
ABSTRACTS

1. Car diac Imaging/ARFI

1.1. A Bayesian pa ram e ter es ti ma tion ap proach for en hance ment of the anal y sis of
myo car dial strain and strain rate data, Chris tian C. An der son, Chris to pher W. Lloyd, G.
Larry Bretthorst, Ravi Rasalingam, Gautam K. Singh, Mark R. Hol land and James G.
Miller, Wash ing ton Uni ver sity in St. Louis, St. Louis, MO, james.g.miller@wustl.edu.

Back ground:  Global and seg men tal strain and strain rate mea sure ments de rived from
echocardiographic data are in creas ingly used as in di ca tors of im paired myo car dial func tion.  
How ever, strain and (es pe cially) strain rate data can of ten suf fer from sig nif i cant phys i o log -
i cally-mean ing less vari a tions that com pli cate the de ter mi na tion of pa ram e ters typ i cally
used to char ac ter ize the data.  In prac tice, to ob tain a full anal y sis of the data for each pa tient,
phy si cians must man u ally ex am ine strain and strain rate data from myo car dial seg ments in
the ra dial, cir cumfer ential and lon gi tu di nal di rec tions for each of six dif fer ent echocardio -
graphic views.  The time re quired to per form a full anal y sis is pro hib i tive for rou tine clin i cal
im ple men ta tion. Fur ther more, the noisy vari a tions com pli cate ef forts to make an ob jec tive
de ter mi na tion of key fea tures in the data.

Ob jec tive:  The goal of this study was to model strain and strain rate data with smoothly-
vary ing func tions to make data anal y sis less time-in ten sive and less sus cep ti ble to the ef fects 
of phys i o log i cally-mean ing less vari a tions.

Meth ods:  Strain data were mod eled us ing a piecewise model that in cor po rates cosinu -
soidal and lin ear seg ments.  This model re quires nine ad just able model pa ram e ters to char -
ac ter ize the strain data.  To es ti mate these pa ram e ters, the strain data were used as in put to a
pro gram that im ple ments a Bayesian pa ram e ter es ti ma tion cal cu la tion.  Mar ginal pos te rior
prob a bil ity dis tri bu tions for each of the pa ram e ters in the model were ob tained us ing
Markov chain Monte Carlo with sim u lated an neal ing.  The model func tion that max i mized
the joint pos te rior prob a bil ity for the pa ram e ters was dif fer en ti ated to ob tain the strain rate
for the in put data.

Re sults:  The model func tions con structed us ing the Bayesian pa ram e ter es ti ma tion ap -
proach are in good agree ment with the ac quired strain data.  The strain rates de rived from the 
mod els for the strain data pro vide smoothly-vary ing curves that are eas ily in ter preted and
com pare fa vor ably to re sults an tic i pated based on phys i o logic con sid er ations. 

Con clu sion:  A model anal y sis of myo car dial strain and strain rate data ap pears to show
prom ise as a way to fur ther au to mate and en hance cur rent meth ods of anal y sis.  Bayesian
prob a bil ity the ory is a prac ti cal method for car ry ing out these model anal y ses be cause it not
only de ter mines pa ram e ter es ti mates for the model but is also ca pa ble of pro vid ing prob a bil -
ity dis tri bu tions for each model pa ram e ter, al low ing mea sures of un cer tainty in the model
pa ram e ters to be quan ti fied in a straight for ward man ner. 

Sup ported by NIH HL40302 and NIH RHL106417A

1.2 As sess ment of car diac dys func tion in over weight ad o les cents us ing echo cardio -
graphic-based ‘whole heart’ global lon gi tu di nal strain anal y ses, Mark R. Hol land, Ber -
na dette Vitola, Sam uel Klein, Tim o thy J. Sekarski, James G. Miller and Gautam K. Singh,
Wash ing ton Uni ver sity in St. Louis, St. Louis, MO, james.g.miller@wustl.edu.

Back ground: The prev a lence of pe di at ric obe sity has reached an alarm ing level in the U.S. 
In adults, obe sity has been as so ci ated with cardiomyopathy due to car diac steatosis from
intramyocellular lipid ac cu mu la tion, re sult ing in a higher in ci dence of car diac dys func tion
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and mor tal ity. It is not known if over weight ad o les cents ex hibit an early on set of car diac
dys func tion.

Ob jec tive: The goal of this study was to as sess the pres ence of early on set car diac dys -
func tion in over weight ad o les cents through echocardiographic-based car diac strain mea -
sure ments.

Meth ods: Echocardiographic im ages of 37 ad o les cent sub jects (age range 13 to 18 years;
20 male, 17 fe male) were ac quired us ing a GE Vivid 7 echocardiographic im ag ing sys tem.
Mea sure ments of global lon gi tu di nal strains and early-di a stolic strain rates were ob tained
us ing the 2D speckle track ing ca pa bil i ties of the GE EchoPAC im age anal y sis sys tem. For
each sub ject, global peak lon gi tu di nal strain and strain rate mea sure ments were ob tained for
the api cal long-axis, four-cham ber and two-cham ber echocardiographic views and av er -
aged to gether to give ‘whole-heart’ peak lon gi tu di nal strain and strain rate val ues, re spec -
tively. The sub jects were seg re gated into two groups: an Over weight (Obese) Group (N =
24; BMI = 35.4 ± 5.0 kg/m2; 15.0  ± 1.6 years; mean ± SD) and a Nor mal Weight (Lean)
Group (N = 15; BMI = 19.8 ± 1.6 kg/m2; 15.2  ± 1.3 years).  The ‘whole-heart’ peak lon gi tu -
di nal strain and strain rate val ues for each group were com pared.

Re sults: Re sults dem on strate a value of the mean mag ni tude of‘whole-heart’ peak lon gi -
tu di nal strain for the Nor mal Weight Group (-18.2 ± 2.7%; mean ± SD) that is sig nif i cantly
larger than the mean value for the Over weight Group (-15.8 ± 3.0%; p = 0.02). The mean
early-di a stolic “whole-heart” peak lon gi tu di nal strain rate for the Nor mal Weight Group
(1.59 ± 0.34%/sec) was sig nif i cantly larger than that mea sured for the Over weight Group
(1.30 ± 0.27%/sec; p = 0.01). The Over weight Group was fur ther seg re gated into two sub -
groups: an Over weight Group with nor mal hepatic fat con tent and an Over weight Group
with el e vated hepatic fat con tent.  Re sults dem on strated monotonically in creas ing val ues of
the mean ‘whole-heart’ peak lon gi tu di nal strains and strain rates for the Over weight Group
with el e vated hepatic fat con tent, Over weight Group with nor mal hepatic fat con tent and
Nor mal Weight Group, re spec tively.

Con clu sion: Re sults of this study dem on strate sig nif i cant dif fer ences in both sys tolic and
di a stolic car diac func tion in over weight ad o les cents rel a tive to that for ad o les cents of nor -
mal weight. These ob ser va tions sug gest mea sure ments of echocardiographically-based
‘whole-heart’ peak lon gi tu di nal strain and strain rate may pro vide a noninvasive ap proach
for as sess ing early subclinical al ter ations of car diac func tion as so ci ated with obe sity in ad o -
les cents.

Sup ported by NIH R01 HL040302 and R21 HL106417.

1.3 Back scat ter from tis sue-mim ick ing phan toms ex hib it ing a range of lipid con -
cen tra tions com pa ra ble to that ob served in the hearts of obese sub jects, Benjamin L.
John son, Jo seph J. Hoffman, Jean E. Schaffer,  Linda R. Pe ter son, Gautam K. Singh, Mark
R. Hol land and James G. Miller, Wash ing ton Uni ver sity in St. Louis, St. Louis, MO, james.g.miller
@wustl.edu.

Back ground: Obese in di vid u als are at el e vated risk for car diac dys func tion. Stud ies have
dem on strated car diac steatosis from intramyocellular lipid ac cu mu la tion in obese sub jects
and sug gest that ex cess lipid ac cu mu la tion in the heart may con trib ute to the pathogenesis of 
heart fail ure.  De vel op ment of echocardiographic-based meth ods to as sess the level of myo -
car dial lipid con tent may pro vide a use ful tool for phy si cians to uti lize in the man age ment of
these pa tients.

Ob jec tive: The goal of this study was to de velop a se ries of myo car dial tis sue-mim ick ing
phan toms ex hib it ing a range of oil con cen tra tions and dis tri bu tions com pa ra ble to the lipid
lev els re ported in the hearts of obese sub jects and de ter mine if these lev els can be dif fer en ti -
ated us ing ul tra sonic back scat ter mea sure ments over clin i cally-rel e vant fre quency ranges.
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Meth ods: A se ries of gel a tin-based ul tra sonic tis sue-mim ick ing phan toms was con -
structed con tain ing 0% (n = 8), 0.5% (n = 5), 1.0% (n = 1) and 4.0% (n = 6) sus pen sions of ol -
ive oil by vol ume.  Spe cial care was taken to en sure that the size dis tri bu tion of oil drop lets
within the phan toms was con sis tent with the size of myo car dial lipid drop lets re ported in the
lit er a ture.  Ul tra sonic mea sure ments were per formed at a tem per a ture of 22.6 ± 0.3°C on the
phan toms us ing a 5 MHz fo cused trans ducer over a band width rang ing from 3 to 9 MHz. 
The speed of sound, fre quency de pend ence of the at ten u a tion co ef fi cient, ap par ent in te -
grated back scat ter and the level and fre quency de pend ence of the back scat ter co ef fi cient
were de ter mined for each phan tom.  

Re sults:  Mea sure ments of ap par ent in te grated back scat ter over the fre quency range from
3 to 5 MHz yielded val ues of –62.8 ± 0.5 dB (mean ± stan dard de vi a tion), –59.6 ± 1.3 dB,
-57.6 dB, and –55.9 ± 1.5 dB for the 0% (n = 8), 0.5% (n = 5), 1.0% (n = 1), and 4.0% (n = 6)
oil phan toms, re spec tively.  The fully re duced back scat ter co ef fi cient plot ted as a func tion of 
fre quency ex hib ited a fre quency de pend ence, fn, of n = 3.5 ± 0.1 for all the phan toms ir re -
spec tive of the lipid con cen tra tion. The val ues of the back scat ter co ef fi cient in creased
monotonically and sys tem at i cally with lipid con cen tra tion over the full range stud ied.

Con clu sion: Re sults of this study sug gest that the in creased lipid lev els ob served in the
hearts of obese sub jects may pro duce cor re spond ing in creases in mea sured ul tra sonic
backscat ter levels over clin i cally-rel e vant fre quency ranges.  Hence, de vel op ment of
echocar dio graphic-based meth ods to as sess myo car dial lipid con tent and its change with
ther a peu tic in ter ven tion may be fea si ble. 

Sup ported by NIH R01 HL040302, NIH T90 DA022871.

1.4 Rapid ac qui si tion of car dio vas cu lar elas tic ity and blood-flow in for ma tion us ing
a com bined ARFI/ Dopp ler im ag ing sys tem, D.M. Dumont,1 J. J. Dahl,1  S. J. Hsu1 and G.E.
Trahey,1, 2   1De part ments of 1Bio med i cal En gi neer ing and 2Ra di ol ogy, Duke Uni ver sity, Dur -
ham, NC, dmd@duke.edu. 

It is well known that me chan i cal changes of ten ac com pany patho log i cal changes in tis sue, 
es pe cially in car dio vas cu lar tis sue. In our pre vi ous work, we have shown that acous tic ra di a -
tion force im pulse (ARFI) im ag ing can be used to vi su al ize the me chan i cal prop er ties of
healthy and dis eased vas cu lar tis sue in vivo(1, 2) and to eval u ate myo car dial func tion dur ing
the car diac cy cle.(3) How ever, changes in hemodynamics can pre cede or ex ac er bate patho -
log i cal pro cesses. For ex am ple, hemodynamics can play an im por tant role in both athero -
genesis and plaque re mod el ing.(4) Given that blood flow is rou tinely as sessed clin i cally (for
ex am ple, to as sess de gree of ste no sis and to help de lin eate hypoechoic plaque), it could be
use ful to pro vide a spa tially and tem po rally co-reg is tered de pic tion of car dio vas cu lar elas tic -
ity with blood flow.

In this work, we de scribe and eval u ate new beam se quenc ing tech niques that al low for the
si mul ta neous ac qui si tion of ARFI data with di rec tional and power Dopp ler flow in for ma -
tion.  The pro posed sys tem uses a par al lel-trans mit, par al lel-re ceive ap proach com bined
with in ter leaved Dopp ler pulses to re duce ac qui si tion time with out sac ri fic ing spa tial sam -
pling or re duc ing the field-of-view. As car dio vas cu lar ARFI im ag ing is typ i cally per formed
with the trans ducer ori ented per pen dic u lar to the re gion-of-in ter est, the pro posed sys tem
uses steered Dopp ler beams to im prove flow per for mance. We dis cuss trade offs be tween
acous tic ex po sure, frame rate and ARFI and Dopp ler im ag ing qual ity. Re sults are pre sented
for phan tom and clin i cal data.  Our re sults sug gest that sig nif i cant im prove ments in frame
rates are possible with only a marginal reduction in ARFI and Doppler imaging quality.

This work has been sup ported by NIH HL07548501and NIH 5T32EB001040. We thank
Siemens Med i cal So lu tions, USA, Inc. for in kind sup port. 
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(1) Ul tra sound Med Biol 35, 707-716 (2009).  (2) IEEE Trans Ultrason Ferroelectr Freq
Contr 56, 931-944 (2009).  (3)  Ul tra sonic Im ag ing 31, 183-200 (2009.).  (4) J Neurosurg
(in press). Pub lished on line No vem ber 27, 2009; DOI:10.3171/2009.10. JNS09759.

1.5 Elas tic ity mea sure ments through the car diac cy cle us ing acous tic ra di a tion
force im pulse im ag ing (ARFI) on an intracardiac echocardiography (ICE) trans -
ducer, Pe ter J. Hollender, Ste phen J. Hsu, Rich ard R. Bouchard, Da vid P. Bradway, Pat rick
D. Wolf and Gregg E. Trahey, Duke Uni ver sity, Dur ham, NC, pe ter.hollender@duke.edu.

Acous tic Ra di a tion Force Im pulse (ARFI) im ag ing is a vi a ble and noninvasive way to im -
age tis sue elas tic prop er ties. On- and off-axis ARFI im ag ing tech niques (M-mode ARFI and 
Shear Wave Elas tic ity Im ag ing (SWEI), re spec tively) are used on an intracardiac echocar -
dio graphy (ICE) cath e ter trans ducer to char ac ter ize the stiff ness changes of car diac tis sue
dur ing sys tole and di as tole. The tem po ral and spa tial sta bil ity of these mea sure ments
through out the car diac cy cle is as sessed through se rial data ac qui si tions and in ter ro ga tions
of in de pend ent tis sue re gions, re spec tively. Matched M-mode and SWEI re sults are com -
pared for per for mance and re peat abil ity. Cy clic stiff en ing and re lax ation of the ven tric u lar
sep tum is shown through these met rics, uti liz ing in vivo ca nine stud ies. Fea si bil ity of clin i -
cal ap pli ca tions and acous tic safety is sues are dis cussed. 

This work is sup ported by NIH Med i cal Im ag ing Train ing Grant EB001040 and NIH
5R37HL096023.

1.6 Acous tic ra di a tion force-driven as sess ment of myo car dial elas tic ity, Rich ard
Bouchard,1 Ste phen Hsu,1 Mark Palmeri,1 Ned Rouze1 and Gregg Trahey,1, 2  1De part ment of 
Bio med i cal En gi neer ing, Duke Uni ver sity, Dur ham, NC and  2De part ment of Ra di ol ogy,
Duke Uni ver sity Med i cal Cen ter, Dur ham, NC, rrb@duke.edu.

A noninvasive method of char ac ter iz ing myo car dial stiff ness could have sig nif i cant im -
pli ca tions in di ag nos ing car diac dis ease. Acous tic ra di a tion force (ARF)-driven tech niques
have dem on strated their abil ity to dis cern elas tic prop er ties of soft tis sue. For the pur pose of
myo car dial elas tic ity im ag ing, a novel ARF-based im ag ing tech nique, the dis place ment ra -
tio rate (DRR) method, was de vel oped. The ba sis and per for mance of this tech nique was
dem on strated through nu mer i cal and phan tom im ag ing re sults. This new method re quires a
rel a tively small tem po ral (< 1 ms) and spa tial (tenths of mm2) sam pling win dow and ap pears 
to be in de pend ent of ARF ex ci ta tion in ten sity. The DRR method was im ple mented in an in
vivo ca nine study, dur ing which time data were ac quired through the full car diac cy cle by
im ag ing di rectly on the ex posed epicardium. These data were then com pared to re sults ob -
tained by acous tic ra di a tion force im pulse (ARFI) im ag ing and shear wave elas tic ity im ag -
ing (SWEI), with the lat ter be ing used as the gold stan dard. Through the car diac cy cle,
SWEI re sults pre dict a range of shear wave ve loc i ties from 0.76 to 2.09 m/s, with the high est 
ve loc i ties ob served dur ing sys tole and low est ob served dur ing di as tole. If a ba sic shear
wave elas tic ity model is as sumed, such a ve loc ity re sult would sug gest a pe riod of in creased
stiff ness dur ing sys tole (when com pared to di as tole). De spite draw backs of each (DRR
method – sen si tiv ity to noise; ARFI im ag ing – vari able dis place ment ra tio and de pend ence
on ARF ex ci ta tion in ten sity), the DRR method and ARFI im ag ing re sults, in gen eral, pre -
dicted a sim i lar cy clic stiff ness vari a tion to that of fered by SWEI. Given the re duced tem po -
ral/spa tial sam pling requirements of ei ther, both show prom ise in fu ture myo car dial elas tic ity
in ves ti ga tions. 

This work has been sup ported by NIH R37-HL096023. We thank the Ul tra sound Unit of
Siemens Healthcare for in-kind sup port.
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1.7 In vivo and in vi tro in ves ti ga tion of shear wave ve loc ity ani so tropy in myo car dial
tis sue, Rich ard Bouchard,1 Benjamin Maimon,1 Dan iel Haughton,1 Yuan Long,1 Ste phen
Hsu1 and Gregg Trahey,1, 2    1De part ment of Bio med i cal En gi neer ing, Duke Uni ver sity, Dur -
ham, NC and  2De part ment of Ra di ol ogy, Duke Uni ver sity Med i cal Cen ter, Dur ham, NC,
rrb@duke.edu.

Pre vi ous in ves ti ga tions of shear wave prop a ga tion in skel e tal mus cle have noted a wave
ve loc ity ani so tropy through the tis sue due to the trans verse iso tropy of its fi bers.(1) Given
myo car dial tis sue’s in her ent struc tural ani so tropy, the ex is tence of a sim i lar shear wave ve -
loc ity ani so tropy is pos si ble. In an ef fort to in ves ti gate such a phe nom e non, shear waves
were gen er ated and tracked, with acous tic ra di a tion force-based tech niques, at dif fer ent an -
gles through the mid-myocardium of the left ven tric u lar free wall (LVFW) of a ca nine heart
in vi tro and in vivo. For the in vi tro study, the LVFW of freshly-ex cised ca nine hearts was
placed on a ro tat ing stage in a wa ter tank.  Shear wave speed ac qui si tions were then ob tained
with the ul tra sound trans ducer face kept fixed and ap prox i mately par al lel to the spec i men
sur face; the sam ple was then ro tated in 15° in cre ments (through 180°) be tween suc ces sive
ac qui si tions.  For the in vivo study, the ul tra sound trans ducer was se cured di rectly on the ex -
posed epicardium with the aid of a ro tat ing vac uum-cou pling de vice; the ul tra sound trans -
ducer was then ro tated in 45° in cre ments (through 180°) be tween suc ces sive ac qui si tions
(which were ob tained dur ing di as tole).  In both in vi tro and in vivo data sets, as much as a
two-fold in crease in shear wave ve loc ity was ob served through 180° of sam ple (in vi tro) or
trans ducer (in vivo) ro ta tion, with ve loc i ties rang ing from ap prox i mately 0.8 to 1.6 m/s.  The
ex is tence of such ani so tropy sug gests that shear wave ve loc ity through the myocardium is
not solely based on material parameters (e.g., stiffness) but is also dependent on sampling
orientation.  

