure 9 (Continued)
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Similarly for the lateral displacement measurements, the 1D 

AM and SFDM approaches yield almost the same higher 

measurement accuracies than SFDM1, regardless of the 

method (ie, BA [no rotation], BAr [local echo rotation], or 

global echo rotation [r]). For accurate measurement methods 

using the BA approach, the relative shear modulus is also 

accurately evaluated (see the means [3.29] of the BA or BAr 

methods in Figure 9C). It is also worth noting that BA or 

BAr methods yield almost the same measurement accura-

cies as the 1D AM13,22 with LM and demodulation17–19 (see 

the SDs of the displacement magnitudes and lateral strains, 

0.0102 and 0.00290, for instance), which does not exceed 

the accuracy achieved with the 2D AM with LM (the SDs 

of displacement magnitudes and lateral strains, are 0.0100 

and 0.00267, for instance). As mentioned in the explana-

tion of multidimensional phase matching, the number of 

calculations is also larger than for the 2D AM with LM, 

particularly when using BAr methods. The quantitatively 

evaluated measurement accuracies can also be confirmed 

visually in the images, particularly in the strain images 

(Figure 9B).

Discussion and conclusion
In real-world applications, the beam direction generated dif-

fers from the designed direction because of the directivities 

of transmission and reception apertures. Moreover, the direc-

tion of scattering, reflection, or an attenuation of a US signal, 

can change the direction of a US beam in different positions 

and produce frequency modulation.34 In this report, in order 

to increase the accuracy of a measurement of an arbitrary 

directional displacement such as an axial displacement using a 

nonsteered beam (eg, Sumi and Ebisawa31), a lateral displace-

ment using ASTA (ie, a defined steering angle in Sumi et al17 

and Sumi18), a displacement vector using MCB (ie, MCBs 

in Sumi13,18,20 and Sumi et al17), and all other displacement 

measurements using other beamforming methods (eg, a radial 

displacement not shown in this report), the spatial resolution 

in a generated BA is used in a novel manner: it is obtained by 

Figure 9
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calculating the arctangent of the ratio of the axial and lateral 

instantaneous frequencies or the first moments of local spectra 

for 2D cases (Equation 1; see Appendix 2 for a 3D case).34 

For ASTA and MCB measurements, generally, a rotation 

processing is performed globally on an echo data frame, an 

ROI, or a coordinate system (ie, global echo rotation) using 

the negative of the steering angles set during beamforming. 

To increase measurement accuracy with conventional global 

echo rotation, Sumi et al23 have used the first moments of the 

global spectra for the calculation of the BA. During practi-

cal signal rotation processing, however, artifacts that occur, 

such as sidelobes, must be removed by filters (this was not 

mentioned in the Lateral displacement/strain measurements 

using ASTA and Displacement vector/strain tensor measure-

ments using MCB versus LM sections).17

When using the 1D AM with the multidimensional 

MA,13,22 the local displacement in the beam direction is accu-

rately measured by dividing the local instantaneous phase 

change by the instantaneous frequency calculated in the beam 

direction, and then an arbitrary directional displacement, 

including a general axial displacement, can be accurately 

measured. This is performed with or without rotation of local 

echo data (ie, a local echo rotation). This is referred to in the 

methods for the BA approach – specifically, 1D AMBA (1D 

AM + BA) and 1D AMBAr (1D AM + BA + local rotation).34 

Use of a multidimensional MA permits such measurements. 

Also, for BAr methods, the artifacts caused by an echo rota-

tion processing are removed by filtering.

