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1. Introduction

   It is remarkable  that the pathological statc of  human  soft

tissues highly correlates  with  their static and  Iow-frequency
mechanical  properties, particularly shear  elasticity. Accord-
ingly, many  rcsearchers,  including us,  havc been  developing
strain or displacement-measurement-based shear  modulus

reconstruction  methods  [1-3] and  using  various  ultrasonic

(US) struin!displacement  measurement  methods  (e,g,,
Doppler  method  and  autocorrelaLion  mcthod  [4,51, cross-

cerrelation  method  [6-g], spectrum  cross-correlation  method

[9], sum-squared  difference (SSD) method  [10J, mu]tidimen-

sional  cross-spectrum  phase gradie]t method  (MCSPGM),
i.e., 3-dimensional (3D) or  2D  CSPGM  L1 1,I21, multidimen-

sional  autocorrelation  mcthod  (MAM) [13,14] and  multi-

dimc]sional Doppler mcthod  (MDM)  [13,14]).
   Previously, we  proposed the use  of the regulurization

method  l15,16] for strain  tensor  measurement  [17-191 and

shear  modulus  reconstruction  [17,19,20], for which  the

respective  effective setting  methods  of  the regularization

parameters, i.e., methods  using  the variances  of  the measured
displacement vectur  and  strain  Lensor components  have been
reported.  That is, for strain measurement  and  shear  modulus

reconstruction,  the respective  measurement  aecuracies  of  the

displacement vecter  components  aiid strain tensor  compo-

nents  are  properly used  at each  position in the region  of

interest (spatially variant  regularizations).  In strain measure-
ment,  regularization  is properly applied  to the respective

displacement components  (i.c., displacemen[-component-
dependent regularization).  For instance, in a  previous study,
only  the latera] displacement was  regularized  [21], Through
such  rcgularizations,  spatially uniform  stabilities  of  strain

measurement  and  shear  modulus  reconstruction  can  be
realizcd.

   As shown  in this report,  the respective  strain yariances

can  be experimentally  evaluated  using  plural displacement
field measurements,  i.e., using  variances  and  covariunces  of

displucement components  and  differential filter coeMcients

[221. 0therwise, as  shown  in ref. [18], single field measure-
ment  is performed. For instance, when  using  

'the
 cross-

coiTelation method,  the upper  bounds of the axial  L23-25],
lateral!elevational L26] and  shear  [27] strain  variances  can  be
theoretically derived on  the basis of  the Ziv-Zakai Lower
Bound  (ZZLB) [28,29] and  the finite diderencc approxima-
tion ofpartial  derivatives. Because the ZZLB  can  be used  for

all cross-correlat{on-based  displacement measuremcnts,  the
theoretically derived strain  variances  [23-27] can  also  be used

when  employing  MCSPGM,  In this report,  we  also  derive the
strain  variances  using  the ZZI.B  and  ditTerentia] filter
coerncients.  Single field measurement  is suitab]e  fur practical
in vivo  measurementlreconstruction  [17-201, whereas  plural
field measurements  can  be used  to cepe  with the decreases in
the accuracy  and  stability  of the measurementlreconstruction
inhercnt to each  US  systcm  and  the US  parameters used  (US
frequencies, bandwidth).

   In Sect, 2, the  respective  strain  variances  are  cxpressed  by
variances  and  covariances  of  displacement components  and

differential filter coefficients, at'ter whieh  the  strain  variances

are experimcntally  evaluated  using  plural dLsplacement field
measurcmcnts.

2. Variances  of strain  tensor components  estimated

   using  difi'erential fiIter coeracients  and  variancesl

   coyariances  o(- disp]acement  vector  cemponents  L221
   In practical applications  of  digital differential filters,
the bandwidths are  limitcd in all directions using  cutoff

frequencies. Such  2D  and  ID  differential filters arc  described
in ref. [301. Here, the 3D  differential filters hx(x,}!,z) and

hy(x,.y. z) are respectively  used  for the difTerentiations in the
x  (Le,, axial)-  and  }' (i.e., lateral)-directions of  the uxial  or

latcral disp]acement distributions, i,e,, "x(x,y,  z,) or  uy(x,  ),, z).
Usi]g an  expectation  operator  E[ ] and  a covariance  operator

cov[,],  the  means  and  variances  of  thc mcasured  axial  (or
lateral) and  shear  strains  are  estimated  using  the means  and

covariances  of the meusured  axial  and  late]'al displacements

[221, i.e,, for axial strajn eM(x,y,z),
the mean  is

  E[e..(x,y･,z)]

    =  Z) E  E{hr(k, l, m)Elux(x  
-
 k, .y 

-
 l,z - m)]}

       kim

and  the variance  is

var[eJx(X,.v,O]

==  El(enx(x, .v, z) -  E[e..(x, .v, i)])2]