This work has been sup ported by NIH R37-HL096023. We thank the Ul tra sound Unit of
Siemens Healthcare for in-kind sup port.

(1) JAcoust Soc Amer114, 536-541 (2003).

1.8 Acous tic ra di a tion force im pulse im ag ing of acute myo car dial ischemia and in -
farct, Da vid P. Bradway, Ste phen J. Hsu, Pat rick D. Wolf and Gregg E. Trahey, Duke Uni -
ver sity, Dur ham, NC, da vid.bradway@duke.edu

Acous tic ra di a tion force im pulse (ARFI) im ag ing has been used to char ac ter ize acute
myo car dial ischemia and in farct in ca nines. Three-line M-mode ARFI im ages of the LV
myocardium were ac quired epicardially be fore and dur ing oc clu sion of the left an te rior de -
scend ing cor o nary ar tery of two ca nines. The M-mode lines spanned ischemic and in tact re -
gions of the myocardium. Com pared with the pre-oc clu sion state and in tact pe riph eral
re gions, ARFI-in duced dis place ment and re cov ery curves along the cen tral M-mode line ex -
hib ited pro gres sive re duc tions in am pli tude of cy clic dis place ments and the rate of change of 
those dis place ments. We discuss the clin i cal rel e vance of ARFI imaging of myocardial
ischemia and infarct.

This work has been sup ported by NSF Grad u ate Re search Fel low ship and NIH grant
#5R37HL096023. We thank the Ul tra sound Di vi sion at Siemens Med i cal So lu tions, USA,
Inc. for their tech ni cal and in-kind sup port.

1.9 In te gra tion of intracardiac acous tic ra di a tion force im pulse im ag ing with elec -
tro-an a tomic map ping for in vivo vi su al iza tion of radio fre quen cy ab la tion le sions,  Pat -
rick D. Wolf, Tristram D. Bahnson, Steph a nie A. Eyerly, Ste phen J. Hsu, Da vid P. Bradway
and Gregg E. Trahey  De part ment of Bio med i cal En gi neer ing, Duke Uni ver sity and Duke
Uni ver sity Med i cal Cen ter, Dur ham, NC, sae9@duke.edu.
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Radio fre quen cy ab la tion (RFA) le sion as sess ment is a crit i cal miss ing com po nent to
interventional ar rhyth mia ther apy. Acous tic ra di a tion force im pulse (ARFI) im ag ing can vi -
su al ize RFA le sions by quan ti fy ing myo car dial elas tic ity with lo cal ra di a tion-force in duced
tis sue dis place ments. Lo cat ing le sions with a 2D im age plane in a beat ing heart is dif fi cult. 
Intracardiac ul tra sound (ICE) ARFI im ag ing was in te grated with elec tro-an a tomic (EA)
map ping to fa cil i tate the lo ca tion and as sess ment of RFA le sions in vivo. 

An ac ti va tion map of a ca nine right atrium was con structed us ing EA cath e ter-point map -
ping (Carto, CartoSound; Biosense Web ster; Di a mond Bar, CA).  Endocardial atrial and
ven tric u lar tar get sites were tagged and then rf ab lated.  A mod i fied S2000 Siemens Acuson
scan ner and Sound-Star ICE cath e ter (Biosense Web ster) were used to ob tain B-mode and
ARFI im ages of tar get sites be fore and af ter RFA treat ment.  EA nav i ga tion was used to
guide the ICE im ag ing plane to transect ab la tion sites. Patho logic ex am i na tion confirmed
RFA lesion presence. 

EA guid ance fa cil i tated rapid intracardiac ARFI im ag ing of in vivo endocardial rf ab la -
tions.  ARFI im ag ing cor rectly iden ti fied the pres ence or ab sence of RFA le sions in both
atrial and ven tric u lar myocardium.  ARFI im ages also pro vided an as sess ment of le sion line
dis con ti nu ities and myo car dial transmurality. This in te grated sys tem will be use ful for as -
sess ment of le sion transmurality or con ti gu ity dur ing fo cal or lin ear ab la tion to treat atrial
and ventricular arrhythmias in humans.

This work was sup ported by NIH grant R21-EB-007741 and R37-HL096023.

1.10 Di rect vi su al iza tion of ca nine car diac-ab la tion le sions — com par i sons be tween 
ARFI, strain and strain-rate im ag ing, Brett Byram,1 Ste phen Hsu,1 Pat rick Wolf1 and
Gregg E. Trahey,1, 2  De part ments of 1Bio med i cal En gi neer ing and 2Ra di ol ogy, Duke Uni -
ver sity, Dur ham, NC, bcb16@duke.edu.

  Ra diofre quency ab la tions are a com mon pro ce dure for a num ber of electrophysiological
com pli ca tions in the heart.  One of the chal lenges of these ab la tion pro ce dures is that it is dif -
fi cult to de ter mine the ac tual size and lo ca tion of the ab lated re gion.  This chal lenge is par tic -
u larly prob lem atic when try ing to de ter mine whether an ab er rant re gion of elec tri cal sig nal
gen er a tion has been ad e quately iso lated or de stroyed.  ARFI im ag ing has been pre vi ously
val i dated against his tol ogy as a method for di rect in vivo vi su al iza tion of ab lated tis sue.  

  ARFI con trast of ab lated tis sue de rives from the dif fer ences in stiff ness be tween the ac -
tively-con tract ing tis sue and ‘pas sive’ ab lated tis sue.  The con trast be tween the two re gions
is dy namic and is a func tion of the time point within the car diac cy cle.  Be cause the con trast
of the ab la tion le sion de rives from the ac tive ver sus pas sive tis sue, it is hy poth e sized that vi -
su al iza tion of the le sion would also be pos si ble with strain and strain-rate im ag ing.  To this
end, data were ac quired that fea tured matched ARFI and 160 Hz B-Mode data sets of ab la -
tion le sions on ca nine right-ven tri cles ab la tion.  Strain and strain-rate im ages were made us -
ing the B-Mode data sets and com pared to the ARFI data.  In this case, ARFI makes a
rea son able gold-stan dard since it has been shown to cor re late very well with his tol ogy.

  The ARFI im age of the ab la tion le sion had peak con trast near 0.75 and a peak con -
trast-to-noise ra tio (CNR) of 3.6.  Strain im ag ing pro duced a peak con trast of 1.6 and a peak
CNR of 6.  Strain rate con trast peaked near end-di as tole and end-sys tole with con trasts
around 3.5 but was con sis tently be tween 0.5 and 0.75.  Strain-rate CNR peaked at 5.5 just af -
ter the on set of sys tole but had sev eral other peaks that were all around 4.  The ini tial val i da -
tion of strain and strain-rate im ag ing to dis tin guish be tween healthy and ab lated myocardium
in di cates that ad di tional re search is war ranted.

This re search was funded by NIH grant num bers: R21-EB-007741 and R37-HL096023,
and by NIH Med i cal Im ag ing Train ing Grant EB001040.
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1.11 Extrapolative and interpolative meth ods for mod el ing short-time car diac mo -
tion es ti mated from ul tra sonic data, with ap pli ca tions to car diac ARFI, Brett Byram,1

Doug Giannantonio,1 Douglas Dumont1 and Gregg E. Trahey,1, 2  De part ments of 1Bio med i -
cal En gi neer ing and 2Ra di ol ogy, Duke Uni ver sity, Dur ham, NC, bcb16@duke.edu.

  There are no med i cal im ag ing mo dal i ties that prac ti cally can sam ple car diac mo tion at
rates as high as those pos si ble with med i cal ul tra sound.  Be cause such high tem po ral sam -
pling rates are so eas ily re al ized with ul tra sound, ul tra sonic data sets can con tain in for ma -
tion and mo tion that is not of ten con sid ered by re search ers of other mo dal i ties, or even
ul tra sound re search ers, since it is of ten the case that the tem po ral sam pling of a sin gle lo ca -
tion is de creased in or der to ex pand the field of view.  The high est tem po ral sam pling rates in
car diac im ag ing se quences oc cur with ap pli ca tions such as M-Mode, tis sue Dopp ler im ag -
ing, SWEI and ARFI im ag ing.  

  In or der to ex plore car diac mo tion at high tem po ral sam pling rates, M-Mode data of ca -
nine hearts were ac quired both transthoracically and with di rect fixed con tact with the
epicardial layer of the heart in an open-chest prep a ra tion.  Base band data were ac quired with
a line-to-line sam pling rate of 10 kHz.  The data were used to test sev eral pre dic tive mod els
of car diac mo tion.  The ef fect of the amount and type of in for ma tion sup plied to the mod els
and the sub se quent im pact on pre dic tion ac cu racy were also tested.   

  The re sults of the study showed that the pre dic tive ac cu racy of a given model was highly
de pend ent on the prox im ity of the data to the lo ca tion of mo tion pre dic tion.  To this end,
extrapolative mod els proved to be ex tremely ef fec tive at pro duc ing ac cu rate es ti mates of the 
mo tion within the first millisecond af ter the last mo tion es ti mate in put into the model.  Ad di -
tion ally, with extrapolative mod els there was not a sig nif i cant im prove ment in pre dic tive
abil ity if more than 0.3-0.5 ms of mo tion data was in put into the model.  The best
extrapolative mod els had pre dic tion er rors — as a mean ab so lute dif fer ence (MAD) — on
the or der of 1 µm or less for pre dic tions within the first 0.5 ms af ter the last mo tion es ti mate.

  To pre dict mo tion at time points more than 1 ms away from the last mo tion sam ple,
interpolative mod els per formed better.  In ter po la tion mod els were those that had mo tion es -
ti mates lo cated tem po rally both be fore and af ter the lo ca tion where mo tion was to be pre -
dicted.  For in ter po la tion mod els, per for mance was im proved by us ing more data points near 
the point of pre dic tion rather than us ing the same num ber of mo tion es ti mates on ei ther side
of the point to be pre dicted.  The best in ter po la tion mod els had pre dic tion er rors — as a
MAD — on the or der of 1-2 µm up to 2 ms away from the clos est mo tion data.  The to tal dis -
place ment for some of the lon gest time spans tested for the in ter po la tion mod els were on the
or der of 100 µm.  

This re search was funded by NIH grant num ber R37-HL096023 and by NIH Med i cal Im -
ag ing Train ing Grant EB001040.

 2. Tis sue Pa ram e ters/Contrast

2.1 Ul tra sonic back scat ter co ef fi cient quan ti ta tive es ti mates from chi nese ham ster
ovary cell pel let biophantoms, Aiguo Han,1  Maxime Teisseire,1, 2 Rami Abuhabsah,1

James P. Blue Jr.,1 Sandhya Sarwate1 and Wil liam D. O’Brien, Jr.,1  1Bioacoustics Re search
Lab o ra tory, De part ment of Elec tri cal and Com puter En gi neer ing, Uni ver sity of Il li nois at
Ur bana-Cham paign, 405 N. Mathews, Ur bana, IL 61801 and 2École Centrale de Lille, Cité
Scientifique, BP 48, 59650 Villeneuve d’Ascq, France, czaramahan51@il li nois.edu.

Ob jec tive: Pre vi ous work has dem on strated that back scat ter co ef fi cient (BSC) mea sure -
ments made from phys i cal phan toms show good agree ment with the Faran or An der son the -
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o ret i cal mod els.  This work fo cused on BSC mea sure ments made from biophantoms
con tain ing live Chi nese Ham ster Ovary (CHO) cells.  The mea sured BSC was com pared to
a new con cen tric sphere scat ter ing model as it is geo met ri cally sim i lar to cells.

Meth od ol ogy: Live CHO cells (10-15 µm di am e ter) of known con cen tra tion are placed in
a mix ture of bo vine plasma and thrombin to form a clot, what we call a cell pel let. BCS mea -
sure ments of the cell pel let biophantoms were made with 40MHz and 65MHz fo cused trans -
duc ers (over all band width: 20-75 MHz).  Cell pel lets were then histologically pro cessed
(H&E) for vi a bil ity as sess ment.

Re sults: Over 100 cell pel let sam ples with five dif fer ent num ber den si ties (1.25, 5, 20, 80
and 320 mil lion cells/mL) were eval u ated. These echo data yielded con sis tent BSC re sults
that were also cor re lated with cell con cen tra tions. The BSC mag ni tude has a lin ear re la tion -
ship with the num ber den sity ex cept when the num ber den sity is high such that co her ent
scat ter ing ap pears to play a sig nif i cant role. Ad di tion ally, the BSC data were fit ted to the
new con cen tric sphere scat ter ing model and yielded ap prox i mate quan ti ta tive acous tic im -
ped ance val ues for the outer sphere (cy to plasm) and in ner sphere (nu cleus) of 1.54 and 1.6
Mrayl, respectively.

Con clu sion: The con cen tric sphere the ory shows good quan ti ta tive agree ment with the
BSC mea sure ments. 

Sup ported by NIH CA111289.

2.2  Ul tra sonic back scat ter co ef fi cient mea sure ment agree ment across mul ti ple im -
ag ing plat forms, Lauren A. Wirtzfeld,1 Goutam Ghoshal,1 Kibo Nam,2 Yassin Labyed,3

Jan elle J. An der son,2 Al ex an der Haak,1 Zhi He,4 Rita J. Miller,1 Sandhya Sarwate,1 Douglas
G. Simpson,4 James A. Zagzebski,2 Tim o thy A. Bigelow,3 Mi chael L. Oelze,1 Tim o thy J.
Hall2 and Wil liam D. O’Brien Jr.,1 1De part ment of Elec tri cal and Com puter En gi neer ing,
Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL, 2De part ment of Med i cal Phys ics,
Uni ver sity of Wis con sin, Mad i son, WI, 3De part ment of Elec tri cal and Com puter En gi neer -
ing, Iowa State Uni ver sity, Ames, IA and  4De part ment of Sta tis tics, Uni ver sity of Il li nois at
Ur bana-Cham paign, Cham paign, IL, lwirtz@uiuc.edu.

The back scat ter co ef fi cient (BSC) as a func tion of fre quency is a fun da men tal sys tem and
op er a tor-in de pend ent pa ram e ter that forms the ba sis of some quan ti ta tive ul tra sound (QUS) 
anal y sis. The abil ity to dem on strate agree ment in BSC es ti mates across mul ti ple imaging
plat forms in bi o log i cal mod els is nec es sary for QUS tech niques to be trans lated into a clin i -
cal set ting. While stud ies in well char ac ter ized phan toms have been per formed, there are
few stud ies look ing at bi o log i cal tis sue in-vivo. Two stud ies of spon ta ne ous rat mam mary
tu mors (pri mar ily fibroadenomas) were per formed. All tu mors were im aged with three clin -
i cal sys tems and one sin gle el e ment lab o ra tory sys tem, for a to tal of nine dif fer ent trans duc -
ers. The three clin i cal sys tems were an Ultrasonix RP, a Zonare Z.one scan en gine
di ag nos tic sys tem and a Siemens Acuson S2000.

The study was per formed at UIUC to en able data col lec tion from each sys tem se quen -
tially. Data were ac quired from the same re gion of a tu mor with each scan ner. Ref er ence
scans were ac quired from a ref er ence phan tom and a flat Plexi glas plate for the clin i cal sys -
tems and lab o ra tory sys tem, re spec tively. Data from each sys tem were an a lyzed us ing
meth ods de vel oped by the re spec tive re search group. At ten u a tion val ues for data pro cess ing 
were de ter mined in di vid u ally for each an i mal due to the high level of vari ance in at ten u a tion 
ob served be tween tu mors. For a par tic u lar tu mor, good agree ment was ob served in the at -
ten u a tion ver sus fre quency data even when the anal y sis tech niques var ied. The BSC was
ob served to have good agree ment ver sus fre quency across most of the mea sure ments. In
many cases in re gions of over lap ping band width, the BSC es ti mates over lapped each other,
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show ing no more vari abil ity than was ob served between different images acquired from the
same tumor with the same ultrasound system. 

The re sults in di cate that it is pos si ble to ob tain good agree ment be tween BSC es ti mates
from dif fer ent ul tra sound sys tems from a live an i mal, even when pro cess ing tech niques
vary. This type of agree ment en ables QUS re sults to be com pared be tween lab o ra to ries and
the po ten tial to base di ag no ses on QUS parameters.

This work was sup ported by NIH Grant R01CA111289.

2.3 A sim u la tion study on spa tial-dis tri bu tion-de pend ent ul tra sound back scat ter -
ing of cell ag gre gates, Ratan K. Saha and Mi chael C. Kolios, De part ment of Phys ics,
Ryerson Uni ver sity, 350 Vic to ria Street, To ronto, On tario, M5B2K3, Can ada, ratank.saha
@ryerson.ca. 

Ob jec tive: We have pre vi ously shown that ul tra sound back scat ter from acute myeloid
leu ke mia (AML) cells treated with chemotherapeutics in creases when com pared to un -
treated cells. The un treated AML cell aggregrates pos sess an in her ent de gree of or ga ni za -
tion while the treated cell aggreragates ex hibit large struc tural changes lead ing to an
in crease in ran dom ness of the spa tial dis tri bu tion of their nu clei. The pres ent work aims to
study sys tem at i cally the ef fects of spa tial or ga ni za tion of nu clei on ul tra sound back scat ter -
ing prop er ties. Both fre quency-de pend ent back scat ter ing co ef fi cients and sig nal sta tis tics
have been in ves ti gated for var i ous tis sue sam ples com pris ing of different proportions of
regularly-aligned and randomly-located nuclei.

Method: The po si tions of reg u larly placed nu clei were gen er ated by fix ing the pe ri od ic ity
of par ti cles. A Monte Carlo method known as ran dom se quen tial ad sorp tion (RSA) tech -
nique was im ple mented to as sign co or di nates of nonoverlapping ran domly-dis trib uted nu -
clei un der pe ri odic bound ary con di tions. These nu clei were treated as weak scat ter ers of
ul tra sound waves and the An der son model was used to cal cu late back scat ter ing am pli tude
for each nu cleus. This work em ploys a mod i fied ver sion of a the o ret i cal model, which has
been ex ten sively used to de scribe back scat ter ing by red blood cells, to sim u late ul tra sound
back scat ter ing by a col lec tion of AML cells. The en sem ble av er age of back scat ter ing co ef fi -
cient was de ter mined over a large num ber of sim u lated con fig u ra tions whereas envelope
histogram was generated for 100 A lines for each sample. 

Re sults: We found that in te grated back scat ter ing co ef fi cient (IBSC), com puted be tween
10-30 MHz, in creased nearly 26 dB for the tis sue sam ple with com pletely ran dom dis tri bu -
tion of nu clei when com pared to that of a reg u lar dis tri bu tion of nu clei. In this fre quency
band, the spec tral slope de creased slightly from 4.36 to 4.17 (keep ing the size of the cell con -
stant). The sig nal en ve lope sta tis tics in most cases fol lowed the Ray leigh dis tri bu tion for the
scat ter ing of an in ci dent Gaussi an pulse with 5 MHz as the cen ter fre quency. How ever, the
Nakagami and gen er al ized Gamma prob a bil ity dis tri bu tion func tions pro vided better fit to
the his to gram when a particular sample was insonified by the 25 MHz pulse. 

Con clu sion: To the best of our knowl edge, the ap proach de scribed in this work has never
been ap plied in the in ves ti ga tion of the back scat ter ing prop er ties of cell ag gre gates. Our
sim u la tion re sults show that IBSC in creased up to 26 dB as the sam ple con tained more ran -
domly-spaced nu clei. It can be noted that a change in ran dom iza tion has a small ef fect on
spec tral slope for fixed scat terer size. Fur ther, for sam ples with par tially-or dered cells, if the
ir ra di at ing pulse con tained a fre quency for which the cor re spond ing wave length ap -
proached the pe ri od ic ity in the spa tial disitrubtion of the nu clei, then the his to grams were
best fit ted by the Nakagami and gen er al ized Gamma dis tri bu tion func tions. The sim u la tion
tool de vel oped for this work can be used in fu ture to ex am ine back scat ter ing be hav iors of
different cell lines under other relevant physical conditions.
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2.4 Ef fec tive scat ter ing di am e ter es ti mates of rab bit liver via three-di men sional im -
ped ance map and quan ti ta tive ul tra sound, Al ex an der J. Dapore,1 Lauren A. Wirtzfeld,1

Sandhya Sarwate,1 Mi chael L. Oelze,1 Minh N. Do,1 Tim o thy J. Hall2 and Wil liam D.
O’Brien, Jr.,1 1De part ment of Elec tri cal and Com puter En gi neer ing, Uni ver sity of Il li nois at 
Ur bana-Cham paign, 405 N Mathews, Ur bana, IL 61801 and 2De part ment of Med i cal
Phys ics, Uni ver sity of Wis con sin-Mad i son, Mad i son, WI 53706, adapore2@il li nois.edu. 