Also, it has been theoretically shown that the 1D AM 

with MCB but no echo rotation (ie, 1D AMBA with MCB)34 

is equivalent to the MAM11–13 with LM.11–19 Using the 1D 

AMBA with ASTA, a more accurate lateral displacement 

measurement can be achieved than with the lateral Doppler 

technique.17,18,23,34 For comparisons with the 1D AMBA and 

the 1D AMBAr, the SFDM used in the MAM was also used, 

instead of the 1D AM (ie, the SFDMBA and the SFDM1BAr 

are obtained).34 Previously, for nonsteered beamforming, the 

original SFDM method yielded more accurate axial displace-

ment measurements than the 1D AM.31 For the evaluation of 

measurement accuracy achieved by considering the generated 

beams together with such methods, agar phantom experi-

ments were performed, in which axial and lateral compres-

sions were performed with no steering and steering (ASTA 

or MCB), respectively.

In the experiments using ASTA or MCB, the effect of 

the SFDM was not confirmed because a small lateral band-

width was generated (with almost the same accuracy as the 

methods in the 1D AM approach). For ASTA and MCB, the 

effectiveness of SFDM will be reported elsewhere using 

large lateral bandwidth echo data. However, in all the experi-

ments, the new BA methods based on the 1D AM and SFDM 

approaches with no echo rotation processing yielded more 

accurate measurements with significantly fewer calculations 

than the corresponding methods using local echo rotation 

processing (ie, BAr methods), and those using conventional 

global  rotation. Differing from the methods using a global or 

local echo rotation, the BA methods do not yield dead region 

data in an ROI, and they do not yield any measurement errors 

because of an approximate interpolation of echo data or of 

measured motion/deformation data. The approximate errors 

became slightly larger when using a small region of echo data 

with 3.2 × 6.4 mm2 vs 12.8 × 25.6 mm2 for the local rotation: 

for instance, SDs of 1D AMBA, of 2.41 vs 2.40 × 10−2 mm; 

those of the 1D SFDM1BAr were 2.49 vs 2.47 × 10−2 mm2. 

However, the differences in the SDs led to large errors for 

the lateral strain measurements. In particular, the local echo 

rotations over the ROI made it difficult to accomplish the 

measurements in real time, even if such a small region was 

used. Although a perfect interpolation with no approximate 

errors can also be performed using a phase rotation of the 

target distribution in a Fourier domain,9,10,13 the interpolation 

is not practical in the sense that a real-time measurement is 

not possible.

Specifically, although measurements of arbitrary 1D 

displacements obtained with the BA methods (ie, axial 

with the axial compression and nonsteering; lateral with the 

lateral compression with ASTA) achieved higher accura-

cies than other one-directional displacement measurement 

methods (eg, the conventional and Doppler techniques,17,18,23 

and so forth), the measurement accuracies achieved in the 

1D displacement measurements are significantly lower than 

those of a displacement vector because of the practical 3D 

deformation or motion (eg, for lateral compression and 

MCB, different accuracies in the means and about a half 

SD of the lateral displacement measurement). In terms of 

the amount of processing required, the MAM with LM is 

more efficient than methods with MCB, as mentioned in the 

explanation of multidimensional phase matching. In the agar 

phantom experiments, the means and SDs of the displace-

ment magnitudes in the 1D displacement measurements are 

respectively smaller and larger than those of the displacement 

vector measurements. If the directions of the crossed beam 

and displacement are the same, the means estimates will be 

inversely larger.

The one-directional BA methods with ASTA beam-

forming provide a simpler real-time manual technique for 
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obtaining measurements for medical doctors or clinical staff 

than do the other one-directional measurement methods. 

LM beamforming permits a much simpler real-time manual 

technique without the use of an additional device required 

for the 1D measurements (such as an automatic detector for 

the direction of blood running through vessels). However, 

a larger number of beams are required to be generated, and 

for 2D and 3D displacement vector measurements, two and 

three crossed beams, respectively.