==EEEEEZ){hx(k,i,m)bu(k',i'.m')

   k t m  k' i' m'

(])

x  covrtcx(x  -  k, .v -  Lz -  nt), ux(x  -  k',.v -  t',z -  m')]},(2)
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alld  for shear  strain  e.vy(x, }?, e),
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the mean  is

E[e.,･(x,y,z)]== S \ \ >ll,]{hy(k, i･ m)E[ux(x  
-
 k.y 

-
 i, z

  +  hx(k, t, m)E[u.v  (x -  k,y -  l, z  
-

 m)]}

-
 m)1

(3)

and  the  variance  is

var[eo,(x,y,z)]== £ Zi)\,, ;,;;, :ll,]
 {hy(k, l, m)hy(k',f,mr)cov["x(x  -  k,y -  l, z, -  m),  "x(x  -  k',y -  tf,z -  mr)]

  +  hr(k, l,m)hx(k', t', m')cov[uyCx  -  k,y -  t, z - m), uy(x  -  k',.v -  t',z -  m')]

  +  2hy(k, l, m)hx(k',  l',m')cov[ux(x -  k,y -  t, z -  m),  u),(x  
-
 k',y -  ", :. -  in')]}

  1=i\\\,

 \, \, \.,
 {hy(k, l, m)hy{k',  i',m')covLttx(x - k, .N' - i, z -  m),  ux(x  - k', .v -  l',z -  m')]

  +  hx(k, l, m)hx(k',  l', m')cov[uy(x  -  k, )r -  t, (p, -  m),  "y(x  
-

 k', ), -  l',z -  m')]}, (4)

when  cov[ux,  uy] =  O.

   In practical appllcations,  thc variances  and  covariances  of

the displacement components  can  be evaluated  using  the

spatial or tempora] average,  or  ensemble  average,  i.e,, plural
measurements,  statistically.  All the means  and  variances  of

strains  can  also  be evaluated  after  obtaining  the strain data

(samples) statistically.

   Otherwise, as  the variances  of the measured  axial  and

lateral displacements (i.e., the axial and  lateral time  delay

cstimates  e. [31] and  tl [26]), those expressed  using  the

Cramer-Rao  Lower  Bound  (CRLB) ot]RLB  can  be used

instead.

acRL"2(ta)  ==  2ff2T(B,3 l 12B,fo,2) 1 (1 + siJi},)
2

 
-
 1l (5)

           Ba2 +  3foa2
acRLB2(ti)=                     ffcRLB2(ta)                                               (6)
               B?

Here, T  is the local region  length used  fbr MCSPGM,  fo.
is the  US  frequency, B, and  Bi are  the  axiai  and  lateral

bandwidths, respectively,  and  SNR.  [32] is the  cornbined  SNR

defined as

                        slvRpslvR,
              SiVR,= (7)
                     1 +  slvR, +  s?vR,

using  the echo  SNR (i.e., SIVR,) and  the correlation  SIVR (i.e.,
SNR.) defined as

                  slvR, 
==

 1e  
p.
 (s)

The  correlation  S?Vl? exhibits  an  effect  on  the  measurement

accuracy  of  the decorrelation of the local echo  data induced
by  rigid  motion  and  defbrmation. Thus, the variances  of  the

displacements can  also be estimated  by a single measurement

f18,20], i.e., by using  the  actual  US  parameters (frequencies
and  bandwidths), local region  length, echo  SNR  and  corre]a-

tion coethcient  (peak value  of  cross-correlation  function).

   Thus, for instance, the  variance  of  the  measured  axial

strain  component  can  also  be estimated  as  Eq, (2) using  the

theoretically derived axial displuccment variance  (5) and  a

differential filter [30]. That is, the axial  strain  variance  can

be estimated  as  in ref,  [23] under  the assumption  that the

variances  of  the estimated  axial  time  delays t, within  a

filtered region  are the same  as  that of  the point of interest and

that each  covariance  has a  linear dependence  on  the variance

in corijunction  with  the everlap  of  thc two loca] regions  used

for thc displacement measurements  (i,c,, the coyariances  are

proportional to the variance).  In this case,  the variance  of  the

axial strain component  is expressed  as  being proportional to
CRLB  [Eq, (5)]. This assumption  can  also be used  for the
evaluation  of  the variances  of  the lateral/elevational and  shear

strains.  The  axial  strain  variances  evaluated  using  Eqs. (2) and

(5) were  previously used  [18,20] to realize  spatially  uniform

stability in shear  modulus  reconstruction.