Three-di men sional im ped ance maps (3DZMs) are vir tual vol umes of acous tic im ped ance 
val ues con structed from his tol ogy to rep re sent tis sue microstructure acous ti cally.  3DZMs
are po ten tially a valu able tool for quan ti ta tive ul tra sound (QUS), as an es ti ma tion of ul tra -
sonic back scat ter and scat terer prop er ties, such as ef fec tive scat terer di am e ter (ESD), can be 
made.  Ul ti mately the 3DZM can be used to de velop a more ro bust and ef fec tive acous tic
scat ter ing model to better rep re sent the ul tra sonic interaction with underlying tissue
microstructure.

In this study, a sam ple of rab bit liver was chem i cally fixed and ul tra son i cally scanned ex
vivo. The sam ple was scanned af ter fix a tion in or der to pro duce a stron ger link be tween ul -
tra son i cally- ac quired ESD es ti mates and 3DZM ESD es ti mates.  The sam ple was then sent
to his tol ogy for the cre ation of 3DZMs. In to tal, 24 3DZMs of size 300x300x300 µm3 were
cre ated from the rab bit-liver sam ple.  ESD es ti mates were made us ing both 3DZM and QUS
tech niques us ing the fluid-filled sphere form fac tor model.  For the col lec tion of 24 3DZMs,
two op ti mi za tion tech niques, at dif fer ent acous tic scat ter ing scales, were used to es ti mate
ESD. The ESDs es ti mated from the two 3DZM tech niques were 7.8 ± 0.8 µm and 59.7 ±
44.7 µm.   Al though there is no de fin i tive link be tween in di vid ual ESD es ti mates and an a -
tom i cal struc tures, the first es ti mate cor re sponded vi su ally to the size of in di vid ual nu clei
con tained within the 3DZM, while the sec ond es ti mate was vi su ally on the or der of the size
of hepatocytes. QUS ESD es ti ma tions at 7.5, 13, 20, 40 and 65 MHz were 109.2 ± 30.5, 63.3
± 12.2, 23.6 ± 26.2, 19.8 ± 1.1, and 2.8 ± 6.4 µm respectively.

The 3DZM ESD es ti mates were within the range of QUS ESD es ti mates from 7.5 to 65
MHz.  The nor mal ized back scat tered power spec tra from the sam ples us ing both the 3DZM
and QUS tech niques were also com pared. This study gave new in sight into the re la tion ship
be tween 3DZM and QUS pa ram e ter es ti ma tion.  Ad di tion ally, the vi su al iza tion of the
3DZM when com pared to the ESD es ti mates from both mo dal i ties pro duced the iden ti fi ca -
tion of pos si ble ul tra sonic scattering sources in the rabbit liver.

This work was sup ported by NIH Grant CA111289.

2.5 Anal y sis of hu man fibroadenoma us ing three-di men sional im ped ance maps,
Al ex an der J. Dapore,1 Mi chael R. King,1 Sandhya Sarwate,1 Jo se phine Harter,2 Mi chael L.
Oelze,1 Minh N. Do,1 Tim o thy J. Hall2 and Wil liam D. O’Brien, Jr.1, 1De part ment of Elec tri -
cal and Com puter En gi neer ing, Uni ver sity of Il li nois at Ur bana-Cham paign, 405 N
Mathews, Ur bana, IL 61801 and 2De part ment of Med i cal Phys ics, Uni ver sity of Wis con -
sin-Mad i son, Mad i son, WI 53706, adapore2@il li nois.edu. 

Three-di men sional im ped ance maps (3DZMs) are vir tual vol umes of acous tic im ped ance 
val ues con structed from his tol ogy to rep re sent tis sue microstructure acous ti cally.  From the
3DZM, the ul tra sonic back scat tered power spec trum can be pre dicted and scat terer prop er -
ties, such as ef fec tive scat terer di am e ter (ESD), can be es ti mated.  Ad di tion ally, the 3DZM
can be ex ploited to vi su al ize and iden tify pos si ble scat ter ing sites, which may aid in the de -
vel op ment of more ef fec tive scat ter ing mod els to better rep re sent the ul tra sonic interaction
with underlying tissue microstructure.

In this study, 33 3DZMs were cre ated from hu man fibroadenoma sam ples. ESD es ti mates 
were made as sum ing a fluid-filled sphere form fac tor model from 3DZMs of vol ume 300 ́
300 ́  300 µm3 and 150 ́  150 ́  150 µm3. For a col lec tion of 33 in de pend ent tis sue sam ples,
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the ESD was es ti mated to be 23.2 ± 11.2 µm with the large 3DZMs and 19.1 ± 11.5 µm when
us ing the small 3DZMs. 

The 3DZMs were then in ves ti gated vi su ally to iden tify pos si ble scat ter ing sources which
con formed to the es ti mated char ac ter is tic scat terer di men sions.  This es ti ma tion tech nique
al lowed a better un der stand ing of the spa tial dis tri bu tion and vari abil ity of ESD es ti mates
for the hu man fibroadenoma samples of this study.

This work was sup ported by NIH Grant CA111289.

2.6 Quan ti ta tive-ul tra sound  de tec tion of metastases in dis sected lymph nodes of
can cer pa tients at 25 MHz,  Er nest J. Feleppa,1 Jon a than Mamou,1 Junji Machi,2 Masaki
Hata,2 Emi Saegusa-Bee croft,2 Alain Coron,3 Eu gene Yanagihara,2 Pascal Laugier3 and Mi -
chael L. Oelze,4 1Lizzi Cen ter for Bio med i cal En gi neer ing, Riv er side Re search In sti tute,
New York, NY,  2J. A. Burns School of Med i cine, Uni ver sity of Ha waii at Manoa, Ho no lulu,
HI, 3Université Pi erre et Ma rie Cu rie-Paris6, and CNRS, Paris, F-75005 France and 4Uni -
ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL, efeleppa@rri-usa.org.

A re li able means of de tect ing metastases in re gional lymph nodes is es sen tial for ac cu rate
stag ing and prog no ses of can cer and ef fec tive plan ning of ther apy.  Cur rent stan dard
histopathology meth ods ap pear to have high false-neg a tive rates for metastases that are 2
mm or smaller.  High-fre quency (HF) quan ti ta tive ul tra sound (QUS) meth ods are prov ing to 
be ca pa ble of pro vid ing a re li able method of de tect ing metastases in dis sected nodes based
on dif fer ences in ul tra sound-scat ter ing prop er ties at the level of tis sue microstructure. 
Equiv a lent meth ods may be use ful for de tect ing metastases in situ.

We ac quired ul tra sound and histological data from 837 lymph nodes dis sected from 281
pa tients with colorectal, breast, gas tric and other can cers.  Freshly-dis sected nodes were
scanned to ac quire 3-D rf echo-sig nal data us ing a 2-D ras ter scan in a sa line wa ter bath. 
Scans were per formed with a broad band, F-2, 25.6-MHz, sin gle-el e ment trans ducer with
scan vec tors sep a rated by 25 µm in both cross-range di rec tions.  Scanned nodes were color
inked to pro vide ref er ences for sub se quent ori en ta tion, then fixed and se ri ally-sec tioned in
their en tire vol ume at 50-µm in ter vals. The pres ence of met a static foci was de ter mined
histologically in ev ery sec tion, in clud ing the cen ter sec tion for com par i son with con ven tional
methods.

To date, we have an a lyzed the echo sig nals of 112 nodes of colorectal and gas tric can cer
pa tients; 92 nodes were en tirely can cer free and 20 nodes were en tirely or pre dom i nantly
can cer ous.  3-D im ages gen er ated from rf data were seg mented semi-au to mat i cally to dis tin -
guish nodal tis sue from the im mer sion bath and periprostatic fibroadipose tis sue.  Echo sig -
nals from nodal tis sue were pro cessed to yield spec tral-pa ram e ter es ti mates (slope in ter cept
and midband), scat terer-prop erty es ti mates as so ci ated with tis sue microstructure (size and
acous tic con cen tra tion) and sta tis ti cal fea tures of the back scat tered en ve lope.  Lin ear
discriminant anal y sis and ROC-curve meth ods were ap plied to as sess the abil ity of spec tral
pa ram e ters, scat terer-prop erty es ti mates and sta tis ti cal fea tures to dis tin guish can cer ous
from non can cer ous nodes for individual estimates and for various linear combinations of
estimates.

ROC re sults showed out stand ing clas si fi ca tion for scat terer size alone or for scat terer size
com bined with one or two other es ti mates.  For ex am ple, the area un der the ROC curve for
scat terer size alone was 0.986 ± 0.009; for scat terer size com bined with one sta tis ti cal fea -
ture, the area was 0.996 ± 0.003.  These re sults prom ise an ex cel lent abil ity to de pict small
met a static foci in nodes, which we currently are assessing.

The po ten tial clin i cal im por tance of these meth ods is in di cated by the fact that 17 (37%) of 
the 46 histologically eval u ated nodes that con tained metastases smaller than 2 mm would
have been missed by con ven tional sin gle-sec tion pa thol ogy methods.
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These ex tremely en cour ag ing ini tial re sults sug gest that HF QUS meth ods may pro vide a
clin i cally im por tant and prac ti cal means of iden ti fy ing small met a static foci that might not
be de tected us ing stan dard pa thol ogy pro ce dures.  The ben e fit of this abil ity to re veal oth er -
wise missed foci will en able pa thol o gists to fo cus histological ef fort on can cer-con tain ing
re gions of nodes.  Fu ture stud ies will in ves ti gate the ap pli ca bil ity of these meth ods to de tec -
tion of nodal metastases in situ.

This re search is sup ported in part by NIH/NCI grant 5R01CA100183-04.

2.7 Spec u lar echo de tec tion us ing gen er al ized spec trum pa ram e ters, Adam Luchies
and Mi chael L. Oelze, Bioacoustics Re search Lab o ra tory, De part ment of Elec tri cal and
Com puter En gi neer ing, The Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL,
61801, luchies1@il li nois.edu.

Quan ti ta tive ul tra sound (QUS) im ag ing meth ods are be ing de vel oped to clas sify breast
tu mors.  QUS es ti mates (e.g., scat terer size, acous tic con cen tra tion) are used to char ac ter ize
the tis sue microstructure of a re gion of in ter est (e.g., the in side of a tu mor) hav ing some de -
gree of ho mo ge ne ity.  How ever, spec u lar scat ter ers (e.g., blood ves sels, calcifications, etc.)
can ex ist within these re gions that ap pear as iso lated bright spots in a B-mode ul tra sound
scan.  The ex is tence of these spec u lar scat ter ers can increase the variance of QUS imaging
estimates.

The goal of this work was to use gen er al ized spec trum (GS) pa ram e ters to de tect ech oes
from spec u lar or pe ri odic scat ter ers in the un der ly ing rf data of a B-mode im age and to use
this knowl edge to re duce the vari ance of QUS es ti mates.  Sim u la tions and ro dent tu mor
mod els were an a lyzed by mea sur ing the GS col lapsed av er age (GS-CA) in ter cept value for
re gions of in ter est (ROIs) used in the QUS es ti ma tion pro cess.  When an ROI con tained a
spec u lar scat terer, the GS-CA in ter cept was ob served to in crease.  Re vised QUS para met ric
im ages were formed by dis card ing QUS es ti mates from ROIs whose GS-CA intercept
values were above a certain threshold.

When us ing the GS-CA in ter cept thresh old method, a sig nif i cant re duc tion in vari ance
was ob served in QUS es ti mates for both sim u lated and ex per i men tal back scat ter data con -
tain ing spec u lar scat ter ers.  For ex am ple, a 73% re duc tion was ob served in the vari ance of
ef fec tive scat terer di am e ter (ESD) es ti mates from a sim u lated back scat ter im age con tain ing
four spec u lar scat ter ers (with size twice that of the back ground scat ter ers).  As an other ex -
am ple, a 65% re duc tion was ob served in the vari ance of ESD es ti mates mea sured from the
in side of a ro dent tu mor con tain ing a sin gle large spec u lar scat terer.  A GS-CA in ter cept
thresh old value of 0.5 was used in both of these ex am ples.  The larg est GS-CA in ter cepts
were ob served in ROIs con tain ing a sin gle spec u lar scat terer (one spec u lar echo per scan
line).  The small est GS-CA in ter cepts were ob served in ROIs con tain ing only dif fuse scat -
ter ing (zero spec u lar ech oes per scan line).  ROIs con tain ing pairs of spec u lar scat ter ers (two 
spec u lar ech oes per scan line where the spac ing be tween scat ter ers is the same in each scan
line) of ten pro duced a mid-val ued GS-CA in ter cept.  The GS-CA in ter cept method was ob -
served to re duce the vari ance of QUS es ti mates and could im prove di ag nos tics us ing QUS
im ag ing. 

This work was sup ported by NIH Grant CA111289.

2.8 Phan tom tests of attenuation and back scat ter de ter mi na tions in a pre clin i cal tu -
mor model, Kibo Nam,1 Lauren A. Wirtzfeld,2 Al ex an der Haak,2 Al ex an der D. Pawlicki,2

Goutam Ghoshal,2 Yassin Labyed,3 Tim o thy A. Bigelow,3 Mi chael L. Oelze,2 Er nest L.
Madsen,1 James A. Zagzebski,1  Wil liam D. O’Brien Jr.2 and Tim o thy J. Hall,1  1De part ment
of Med i cal Phys ics, Uni ver sity of Wis con sin-Mad i son, Mad i son, WI, 2De part ment of Elec -
tri cal and Com puter En gi neer ing, Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL
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and 3De part ment of Elec tri cal and Com puter En gi neer ing, Iowa State Uni ver sity, Ames, IA,
kibonam@wisc.edu.

The ap pli ca tion of quan ti ta tive ul tra sound (QUS) tech niques to aid in the di ag no sis of
breast tu mors is of in ter est be cause cur rent pro ce dures rely on nee dle bi op sies to dif fer en ti -
ate be nign from ma lig nant masses. Bi op sies are in va sive pro ce dures with as so ci ated risks,
and in the case of breast can cer, the ma jor ity re turn a be nign di ag no sis. An intercomparison
of QUS mea sure ments with clin i cal sys tems has been con ducted with a rat-tu mor model of
be nign fibroadenomas and the re sults dem on strated high val ues of at ten u a tion, ex ceed ing
13 dB/cm at 8 MHz. As there has been lim ited re sults for QUS es ti mates in a tis sue with such
high at ten u a tion val ues and with this par tic u lar ge om e try (tu mor ex tended above the sur -
round ing tis sue), this pa per re ports re sults from a phan tom de signed to mimic some of the
com plex i ties ob served in the in-vivo rat tumor model. 

The phan tom con sists of two 15 mm di am e ter sim u lated tu mors pro trud ing from an 8 ́  8 ́
8 cm tis sue-mim ick ing (TM) back ground and im mersed in a wa ter-al co hol mix ture. The
speed of sound (SOS), at ten u a tion co ef fi cient and back scat ter co ef fi cients were mea sured
for each of the three ma te ri als at the time of con struc tion from test sam ples at fre quen cies
from 2.5M Hz to 12 MHz. The TM back ground has an at ten u a tion co ef fi cient of 0.51dB/
cm-MHz, a SOS of 1540 ± 4 m/s (lab re sults from the test sam ple), and con tains 45-53 mm di am -
e ter glass- bead scat ter ers dis trib uted through out the vol ume. The first sim u lated tu mor has
an at ten u a tion co ef fi cient of 1.00 dB/cm-MHz, a SOS of 1540 ± 4 m/s and con tains 25-32
mm di am e ter scat ter ers. The sec ond sim u lated tu mor has an at ten u a tion co ef fi cient of 1.58
dB/cm-MHz, a SOS of 1530 ± 3 m/s and con tains 75-90 mm di am e ter scat ter ers.

The phan tom was ini tially scanned us ing a Siemens S2000 sys tem equipped with a re -
search in ter face. Radio fre quen cy echo data in the fre quency range of 2-15 MHz were ob -
tained with an 18L6 lin ear-ar ray trans ducer. The at ten u a tion and back scat ter co ef fi cients for 
the TM spheres were es ti mated us ing the TM back ground as a ref er ence. At ten u a tion in the
spheres was es ti mated by a ref er ence phan tom method.(1)  Re sults were 1.02dB/cm-MHz and
1.71dB/cm-MHz, re spec tively, in ex cel lent agree ment with lab re sults. Back scat ter co ef fi -
cients es ti mated us ing the clin i cal sys tem were in agree ment with both lab re sults and the o -
ret i cal back scat ter co ef fi cient de ter mi na tions ap ply ing a for mula de rived by Faran.  

This study sug gests that at ten u a tion and back scat ter co ef fi cients can be es ti mated ac cu -
rately for the pre clin i cal tu mor mod els with our clin i cal-im ag ing sys tem, even with the un -
usual ge om e try pre sented by the model and the un usu ally high at ten u a tion co ef fi cients. The
phan tom will be dis trib uted to re search ers at the Uni ver si ties of Iowa and Il li nois for QUS
scans with a Zonare Z.One and an Ultrasonix RP sys tem. In de pend ently-de rived results will
be compared. 

This work was sup ported by NIH Grant CA111289.
(1) Ul tra sonic Im ag ing 25, 245-261 (2003)

2.9 Com par i son of attenuation mea sure ments for live rat tu mors us ing three clin i -
cal im ag ing sys tems, Kibo Nam,1 Lauren A. Wirtzfeld,2 Al ex an der Haak,2 Al ex an der D.
Pawlicki,2 Goutam Ghoshal,2 Yassin Labyed,3 Tim o thy A. Bigelow,3 Mi chael L. Oelze,2

James A. Zagzebski,1  Wil liam D. O’Brien Jr2 and Tim o thy J. Hall,1  1De part ment of Med i cal 
Phys ics, Uni ver sity of Wis con sin-Mad i son, Mad i son, WI, 2De part ment of Elec tri cal and
Com puter En gi neer ing, Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL and 3De -
part ment of Elec tri cal and Com puter En gi neer ing, Iowa State Uni ver sity, Ames, IA,
kibonam@wisc.edu.

Ac cu rate mea sure ments of at ten u a tion in tis sue are needed for es ti mat ing scat ter ing prop -
er ties and also would likely be a valu able di ag nos tic aid. Lab o ra tory mea sure ments of at ten -
u a tion in phan toms with sim ple ge om e try have yielded ac cu rate and re pro duc ible re sults but 
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adop tion of at ten u a tion es ti ma tion in a clin i cal set ting will re quire that ac cu rate es ti mates
can be made re gard less of the clin i cal sys tem used. In this study, we com pare the at ten u a tion 
es ti mates of in vivo spon ta ne ous rat mam mary tu mors made by three dif fer ent re search
groups each us ing a dif fer ent clin i cal im ag ing sys tem. 

Six live Sprague Dawley rats with spon ta ne ous mam mary tu mors were scanned us ing  an
Ultrasonix RP (Ultrasonix Med i cal Cor po ra tion, Rich mond, BC), a Zonare Z.one sys tem
(Zonare Med i cal Sys tems, inc., Moun tain View, ca) and a Siemens Acuson S2000 (Siemens 
Med i cal So lu tions USA, Inc., Malvern, PA). Radio fre quen cy echo data were ac quired from
five to nine par al lel planes (de pend ing on the tu mor size) us ing each scan ner in the fre -
quency range of 1-14 MHz. A well-char ac ter ized ref er ence phan tom was also scanned with
each sys tem us ing the same trans duc ers and sys tem set tings. The at ten u a tion val ues within
tu mors were es ti mated by each group us ing their own im ple men ta tion of a ref er ence phan -
tom method.(1)  

The at ten u a tion com par i son showed good agree ment among sys tems for most rat tu mors.
Where there was dis agree ment in val ues be tween groups, this likely was caused by tu mor
het er o ge ne ity or high spa tial vari a tion noise due to the small size of some tu mors. The com -
bined re sults for all sys tems were fit by a power law func tion for each tu mor. The re sults re -
vealed a higher at ten u a tion (mean at ten u a tion of 13.7 dB/cm at 8MHz) than typ i cally found
for hu man breast fibroadenoma.  Vari a tions in at ten u a tion were noted among tu mors, a find -
ing that cor re lated with sub jec tive observations of B-mode images derived from rf data.