LM beamforming has also already enabled echo imaging 

(ie, B-mode imaging) with almost the same lateral resolution 

as the axial resolution,15,16 when the shapes of the apodiza-

tion functions are carefully considered together with proper 

focusing methods. As used in the agar phantom experiments, 

the shapes should have large full widths at half maximum 

and short feet such as power functions rather than Hanning 

windows or Gaussian functions. For the transmissions, the 

crossed spherical focusing beams used in these experiments 

are better for obtaining a high measurement accuracy and 

a high-resolution echo image than crossed, laterally wide 

waves such as plane waves with no focusing.15,16

However, the transmission of such laterally wide waves 

is useful for the measurement and imaging of a rapid target 

motion such as blood flow in a carotid artery, because a more 

rapid scanning over an ROI can be achieved than with the 

transmission of conventional spherical focusing beams.13,15,16,23 

Measurement results obtained on the same agar phantom by 

the combination of rapid US transmissions with the new BA 

methods (ie, with a steered plane wave or crossed, steered 

plane waves) are shown in Appendix 4, together with those 

obtained using BAr methods, and the 2D AM and the 1D AM 

with demodulation for LM. All of the steered-beam reception 

results were obtained using dynamic spherical focusing. For US 

transmission, a nonsteered plane wave was also used.13,15,16,23 

The generated steering angles are smaller than those of 

crossed, steered, spherical focusing beams.  Accordingly, the 

evaluated SDs of the measured BAs are also smaller. The 

order of measurement accuracies for the US transmissions 

was the same as the results obtained with the use of the 2D 

AM, shown in Sumi et al15 and Sumi and Tanuma:16 crossed, 

steered spherical focusing beams . crossed, steered plane 

waves . nonsteered plane waves. With regard to displace-

ment vector and lateral displacement measurements, the same 

orders of measurement accuracy were obtained.

Alternatively, for LM and ASTA, the effect of a manual, 

mechanical, or electric steering angle, and a coordinate 

rotation angle on measurement accuracy was examined in 

 observing the direction of tissue motion (in simulations 

and agar phantom experiments).23 For both LM13,15,16 and 

ASTA,17,18 the steering and rotation angles can control the 

frequencies of all axes. For LM, the combination of nonsteered 

and steered beams can also be used for a displacement vector 

measurement together with a conventional non-LM B-mode 

imaging. However, it was confirmed that for the MAM with 

LM and the SFDM with ASTA, echo or  coordinate rotations 

that produce laterally symmetric conditions increased the 

measurement accuracy of displacement vectors (in simula-

tions).23 For the SFDM with ASTA, according to the agar 

phantom experiment results mentioned,31 such results can 

be obtained if the lateral bandwidth is large. For compari-

son with the results obtained in this report, in Appendix 4, 

only results obtained using a nonsteered spherical focusing 

beam with the same parabolic apodization and a nonsteered 

plane wave with no apodization for respective transmissions, 

together with a nonsteered spherical focusing beam with a 

parabolic apodization for reception are shown. The use of a 

plane wave for transmission yielded inaccurate measurements. 

 Interestingly, the transmission of the nonsteered spherical 

focusing beam yielded more accurate measurements than 

LM with a nonsteered plane wave transmission (Appendix 

4). By using a proper apodization (ie, a rectangular apodiza-

tion) with only a nonsteered spherical focusing beam, almost 

the same accuracy was obtained as with the most accurate 

original version of LM13,15,16 using crossed plural beams (not 

shown in this report).33,38 Disregarding lateral low frequency 

spectra17,18,33,38 after completing beamforming (ie, summation 

of echo data with apodization and focusing) was particularly 

effective in such a case. In a manner similar to LM using 

crossed plural beams, also when using SFDM, lateral cosine 

and sine modulations are reversible after beamforming by 

changing the signs of the divided spectra.33,38 The respective 

lateral cosine and sine modulations are effective for yielding 

LM imaging and displacement vector measurements, respec-

tively, from a single beam transmission.33,38 Details will be 

reported elsewhere.