   In the next  section,  the evaluated  ensemble  axial  [Eq. (2)],
lateral [Eq, (2)] and  shear  [Eq. (4)] strain  variances  are shown

using  plural displacement field measurements  fbr an  agar

phantorn that is spattally  fixed. That is, the measuremcnt

accuracies  are  determined using  only  the eche  SIVU, the

parameters (US frequency, bandwidths, f-number, sampling

frequency, beam pitch, lecal region  size,  cutoff  frequency of

the differential filter) and  the displacement measuremcnt

method,  i,e,, except  for echo  decorrclution due to rigid motion
and  defbrmation,

3. Phantemexperiment

   We  produced a uniform  agar  phantom  of  200mm

(height) × 100rnm (lateral width)  ×  50mm  (elevational
width).  The  concentratioii  of  the agar  was  3.5 percent. To
control  US  attenuation,  graphite powder  was  added  (concen-
tration, 3.0 percent). The  linear array  trangducer with  a

nominal  frequency of 5MHz  (LNR5539, Aloka Co., Ltd.,
Tokyo,  Japan) was  used  together  with  US imaging equipment

(SSDS500, Aloka Co., Ltd., Tokyo,  Japan). Rf-echo data were

digitized with  12-bit resolution  at  a  sampling  rate  of  20 MHz
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Fig. 1 Variances  of  displacemenl  vector  eomponents

 evaluated  using  plural field measurements  vs  axial

 position for focus depths of  (a) 18.7, Cb) 38.7 and

 (c) 81.7 mm.

Fig.2  Variances  of  strain  tensor components  evaluated

 using  plural field measurements  and  Eqs. (2) and  (4) vs
 axial  position for focus depths of  (a) 18.7, (b) 38.7 and
 (c) 81 .7 mm.

(O.2mm beam pitch), The  f-numbcr was  1.0. The  fbcusing
positions were  set  at the depths of  18.7, 23.7 and  81.7 mm.

   The  2D  CSPGM  [11,12] was  used  (local region  size,

2,4mm  x  3.2mm).  The cutoff  frequency of  the differential
filter [30] was  O.128mm-i,  The 1,050 paired rf-echo  data
frames were  acquired  at  difEerent positions without  compres-

sion  or stretching.  Because  two  samples  were  obtained  at each

depth from paired frames, the variances  of  the 2D  displace-
ment  vector  eomponents  were  evaluated  using  2,100 samples

at each  depth. In Figs, 1(a) te 1{c), the  evaluated  yariances

of  the  measured  displacement components  are  respectively

shown  for the focus depths of  18.7, 23,7 and  81.7 mm.  From
the variances  and  covariances  of  the measured  displacement
components,  the variances  of  the strain  tensor  cempenents

were  evaluated  using  Eqs. (2) and  (4), These are  shown  for the
fbcus depths of  18.7, 23.7 and  81,7mm  in Fig, 2(a) to 2(c),

   The  respective  variances  of the axial displacements
[Figs. 1(a)-1(c)] are  smaller  than  those  ofthelateral  displace-
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ments.  That is, the accuracy  of  the axial displacement is
higher than that of the Iateral displacement. Because of  the US
attenuation, the variances  increase in the deep region.

However, note  that the measurement  accuracy  of the axial

displacement is fairly stable compared  with  that of  the lateral
displacement [Figs. I(a)-l(c): log-scale graphsl. Moreover,

the focusing makes  both variances  small, particularly that of

lateral displacement, even  in a deep region  [see Fig. 1(c)].
The variance  of  the  axial  strain  (e.,) is the smallest  and  those

of  shear  (e.y) and  lateral (e.,y) strains  are  1arger [Figs. 2(a)-

2(c)] because an  inaccurate lateral displacement is used.

4. Discussions and  conclusions

   In our  regularization  of  the displacement (strain) measure-

ments  [17-19] and  sheaT  modulus  reconstruction  [17,18,201,
the evaluated  variances  of  the displacements and  strains were

respectively  used.  In this report,  the variances  of  the displace-

ments  experimentally  evaluated  by plural field measurements

were  used  fbr the evaluations  of  strain variances.  The
applications  of  the  variances  of  displacements and  strains

will  be shown  elsewhere,  together  with  those  Dbtained  by a

single  field measurement  [e.g.,18-20]. Here, note  that such

evaluated  variances  are  1arge at the boundary  of  tissue (tumor,
organ  etc.).  In such  cases,  since  the  measurement  targets may

not  be smooth,  the evaluated  variances  should  not  be directly
used  in the regularizations  to prevent the measurement  targets

becoming overly  smoothed,

   Because  the variances  exhibit  the limitations of  the US
system,  the  parameters (US frequency, bandwidths, f-number,
sampling  frequcncy, bcam  pitch, local region  size,  cutoff

frequency of  the  differential filter) and  the displacement

rneasurement  methods  used,  sueh  evaluation  will also be

employed  to adjust them  for increasing the accuracies  of the
displacementfstrain measurement  and  shear  medulus  recon-

structlon.
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