Very good agree ment of at ten u a tion val ues can be achieved from in vivo echo mea sure -
ments us ing dif fer ent clin i cal sys tems. These re sults dem on strate the pos si bil ity of per form -
ing quan ti ta tive ul tra sound tech niques in a clin i cal site in de pend ent of the im ag ing sys tem
used. This work was supported by NIH Grant CA111289.

(1) Ul tra sonic Im ag ing 25, 245-261 (2003).

2.10 Lim i ta tion of at ten u a tion slope es ti ma tion us ing spec tral shift, Al ex an der
Haak,1 Al ex an der D. Pawlicki,1 Er nest L. Madsen,2  Tim o thy J. Hall2 and Wil liam D.
O’Brien Jr1, 1Bioacoustics Re search Lab o ra tory, De part ment of Elec tri cal and Com puter
En gi neer ing, Uni ver sity of Il li nois, Ur bana, IL and  2De part ment of Med i cal Phys ics, Uni -
ver sity of Wis con sin-Mad i son, 1300 Uni ver sity Av e nue, Mad i son, WI, wdo@uiuc.edu.

In tro duc tion: The es ti ma tion of the acous tic at ten u a tion in vivo is a chal leng ing prob lem.
The back scat tered sig nal from tis sue can be uti lized to es ti mate the at ten u a tion. One ap -
proach to es ti mate the at ten u a tion is to uti lize the spec tral power dif fer ence vs. depth. This
tech nique has good sen si tiv ity and ac cu racy in ho mog e nous me dia but the es ti mates can
suf fer from re flec tions at bound aries. The spec tral shift method uti lizes the down shift of the
cen ter fre quency of an ul tra sonic pulse vs. depth. The es ti ma tion be comes quite sim ple if a
Gaussi an shaped pulse is used and the me dium has a lin ear fre quency de pend ency. How -
ever, for low at ten u at ing ma te ri als and shal low depths the spectral shift becomes small and
will therefore be harder to detect. 

In this work the ac cu racy and sen si tiv ity of the spec tral shift method was in ves ti gated.
Com puter sim u la tions were used to de ter mine the per for mance of this method for a wide va -
ri ety of at ten u a tion and to tal trans ducer bandwidths. Pre lim i nary re sults were ob tained ex -
per i men tally on two tissue mimicking phantoms.

Meth od ol ogy: Com pu ta tional phan toms with lin ear fre quency de pend ency of at ten u a tion 
were cre ated. The at ten u a tion slope (AS) ranged from 0.5 to 1.5 dB/cm-MHz. Scat ter ers
were uni formly dis trib uted with a den sity of 15 scat ter ers per res o lu tion cell within the
phan tom. The scat ter ing func tion was con stant with fre quency and the source had no dif -
frac tion. Gaussi an pulses with cen ter fre quen cies rang ing from 4 to 22 MHz and frac tional
bandwidths from 20 to 65 per cent were used to gen er ate rf data from the vir tual phan toms.
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The spec tral shift as a func tion of depth was ob tained by fit ting a Gaussi an func tion to the
power spec tra which was cal cu lated from blocks of rf data ob tained at dif fer ent depths. The
es ti mated spec tral shifts and at ten u a tion slopes were com pared to the the o ret i cal val ues. 

 Two tis sue mim ick ing phan toms (phan toms A and B) with at ten u a tion slopes of 0.42 and
0.67 dB/cm-MHz re spec tively were scanned with two sin gle el e ment trans duc ers. The ac -
tual at ten u a tion slopes were ob tained us ing an in ser tion loss mea sure ment. The mea sured
cen ter fre quen cies were 4.0 and 8.8 MHz and the -3 dB frac tional band widths were 32 and
40 per cent re spec tively. Dif frac tion was ac counted for by tak ing a ref er ence scan from a pla -
nar re flec tor. The AS was then ob tained from the dif frac tion cor rected spec tra in a sim i lar
fashion as it was for the virtual phantoms.

Re sults: The spec tral shifts ob tained from the vir tual phan toms agreed well with the the o -
ret i cal trends. The es ti mated spec tral shifts vs. depth and ASs from the sim u lated data agreed 
within three per cent to the the o ret i cal val ues for low spa tial vari a tion noise. The ex per i men -
tally-ob tained AS for the 8.8 MHz trans ducer dif fered from the ac tual value by less than 15
per cent when 10 rf lines were used to cal cu late the av er age power spec trum, de creas ing to 5
per cent when 400 rF lines were av er aged. This work was supported by NIH Grant
R01CA111289.

2.11 Novel low-fre quency ul tra sound de tec tion of apoptosis in vi tro and in vivo,
Greg ory J. Czarnota,1, 2 Anoja Giles,1, 2 Ervis Sofroni,1, 2  Naum Papanicolau,1, 2  Sara Iraji,1, 2

Rebecca Dent,3 Jac que line Spayne2 and Mi chael C. Kolios,4   1Ra di a tion On col ogy and Im -
ag ing Re search, Sunnybrook Health Sci ences Cen tre and De part ment of Ra di a tion On col -
ogy, Uni ver sity of To ronto, 2De part ment of Ra di a tion On col ogy and Med i cal Bio phys ics,
Uni ver sity of To ronto, 3De part ment of Med i cal On col ogy, Sunnybrook Health Sci ences
Cen tre and Uni ver sity of To ronto and 4De part ment of Phys ics, Ryerson Uni ver sity, greg -
ory.czarnota@gmail.com.

The aim of many can cer ther a pies is to in duce apoptotic cell death. We dem on strate here
for the first time that di ag nos tic-range con ven tional-fre quency ul tra sound im ag ing may be
used to de tect apoptotic cell death in vi tro, in vivo us ing an i mal mod els and in pa tients re -
ceiv ing neoadjuvant che mo ther apy for breast can cer. 

In vi tro ex per i ments em ployed a leu ke mia cell model (AML-3). Apoptosis was in duced in 
cells by ex po sure to 10 mg/ml cisplatinum for var i ous times (0, 6, 12, 24, 48 and 72 hours).
Con cen tra tion de pend ence was also eval u ated by pre par ing sam ples of 0, 10, 20, 40, 60, 80
and 100% apoptotic cells. Sam ples were ex am ined by a 10 MHz, 3.8 cm con ven tional trans -
ducer us ing an Ultrasonix-RP ul tra sound de vice and re sults com pared with data col lected by 
a 30 MHz f2 high-fre quency trans ducer cou pled to a VisualSonics VS40B or VEVO-770 ul -
tra sound de vice. For in vivo ex per i ments, solid tu mors were grown in SCID (n = 32) mice
us ing a hu man pros tate cell line (PC-3) and breast tu mours (MDA MB-231). Mice were
treated with ra di a tion alone (0, 2, 8 Gy) in a sin gle frac tion, novel chem i cal and bio phys i cal
anti-angiogenics or the ther a pies com bined. 

Hu man data was col lected from 20 women with large (7-10 cm) lo cally-ad vanced breast
can cers re ceiv ing com bined anthracycline-taxane based che mo ther apy us ing an Ultrasonix-RP
sys tem as above. Data was col lected be fore che mo ther apy, at weeks 1, 4, and 8 af ter com -
menc ing che mo ther apy and preop er a tively 1-2 months later. 

Ul tra sound anal y ses of in vi tro, an i mal and pa tient data were car ried out ex am in ing spec -
tral pa ram e ters and sta tis ti cal meth ods. Cell and an i mal sam ples were pro cessed for
histopathologic anal y sis us ing both hematoxylin and eosin and TUNEL stain ing for apoptosis.
Pa tient mas tec tomy spec i mens were pro cessed as whole mount sec tions and hematoxylin
and eosin stained to de ter mine patho log i cal re sponse.
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For ex per i ments con ducted with in vi tro sam ples, anal y ses in di cated an up to 8-fold in -
crease in ul tra sound back scat ter in ten sity (6.2  ± 1.0 dB) co in cid ing with max i mal apoptosis
(48 hours). De tec tion-limit ex per i ments in di cated a sta tis ti cally-sig nif i cant dif fer ence be -
tween vi a ble cells and the 10% apoptotic sam ple. Re sults also cor re lated well with high-fre -
quency ul tra sound data with the ex cep tion that in creases in back scat ter at 30 MHz were
larger (12.0 ± 0.8 dB). In creases in spec tral slope with cell death were sug ges tive of a de -
crease in mean scat terer size, con sis tent with our work ing model that nu clear com pac tion
and deg ra da tion dur ing apoptosis in flu ences ul tra sound back scat ter. 

Ex per i ments in vivo in di cated spec tral changes that were cor re lated with in creases in
mea sured cell death. Treat ments with anti-angiogenics alone gave rise to an in crease of
mid-band fit of 5.0 ± 2.9 dB, ra di a tion alone up to5.1 ± 2.0 dB, whereas com bined treat -
ments yielded in creases of up to 8.0 ± 4.2 dB. High-fre quency ul tra sound changes in di cated
in creases in back scat ter of sim i lar mag ni tude. Changes in spec tral slope and 0-MHz in ter cept
pa ram e ters were also con sis tent in trend with data ac quired at high fre quency. Ul tra sound
pa ram e ters could be cor re lated with in creases in cell death al though slope mea sure ments at
the lower fre quency were less pro nounced. 

Data from pa tients in di cated com pa ra ble changes in re spon sive pa tients at week 4 af ter
com menc ing che mo ther apy whereas nonresponding women dem on strated no sig nif i cant
change in ul tra sound pa ram e ters at that time. 

In sum mary, ul tra sound anal y ses us ing con ven tional fre quency ul tra sound with cor -
relational immunohistochemistry and his tol ogy in di cated that con ven tional fre quency ul -
tra sound could de tect apoptosis in vi tro and in vivo in pre clin i cal pros tate and breast can cer
mod els. This opens the av e nue for this type of mo dal ity to be used to mon i tor the ef fi cacy of
can cer treat ments lead ing to cus tom iz ation and op ti mi za tion of treat ments. Pre lim i nary pa -
tient data in di cates the abil ity of such spec tral mea sures to mon i tor early changes in clin i cal
re sponse and pre dict patho log i cal out comes in re sponse to neoadjuvant che mo ther apy.

2.12  High-fre quency char ac ter iza tion of atherosclerotic ar ter ies with tar geted
con trast agents, Pavlos Anastasiadis and John S. Allen, Uni ver sity of Ha waii at Manoa,
Me chan i cal En gi neer ing, 2540 Dole St., Holmes Hall 302, Ho no lulu, HI 96822, pavlos@
ha waii.edu.

Atherosclerotic car dio vas cu lar dis ease is the lead ing cause of mor bid ity and mor tal ity in
the in dus tri al ized world. Atherosclerotic le sions (atheromata), oc cur when monocytes mi -
grate from the blood stream into the in ner most layer of the ar tery wall and form asym met ric
fo cal thick en ings. Atheromata con sist of con nec tive-tis sue el e ments, lipids, and de bris.
Atherosclerotic plaques, es pe cially those in cor o nary and ca rotid ar ter ies, may rup ture with -
out prior ex hi bi tion of mark ers or symp toms, lead ing to acute cor o nary syn dromes, pe riph -
eral vas cu lar dis ease, myo car dial infarctions and stroke.

The cur rent con ven tional im ag ing meth ods used for the de tec tion of atherosclerotic le -
sions are intravascular ul tra sound (IVUS), mag netic res o nance im ag ing (MRI) and com -
puted to mog ra phy (CT). Al though these tech niques have proven use ful in the clin i cal
prac tice, sig nif i cant lim i ta tions ex ist. IVUS has the po ten tial to char ac ter ize atheromata in
the vi cin ity of the ul tra sound cath e ter but is un able to de tect vul ner a ble plaques. Al though
MRI is noninvasive, its long im age-ac qui si tion time hin ders the con sis tent im ag ing of struc -
tures such as cor o nary ves sels. Im ag ing CT angiographic meth ods pro vide ad e quate res o lu tion
but lack the abil ity to vi su al ize rup ture-prone, nonstenotic, lipid-rich le sions. More over, this 
type of le sions has been at trib uted to more than half of all acute myo car dial in farc tion in ci -
dents.

Novel tech niques need to be de vel oped for in vivo and in situ ap pli ca tions. In this study,
the fea si bil ity of ap ply ing tar geted ul tra sound con trast agents (UCAs) for the de tec tion of
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rup ture-risk atherosclerotic le sion sites is in ves ti gated with re spect to high-fre quency ul tra -
sound as IVUS probes op er ate in the range of ap prox i mately 20-50 MHz. 

Tar geted UCAs were used for bind ing to atherosclerotic sides of ex cised hu man ar ter ies.
The ar tery sam ples were em bed ded in cryomolds con tain ing OCT com pound with out pre vi -
ous fix a tion and sec tions with a thick ness of 60 µm were ob tained us ing a Leica CM3050S
cryostat (Leica, Ban nock burn, IL). Sub se quently, tar geted UCAs were bound onto the sec -
tions and ex am ined with a scan ning acous tic mi cro scope at cen ter fre quen cies of 50 MHz
and 100 MHz (Fraun hofer IBMT, St. Ingbert, Ger many). The co or di nates of sev eral re gions
of in ter est (ROIs) were saved us ing a mo tor ized mea sur ing stage with mi crom e ter-pre ci sion
(Märzhäuser Wetzlar GmbH, Wetzlar, Ger many).

Fol low ing the ul tra sonic im ag ing, the sam ples were re moved from the mi cro scope stage
for fix a tion and stain ing. The stained ar tery sec tions were placed back onto the mea sur ing
stage and epifluorescence im ages for the saved ROIs were ac quired with a dig i tal Lumenera
In fin ity 3-1 cooled mono chrome cam era (Lumenera, Ot tawa, On tario, Can ada) mounted on
a Zeiss Axiovert 200M in verted mi cro scope (Carl Zeiss, Oberkochen, Ger many). The ob -
tained acous tic and epifluorescenced data were postpro cessed and the im ages over lapped
for com par i son of the re spec tive acous tic and mo lec u lar in for ma tion. Novel in sights are ob -
tained in re gard to the me chan i cal prop er ties of dis eased sites in atherosclerotic le sions and
the bind ing ef fi cacy of tar geted UCAs.

2.13 Ul tra sound microbubbles-me di ated gene trans fer into the oc u lar cil i ary mus -
cle, Michèle Boudinet,1 Laura Kowalczuk,2 Amena Saïed,1 Francine Behar-Co hen2 and
Pascal Laugier,1 1Laboratoire d’Imagerie Paramétrique UMR CNRS 7623, 15 rue de
l’Ecole de médecine, 75006 Paris France and 2Cen tre de Re cher che des Cor de liers
UMRS872 Equipe17 Physiopathologie des mal a dies oculaires:In no va tions Thérapeu -
tiques, 15 rue de l’école de médecine, 75006 Paris France laugier@lip.bhdc.jussieu.fr.

Pur pose: Sonoporation by ul tra sound–ac ti vated microbubble con trast agents is a non -
invasive ap proach of de liv er ing genes at the cel lu lar level that is be com ing more widely
used for nonviral gene trans fer. The aim of this in vivo study was to as sess the fea si bil ity of
us ing low-in ten sity ul tra sound com bined with com mer cially-avail able echo-con trast agent
microbubbles to spe cif i cally transfect the oc u lar cil i ary mus cle, which is used as a pos si ble
se cret ing tis sue for ther a peu tic pro teins into the oc u lar sphere. 

Ma te ri als and meth ods: A re porter plasmid DNAencoding Renilla lu ci fer ase (pCMV-
Gluc-1) and b-galactosidase (pVAX1-LacZ) alone or mixed with 50% echo-con trast
microbubbles (Artison) were in jected into rat eye cil i ary mus cles with or with out ul tra sound 
ex po sure (1 MHz, 2W/cm2 Isata for 2 min utes, 50% duty cy cle). An i mals were sacrified 7
and 30 days later for the mea sure ment of lu ci fer ase gene ex pres sion in the oc u lar flu ids by
luminometry. Lo cal iza tion of gene ex pres sion was in ves ti gated by b-galactosidase his to -
chem is try in the cil i ary mus cles of both eyes 7 days af ter transfection. Fi nally, tis sue dam age 
was as sessed on histological sec tions through the eyes. Sta tis ti cal sig nif i cance was de ter -
mined using Kruskal-Wallis/Dunn’s nonparametric tests.

Re sults: Seven days af ter transfection, lu ci fer ase ac tiv ity was more in creased in cil i ary
mus cle transfected with microbubbles (MB) and ul tra sound than with ul tra sound alone or
plasmid alone. Ul tra sound plus microbubbles showed a 2.6-fold in crease in gene ex pres sion 
(p<0.023) com pared with the con trol non-ul tra sound ex posed mus cle. Thirty days af ter
transfection, a sig nif i cant de crease in lu ci fer ase gene ex pres sion was ob served in each ex -
per i men tal group. Histochemical stain ing dem on strated b-galactosidase ex pres sion lo cal -
ized in the cil i ary re gion to the in jec tion site. No ap par ent tox ic ity could be de tected
histologically in mus cle tis sue transfected with plasmid DNA with ul tra sound and Artison
bub bles.
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Con clu sion: We dem on strate for the first time the fea si bil ity of a nonviral gene trans fer
method tar geted to the cil i ary mus cle cells, me di ated by ul tra sound and microbubbles, al -
low ing mus cle cells to pro duce intraocular  pro teins in oc u lar medias with out ap par ent tox -
ic ity. These re sults in di cate that tar get ing intraocular cil i ary mus cle is a po ten tially use ful
de liv ery method for the ther apy of ocular diseases. 

3. IVUS

3.1 Intravascular ul tra sound guid ance for percutaneous cor o nary in ter ven tion in
the cur rent prac tice era, Itsik Ben-Dor, Car diac Catheterization Lab o ra to ries, Wash ing -
ton Hos pi tal Cen ter, Wash ing ton, DC, itsik.ben-dor@medstar.net (in vited over view).

Intravascular ul tra sound (IVUS) is an in va sive im ag ing mo dal ity used to vi su al ize cor o -
nary cross-sec tional anat omy. IVUS tech nol ogy has been proven to be su pe rior to cor o nary
angiography for as sess ment of ves sel size, plaque com po si tion, cal cium con tent and le sion
se ver ity. IVUS pro vides ad di tional in for ma tion be yond angiography, lead ing more of ten to
op ti mal re sults and im prov ing the out comes af ter percutaneous cor o nary in ter ven tion
(PCI). In this lec ture, the role of IVUS guid ance for PCI in the cur rent prac tice era will be
dis cussed with these ma jor points: 1. How im por tant is ‘big ger is better’ in drug eluting
stents? 2. What pres sure is nec es sary for op ti mal stent ex pan sion? 3. Le sion se ver ity and  le -
sion length best de fined by IVUS. 4.  IVUS de tects un sus pected cal ci fi ca tion that would
lead to un ex pand ed stents. 5. Do stents need to cover all plaque el e ments? 6. The role of vir -
tual his tol ogy. 6. The cor re la tion be tween IVUS and FFR.

3.2 Chal lenges in atherosclerotic plaque char ac ter iza tion us ing intravascular ul -
tra sound, Shashidhar Sathyanarayana, Wenguang Li and Lewis Thomas, Boston Sci en tific
Corp., 47900 Bayside Park way, Fremont, CA 94538-6515, sathyans@bsci.com (in vited).

We dis cuss chal lenges in de vel op ing a plaque-char ac ter iza tion sys tem cov er ing top ics
from spec i men prep a ra tion and im ag ing to clas si fier de sign and eval u a tion. We de scribe a
pat tern-rec og ni tion al go rithm con sist ing of lay ered ar rays of de tec tors that adapt and
self-de ter mine the op ti mal use of data. A novel el e ment of this method is the po ten tial to de -
liver char ac ter iza tion re sults sup ple mented with a mea sure of con fi dence for each char ac -
ter ized com po nent. The de vel op ment of a re li able and ac cu rate tis sue char ac ter iza tion
sys tem can pro vide new lev els of an a tom i cal de tail and new di men sions of in for ma tion to
as sist in iden ti fy ing plaques with the high est prob a bil ity of spon ta ne ous rup ture. This work
rep re sents a step to wards that goal.