For comparison of the new BA methods with ASTA or 

MCB, and the 2D AM with LM, the 1D AM13,22 with LM and 

demodulation17–19 was also used. As discussed in Sumi and 

Shimizu,19 the measurement accuracy is lower than that of the 

2D AM with LM. Even if decorrelation inherent with the use 

of the 1D AM is decreased by the use of the multidimensional 

MA13,22 and the multidimensional phase matching,9,10,13 if the 

asymmetry and differences in the beams passing through dif-

ferent paths (ie, the effects of different propagation speeds, 

attenuation, and scattering because of acoustic inhomoge-

neity, and frequency modulations, and so forth) are large, 
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measurement accuracy decreases. In the present experiments 

even using the almost homogeneous agar phantom, inaccurate 

results were obtained. Echo rotation processing using the new 

BA calculation may also be effective for yielding symmetric 

beams in such a case, in addition to the case where symmetric 

beams cannot be obtained physically because of the existence 

of obstacles such as bone (however, the use of the 2D AM 

with LM requires less processing than the use of the digital 

demodulation method).17–19 In addition to the measurement 

accuracy shown, several advantages of ASTA beamforming 

(ie, using a single beam) over LM beamforming should also 

be reconfirmed (see Sumi et al17 or Sumi,18 or appendix A 

in Sumi et al23).

The SFDM approach has the potential for yielding higher 

accuracy for arbitrary 1D displacements than the 1D AM 

approach, and its combination with LM will also yield a 

higher accuracy for displacement vectors than the MAM 

with LM based on the 1D AMBA method. In addition to the 

use of a large lateral bandwidth generated using a rectangu-

lar apodization,33,38 a proper window for the spectra division 

must be sought for or designed. The spectra division will 

not always be performed symmetrically according to the 

independency of simultaneous equations, and echo SNRs 

and bandwidths to be obtained. Properly, partial spectra may 

be disregarded. Using the SFDM, an overdetermined system 

(ie, using the least squares estimation or superposition) can 

also be constructed for all the displacement measurements 

(arbitrary directional displacements such as axial, lateral, 

and radial, and displacement vectors and so forth), and all 

beamforming methods (ie, nonsteered, steered with a vari-

able BA, radial beamforming, ASTA, LM, and so forth).38 

For instance, the proper combination of the SFDM with 

conventional nonsteered (eg, the use of spectra divided by 

vertical and/or horizontal divisions together with undivided 

original spectra) and LM beamforming (eg, horizontal 

divisions) yields a more accurate measurement of an axial 

displacement or a displacement vector in a trade-off with 

increasing the number of calculations. Although the non-

focused beam will also be used, the SFDM is particularly 

effective for a large bandwidth signal or large bandwidth 

local spectra with a high echo signal-to-noise ratio (SNR). 

For an accurate measurement, a lateral frequency should 

also be large.13 However, the use of an overly large steering 

angle also decreases the echo SNR and bandwidth. Grat-

ing lobes generated must also be removed.17 Almost the 

combination with low echo SNR and small bandwidth echo 

signals decreases the measurement accuracy. For LM, the 

use of a large number of crossed beams is also effective for 

obtaining an overdetermined system,38 although additional 

beamforming is required. Although the use of high SNR 

echo signals with different lateral frequencies increases the 

measurement accuracy, the use simultaneous of a nonsteered 

beam with a high SNR but a small bandwidth decreases 

the measurement accuracy inversely, particularly when the 

SFDM rather than the 1D AM is used (as aforementioned, 

properly generated beam should be used).38 The proper 

number of generated beams or spectra divisions for such 

beamforming will also be clarified. Moreover, the incoher-

ent superposition of divided spectra is also effective for 

reducing echo speckles.38 Results using these efforts will 

be reported in detail elsewhere.

