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ABSTRACT

Mechanical properties of tissue have long been exploited by the physician to diagnose disease by palpation of
masses. Generally, lesions are tiffer than their surrounding tissue, which exhibit different characteristic response
to acoustic radiation force excitation from the surrounding tissue. The Acoustic Radiation Force Impulse (ARFI)
imaging generates images of localized displacements in tissue by using radiation force induced from long pulses
with hundreds of cycles. The localized micron-scale displacements are tracked by correlation-based methods. The
displacement is then used to explicitly determine the spatial distribution of the mechanical properties of the tissue.
Normalized cross correlation has the best performance of time-delay estimation in ultrasonic signals. However, the
acquired RF echo data are required to be up-sampled to GHz so as to give micron scale precision between lags.
Consequently data processing is computationally expensive and not suitable to real-time application. In this paper,
two time-domain methods (Loupas and Phase Zero) and one frequency-domain (Cross Spectrum) method are
compared using both simulated echo signals and phantom signals obtained through medical ultrasound system. The
2D phantom imaging is also provided.
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INTRODUCTION

While conventional B-mode ultrasound imaging difetiates features by different acoustic propertfagustic
Radiation Force Impulse (ARFI) Imaging uses aceussidiation force to generate images of the mechani
properties of soft tissue. Mechanical propertiedisfue have long been exploited by the physictadiagnose
disease by palpation of masses. Generally, lesioastiffer than their surrounding tissue, whiclhibit different
characteristic response to acoustic radiation fexétation from the surrounding tissue.

Several groups have been investigating the useafstic radiation force to qualitatively or quaatitely measure
the stiffness of soft tissue in ultrasound. SheawevDispersion Ultrasound Vibrometry (SDUV) coulcbate
harmonic shear waves by using amplitude modulat@eever two co-focused beams at different frequenidie 2].

The ARFI imaging generates images of localizedldtgments in tissue by using radiation force indutem long

pulses with hundreds of cycles [3, 4]. The localizaicron-scale displacements generated by radidtiooe are
tracked by correlation-based methods. The displac¢iis then used to explicitly determine the spatistribution

of the mechanical properties of the tissue. Regebtbherty gave a complete review in acoustic rtémtiaforce

elasticity imaging in diagnostic ultrasound [5].

Normalized cross correlation has the best perfoomani time-delay estimation in ultrasonic sign&s However,
the acquired RF echo data are required to be uplsdnio GHz so as to give micron scale precisiomwéen lags.
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Consequently data processing is computationallyeesiye and not suit-able to real-time applicatiorthis paper,
two time-domain methods (Loupas and Phase Zero) an&d frequency-domain (Cross Spectrum) method are
compared using both simulated echo signals andtpimsignals obtained through medical ultrasoundesysThe

2D phantom imaging is also provided.

This paper is organized as follows. Section 2 phiges the methods of displacement estimation; @e&tincludes
the simulation and results of the methods; Sectialescribes the phantom imaging and results; Seétigives a
discussion.

EXPERIMENTAL SECTION

M ethods of Displacement Estimation

Methods for calculation of axial displacement cae both time domain and frequency domain techndlogyas
et. al. 2D autocorrelation method [7] uses infoliorafrom both the depth samples withinan axial magd pulse
transmission samples within ensemble size. Loupagsrithm derives theaxial velocity by calculatittee mean
Doppler frequency along the ensemble direction thedmean RFfrequency along the axial extent in timenain.
In the ARFI imaging, the estimated velocity is tineanvibrating velocity of scatters within an axialte length,
which could be used to derive the displacementbliphying the pulse repetition frequendy;.
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where u is the mean displacement estimated over an azial lgngthM and an ensemble len@ithThe speed of
sound is given by, f; is the center frequency of the RF sigrials the sampling frequency, ahdand) are the
in-phase and quadrature component of the demoduteteeband signal. When displacement is calculdteduals
to 2, where the symbaok=0 corresponds to the pre-compression signalnaidhe post-compression signal.