3.3 VH™     intravascular ul tra sound: lim i ta tions, val i da tion and clin i cal data, Anuja
Nair, Rus sell J. Fedewa, M. Pauliina Margolis and D. Geoffrey Vince, Vol cano Cor po ra -
tion, 3661 Val ley Cen tre Drive Suite 200, San Diego, CA 92130, anair@volcanocorp.com
(in vited).  

In re cent years, intravascular ul tra sound (IVUS) has evolved as a valu able ad junct to
angiography. Angiography de picts only a 2D sil hou ette of the lu men while IVUS al lows
pre cise tomographic mea sure ment of lu men area, plaque size and dis tri bu tion and holds the
po ten tial for ac cu rate tis sue clas si fi ca tion. Over the past 10+ years, re search ers at the Cleve -
land Clinic and Vol cano Cor po ra tion have in ves ti gated spec tral anal y sis and sta tis ti cal- pat -
tern rec og ni tion of the ul tra sound back scat ter to pro vide an in sight into ul tra sonic prop er ties 
of var i ous plaque com po nents and cor re lated those to pre cise histologically-de ter mined tis -
sue types. This tech nol ogy is termed ‘VH™    IVUS’ and cat e go rizes fi brous tis sue as green,
fibro-fatty as light green, ne crotic core as red and dense cal cium as white. This tech nol ogy
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has been val i dated ex ten sively us ing ex-vivo and in-vivo meth od ol o gies.  In ad di tion, in de -
pend ent stud ies have dem on strated an ex tremely high level of ac cu racy and reproducibility
of VH-IVUS in hu man ar ter ies in vivo. The tech nique has been val i dated in vivo, uti liz ing di -
rec tional cor o nary atherectomy spec i mens, yield ing pre dic tive ac cu ra cies of up to 95% in
non-ACS pa tients. A re cent ex vivo study val i dated the VH im ages di rectly with the
histopathology sec tions with pre dic tive ac cu ra cies of up to 97%. The reproducibility of the
tech nol ogy us ing same and dif fer ent IVUS cath e ters has been stud ied from mul ti ple ex vivo
IVUS data and in vivo from ran domly-se lected pa tients un der go ing elec tive PCI. No sta tis ti -
cal dif fer ences were found be tween the pull backs from the ex vivo or in vivo stud ies; ir re -
spec tive of whether the same or a dif fer ent cath e ter was used. A bib li og ra phy of VH
val i da tion stud ies and clin i cal tri als re lated ar ti cles is avail able at www.vhivus.com. This
pre sen ta tion will high light many of the VH val i da tion stud ies and cur rent lim i ta tions and re -
view some clin i cal stud ies per formed with this tech nol ogy.

3.4 Ef fect of an gle of insonification on ap par ent back scat ter from hu man cor o nary
ar ter ies,  Jo seph J. Hoffman,1 Benjamin L. John son,1 Mark R. Hol land,1 Rus sell J. Fedewa,2

Anuja Nair2 and James G. Miller,1  1Wash ing ton Uni ver sity in St. Louis, St. Louis, MO and
2Vol cano Cor po ra tion, 3661 Val ley Cen tre Drive Suite 200, San Diego, CA 92130,  james.g.miller
@wustl.edu.

Clin i cal im ag ing of the cor o nary ar ter ies in the car diac catheterization lab o ra tory us ing
Intravascular Ul tra sound (IVUS) pro vides data ac quired with the ul tra sonic beam ap prox i -
mately per pen dic u lar to the ar te rial wall.  In this ‘side-look ing’ (or ra dial) con fig u ra tion, an
im age formed from the back scat tered sig nal typ i cally has a three-lay ered ap pear ance, cor re -
spond ing to the in tima/plaque, me dia and adventitia.  By insonifying a trans verse slice of a
ves sel, mea sure ments of the back scat ter can be made from a for ward-look ing (or ax ial) di -
rec tion. The ax ial ori en ta tion is closer to pro posed for ward-look ing intravascular ul tra sound 
than stan dard IVUS.  The cur rent study was car ried out in vi tro with both ra dial and ax ial im -
ag ing of fresh hu man cor o nary ar ter ies.  Twenty-six sites from twelve ex cised ar ter ies were
first im aged with a side-look ing intravascular im ag ing sys tem and sub se quently with an
acous tic mi cro scope in both the ra dial and the ax ial di rec tions.  Data from the acous tic mi cro -
scope were pro cessed to yield val ues of ap par ent in te grated back scat ter.  In the ra dial ori en ta tion,
ap par ent in te grated back scat ter im ages ex hib ited the same ‘bright-dark-bright’ three- layer
ap pear ance as ob served in the pre ced ing side-look ing IVUS scans.  How ever, ap par ent in te -
grated back scat ter im ages ob tained in the ax ial ori en ta tion ex hibit a mark edly dif fer ent pat -
tern, with the rel a tive bright ness of the me dia sig nif i cantly larger than that of the in tima/
plaque.  Ap par ent in te grated back scat ter from the adventitia was not sig nif i cantly dif fer ent
in the two ori en ta tions.

Sup ported in part by Vol cano Cor po ra tion.

4. HIFU

4.1 Tem per a ture-de pend ent ul tra sonic char ac ter iza tion of bi o log i cal me dia, Goutam
Ghoshal and Mi chael L. Oelze, De part ment of Elec tri cal and Com puter En gi neer ing, Uni -
ver sity of Il li nois at Ur bana-Cham paign, gghoshal@il li nois.edu. 

High in ten sity fo cused ul tra sound (HIFU) is a noninvasive tech nique that has great po ten -
tial for im prov ing tar geted ther mal ther a pies. To tar get spec i fied re gions ac cu rately for
treat ment, a ro bust im ag ing tech nique is re quired to mon i tor HIFU ap pli ca tion. There fore,
the de vel op ment of an ul tra sonic im ag ing tech nique for mon i tor ing HIFU treat ment is
highly med i cally sig nif i cant. Quan ti ta tive ul tra sound (QUS) is a novel im ag ing tech nique
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that has the po ten tial to im prove mon i tor ing of HIFU treatment by quantifying tissue
changes. 

Ul tra sonic back scat ter ex per i ments were per formed on tis sue-mim ick ing phan toms,
fresh rab bit liver and beef liver sam ples. The phan toms were made of agar and con tained ei -
ther mouse mam mary car ci noma cells or Chi nese ham ster ovary cells as scat ter ers. All scat -
ter ers were uni formly dis trib uted spa tially at ran dom through out the phan toms. QUS
pa ram e ters were es ti mated from the sam ples ver sus in creases in tem per a ture from 37 to
50°C in 1°C in cre ments. All the sam ples were scanned us ing a 20-MHz sin gle-el e ment f/3
trans ducer. Sound speed and at ten u a tion were es ti mated ver sus tem per a ture us ing in ser tion
loss meth ods. Two pa ram e ters were es ti mated from the back scat ter co ef fi cient (ef fec tive
scat terer di am e ter (ESD) and ef fec tive acous tic con cen tra tion (EAC)) and two pa ram e ters
were es ti mated from the en ve lope sta tis tics (k pa ram e ter and m pa ram e ter) of the back scat -
tered ech oes ver sus tem per a ture.

The es ti mates of sound speed in creased monotonically in all the sam ples with in creases in 
tem per a ture ex cept for the rab bit liver sam ples. The rab bit liver sam ples con tained higher
lev els of fat con tent com pared to nor mal liver. A de crease of 10-20% in at ten u a tion slope
was ob served in all the sam ples with in creas ing tem per a ture. No sig nif i cant changes in the
ESD were ob served for the biophantoms but the ESD in creased with in creas ing tem per a ture 
in the liver sam ples. Sig nif i cant de creases in EAC of 20-40% were ob served in all the sam -
ples. No sig nif i cant trends in the en ve lope sta tis tics pa ram e ters with increasing temperature
were observed. 

From the re sults it was ob served that some pa ram e ters were more sen si tive to tem per a ture 
changes than the oth ers for a par tic u lar type of sam ple. The re sults of this study sug gest that
QUS has the po ten tial to be used for noninvasive mon i tor ing of tem per a ture changes in tis -
sues. The work was sup ported by NIH Grant R01-EB008992.

4.2 Tem per a ture im ag ing dur ing non uni form tis sue heat ing with ul tra sonic back -
scat ter en ergy us ing self-cal i bra tion, R. M. Ar thur,1 D. Basu,1 Y. Guo,1 J.W. Trobaugh,1

W. L. Straube2 and E. G. Moros,3  1Elec tri cal & Sys tem En gi neer ing, 2Ra di a tion On col ogy,
Wash ing ton Uni ver sity in St. Louis, St. Louis, MO 63130 and 3Ra di a tion On col ogy, Uni ver -
sity of Ar kan sas, Lit tle Rock, AK, rma@ese.wustl.edu.

Back ground:  Hyperthermia alone or in con junc tion with che mo ther apy and ra di a tion is
used for can cer treat ment.  One of its lim i ta tions is lack of de tailed tem per a ture mon i tor ing. 
Ul tra sound is an in ex pen sive, nonionizing and readily-avail able method with po ten tial for
noninvasive tem per a ture im ag ing.  Pre vi ously, we pre dicted monotonic changes in back -
scat tered en ergy (CBE) of ul tra sound with tem per a ture.   Mea sured CBE val ues from bo -
vine liver, tur key breast and pork mus cle in 1D and 2D matched our pre dic tion.  In this
study, the vol u met ric (3D) change in ul tra sonic back scat tered en ergy (CBE) was cal i brated
and used to es ti mate tem per a ture dur ing non uni form heat ing.(1)

Meth ods:  For ac cu rate tem per a ture val i da tion, a grid of thermocouples was cal i brated us -
ing a NIST- trace able ther mom e ter.  3D ul tra sonic data sets were ob tained by mov ing a 7.5
MHz lin ear, phased-ar ray trans ducer in 0.6 mm steps in el e va tion.  CBE was com puted from 
a ra tio of mo tion-com pen sated, en ve lope-de tected im ages and a ref er ence ul tra sonic im age,
typ i cally taken at 37oC.  CBE curves ob tained from tur key breast mus cle were well matched
by a lin ear re gres sion that had a slope of 0.3dB/oC.  To eval u ate the ef fects of noise, scat terer
dis tri bu tion, and spa tial res o lu tion on es ti ma tion er rors, ther mal mod el ing was per formed
for non uni form heat ing us ing fi nite el e ment meth ods.  Spec i mens of tur key breast mus cle
were heated nonuniformly from a cen tral 65oC source so that the spa tial tem per a ture pat tern
de creased ra di ally.  Tem per a ture im ages were com puted from CBE maps us ing a fixed CBE 
sen si tiv ity of 0.3dB/oC, as well as from self-calibration from one indwelling thermocouple.
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Re sults: Es ti mated tem per a ture maps with a spa tial res o lu tion of 0.5 cm2 were val i dated
us ing ther mo cou ple read ings at lo ca tions dis trib uted through out the spec i mens.  Es ti ma tion
er rors dur ing non uni form heat ing with 0.3dB/oC sen si tiv ity were 0.3 ± 1.9oC.  Even though
the CBE tem per a ture im ages were qual i ta tively sim i lar with self cal i bra tion, er ror was re -
duced to 0.07± 1.0oC.

Con clu sion: This work, which val i dated the use of CBE as a noninvasive ther mom e ter
dur ing non uni form heat ing, was the first of its kind. It also helped clar ify sources of es ti ma -
tion er rors, such as the size of the tem per a ture im age pixel.  Val i da tion of CBE ther mom e try
in vi tro dur ing non uni form heat ing is an im por tant step in mak ing the tran si tion from the lab -
o ra tory to the clin i cal ap pli ca tion of CBE tem per a ture im ag ing for hyperthermia and other
thermal therapies.

This work was sup ported by R21-CA90531, R01-CA107558 and the Wilkinson Trust at
Wash ing ton Uni ver sity, St. Louis. 

(1) Basu D, Doc toral dissertation (Wash ing ton Uni ver sity in St. Louis, May 2010).

4.3 Optoacoustic char ac ter iza tion of HIFU-in duced ther mal le sions in live and ex -
cised tis sues, Parag V. Chitnis,1 Pe ter Brecht,2 Rich ard Su2 and Al ex an der Oraevsky,2  1F. L.
Lizzi Cen ter for Bio med i cal En gi neer ing, Riv er side Re search In sti tute, 156 Wil liam Street,
9th Floor, New York, NY 10038 and 2Fair way Med i cal Tech nol o gies, 710 N. Post Oak Road,
Suite 204, Hous ton, TX 77024, pchitnis@rri-usa.org.

Al though high-in ten sity fo cused ul tra sound (HIFU) has ex cit ing po ten tial for non -
invasively treat ing tu mors and car diac dis eases, its clin i cal ac cep tance is hin dered by the
lack of a re li able and cost-ef fec tive method of noninvasively guid ing and mon i tor ing the
treat ment. The pres ent study in ves ti gated the fea si bil ity of em ploy ing optoacoustic im ag ing
(OAI) for de tect ing the ther mally necrosed tis sue. OAI com bines mo lec u lar spec i fic ity pro -
vided by op ti cal im ag ing and the res o lu tion pro vided by di ag nos tic ul tra sound. A 3-D
optoacoustic im ag ing sys tem was used to vi su al ize ther mal le sions pro duced in ex cised tis -
sue spec i mens and in vivo mice us ing high in ten sity fo cused ul tra sound (HIFU). A 7.5-MHz
sur gi cal, fo cused trans ducer with a ra dius of cur va ture of 35 mm and an ap er ture of 23 mm
gen er ated HIFU.  A pulsed la ser, which could op er ate at 755 nm and 1064 nm, il lu mi nated
ex cised tis sue and mice us ing a bi fur cated fi ber bun dle re sult ing in two wide beams of light.
Tomographic im ages were ob tained while the spec i mens were ro tated within a sphere out -
lined by a con cave arc-shaped ar ray of 64 piezo-com pos ite trans duc ers. Im ages were ac -
quired be fore and af ter HIFU ex po sure. The im ages were then com bined to re con struct 3-D
vol ume im ages (voxel res o lu tion 0.5 mm). Optoacoustic im ages us ing 1064-nm il lu mi na -
tion pro vided ex cel lent vi su al iza tion of HIFU le sions. The le sion in ex cised tis sue was in di -
cated by an in crease in the optoacoustic sig nal; the in vivo le sion was in di cated by a de crease
in the optoacoustic sig nal. The lo ca tion and the ex tent of the le sions were con firmed upon
dis sec tion. The dis crep ancy be tween the ex vivo and the in vivo re sults might be at trib uted to
the different effective thermal deposition in the two cases.  These preliminary results
demonstrate the potential of optoacoustic imaging to assess and monitor HIFU therapy.

Sup ported in part by the Riv er side Re search In sti tute Bio med i cal En gi neer ing Re search
Fund and the Na tional Can cer In sti tute grant R44CA110137.

4.4  Quan ti ta tive ul tra sound as sess ment of HIFU-in duced le sions in liver. Jeremy
Kemmerer and Mi chael Oelze, Bioacoustics Re search Lab o ra tory, De part ment of Elec tri -
cal and Com puter En gi neer ing, The Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana,
IL, 61801, jeremy.kemmerer@gmail.com.

High-In ten sity Fo cused Ul tra sound (HIFU) is a prom is ing mo dal ity for noninvasive ther -
apy but chal lenges re main for mon i tor ing and as sess ment of treat ment.  Quan ti ta tive Ul tra -
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sound (QUS) char ac ter iza tion is a po ten tial ap proach for as sess ing the treat ment of tis sue
with HIFU be cause tis sue prop er ties change with both tem per a ture el e va tion and due to
HIFU-in duced changes in tis sue struc ture.  As part of an on go ing ef fort to de velop these
tech niques, rab bit, bo vine and rat liver sam ples were ob tained and ex posed to HIFU. The
HIFU was pro duced by a 1-MHz sin gle-el e ment trans ducer (f/1.2) with in ten si ties mea -
sured at the fo cus of 1600 W/cm2. Fresh liver sam ples were ex posed to cw ul tra sound for
5-10 sec onds, re sult ing in vis i ble le sions. The exposure locations were guided by a clinical
ultrasound scanner system. 

Af ter ex pos ing the liv ers with HIFU, the liver sam ples were im aged with a 10-MHz sin -
gle-el e ment trans ducer (f/3). The re sult ing data were pro cessed to ob tain para met ric im ages
of at ten u a tion, ef fec tive scat terer di am e ter (ESD) and ef fec tive acous tic con cen tra tion
(EAC).  Es ti mates from the treated liver sam ples were cor re lated with the vis i ble le sion lo -
ca tions and sur round ing tis sue. Both ESD and at ten u a tion were ob served to in crease in tis -
sue slices con tain ing le sions as com pared to the sur round ing tis sue, with at ten u a tion
chang ing the most dra mat i cally. In the rab bit liver, at ten u a tion was ob served to in crease by
up to 100% in treated liver re gions while ESD es ti mates in creased by up to 30%. Re sults
were sim i lar for rat liver and bo vine liver, where ESD es ti mates in creased up to 20% and
12% in le sion re gions, re spec tively. EAC re sults were in con sis tent and no trends were ob -
served. The re sults of this study suggest that QUS may be useful in the noninvasive
assessment of HIFU therapy. 

This work was sup ported by NIH Grant R01-EB008992.

5. Bone

5.1  Ul tra sonic back scat ter mea sure ments of cancellous bone with and with out an
in ter ven ing layer of cor ti cal bone, Brent K. Hoffmeister,1 An drew P. Holt1 and Sue C.
Kaste,2  1Rhodes Col lege, De part ment of Phys ics, Mem phis, TN and 2St. Jude Chil dren’s Re -
search Hos pi tal, De part ment of Ra dio log i cal Sci ences, Mem phis, TN, hoffmeister@rhodes.edu.

Ul tra sonic back scat ter tech niques of fer a po ten tially use ful ap proach for de tect ing
changes in bone tis sue that oc cur as a re sult of os teo po ro sis.  Back scat ter mea sure ments
have been shown to cor re late with the den sity, me chan i cal prop er ties and microstructural
char ac ter is tics of bone, de pend ing on sev eral fac tors.  Most stud ies have been per formed on
ex cised spec i mens of cancellous bone with the outer layer of cor ti cal bone re moved.  The
goal of this study was to in ves ti gate how the pres ence of the cor ti cal layer may im pact ul tra -
sonic back scat ter mea sure ments of the un der ly ing cancellous bone tis sue.  Spec i mens of
cancellous bone were pre pared so that back scat ter mea sure ments could be per formed in the
same 1 cm ´ 1 cm ´ 1 cm re gion of in ter est along three dif fer ent mea sure ment di rec tions. 
One di rec tion pre sented an in ter ven ing layer of cor ti cal bone to the in ci dent ul tra sonic wave
while the other two di rec tions did not.  Mea sure ments were per formed in a wa ter bath us ing
a 5 MHz broad band trans ducer.  The back scat ter sig nals were an a lyzed to mea sure the fre -
quency av er aged back scat tered power re turned from the re gion of in ter est.  A to tal of 52
spec i mens were mea sured.  A lin ear re gres sion anal y sis was per formed to de ter mine the
cor re la tion be tween our back scat ter mea sure ments and bone min eral den sity as de ter mined
by x-ray CT.  Mea sure ments per formed through the cor ti cal layer yielded a cor re la tion co ef -
fi cient of 0.54.    Mea sure ments per formed in the same re gion of in ter est along the other two
di rec tions that avoided the cor ti cal layer yielded cor re la tion co ef fi cients of 0.51 and 0.53. 
We conclude that the cortical layer has a minimal effect on the correlation between
backscatter measurements investigated in this study and specimen density.
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5.2 Multimode wave prop a ga tion in bo vine cor ti cal bone: pa ram e ter es ti ma tion us -
ing Bayesian prob a bil ity the ory, Chris tian C. An der son,1 Takaaki Koizumi,2 Tomohiro
Nakatsuji,2 Keisuke Yamashita,2 Mami Matsukawa,2 Mark R. Hol land,1 G. Larry Bretthorst1

and James G. Miller,1  1Wash ing ton Uni ver sity in St. Louis, St. Louis, MO and 2Doshisha
Uni ver sity, Kyoto, Ja pan, james.g.miller@wustl.edu.