It is also necessary to mention the differential filter used 

for calculating strain tensor data and mechanical proper-

ties such as the shear modulus shown in this report. For 2D 

and 3D displacement data, a separable filter requires fewer 

calculations than a nonseparable filter. In this report, for the 

calculations of lateral strains from an arbitrary directional 

displacement, a circular band-limited 2D differential filter 

(nonseparable) was used.36 Alternatively, for the calculation 

of strain tensor components and shear moduli, a 1D differ-

ential filter with a cutoff frequency and a low-pass filter with 

almost the same cutoff frequency were used.36

The 3D versions of all the measurements/images can 

also be used. In this report, for examining a 1D displacement 

measurement method, the 1D AM13,22 was primarily used. 

However, as mentioned in the discussion of the BA approach, 

Sumi et al’s13,19,22,31 previously developed 1D DM can also be 

used. As reported in Sumi,13,18 Sumi and Tanuma,16 and Sumi 

and Shimizu,19 with a low echo SNR, the 1D DM and the 

MDM yield higher measurement accuracies than the 1D AM 

and the MAM, respectively, and vice versa.  Measurement 

results will also be reported elsewhere for the 1D DM using 

a BA approach.

The development of versatile, accurate real-time US 

tissue displacement measurement methods will increase the 

practical applications of displacement/strain measurements of 

biological tissues (eg, blood flow, motion/deformation of the 

heart, blood vessels, liver, skin, muscle, and so forth) under 

normal (spontaneous) or artificial (static compression/stretch, 

vibration, acoustic radiation force, and so forth) motion.20,21 

The methods can also be applied to microscopic examination 

and to the monitoring of thermal treatments such as high-

intensity focused ultrasound treatments.21,22
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Appendices
Appendix 1: Displacement measurements 
using beam steering and global echo 
rotation (r) with inaccurate BA data34

A conventional method using 1D measurements (ie, the 

1D AM,3 Sumi et al’s 1D AM, or the 1D DM method with 

a multidimensional MA13,19,22,31), beam steering, and global 

echo rotation (r) are reviewed (1D AMr and 1D DMr) to 

obtain the new displacement measurement methods  referred 

to as BA (beam angle) and BAr (BA + local rotation) meth-

ods for an arbitrary directional displacement measurement. 

Generally, for a 2D ROI, the displacement in a direction 

expressed by inaccurate BA data α′ is measured using a 

nominal US frequency f
0
, or the first moment or the instan-

taneous frequency f
0
′ in the beam (ie, in the axial) direction 

calculated after rotating an echo data frame or an ROI or a 

coordinate system (ie, a global echo rotation) by the angle 

−α′ (see α instead in Figure 3A and B). The inaccurate 

BA data α′ is a value used in performing analogue or 

digital beamforming to generate a designed beam or angle 

expressed by defined delays in the respective US elements 

(ie, not an accurate angle α expressed by Equation 1 and 

shown in Figure 3A and B). In the authors’ case,23 for the 

global echo rotation, in practice, the global BA data calcu-

lated by Equation 1 using the first moments (f
x
′,f

y
′) of global 

spectra have been used. However, the global BA data are 

still less accurate than the local BA data expressed by Equa-

tion 1 in the BA approach. In such a 2D case, a Fourier 2D 

transform (Figure 3A and B) or 1D transform (Figure 3C) 

is used, and the inaccurate displacement is obtained as

 d(x, y) = ∆θ(x, y)/f
0
 or d(x, y) = ∆θ(x, y)/f

0
′. (A1)

Accordingly, the tissue displacement dβ(x, y) with an angle β 

(Figure 2) is calculated using inaccurate displacement data 

d(x, y) and inaccurate BA data α′ as follows:

 dβ(x, y) = d(x, y)/cos(β – α′). (A2)

Moreover, as mentioned in the explanation for the 1D AMBA, 

in a nonsteered case a BA α′ is often set to zero. In the 1D 

AMr case, the tissue displacement dβ(x, y) is calculated by

 dβ(x, y) = d(x, y)/cosβ  (A3)