Because the cross correlation function has a maximauthe time shift position of corresponding atialgignals,

the phase of the correlation function has a rocthatsame position. So it is called phase zero oue{B]. A
modified Newton iteration can be used to derivetiime shift and displacement as written below:
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where Tis the time shifth is the index of iterationw,is the center angular frequendy,is the sampling interval,
Tuis the window sizek denotes the temporal discrete position, amg and x», are pre-compression and
post-compression baseband signal respectively,Highwinterpolation can be done more accuratelyractice, the
initialized value forr is zero, and the number of iterations is 1. Beeall®e center angular frequenayis
processed in dimensionless for /f;, the estimated time shiftis a dimensionless quantity related to sampling
interval. When the displacement is calculatedhitdd be multiplied byl

328



DequanGuoet al J. Chem. Pharm. Res,, 2013, 5(12):327-331

The cross spectrum method [9] is a frequency dorahnology to calculate the displacement. If theeived RF
echo and its frequency spectrum are expressed(tasand f) respectively, the cross spectrum of the
pre-compression gsand post-compression(signals can be calculated as:

S (1)s(f)=[s(f)f e @

where 7,andr; are the time delays respectively. The changenie tilelay corresponds to the displacement, which
can be estimated from the phase of the cross spectr

_chg(f)

AH(f)=Z’1—TO, —EW

(4)

The center frequendy is estimated by finding the frequency at which ieximum occurs in the cross spectrum.

Simulation
The simulation was carried out by the theoretiecahifula. The received echo signals of a harmonicianoof
scatters can be represented in the form of [10],

rt,t) = A(tf ’ts) Coiwftf tg + B Sir(wsts +¢’s))
_ 2Dyw, cosd ®)
Cc

where wy is the vibrating angular frequency, angis the center angular frequency of thetransmitteidep D, is
the displacement amplitudeis the received echo signal, A is the echo anmgdif,is the initial phase of the
transmitting ultrasound signaf)is the initial phase of harmonic vibratiofis the fast time representing depth,
related to the sampling frequency, agid the slow time representing repetitive pulsekted to the pulse repetitive

frequency (PRF)pis the angle between the ultrasound beam and gheetimotion direction, which can be always
assumed to be 0.

In this simulation, the default parameters inclsdenpling frequency 40 MHz, speed of sourd540 m/s, center
frequency 5 MHz, vibrating frequency 200 Hz, pulspetition frequency 4 kHz, cycles of vibrationdisplacement
amplitudeDo=10 mum, gate length 1 mm, focus depth 3 cm, aitidliphase 0. The parameters that are expected to
affect performance of the three methods mentiotede include the displacement amplitude, signaldise ratio
AR, gate length and center frequency.

Two metrics are used to evaluate the performandkeomentioned methods [11]. The bias is the méaheoerror
which is calculated as the simulated displacemesntstracted from the estimated displacements.Ther jis
thestandard deviation of the error. The resultshoavn below.
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Figure 1. Displacement biasand jitter for variation of SNR Figure 2. Displacement biasand jitter for variation of

displacement amplitude
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Figure 3. Displacement biasand jitter for variation of gate Figure 4. Displacement biasand jitter for variation of
length center frequency

Figure 1 shows thdisplacement bias and jitter while varyiSNR. As SNR increases both the bias and jitter
gradually close to zero. Theerformanc of Cross spectrum method is better than LoupasPdnase zero in lowe
AR conditions. HigheENR has positive effect methods of displacement estimation.

Figure 2 shows thalisplacement bias and jitter while varying displae@t amplitude. As the displacemi
amplitude increases the bias of Loupas and Phasdszavhile the jitter does not seem to changeiantly. The
performanceof Cross spectrum method is still better than Leugad Phase zero. Larger displacement ampl
has positive effect to methods of displacementreston

Figure 3 shows théisplacement bias and jitter while varying gategtén As gate length increasthe bias of
Loupas and Phase zero is a little unstable, whiejitter decreases slowly. Too small or too lavgkie of gate
length has negative effect to Loupas and Phaserzetiood. The value of gate length around 0.9 oniimsuitable
to the estimation methods.