Back ground:  Stud ies have sug gested that fast and slow wave prop a ga tion in cancellous
bone may play a role in de ter min ing the source of the ob served anom a lous neg a tive dis per -
sion.  Sub se quent in ves ti ga tions have pro posed ways to re cover the ul tra sonic prop er ties of
in di vid ual fast and slow waves from data ac quired on cancellous bone to elim i nate the ar ti -
facts that can oc cur when con ven tional an a lytic tech niques are used to de ter mine phase ve -
loc ity and broad band ul tra sound at ten u a tion (BUA).  A sim i lar ef fect may oc cur in cor ti cal
bone.  Fast and slow wave prop a ga tion in bo vine cor ti cal bone was first ob served by Lakes,
Yoon and Katz.  More re cent in ves ti ga tions on cor ti cal bone have re sulted in data ex hib it ing
po ten tial ar ti facts, such as neg a tive dis per sion, sim i lar to those ob served in cancellous
bone.(1)

Ob jec tive:  The goal of this study was to model data ac quired on bo vine cor ti cal bone as
the su per po si tion of two over lap ping compressional waves, a fast wave and a slow wave,
and to re cover the ul tra sonic prop er ties of the in di vid ual waves us ing Bayesian prob a bil ity
the ory.

Meth ods:  Data were ac quired on bo vine cor ti cal bone us ing a pair of broad band trans duc -
ers that were ex cited by sin gle si nu soi dal pulses at 5 and 10 MHz.  When these data were an -
a lyzed us ing con ven tional phase spec tros copy and spec tral sub trac tion tech niques to ob tain
sig nal loss and phase ve loc ity curves, neg a tive dis per sion and re lated ap par ent ar ti facts were 
ob served.   The data were then an a lyzed us ing Bayesian prob a bil ity the ory to es ti mate the ul -
tra sonic prop er ties of the in di vid ual over lap ping waves.  Markov chain Monte Carlo was
used to con struct mar ginal pos te rior prob a bil ity den sity func tions for the ul tra sonic pa ram e -
ters and re con struct the phase ve loc ity and sig nal loss curves for the fast and slow waves.

Re sults:  The Bayesian ap proach re con structed phase ve loc ity curves for the fast and slow
waves that ex hib ited a pos i tive dis per sion and sig nal loss curves that had a lin ear de pend -
ence on fre quency.  The fre quency-de pend ent be hav ior of these curves is free from the ap -
par ent ar ti facts ex hib ited by the data when an a lyzed con ven tion ally.

Con clu sion:  This pre lim i nary in ves ti ga tion of ul tra sonic wave prop a ga tion sug gests that
for some sites in cor ti cal bone, re cov er ing the ul tra sonic prop er ties of in di vid ual fast and
slow waves elim i nates ap par ent ar ti facts that ob scure the re sults ob tained with sin gle mode
con ven tional anal y sis. These re sults dem on strate that Bayesian prob a bil ity the ory is a vi a ble 
method for re cov er ing ar ti fact-free ma te rial prop er ties in cor ti cal bone as well as cancellous
bone.

Sup ported in part by NIH R01AR057433.
(1) Koizumi T, et al. in Proc 2009 IEEE Ultrason Symp (ab stract).

5.3 De com po si tion of two-com po nent pulses: sim u la tion and phan tom ex per i ment, 
Keith A. Wear, Food and Drug Ad min is tra tion, 10903 New Hamp shire Blvd, Sil ver Spring,
MD, 20993, keith.wear@fda.hhs.gov.

Po rous me dia of ten sup port the si mul ta neous prop a ga tion of two compressional waves
(e.g., ‘fast’ and ‘slow’ waves).  When cancellous bone sam ples are in ter ro gated in
through-trans mis sion with broad band sources, these two waves of ten over lap in time.  A
method for mea sur ing at ten u a tion and ve loc ity of the two com po nent waves was de vel oped.  
The method (1) as sumes that the trans fer func tion is the sum of two ex po nen tially-mod u -
lated si nu soids and (2) min i mizes the sum of the squared er ror be tween a model fit and the
data.  The method was tested for de com pos ing a 500 kHz-cen ter-fre quency sig nal con tain -
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ing two over lap ping com po nents: one pass ing through a polycarbonate plate (‘fast’ wave)
and an other pass ing through a cancellous-bone-mim ick ing phan tom (‘slow’ wave).  The
method yielded es ti mates of at ten u a tion slopes ac cu rate to within 7% (polycarbonate plate)
and 2% (cancellous bone phan tom).  The method yielded es ti mates of phase ve loc i ties ac cu -
rate to within 1.5% (both me dia).  The method was tested on sim u lated data gen er ated us ing
at ten u a tion slopes and phase ve loc i ties cor re spond ing to bo vine cancellous bone.  Through -
out broad ranges of sig nal-to-noise ra tio and fast-slow-wave-ve loc ity dif fer en tial, the
method yielded es ti mates of at ten u a tion slope that were ac cu rate to within 10% and
estimates of phase velocity that were accurate to within 5% (fast wave) and 2% (slow wave).

6. Re view, Pri or i ties and Fund ing of NIH Pro grams

6.1 NIH/NCI, Hous ton Baker, Pro gram Di rec tor, Im ag ing Tech nol ogy De vel op ment
Branch, Can cer Im ag ing Pro gram, Na tional Can cer In sti tute, NIH  (in vited)

6.2 NIH/NIBIB, Hec tor Lopez, Pro gram Di rec tor, Di vi sion of Ap plied Sci ence and Tech -
nol ogy, Na tional In sti tute for Bio med i cal Im ag ing and Bioen gi neer ing, NIH  (in vited)

7. ARFI/Elasicity

7.1 Acous tic ra di a tion force as sess ment of mus cu lar me chan i cal prop er ties in a
cross bred dystrophin-de fi cient, myostatin-null ca nine model, Mallory R. Scola,1 Joe N.
Kornegay2 and Caterina M. Gallippi,1 1Joint De part ment of Bio med i cal En gi neer ing and
2De part ment of Pa thol ogy and Lab o ra tory Med i cine, The Uni ver sity of North Carolina at
Cha pel Hill, Cha pel Hill, NC 27519, mrscola@unc.edu.

Background: Du chenne mus cu lar dys tro phy (DMD) is an X-linked re ces sive dis or der
caused by a mu ta tion in the dystrophin gene lead ing to a loss of the dystrophin pro tein from
the mus cle cell mem brane. Re peated cy cles of mus cle ne cro sis and re gen er a tion re sult from
the dystrophin de fi ciency, lead ing to se vere and pro gres sive loss of mus cle mass and func -
tion.  The golden re triever mus cu lar dys tro phy (GRMD) model also has a nat u rally-oc cur -
ring dystrophin gene mu ta tion and pro gres sive phenotypic fea tures anal o gous to those seen
in DMD.  Myostatin, a mem ber of the TGF-b fam ily, is a neg a tive reg u la tor of mus cle
growth.  It has been pro posed that re duc tion or elim i na tion of myostatin could pro mote mus -
cle growth and in di rectly com pen sate for mus cle deg ra da tion in DMD. To fur ther test the
po ten tial value of re duc ing myostatin, we cross bred a fe male GRMD car rier with se men
from a whip pet dog with a spon ta ne ous myostatin gene mu ta tion.  We hy poth e size that
ARFI ul tra sound is ca pa ble of dif fer en ti at ing me chan i cal prop er ties of mus cles caused by
re duced myostatin in this cross bred ca nine model.

Meth ods: ARFI im ag ing was per formed in vivo on the rectus femoris (RF) and cra nial sar -
to rius (CS) mus cles of three golden re triever-whip pet cross lit ter mates with the fol low ing
ge no types: (1) GRMD nor mal/myostatin nor mal, (2) GRMD/myostatin heterozygote null
(Mstn+/-) and (3) GRMD/myostatin nor mal (Mstn+/+). Two ARFI ex ci ta tion meth ods
were em ployed: (1) a sin gle 70 ms ARFI ex ci ta tion im pulse (SP) and (2) a dou ble ex ci ta tion
im pulse (DP), with the two 70 ms im pulses ad min is tered in the same re gion of ex ci ta tion 2
ms apart. ARFI im ag ing was im ple mented in planes trans verse (Tr) and par al lel (Par) to
mus cle fi bers. Phys i o log i cal mo tion was re jected and para met ric im ages of peak dis place -
ment (SP) and dif fer ence in peak dis place ments (DP) were ren dered.
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Re sults: The GRMD/Mstn+/- RF un der went ARFI-in duced dis place ments that were
smaller (Tr:2.28 ± 1.02 mm, Par:2.10 ± 1.61 mm) than the con trol RF (Tr:3.60 ± 1.72 mm,
Par:2.46 ± 1.38 mm; p<0.02, paired t-test)  but larger than the GRMD/Mstn+/+RF (Tr:1.93 ±
1.19 mm, Par:1.94 ± 1.41 mm; p<0.02), sug gest ing an in ter me di ate de gree of stiff ness in the 
GRMD/Mstn+/- RF. Sim i larly, dif fer ences in peaks in the GRMD/Mstn+/- RF were smaller
(Tr:1.01 ± 0.48 mm, Par:2.04 ± 1.33 mm)  than in the con trol RF (Tr:2.51 ± 1.40 mm,
Par:3.30 ± 2.63 mm; p<0.02) but larger than in the GRMD/Mstn+/+RF (Tr:0.73 ± 0.91 mm,
Par:1.22 ± 0.74 mm; p<0.02), sug gest ing an in ter me di ate de gree of elas tic ity in the
GRMD/Mstn+/- RF.  In con trast, ARFI-in duced dis place ments were larg est in the con trol
CS mus cle (Tr:2.80 ± 0.48 mm, Par:2.91 ± 0.43  mm; p<0.02), but no sig nif i cant dif fer ence
(p>0.02) in dis place ment was ob served in ei ther the GRMD/Mstn+/- (Tr:1.66 ± 0.35 mm,
Par:1.76 ± 0.39 mm) or the GRMD/Mstn+/+ (Tr:1.68 ± 0.29 mm, Par:1.75 ± 0.31 mm) in ei -
ther plane, in di cat ing com pa ra ble stiff ness in the CS of the two dogs. Dif fer ences in peaks in
the CS mus cle were larg est in the con trol dog (Tr:1.92 ± 0.56 mm, Par:2.20 ± 0.70 mm;
p<0.02), and small est in the GRMD/Mstn+/+dog (Tr:1.05 ± 0.21 mm, Par:1.11 ± 0.17 mm;
p<0.02), sug gest ing an in ter me di ate de gree of elas tic ity in the GRMD/Mstn+/- CS.

Con clu sion:  This work dem on strates the fea si bil ity of noninvasive ARFI im ag ing for
track ing phenotypic fea tures of mus cle stiff ness and elas tic ity in re sponse to ther apy in in di -
vid u als affected by DMD.

7.2  ARFI dis crim i na tion of re nal fi bro sis, Mallory R. Scola,1 So Yoon Jang,2 Randy
K. Detwiler,3 Tim o thy C. Nichols,4 Wui K. Chong,5 Lauren M. Brubaker,5 Me lissa C.
Caughey,2 Melrose W. Fisher,2 Sonya White head6 and Caterina M. Gallippi,1 1Joint De part -
ment of Bio med i cal En gi neer ing, 2De part ment of Med i cine, 3De part ment of Nephrology,
4De part ment of Pa thol ogy and Lab o ra tory Med i cine and 5De part ment of Ra di ol ogy, 6UNC
Hos pi tals, The Uni ver sity of North Carolina at Cha pel Hill, Cha pel Hill, NC 27519,
mrscola@unc.edu.

In tro duc tion: Re nal trans plan ta tion is the treat ment of choice for most pa tients with
end-stage re nal dis ease but allograft fail ure is a se ri ous and fre quent com pli ca tion.  Timely
treat ment ad min is tra tion re lies on early and ac cu rate di ag no sis of the cause of fail ure, which
is cur rently as sessed by in va sive allograft bi opsy. A safer, noninvasive al ter na tive to bi opsy
could im prove the out come of trans plan ta tion. ARFI im ag ing may be rel e vant to de tect ing
me chan i cal prop erty changes as so ci ated with re nal trans plant fail ure.  Spe cif i cally, we hy -
poth e size that ARFI-in duced dis place ments are smaller in fibrotic kidneys than control.

Meth ods: Im ag ing was per formed ex vivo on freshly ex cised nor mal (n = 1) and dis eased
(n = 1) por cine kid neys us ing a Siemens SONOLINE Antares™   im ag ing sys tem spe cially
equipped for re search pur poses and VF7-3 trans ducer (Siemens Med i cal So lu tions USA). 
The dis eased kid ney was har vested from a pig with clin i cally-im por tant albuminuria (>30
mg al bu min/mg creatinine).  In our ex pe ri ence this has been ac com pa nied by histolo -
pathological changes in kid neys con sist ing of glomerulosclerosis, in ter sti tial fi bro sis, tu bu -
lar at ro phy and mesangial ma trix ex pan sion. The trans ducer was mounted to a trans la tion
stage and dig i tal-mo tion con trol ler to cap ture ARFI and spa tially-matched B-Mode data
along the midsagittal plane of the kid ney.  The ARFI data was spa tially reg is tered and as -
sem bled to gen er ate one long ARFI im age.  Im ag ing was also per formed in vivo on hu man
volunters un der go ing clin i cally-in di cated re nal trans plant ul tra sound with (n = 2) and with -
out (n = 7) re nal trans plant bi opsy for de tec tion of re jec tion.  ARFI and spa tially-matched
B-Mode im ages were ac quired in the up per or lower pole of the transplanted kidneys.  All
procedures were approved by the IACUC and IRB of UNC Chapel Hill.

Re sults: In the nor mal por cine kid ney, peak dis place ments were 5.51 ±1.2 mm, 14.36
±8.81 mm and 60.95 ± 25.13 mm, in the re nal cor tex, me dulla and ca ly ces, re spec tively.  In
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the dis eased por cine kid ney, dis place ments of 2.84 ± 1.20 mm, 8.11 ± 2.02 mm, and 13.62 ±
5.62 mm were mea sured. ARFI-in duced dis place ments in the ca ly ces of the nor mal por cine
kid ney were sig nif i cantly larger than in ei ther the me dulla (p<0.02, paired t-test) or the cor -
tex (p<0.02).  Dis place ments in the ca ly ces of the dis eased kid ney were larger than the dis -
place ments seen in the cor tex (p<0.02) but not sig nif i cantly dif fer ent from dis place ments
seen in the me dulla (p>0.02).  This por cine data sug gests that the dis eased kid ney is stiffer
than the nor mal kid ney as well as more me chan i cally ho mog e nous. In hu mans, we have pre -
lim i nar ily ob served smaller dis place ments in the poles of trans planted kid neys un der go ing
bi opsy for sus pi cion of re jec tion, but this study is on go ing.

Con clu sion: ARFI-in duced dis place ments are smaller in fibrotic por cine kid neys than
con trols. Sig nif i cant dif fer ences in ARFI-in duced peak dis place ment in the re nal cor tex,
me dulla and ca ly ces were de tected in the nor mal por cine kid ney but not the me dulla and ca -
ly ces of the dis eased por cine kid ney.  These re sults are con sis tent with in ter sti tial fi bro sis
and sug gest that ARFI could be rel e vant for di ag nos ing (fi bro sis associated with) renal
transplant failure.

7.3 Com par i son of beam se quence per for mance in an ath ero scle ro sis-mim ick ing
phan tom, Rus sell H. Behler,1 Tim o thy C. Nichols,2, 3 Eliz a beth P. Mer ricks2 and Caterina
M. Gallippi,1   1Joint De part ment of Bio med i cal En gi neer ing,  2De part ment of Pa thol ogy
and Lab o ra tory Med i cine and 3Di vi sion of Med i cine, The Uni ver sity of North Carolina at
Cha pel Hill, Cha pel Hill, NC 27519, russellbehler@unc.edu.

Back ground: Acous tic ra di a tion force im pulse (ARFI) im ag ing has been shown for ath -
ero scle ro sis char ac ter iza tion with a num ber of beam-se quenc ing meth ods. We hy poth e size
that beam-se quenc ing meth ods may be tai lored to max i mize con trast-to-noise ra tios (CNRs)
to high light the com po si tion and struc ture of atherosclerotic plaques. We test this hy poth e -
sis in a cus tom ath ero scle ro sis-mim ick ing phan tom. 

Meth ods: ARFI im ag ing was per formed in an agar-gel a tin ar te rial mim ick ing phan tom
with two soft in clu sions, 2 and 5 mm wide.  ARFI im ag ing was per formed us ing 300 cy cle
ex ci ta tion pulses fol lowed by 60 2-cy cle track ing pulses. Three ex ci ta tion meth ods were
crossed with 3 track ing meth ods for a to tal of nine se quences.  The three ex ci ta tion meth ods
were a sin gle F/1.5 ex ci ta tion (SP1.5), a sin gle F/3 ex ci ta tion (SP3) and two F/1.5 ex ci ta -
tions sep a rated by 0.8 ms (DP). The three track ing meth ods in cluded sin gle A-line re ceive
(SRx) in the re gion of ex ci ta tion (ROE), 4:1 par al lel Rx in the ROE (ParRx) and 4:1 par al lel
Rx lat eral to the ROE (SWEI).  Con trast-to-noise ra tios (CNR) were cal cu lated for the peak
dis place ment and re cov ery time im ages for SRx and ParRx meth ods and shear wave ve loc -
ity im ages for SWEI meth ods.  Shear-wave ve loc i ties were cal cu lated us ing least squares
for re gions measuring 0.5 mm axially and 3 mm laterally.

Re sults: For the 2 mm in clu sion, peak dis place ment CNRs were higher for the SP1.5 and
SP3 ex ci ta tions us ing SRx (4.63 and 5.26, re spec tively) ver sus ParRx track ing (2.99 and
4.02, re spec tively).  Higher CNR as so ci ated with SRx ap pears due to lower ax ial vari ance in 
mea sured peak dis place ments.  Re cov ery time CNRs were also higher for the SP1.5 and SP3 
ex ci ta tions us ing SRx (4.72 and 3.73, re spec tively) ver sus ParRx (1.55 and 1.31, re spec -
tively), con sis tent with re cov ery time dis tor tion with shear wave prop a ga tion.  Dif fer ence in 
peaks CNRs, mea sured us ing the DP ex ci ta tion, were some what better for Srx (2.30) com -
pared with ParRx (1.42) track ing meth ods. The in clu sion width was over es ti mated more
with ParRx (4.24 mm) ver sus SRx (3.18 mm), con sis tent with shear wave prop a ga tion. 
Shear-wave ve loc ity CNRs were com pa ra ble for SP3 (1.94) and SP1.5 (2.27), as ex pected,
but lower for the DP ex ci ta tion (1.12), con sis tent with greater ve loc ity vari ance.  Sim i lar re -
sults were observed for the 5 mm inclusion. 
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Con clu sion: This work sug gests that some beam se quences may be better suited to iden ti -
fy ing cer tain plaque fea tures than oth ers and mo ti vates fur ther in ves ti ga tion on this topic.

7.4 GPU-based real-time dis place ment es ti ma tion for acous tic ra di a tion force im -
pulse im ages, Ste phen J. Rosenzweig, Mark L. Palmeri and Kathryn R. Night in gale, Duke
Uni ver sity, Dur ham, NC, ste phen.rosenzweig@duke.edu.

Acous tic ra di a tion force im pulse (ARFI) im ages are of ten gen er ated by ac quir ing quad ra -
ture de mod u lated data, which are later pro cessed offline.  The data are upsampled us ing cu -
bic spline in ter po la tion be fore the dis place ments are es ti mated us ing the Loupas phase shift
al go rithm and the mag ni tude of the com plex cor re la tion co ef fi cient is com puted.  Us ing a
Dell Pre ci sion M6400 with an Intel® Core™  2 Ex treme CPU Q9300 with 4 CPUs at
2.53GHz and 4GB of RAM, the Matlab im ple men ta tion of the pro cess ing code re quires 50
sec onds for an ex am ple data set.  For clin i cal ap pli ca tions, dis play ing the data in real-time is
highly de sired; thus, the adapt abil ity of the pro cess ing code to the par al lel ar chi tec ture of
graphics pro cess ing units (GPUs) was in ves ti gated.  The above lap top has a CUDA-en abled
NVIDIA Quadro FX 3700M graphics card with 1GB of mem ory and 128 pro cess ing cores
with a clock rate of 1.40GHz.  The pro cess ing code was re writ ten us ing C for CUDA to
upsample the data, per form dis place ment es ti ma tion and com pute the mag ni tude of the
com plex cor re la tion co ef fi cients in a par al lel en vi ron ment.  For the ex am ple data set, us ing
the Matlab gen er ated es ti mates as a gold stan dard, the CUDA pro cessed dis place ment es ti -
mates had an RMS er ror of 0.003 µm.  The to tal time re quired to pro cess that data for dis -
place ment es ti mates and cor re la tion co ef fi cients was 0.55 sec onds, a speed in crease of 91x. 
Ad di tion ally, an im age can be dis played to give im me di ate feed back to the user, which re -
quires an ad di tional 0.4 sec onds, or the data can be saved for fu ture pro cess ing in 0.55 sec -
onds.  Al though the par al lel GPU-based im ple men ta tion can re sult in large speed in creases
com pared to sin gle-threaded CPU pro cess ing, to take full ad van tage of the card’s ar chi tec -
ture, it is nec es sary to parse the data set into 16  kB pieces that can be pro cessed in de pend -
ently.  Lim i ta tions of us ing GPU-based pro cess ing code as well as the relevance of using this 
processing code directly on modern ultrasound scanners, many of which include NVIDIA
CUDA-enabled graphics cards, will be discussed.