 = ∆θ(x, y)/f
x
cosβ. (A3′)

The calculation can be compared with the 1D AMBA (no 

echo rotation) or the 1D AMBAr (with local echo rotation) 

using Equations 1–3 or 3′, whereas in the 1D DM approach, 

the calculation can be compared between the 1D DMr and the 

1D DMBA or the 1D DMBAr. On the basis of the measure-

ment of a generated BA, a measurement error is not caused by 

the fact that f
y
sin β does not equal zero. If the lateral frequency 

fluctuation (ie, f
y
) generated or the tissue displacement angle 

β is large, the measurement error increases.

For a 3D case, using an inaccurate rotational angle ϕ and 

polar angle θ to express the beam direction (see Figure A1), 

3D echo data are rotated such that the beam direction cor-

responds to the axial direction, similar to the 2D case, and 

the displacement with an inaccurate direction is measured 

using a nominal US frequency f
0
, or the first moment, or an 

instantaneous frequency f
0
′ in the axial direction. A 3D, 2D 

or 1D Fourier transform is performed.

Appendix 2: Displacement measurements 
using a BA approach for a 3D ROI34

As shown in Figure A1, when dealing with a 3D ROI, when 

the first moments or instantaneous frequencies are expressed 

as (f
x
, f

y
, f

z
), the beam direction at a point of interest (x, y, z) 

can be expressed using a rotational angle ϕ and a polar angle 

θ that are calculated as follows:

 tanϕ = f
y
/f

x
,

 cos / ( ).θ = fz f f fx y z
2 2 2+ +  (B1)

Correspondingly, the displacement d(x, y, z) in the beam 

direction can be accurately obtained by dividing the instanta-

neous phase change ∆θ(x, y, z) between two frames calculated 

using a multidimensional MA11–13 by ( )f f fx y z
2 2 2+ + , as 

follows:

 d x y z f f fx y z( , , ) ( ).= + +∆θ( , , )/x y z 2 2 2
 

(B2)

For instance, by detecting the direction of a tissue dis-

placement dβ(z,y,z) geometrically, such as from a correspond-

ing US or other image, the target displacement dβ(z,y,z) can 

be accurately measured in a manner similar to that for a 2D 

ROI case.

Appendix 3: 3D displacement vector 
measurements using MCB with a BA 
approach34

For a 3D displacement vector measurement at a point of inter-

est (x, y, z) in a 3D ROI, for displacements in the  respective 

directions, three crossed beams are measured using one of 

the new BA methods. For instance, when displacements 
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d
1
(x, y, z), d

2
(x, y, z) and d

3
(x, y, z) are measured in three beam 

directions which are expressed using rotational and polar 

angles, ie, (ϕ
1
,θ

1
), (ϕ

2
,θ

2
) and (ϕ

3
,θ

3
), the tissue displace-

ment vector D = (dx,dy,dz) can be calculated by solving the 

simultaneous equations:

 sinθ
1
cosϕ

1
dx + sinθ

1
sinϕ

1
dy + cosθ

1
dz = d

1

 sinθ
2
cosϕ

2
dx + sinθ

2
sinϕ

2
dy + cosθ

2
dz = d

2

 

(C1)

 sinθ
3
cosϕ

3
dx + sinθ

3
sinϕ

3
dy + cosθ

3
dz = d

3
,

where the rotational and polar angles are defined in a differ-

ent manner from the steering angles α
1
 and α

2
 used in the 

2D ROI case shown in Figure 5, and the positive directions 

of all the angles are set respectively in the same directions 

as defined in Figure A1.

Also in this 3D case,  the equations derived 

geometrically using frequencies (f
x
, f

y
, f

z
) in three orthogo-

nal directions (Figure A1) are equivalent to those obtained 

with LM.