Figure 4 shows thdisplacement bias and jitter while varying centegfiency. The change of center frequency
not a definitely positive effect to both bias aittky.

In all the experiments, the performance of Crogxspm method iselatively stable, and better than the other
methods.

Phantom I maging

The imaging experiment waeerformed with a medic ultrasoundmaging system iMago C21 by Saset (Cheng
Inc. and a Model 049 Elasticity QA phant (CIRS Inc., Norfolk, VA). The 2DARFI images were formed on tl
basis of Cmode. The operator selects a region of interestlR@ the conventional -mode image, which
determines the field of view in lateral and deptredion. In the ensemble direction, the beam secgievas
modified to consist of pushing beams and tracking beams fifdtebeam was a standar-mode pulse, 5 MHz, 2
cycles, which was used as the reference beam fasumieg tissue displacements. The focus depth \Wasrh
falling on thecenter of the smaller sphere v diameter 10mm of Type |, which was the sphere i lowes!
elasticity coefficient and covered by the ROI sotagive a remarkable response to the radiationefolhen ¢
groups of pushing and tracking beams were firedgatbe same line to induced monitor the displacement with
the phantom. The pushing beams were 200 cyclesuatiglower voltage to avoid potential temperatimerease
Finally, 15 tracking beams were fired along the sdime to monitor theresponsefter the cessation of thadiation
force. The pulse repetition frequency (PRF) waskH2. The global gain was set to 46% to give a @éilS\NR.

The 2D ARFI images were formed using 21 laterahmgs locations, each with the same focal deseparately by
0.5 mm. The received eobs fromthe consecutive tracking beams at each lateral positiere correlated with th

reference beam to calculate timeluced displacement by using the 3 estimationrdlgns mentionbefore. The
ARFI image was generated by displaying the meastiseue displacements after tloessation of radiation forc

with spatially median filter and lateral interpatat. The result was shown in Figure 5 matched wifib

corresponding Bnode image by using the Loupas algorithm. The tedyl the other algorithmwere similar. The
contrast within the region of themaller sphere is obvious compared with the backgtpwhich means that tl

induced displacements within this area are bibecausdt is much softer than the backgrou

330



DequanGuoet al J. Chem. Pharm. Res,, 2013, 5(12):327-331

—8—1.Tcm

—e— 1.6cm

05

Displacement [ym]

Rk
1}

i G 7S
Figure 5. ARFI image matched with B-mode image Mrbie b Tracking:Beam
Figure 6. Estimated displacement at different depth

Along the horizontal central line of the estimatdidplacements, 3 points at different depth werectetiwith
marker as shown on the left side of Figure5. Theesponding estimated displacementprofiles at tresecutive
tracking times were depicted in Figure 6. The maxmpeak in displacementoccurs at the focus (1.6afte) the
cessation of acoustic radiation forces. This phak propagatesaxially away from the focus. The auogd of peaks
at the other two points are much lower.

All the algorithms were implemented by Matlab. Tdemputer used for testing is equipped with an I18t8DGHz
dual core CPU coupled with 4GB RAM.The computatimme were 2.72s, 9.12s and 23.9s for Loupas, Prarse
and Cross spectrum respectively.

DISCUSSION

From the results of simulation and phantom imagirgeriment, all of the three algorithms are suédbl detection

of the displacement induced by the acoustic ramhafibrce. TheSNR and displacement amplitude with larger value
have positive effect to the performance of estiomathethods. So greater global gain was used tornobigher SNR,
and longer pulses with higher voltage could be wsédduce bigger displacement under the limitatbbio-effects
and safety. So acoustic output testing is necedszinre applying the ARFI imaging system to aninald human
beings.

Due to the interpolation in Phase zero method émed Rourier transform in Cross spectrum method, titine
consumption of Loupas method is the lowest. Ifsitprogrammed in C language and uses parallel cangput
technology, the performance will be enhanced reatdykfor real-time application.
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