This work has been sup ported by NIH grants EB001040, CA114075, and CA142824, and
the Duke Uni ver sity Med i cal Cen ter De part ment of An es the si ol ogy.  We thank the Ul tra -
sound Di vi sion at Siemens Med i cal So lu tions, USA, Inc. for their tech ni cal and in-kind sup port.`

7.5 Mea sure ment of ther mally-in duced vari a tion in liver shear modulus, Etana
Elegbe and Ste phen McAleavey, De part ment of Bio med i cal En gi neer ing, Uni ver sity of
Roch es ter, Roch es ter, NY 14627,elegbe@bme.roch es ter.edu.

The pro cess of tis sue ne cro sis and co ag u la tion as a re sult of ther mal ab la tion is char ac ter -
ized by changes in the stiff ness of the tis sue. These changes are not dis cern ible in a B-mode
im age, thus mak ing stan dard ul tra sound im ages in ad e quate in the mon i tor ing of the ab la tion
pro cess. Spa tially mod u lated ul tra sound ra di a tion force (SMURF) im ag ing is an elasto graphic
tech nique that de ter mines the shear modulus of a ma te rial by us ing acous tic ra di a tion force
im pulses to gen er ate shear waves of a known dis tance apart and us ing mo tion- track ing tech -
niques to mea sure the ar rival time dif fer ence of the in duced shear waves, al low ing es ti ma -
tion of shear wave ve loc ity. In this study, fresh por cine liver is sub merged in 0.9% sa line and 
ther mally ab lated in a wa ter bath from 10°to 70°C while mon i tor ing the pro gres sive stiff en -
ing us ing SMURF. Ther mal le sions were also in duced in ex cised sam ple of por cine liver us -
ing a 2 cm Boston Sci en tific rf ab la tion elec trode. The sam ples were ab lated for 52 min utes
with an av er age power of 5W while again, mon i tor ing the changes in stiff ness us ing
SMURF. The re sults show that spa tially mod u lated ul tra sound ra di a tion force im ag ing is ef -
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fec tive in de ter min ing the shear modulus in liver tis sue and thus mon i tor ing the stiff ness
changes due to the ther mal ab la tion pro cess. Our study also in di cates that be tween ap prox i -
mately 45° to 75°C, there is a rapid in crease in the rate of stiff en ing as a func tion of tem per a ture.

7.6 Ul tra sonic char ac ter iza tion of tis sue prop er ties and blood flow in myofascial
pain syn dromes, Siddhartha Sikdar,1 Jay P. Shah,2 Tadesse Gebreab,2 Robin Ortiz2 and
Lynn H. Gerber1, 1George Ma son Uni ver sity, Fairfax, VA and  2Na tional In sti tutes of
Health, Bethesda, MD, ssikdar@gmu.edu.

Chronic pain is a crit i cal pub lic health prob lem. Neck and back pain are the lead ing cause
of job-re lated dis abil ity and the sec ond lead ing cause of dis abil ity in the USA, cost ing
Amer i cans more than $50 bil lion each year.  A vast num ber of pa tients in spe cialty pain
man age ment cen ters and 95% of peo ple with chronic pain dis or ders suf fer from myofascial
pain syn drome (MPS). De spite its high prev a lence, the un der ly ing mech a nisms are poorly
undnful nod ules in a taut band of skel e tal mus cle that are a char ac ter is tic find ing in MPS.
MTrPs are as so ci ated with spon ta ne ous re ferred pain in symp tom atic pa tients and are the
tar get for cur rent man age ment strat e gies for MPS, such as dry nee dle ther apy. Re cently, our
re search group has de vel oped new ul tra sound im ag ing meth ods to vi su al ize and char ac ter -
ize the phys i ol ogy and physical properties of the MTrPs and their surrounding soft tissue. 

In pre lim i nary stud ies on nine sub jects with acute neck pain, we uti lized B-mode im ag ing, 
vi bra tion sonoelastography (VSE) and Dopp ler im ag ing to study MTrPs and their neigh bor -
hood. Based on phys i cal ex am i na tion, four sites in each pa tient were la beled as ei ther ac tive
MTrP (spon ta ne ously-pain ful, A-MTrP), la tent MTrP (non-pain ful, L-MTrP), or nor mal
mus cle. VSE was per formed by color Dopp ler vari ance im ag ing while si mul ta neously in -
duc ing vi bra tions (~100Hz) with a handheld mas sage vi bra tor. Each site was as signed a tis -
sue im ag ing score (TIS) as fol lows: 0  = uni form echogenicity and stiff ness; 1 = fo cal
hypoechoeic and/or stiff nod ule; 2 = mul ti ple hypoechoeic and stiff nod ules. Blood flow in
the neigh bor hood of MTrPs was as sessed us ing Dopp ler im ag ing. Each site was as signed a
blood flow wave form score (BFS) as fol lows: 0 = nor mal ar te rial flow in mus cle with no di -
a stolic flow; 1 = el e vated di a stolic flow; 2 = ret ro grade di a stolic flow. MTrPs ap peared as
fo cal, hypoechoic re gions, in di cat ing lo cal changes in tis sue echogenicity, and as fo cal re -
gions of re duced vi bra tion am pli tude on VSE, in di cat ing a lo cal ized stiff nod ule.  Sites con -
tain ing MTrPs were more likely to have higher TIS com pared to nor mal mus cle (p<0.002).
Small ar ter ies near A-MTrPs showed ret ro grade flow in di as tole, in di cat ing a highly re sis -
tive and com pli ant vas cu lar bed, con sis tent with pos si ble blood ves sel com pres sion.
A-MTrP sites were more likely to have higher BFS com pared to L-MTrPs (p<0.021).

En cour aged by these pre lim i nary re sults, we have ex panded our meth ods to in clude quan -
ti ta tive met rics for char ac ter iz ing the soft tis sue prop er ties sur round ing MTrPs based on the
anal y sis of the back scat tered rf ul tra sound ech oes and shear-wave prop a ga tion ve loc i ties. 
Fur ther stud ies are cur rently un der way for spec tral anal y sis of ul tra sonic echo sig nals for
clas si fi ca tion of MTrPs and sur round ing tis sue, quan ti fi ca tion of elas tic moduli and quan ti -
ta tive anal y sis of Dopp ler spec tral wave forms. We an tic i pate that these quan ti ta tive im ag -
ing meth od ol o gies will pro vide a unique op por tu nity to in te grate phys i cal and phys i o log i cal 
find ings to: achieve a more com pre hen sive un der stand ing of the ab nor mal i ties as so ci ated
with MTrPs (e.g., mus cle, fas cia, blood ves sels); de velop ob jec tive clin i cal out come mea -
sures for eval u at ing nat u ral his tory and treat ment efficacy; and correlate these findings with
clinical assessments to better understand the role of MTrPs in chronic pain.

7.7 A fi nite-el e ment mod el ing of pros tate de for ma tion for elastography, S. Kaisar
Alam,1 Shaoting Zhang,2 Dimitris Metaxas2 and Er nest J. Feleppa,1  1Riv er side Re search In -
sti tute, New York, NY and 2Rutgers Uni ver sity, New Bruns wick, NJ, kalam@rri-usa.org.
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Treat ments of elastography rou tinely have as sumed a uni form pla nar com pres sion ap -
plied to tis sue sur faces and have used lin ear trans duc ers with vir tu ally flat sur faces. How -
ever, for pros tate elastography, a cy lin dri cal endocavity probe is used for scan ning and
com pres sion. When the force is ap plied us ing a flat, rel a tively large sur face, the stress dis tri -
bu tion is rel a tively uni form close to the sur face, but even in that case, the stress di verges with 
in creas ing tis sue depth. This ef fect is ex ag ger ated if the force is ap plied over a small area; the 
force is ap plied to the rec tal wall by the transrectal probe in pros tate elastography. Fur ther -
more, the cy lin dri cal shape of the probe means that ap plied stress rap idly de creases away
from the cen ter of the ap pli ca tion area, un like com pres sion us ing a pla nar sur face; this wors -
ens the non uni form na ture of the stress dis tri bu tion.

We de vel oped a pre lim i nary fi nite-el e ment model (FEM) to sim u late the com pres sion of
the pros tate. The pros tate is mod eled as an oval-shaped or gan with a ho mo ge neous Young’s
modulus of 60 kPa. A stiffer tu mor was mod eled in the an te rior re gion with a Young’s
modulus of 250 kPa. In this model, a force is ap plied on the rec tal wall to de form the pros tate. 
We com puted strain from the re sul tant dis place ments. 

Our ini tial re sults show that strain is max i mal di rectly be neath the probe and de ceases
very rap idly with in creas ing depth as well as lat eral dis tance. Be cause of this rapid drop-off
in strain, le sions that are di rectly un der neath the probe are clearly vis i ble. De pict ing a stiff
le sion will be more dif fi cult in the lower-strain ar eas, e.g., at larger depth and away from the
lat eral cen ter. 

An un der stand ing of pros tate de for ma tion in elastography ap pli ca tions will help us in de -
vel op ing novel ap proaches to pro duce strain pat terns in the pros tate that fa cil i tates vi su al iza -
tion of le sions. 

7.8 Pros tate tis sue char ac ter iza tion by ul tra sound spec tral meth ods and elastography,
Ervis Sofroni,1, 2 Naum Papanicolau,1, 2 Sara Iraji,1, 2 Mar tin Yaffe,2 Hans Chung1 and Greg -
ory J. Czarnota,1, 2  1De part ment of Ra di a tion On col ogy, Sunnybrook Health Sci ences Cen -
tre and Uni ver sity of To ronto and 2Im ag ing Re search, Sunnybrook Health Sci ences Cen tre,
and De part ment of Med i cal Bio phys ics, Uni ver sity of To ronto, To ronto, Can ada,greg -
ory.czarnota@gmail.com. 

Cur rent ac cepted meth od ol o gies used for de tec tion of the pros tate tu mor in volve mea -
sure ments of pros tate spe cific an ti gen (PSA) lev els, ul ti mately lead ing to ul tra sound guided
bi op sies. The goal of our re search study is to in ves ti gate the use of transrectal ul tra sound as a 
noninvasive im ag ing mo dal ity for the de tec tion pros tate tu mors us ing multiparameter spec -
tro scopic anal y sis of the ul tra sound radio fre quen cy (rf) sig nal in com bi na tion with ul tra -
sound elastographic im ag ing of the pros tate with cor re la tive whole-mount histopathology
af ter rad i cal pros ta tec tomy. 

Ten pa tients with pros tate can cer were sub jected to transrectal con ven tional low-fre -
quency ul tra sound scans prior to un der go ing rad i cal pros ta tec tomy. The scans were per -
formed with an Ultrasonix RP ul tra sound sys tem us ing a transrectal bi plane probe with 128
el e ments per plane with a 7 MHz cen ter fre quency for the lin ear trans ducer and 6.7 MHz for
the curved trans ducer.  The curvilinear trans ducer was used to col lect equi dis tant (0.5 cm)
trans verse slices with a puls ing fre quency of 10 MHz and a sam pling fre quency of 40 MHz
for rf data col lec tion. Planes of data were col lected with the lin ear trans ducer at the cen ter of
the pros tate with 20° sep a ra tions us ing the same fre quency set tings. Par al lel to ac quir ing rf
data, com ple men tary elastrography data were ac quired at each step for com par i son. Rad i cal
pros ta tec tomy spec i mens were pre pared by whole mount histo pathology with spec i mens
sliced in 0.5 cm equi dis tant slices per pen dic u lar to the ure thra and stained with hemotoxylin
and eosin for com par i son.  Spec tro scopic anal y sis(1, 2) was car ried out us ing cus tom soft ware
and nor mal ized us ing a glass bead phan tom to re move sys tem ar ti facts.  Anal y sis of the av er -
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aged power spec trum was per formed us ing a -6 dB win dow and lin ear re gres sion to ex tract
the midband fit, 0-MHz in ter cept and the slope of the best fit line.  Para met ric maps were
gen er ated for each of the three spec tral pa ram e ters. The spec tral pa ram e ter maps, as well as
the elastography map, were then com pared with the histopathology im ages in or der to mea -
sure dis ease de tec tion for each of the pa ram e ters. 

Pre lim i nary re sults in di cate that rel a tive changes in the spec tral pa ram e ters cor re late to
dis ease in the cor re spond ing whole mount sec tions. A rel a tive de crease in the mid-band fit
pa ram e ter of 5-10 dBr cor re sponded to ar eas where dis ease was pres ent in the whole mount
sec tions. Spec tral slope, how ever, was rel a tively in vari ant. A de crease in the 0-MHz in ter -
cept as an in di ca tion of the con cen tra tion of acous tic scat ter ers cor re sponded well with the
whole mount his tol ogy sec tions. Pre lim i nary qual i ta tive re sults of the elastography data in -
di cated ar eas of in creased tis sue stiff ness in the pres ence of bulky pros tate tu mors and were
val i dated by the pres ence of gross tu mor in the cor re spond ing whole mount sec tions.

Our pre lim i nary data shows prom ise in the abil ity to cre ate para met ric maps both in 2D
and 3D by com bin ing mul ti ple com ple men tary pa ram e ters in or der to achieve a high de gree
of ac cu racy in de lin eat ing ar eas where dis ease is pres ent. The abil ity to cal i brate and
fine-tune spec tral, and elec tro graph ic pa ram e ters in com bi na tion with PSA and other pa -
tient spe cific data can po ten tially lead to im prove ments in early noninvasive pros tate can cer
de tec tion.

(1) Can cer Biomark 4, 201-212 (2008).  (2) J Acoust Soc Am 73, 1366-1373 (1983).

8. Im ag ing

8.1 Sources and char ac ter iza tion of ul tra sonic im ag ing clut ter us ing a non lin ear,
full-wave sim u la tion method, Jeremy Dahl and Harshawardhan Deshpande, De part ment
of Bio med i cal En gi neer ing, Duke Uni ver sity, Dur ham, NC, jjd@duke.edu.

Clut ter is a well known im age deg ra da tion mech a nism in ul tra sonic im ag ing that is pa -
tient and or gan de pend ent but is more prev a lent in pa tients that are over weight or obese.  In
clin i cal set tings, clut ter is prob lem atic be cause it ob scures im por tant an a tom i cal de tails and
makes phys i o log i cal mea sure ments dif fi cult or im pos si ble.  The num ber of suboptimal and
in ad e quate im ag ing ex ams has been due to the in crease in over weight and obese in di vid u als
through out the world’s pop u la tion in the last 20 years.

De spite wide spread agree ment on the sources of ul tra sonic clut ter, there have been very
few stud ies on the sources of clut ter and the con tri bu tion of each source to the over all clut ter
in the im age.  We have per formed sim u la tions of clut ter us ing a non lin ear, full-wave method 
to dem on strate the char ac ter is tics and sources of ul tra sonic clut ter.  In these sim u la tions,
rep re sen ta tions of hu man ab dom i nal lay ers, cre ated from histological stains of ac tual hu -
man ab dom i nal lay ers, were placed at the sur face of the trans ducer to cre ate re al is tic,
near-field, het er o ge neous tis sue.  Vari a tions in tis sue com pres sion, sound speeds and den si -
ties were ap plied to mea sure the ef fects on clut ter gen er a tion.  Anechoic cysts were also sim -
u lated to dem on strate the char ac ter is tics of the clut ter in con ven tional and tis sue har monic
im ag ing.  In ad di tion to sim u la tions, we have per formed in vivo ex per i men tal stud ies in hu -
man blad ders and liv ers that iso late the main sources of clut ter and their char ac ter is tics.  

The re sults of both sim u la tion and in vivo ex per i ments show that clut ter re sult ing from
near-field tis sue lay ers are spa tially co her ent with re spect to ax ial mo tion or com pres sion. 
Con versely, the same near-field clut ter is shown to be in co her ent in the sam pled pres sure
field.  For in vivo hu man blad der, the con tri bu tion of off-axis clut ter re sult ing from the tails
of the point-spread-func tion (i.e., the isochronous vol ume) is shown to be rel a tively small
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(<5%) com pared to the con tri bu tion of clut ter as so ci ated with near-field lay ers (ap prox i -
mately 68%) at the fo cal depth of the trans mit pulse.  The sim u la tions in di cate a greater
amount of clut ter re sult ing from near-field het er o ge neous tis sue com pared to ab er ra tion or
off-axis scat ter ing.  Sim u la tions also dem on strated de creased clut ter re sult ing from tis sue
com pres sion.  The re sults of the in-vivo hu man stud ies are con sis tent with the con clu sions
drawn from the sim u lated im ages of anechoic re gions in that it is shown that the dom i nat ing
mech a nism of clut ter is as so ci ated with mul ti ple re flec tions in the near-field tis sue lay ers. 
Clut ter due to off-axis scat ter ing dom i nates only when an in ter fer ing tar get is close to the im -
ag ing tar get.

This work is sup ported by the NIH grant R21-EB008481 from the Na tional In sti tute of
Bio med i cal Im ag ing and Bio en gi neer ing.  In-kind and tech ni cal sup port was pro vided by
the Ul tra sound Di vi sion at Siemens Med i cal So lu tions USA, Inc.

8.2 Prog ress to wards high-fre quency an nu lar-ar ray im ag ing in real-time, Erwan
Filoux, Or lando Aristizábal, Jon a than Mamou and Jeffrey A. Ketterling, Riv er side Re -
search In sti tute, Lizzi Cen ter for Bio med i cal En gi neer ing, 156 Wil liam St., New York, NY
10038, jketterling@rri-usa.org.

An nu lar ar rays al low for an in creased depth of field with a rel a tively low num ber of ar ray
el e ments. We have been de vel op ing 20 and 40 MHz, five-el e ment ar rays made of PVDF and 
P(VDF-TrFE) piezopolymer films. The films had one electroded side and one side bonded
to a cop per-clad polyimide film that had an ar ray pat tern etched on its cop per sur face. Im age
data were ac quired with a five-pass ap proach that per mit ted col lec tion of all 25 trans -
mit-to-re ceive el e ment pairs. The col lected data were syn thet i cally fo cused to form a fi nal
im age. In this talk, we de scribe prog ress to wards a real-time, high-fre quency an nu lar-ar ray
im ag ing sys tem. The orig i nal pro to type sys tem re quired about 60 sec onds to ac quire all of
the im age data prior to syn thetic fo cus ing. The cur rent sys tem is able to ac quire the same
data in 0.5 s. The cur rent scan sys tem also per mits the im ple men ta tion of coded-ex ci ta tion
im ag ing to im prove the im age sig nal-to-noise ra tio, gated-im ag ing tech niques to cre ate ef -
fec tive real-time cineloops and sin gle-el e ment real-time im ag ing to po si tion the an nu lar ar -
rays over a re gion of in ter est. With the cur rent sys tem, we are able to ac quire in vivo, in utero
data from ges tat ing mouse em bryos. Ex am ples of the dif fer ent im ag ing modes will be given, 
in clud ing hu man sub ject scans.

9. Ul tra sound Com puted To mog ra phy

9.1 Prog ress in ul tra sound com puted to mog ra phy, Mi chael P. An dre, De part ment of
Ra di ol ogy, VA Healthcare Sys tem, Uni ver sity of Cal i for nia, San Diego, CA, mandre@
ucsd.edu (in vited over view).