Appendix 4: Lateral displacement and 
displacement vector measurements in 
agar phantoms using plane waves and/or 
nonsteered beams for ASTA, MCB, and LM
Using beamforming designs other than ASTA, MCB, and 

LM, and using the transmission and reception of steered 

spherical focusing beams with a dynamic focus (see the gen-

erated steering angles shown in Figure 8A, of about ±11.9° vs 

a designed ±14.0°, and the measurement results shown 

in Figures 8B and C and 9), the lateral displacement and 

displacement vector measurements performed on the 

same laterally compressed agar phantom are shown in this 

appendix. Here, only the 1D AM approach was used (ie, 

the SFDM approach was not used). The same differential 

filters are used for the calculations of lateral strains and 

strain tensors.

Figure A2A and A2B shows the means and SDs of 

measured BAs (Figure A2A), and grayscale images of the 

lateral displacements and lateral strains, measured using the 

global rotation (r), BA, and BAr methods (Figure A2B), for 

the transmission of a steered plane wave (ie, nonfocused) 

with the same steering angle as that of the received, steered 

spherical focusing beams with a dynamic focus and for the 

transmission of a nonsteered plane wave (ie, nonfocused 

with ASTA of 0°), respectively. For the strain measurements 

using a global rotation with accurate BA data (obtained 

using the first moments of global spectra), nonrelocated 

results are also shown (in this case, the strain data should 

be relocated, not shown). Moreover, Figure A2C shows (for 

MCB and LM using the same transmission and reception 

with the corresponding, laterally symmetric beams) the 

grayscale images of the displacement vector components, 

strain tensor components, and shear moduli (using a 2D 

stress assumption20,21,36) measured using the global rotation 

(r), BA, and BAr methods with MCB, and the 2D AM11–13 

and the 1D AM13,22,31 with demodulation17–19 with LM. The 

designed and generated steering angles are ±14.0° vs ±11.9° 

and ±7.1° vs ±6.4°, respectively. Both of the evaluated SDs of 

the BAs are smaller than those of the dynamic focused trans-

mission of steered spherical focusing beams (Figure A2A vs 

Figure 8A). However, such laterally wide wave transmissions 

are effective for completing a scan over an ROI in a target 

within a short time.13,15,16,23

At a glance, the measurements obtained with both of the 

plane wave transmissions are less stable than the correspond-

ing measurements obtained with the dynamically focused 

transmission of steered spherical focusing beams (Figures 

A2B and A2C vs Figures 8B and 9A and B), particularly 

those with transmission of a nonsteered plane wave rather 

than those with steered plane waves. The measurement 

accuracies were also evaluated and confirmed statistically, 

as shown in Figure A2D, together with those obtained for the 

transmission of steered spherical focusing beams (Figures 8C 

and 9C). Previously, the measurement accuracies were evalu-

ated only for the 2D AM with LM.13,15,16 Also for the new BA 

or BAr methods with MCB, the same order of measurement 

accuracy was confirmed: dynamically focused transmis-

sion of steered spherical focusing beams . transmission 

Lateral directionLateral direction

Space domain Frequency domain

1st moments

Instantaneous frequencies

Elevational direction Elevational direction

Spectra

0

θθ

φ φ

fy

fz

fx

Depth direction Depth direction

Point of interest 
        (x,y)

Beam direction Beam direction

Figure A1 In a three-dimensional case, schematic of beam direction generated and 
rotational angle ϕ and polar angle θ and first moments of spectra or instantaneous 
frequencies (fx, fy, fz) at a point of interest (x, y, z).
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of steered plane waves . transmission of a nonsteered 

plane wave. Also, as confirmed by Figure A2A–A2D, in a 

manner similar to that for dynamically focused transmission 

of steered spherical focusing beams (Figures 8 and 9), the 

order of measurement accuracy for both of the plane wave 

transmissions is 2D AM . 1D AM with demodulation . 

BA method (no rotation) . BAr method (local rotation) . r 

method (global rotation). The measurement accuracy of the 

displacement vector is also higher than that using lateral 

displacement. For the global echo rotations (r), the four 

dead corners were also generated (thus, the relative shear 

modulus measurements were not obtained). All of these were 

obtained using the reception of steered dynamic spherical 

focusing beams.

In addition, in Figure A2D, the statistics were evaluated 

and they are also shown for the 2D AM and 1D AM with 

demodulation using no steered beam – that is, using the 

reception with nonsteered dynamic spherical focusing beams 

together with the transmission with nonsteered dynamic 

spherical focusing beams (see images in figure 1E and F in 

Sumi and Shimizu19), and the transmission with a nonsteered 

plane wave (images not shown). Both of the designed BAs 

are 0°; and the corresponding synthesized BA from the 

laterally symmetric spectra frequency division (ie, a synthe-

sized LM using nonsteering, or the SFDM using a version 

of ASTA with nonsteering shown in figure 1B with θ = 0° 

in Sumi et al23) have angles of 3.4° and 2.6°,  respectively. 

Although the synthesized BAs for the transmission and 

reception of nonsteered dynamic spherical focusing beams 

(3.4°) are smaller than those obtained by the transmission 

of the nonsteered plane wave with reception of the steered 

spherical focusing beams (±6.4°), the corresponding images 

obtained are stable (figure 1E and F in Sumi and Shimizu19). 

Also, it is worth noting the more accurate means and the 

smaller SDs, except for the lateral and shear strains, than for 

the values obtained using a transmission of the nonsteered 

plane wave and a reception of the steered spherical focusing 

beams (Figure A2D). Moreover, for transmission, the use of 

a nonsteered, nonfocused plane wave yields less accurate 

and less stable measurements than the use of steered or 

nonsteered, dynamic spherical focusing beams (see Figure 

A2D). Such measurements using no steering and no focused 

beams will be improved with the SFDM23 and details will be 

reported elsewhere.

Tr, nonsteered plane wave; Re, steered beams
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Figure A2 For the respective transmissions of steered plane waves and a nonsteered plane wave, (A) depth vs means and standard deviations (SDs) of the beam angles 
(BAs) measured using the first moments of spectra obtained with a high spatial resolution (1.6 × 3.2 mm2) and with a low spatial resolution (3.2 × 6.4 mm2) and using the 
instantaneous frequency moving average with 0.5 × 0.6 mm2, respectively. grayscale images of (B) lateral displacements and lateral strains and (C) displacement vector 
components, shear moduli, and strain tensor components measured using the two-dimensional autocorrelation method (2D AM) and the one-dimensional (1D) AM with 
demodulation for lateral modulation (LM), and the 1D AM plus local rotation (AMr), the 1D AM plus BA (1D AMBA) and the 1D AMBA plus local rotation (1D AMBAr) 
for multiple crossed beams (MCBs). The four dead regions (corners) are shown for the 1D AMr (1D AM plus a global echo rotation of r) with both transmissions. (D) 
The corresponding evaluated statistics (ie, the means and SDs) of the displacement vector magnitudes and angles, strain tensor components, and relative shear moduli in 
the central circular region in the stiff inclusion (diameters of 5.0 and 6.4 mm for displacement vector components and for shear moduli and strain tensor components, 
respectively). The results obtained for the 2D AM and the 1D AM with demodulation using nonsteered beams are also shown, ie, using the receptions with nonsteered 
dynamic spherical focusing beams together with the transmissions with nonsteered dynamic spherical focusing beams (see images in figure 1E and F in Sumi and Shimizu19), 
and the transmission with a nonsteered plane wave (images not shown).
Abbreviations: deg, degrees; freq, frequency; Re, reception; Tr, transmission.

(Continued on next pages.)
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Tr, steered plane waves; Re, steered beams
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Figure A2 (Continued)
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Tr, nonsteered plane wave; Re, steered beams
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Figure A2 (Continued)
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