Ul tra sound im ag ing is an in dis pens able tool of med i cal im ag ing that has sus tained re -
mark able growth over the past sev eral de cades. It is in ter est ing to note that de spite un der go -
ing many sig nif i cant tech ni cal ad vance ments over this pe riod, the ba sic im ag ing par a digm
of med i cal ul tra sound has re mained un changed; namely, im age for ma tion re sults from
trans mis sion-re cep tion of 180° back scat ter as sum ing straight-line prop a ga tion. For more
than 25 years, quan ti ta tive Ul tra sound Com puted To mog ra phy (USCT), which at tempts to
cre ate im ages from both trans mit ted and scat tered sig nals, has been re searched by sev eral
groups mainly for breast im ag ing with vary ing de grees of suc cess. It can be shown that con -
ven tional ul tra sound im ag ing is ac tu ally a sub set of USCT and to this end a brief his tor i cal
per spec tive on the pi o neer ing works of many scientists will be presented, including some
present at this conference.
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While mod ern ul tra sound im ag ing pro vides a two-di men sional map of rel a tive tis sue
‘echogenicity,’ USCT at tempts to com pute quan ti ta tive three-di men sional maps of tis sue
acous tic prop er ties, usu ally sound speed, at ten u a tion, com press ibil ity, scat ter den sity, etc.,
as ap prox i ma tions of com po nents of the wave equa tion. These meth ods ac count for re frac -
tion, at ten u a tion, mul ti ple scat ter ing and more. Sig nif i cantly, lab o ra tory and in vivo mea -
sure ments have sug gested that in breast tis sue, be nign le sions and can cer ous le sions may be
iden ti fied by these in her ent acous tic prop er ties (par tic u larly sound speed and at ten u a tion).
In gen eral, due to lim i ta tions of in stru men ta tion and al go rithms, the early meth ods used
two-di men sional linearization tech niques to solve what is in her ently a non lin ear three-di -
men sional prob lem that ne ces si tates cap ture of a large seg ment of the scat ter field around
the ob ject. From this early work, it is now clear that the range of tis sue prop er ties en coun -
tered in the breast is suf fi ciently large that lin ear ap prox i ma tions lead to se vere ar ti facts and
in ad e quate spa tial res o lu tion. New meth ods ca pa ble of im ple ment ing ad vanced USCT al -
go rithms are being tested in patients and are progressing towards clinical use. A review of
these new scanner systems will be presented. 

In re cent years, vari ants of such a breast scan ner, de vel oped by Techniscan Med i cal Sys -
tems, Inc. (Salt Lake City, Utah), were in stalled at the Uni ver sity of Cal i for nia, San Diego to 
eval u ate clin i cal fea si bil ity of us ing USCT to an a lyze and de tect breast masses as well as
mon i tor changes due to ther a pies. The cur rent sys tem uses a multifrequency non lin ear 3D
in verse-scat ter ing al go rithm. Un til very re cently, the en gi neer ing tech nol ogy and math e -
mat i cal meth ods for full-wave in verse-scat ter ing 3D to mog ra phy have been so com plex
that prac ti cal re sults in hu mans were not re al ized. To solve the nu mer i cally ill-con di tioned
prob lem of full-wave in ver sion, dis crete fre quency do main data is used by a 3D in -
verse-scat ter ing al go rithm that in cor po rates mul ti ple scat ter ing within and be tween the
planes. De spite com pu ta tional com plex ity of the prob lem, the method solves an ac cu rate
ap prox i ma tion to the full Helmholtz equa tion. The full in ver sion is now com pleted within
ap prox i mately 30 min utes with a new GPU clus ter; this is a re mark able ac com plish ment
given the com pu ta tion cost is very large. In its cur rent form, 3D vol umes of the entire breast
are reconstructed as accurate maps of sound speed, attenuation and aberration-corrected
reflectivity. 

Ad di tional mo ti va tion for this con tin ued in ter est in USCT is that con ven tional breast
sonography is a no to ri ously dif fi cult exam to per form. The qual ity of the re sults is highly de -
pend ent on the skill of the op er a tor as well as tech ni cal fea tures of the scan ner. In or der to
ob tain the needed high res o lu tion the field of view in sonography is very small, which
greatly com pli cates in ter pre ta tion and lo cal iza tion of a mass. USCT prom ises an es sen tially
au to mated whole-breast scan ning sys tem that does not de pend on op er a tor ex per tise. Fur -
ther more, the im ages pres ent a global view of the en tire breast in 3D, fa cil i tat ing com par i son 
to prior ex ams as well as to mam mog ra phy and MRI. Several examples of clinical results
will be presented.

9.2 3D USCT II: Pro to type for 3D data ac qui si tion with a semi-elipsoidal ap er ture, 
N.V.  m, M. Zapf and H. Gemmeke, Karlsruhe In sti tute of Tech nol ogy, In sti tute for Data
Pro cess ing and Elec tron ics, Karlsruhe, Ger many, nicole.ruiter@kit.edu (in vited).

Most ul tra sound com puter to mog ra phy (USCT) sys tems im ple ment unfocussed data ac -
qui si tion to re con struct op ti mally-fo cussed re flec tion im ages by syn thetic ap er ture post-
beamforming and to achieve fast data ac qui si tion. How ever, these sys tems are gen er ally
only unfocussed in 2D; the el e va tion di men sion is fo cussed. The main draw backs are a large 
slice thick ness with lim ited depth of field, the loss of out-of-plane re flec tions and a large
num ber of move ment steps to ac quire a stack of im ages of the whole vol ume.  
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A sys tem for 3D data ac qui si tion re quires a num ber of trans duc ers approximately two or -
ders of mag ni tude larger than 2D sys tems. In or der to ap prox i mate a spher i cal wave front, the 
in di vid ual trans ducer area has to be small, which leads to low sound pres sure and low sig -
nal-to-noise ra tio (SNR). For in-vivo im ag ing, the data ac qui si tion time has to be short to
pre vent pa tient move ment. 

We built a first ex per i men tal set-up for 3D USCT to in ves ti gate the fea si bil ity of such a
sys tem. We chose a sparse ap er ture ap proach: 1,920 trans duc ers are grouped on a cy lin dri -
cal ap er ture (18 cm di am e ter, 15 cm height) and can be ro tated to re duce the sparse ness. Six
ro ta tions are car ried out in to tal. Pulses of 2.4 MHz cen ter fre quency and 2 MHz band width
are ap plied. The pulse shape can be coded to in crease the SNR. The re sult ing point spread
func tion (PSF) is anisotropic ((0.2 mm)² ́  0.9 mm) due to the lim ited ap er ture height of the
cyl in der. As ex pected with a sparse ap er ture, the im age con trast is re duced by grat ing lobes
but the con trast could be sig nif i cantly in creased dur ing re con struc tion. 

Our ex per i men tal 3D USCT showed that 3D data ac qui si tion is fea si ble with to day’s tech -
nol ogy if a sparse ap er ture or long DAQ times may be ac cepted. The next ques tion is the
clin i cal rel e vance of such a de vice. To an swer this ques tion, we are cur rently build ing a sec -
ond gen er a tion 3D USCT setup with the main aim to im age vol un teers.

Based on sim u la tions of the 3D PSF, im age con trast and il lu mi na tion, a more op ti mal ap -
er ture in form of a semi-el lip soid is de vel oped. The semi-el lip soi dal ap er ture will be
equipped with 640 emit ters and 1,440 re ceiv ers and can be ro tated and lifted. We as sume
that for ac cept able im age con trast, 3.7 ́  106 A-scans or 20 GByte have to be ac cu mu lated. 

The ded i cated DAQ hard ware pro vides 480 par al lel chan nels and 40 GB on-board mem -
ory. A min i mum DAQ time of 6 s can be reached. Ad di tional time will be needed to move
the ap er ture and for av er ag ing of the sig nals. The over all DAQ time will be well be low 3 min
and en able in vivo im ag ing.

The res o lu tion and im age con trast of our cur rent sys tem is lim ited by phase ab er ra tion er -
rors and the sparse ap er ture. In sim u la tions, the res o lu tion, mea sured by the size and de for -
ma tion of the 3D PSF, is in creased by 62%. The il lu mi na tion of the breast vol ume is
ap prox i mately three times higher than for the cy lin dri cal ap er ture. Ar ti facts are de creased
by 23%. We ex pect a re duc tion of the re main ing phase ab er ra tion er ror by tem per a ture mon -
i tor ing and shorter DAQ du ra tion. The larger open ing an gle of the new trans duc ers guar an tees
better speed of sound im ages. This new gen er a tion of 3D USCT will en able op ti mally- fo -
cussed im ag ing in 3D.

9.3 Tomographic den sity im ag ing, Roberto J. Lavarello and Mi chael L. Oelze, Bio -
acoustics Re search Lab o ra tory, De part ment of Elec tri cal and Com puter En gi neer ing, Uni -
ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL, 61801, oelze@brl.uiuc.edu (in vited).

Ul tra sonic to mog ra phy is an im ag ing tech nique whose goal is to pro vide quan ti ta tive
maps or im ages of acous tic prop er ties. Al go rithms have been de vel oped to re con struct ob -
jects in both two di men sions and three di men sions. Typ i cally, im age con trast is based on
dif fer ences in speed of sound or at ten u a tion. Usu ally, ul tra sonic to mog ra phy meth ods as -
sume den sity is a con stant in the im ag ing do main in or der to re con struct speed of sound and
at ten u a tion im ages. The pres ent talk will ad dress re search con ducted to as sess the fea si bil ity
of den sity im ag ing us ing in verse scat ter ing in lossless me dia. Two dif fer ent ap proaches are
cur rently avail able in the lit er a ture: (1) re con struct ing a sin gle func tional of speed of sound
and den sity and iso lat ing den sity in for ma tion us ing mea sure ments at two dif fer ent fre quen -
cies, and (2) si mul ta neously re con struct ing two functionals that de pend ex clu sively on com -
press ibil ity and den sity changes, re spec tively. Both ap proaches suf fer from lim i ta tions that
keep them from be ing ex per i men tally im ple mented, i.e., the first ap proach is too sen si tive to
the sig nal-to-noise ra tio whereas the sec ond ap proach re quires a very large band width. An
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im proved method, the mul ti ple fre quency dis torted Born it er a tive method (MF-DBIM), has
been de vised by re fin ing the first ap proach to use mul ti ple fre quency in for ma tion and fre -
quency hop ping. Al though this method al lows the lim i ta tions noted above for cur rent den -
sity im ag ing al go rithms to be over come, for cer tain classes of im ag ing tar gets, the
con ver gence of den sity im ag ing algorithms is still compromised. Regularization methods
were also developed and studied through simulations and experiments in order to extend the
applicability of MF-DBIM.

9.4 Breast im ag ing with ul tra sound to mog ra phy: clin i cal re sults at the Karmanos
Can cer In sti tute, Neb Duric, Pe ter Littrup, Cuiping Li, Lisa Bey-Knight, Olsi Rama, Steve
Schmidt, Lukasz Myc, Mark Sak, Bryan Ranger, Jessica Lupinacci and Erik West, Karmanos
Can cer In sti tute, Wayne State Uni ver sity, 4100 John R. Street, De troit, MI 48201, duric@
karmanos.org (in vited).

We re port on a con tin u ing as sess ment of the im ag ing per for mance of an op er a tor-in de -
pend ent breast im ag ing de vice based on the prin ci ples of ul tra sound to mog ra phy. The data
were col lected with a clin i cal pro to type at the Karmanos Can cer In sti tute in De troit MI from
pa tients re cruited at our breast cen ter. Tomographic sets of im ages were con structed from
the data and used to form 3-D im age stacks cor re spond ing to the 3-D vol ume of the breast.
Our tech niques gen er ated whole breast re flec tion im ages as well as im ages of the acous tic
pa ram e ters of sound speed and at ten u a tion. The com bi na tion of these im ages re veals ma jor
breast anat omy, in clud ing fat, pa ren chyma, fi brous stroma and masses. The three types of
im ages are in trin si cally co-reg is tered be cause the re con struc tions are per formed us ing a
com mon data set ac quired by the pro to type. Fu sion im ag ing, uti liz ing thresholding, is
shown to vi su al ize mass char ac ter iza tion and fa cil i tates sep a ra tion of can cer from be nign
masses. These ini tial re sults in di cate that op er a tor-in de pend ent whole-breast im ag ing and
the de tec tion and char ac ter iza tion of can cer ous breast masses are fea si ble us ing ul tra sound
to mog ra phy tech niques. Clin i cal ap pli ca tions rang ing from risk as sess ment to de tec tion and 
treat ment mon i tor ing are dis cussed. 

9.5 Ul tra sonic breast-mim ick ing phan tom for pulse-echo and trans mis sion im ag -
ing, Sumedha P. Sinha,1 Er nest L. Madsen,2 Gary R. Frank,2 Mitch ell M. Goodsitt1 and Paul
L. Car son,1  1Ra di ol ogy, Uni ver sity of Mich i gan, Ann  Ar bor, MI 48109 and 2Med i cal Phys -
ics, Uni ver sity of Wis con sin, Mad i son, WI 53705, sumedha@umich.edu.

Au to mated 3D ul tra sound im ag ing pres ents good po ten tial for breast can cer screen ing
pur poses, es pe cially for women with dense breasts.  To re tain the res o lu tion of high-fre -
quency ul tra sound, we can im age the breast from both sides in the mammographic ge om e -
try, which we will re fer to as dual-sided im ag ing. This is a novel, fea si ble tech nique for a
higher-qual ity im age formed by reg is ter ing and fus ing op po site views. Suc cess in reg is tra -
tion of dual-sided im ages will be com pli cated by low SNR (sig nal-to-noise ra tio) and other
ar ti facts in the cen tral re gion of the breast where the two views over lap. ‘Shad ows’ and ‘en -
hance ments’ are also prev a lent in breast-ul tra sound im ages. These ar ti facts are aniso tropic
and highly de pend ent on the di rec tion of the ul tra sound beam.

In or der to even tu ally achieve suc cess ful reg is tra tion of dual-sided in-vivo im ages, we
have adopted a multi-step ap proach, be gin ning with the sim pler, re pro duc ible case of a
breast-mim ick ing phan tom con tain ing 39 can cer-like and cyst-like le sions. This phan tom
sim u lates the breast com pressed in the mammographic cranio-cau dal ge om e try. It is a rect -
an gu lar solid (length = 18 cm, width = 8.5 cm, height = 6.4 cm), with a 5 cm thick le sion-em -
bed ded slab sandwiched be tween two 7 mm thick aberrating lay ers. The phantom is
bounded by acrylic walls and the scan ning win dows on the top and bot tom are cov ered with
25 µm thick Sa ran wrap. 
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The fat and glan du lar-mim ick ing ma te ri als are oil-in-gel a tin dis per sions, while the le -
sions con tain no oil.  There are two types of glan du lar ma te rial hav ing slightly dif fer ent
sound speeds.  The tis sue-mim ick ing fat has an even lower speed.  The oil pro duces a low -
ered prop a ga tion speed and den sity and con trib utes to at ten u a tion. The sin gle hyperechoic
le sion con tains wa ter-based gel a tin with pow dered graph ite and glass beads (45-53 µm in di -
am e ter). The tis sue-mim ick ing sub cu ta ne ous fat lay ers have scal loped sur faces in or der to
cre ate re frac tion ef fects sim u lat ing those in an ac tual hu man breast. The geo met ric sim plic -
ity of this re fract ing layer al lows for the quan ti ta tive anal y sis and cor rec tion of re frac tion er -
rors.

The 39 le sions are ex actly po si tioned in the tis sue-mim ick ing glan du lar re gion. Each zone 
con tains at least four ‘can cers’ and four ‘cysts.’ Also, two large dou ble-cone shaped ‘can -
cers,’  one large spher i cal ‘cyst’ and one large hyperechoic spher i cal ‘can cer’  have been in -
cluded in this phan tom. Ran domly-po si tioned knots on three 0.3 mm di am e ter ny lon fi bers
in the cen tral area of the phan tom cre ate more echogenic struc tural el e ments. A small (1% by 
vol ume) con cen tra tion of for ma lin raises the melt ing point of the ma te ri als (by means of
form al de hyde cross-link ing) to 100°C and a 5% con cen tra tion of 1-propanol is added for
pres er va tion.

The first ver sion of this phan tom was de signed with acous tic prop er ties that ap pear in the
ul tra sound lit er a ture and was found to pro duce min i mal shadow ar ti facts.  A sec ond phan -
tom with sub stan tially greater con trast in speed of sound, us ing re cently pub lished val ues
from ray-traced ul tra sonic CT(1) pro duces im age shad ows sim i lar to those of ten seen in vivo. 
This ex pe ri ence helps ex plain why trans mis sion im ages of at ten u a tion are so edge en -
hanced.  That is where much or most of the dif fer en tial at ten u a tion oc curs.  

(1) In Med i cal Im ag ing 2008: Ul tra sonic Im ag ing and Sig nal Pro cess ing, Proc SPIE, 
pp. 692009-692009-9 (2008).

10. Advaced Trans ducer Tech nol ogy

10.1 Trans duc ers for 3-D im ag ing, Jesse T. Yen, USC Viterbi School of En gi neer ing,
De part ment of Bio med i cal En gi neer ing, 1042 Downey Way Uni ver sity Park, Denney Re -
search Build ing (DRB) 140, Los An geles, CA 90089-1111, jesseyen@usc.edu (in vited over -
view).

This talk will pres ent an over view of the de vel op ment of ar ray trans duc ers for 3-D im ag -
ing. De pend ing on the clin i cal ap pli ca tion, 2-D ma trix ar rays from a few hun dred el e ments
to more than sev eral thou sand el e ments may be needed. Fab ri ca tion of trans duc ers for 3-D
im ag ing faces a num ber of chal lenges, pri mar ily the elec tri cal el e ment im ped ance and in ter -
con nect den sity.  The se ver ity of these prob lems grows as the num ber of el e ments grows. 
For 2-D ar ray el e ments, their small size leads to high elec tri cal im ped ance, on the or der of
sev eral kW, which trans lates to low pulse-echo sen si tiv ity.  The in ter con nect com plex ity can 
have ad verse ef fects on interelement cross talk and pulse-echo per for mance.  So lu tions to
these chal lenges by var i ous re search ers will be pre sented. These so lu tions come in the form
sparse ar rays, multilayer trans duc ers and fully-sampled matrix arrays with ap pli ca tion- spe -
cific integrated circuits (ASIC). 

De vel op ing sparse ar ray trans duc ers is the most straight for ward, since the in ter con nect
re quire ments are re laxed, but elec tri cal el e ment im ped ance can still be quite high.  The use
of multilayer trans duc ers can min i mize this prob lem by re duc ing the im ped ance by a fac tor
of N2 where N is the num ber of lay ers.  How ever, multilayer trans duc ers have chal leng ing
interlayer con nec tion re quire ments.  Fully-sam pled ar rays for car diac and ob stet rics have
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been de vel oped where most of these 2-D ar rays have less than 5,000 el e ments. These probes 
use cus tom in te grated cir cuits in the han dle to fun nel thou sands of el e ments from a fully
con nected 2-D phased ar ray to 128 sys tem chan nels. The ad van tages and disadvantages of
these solutions will be presented.  

10.2 De sign, in te gra tion and use of spe cial ul tra sonic trans duc ers for ther a peu tic
guid ance and di ag no sis, D.N. Stephens,1 J. Cannata,2 C.H. Seo,3 J.S. Jeong,2 A. Nikoo -
zadeh,4 O. Oralkan,4 P. Khuri-Yakub,4 A. DeLaRama,5 T. Nguyen,5 A. Dentinger,6 F. Lin,6

K. Thomenius,6 K. Shung,2 K. Shivkumar,7 A. Mahajan,7  M. O’Donnell,3 U. Truong8 and
D. Sahn,8  1Uni ver sity of Cal i for nia, Da vis, 2Uni ver sity of South ern Cal i for nia, 3Uni ver sity
of Wash ing ton, 4Stan ford Uni ver sity, 5St. Jude Med i cal, 6Gen eral Elec tric Cor po rate Re -
search & De vel op ment, 7Uni ver sity of Cal i for nia, Los An geles and  8Or e gon Health and
Sci ences Uni ver sity, dnstephens@ucdavis.edu (in vited).

Re search on de vices that com bine the fea tures of ul tra sound im ag ing and var i ous ther a -
pies are re ceiv ing more at ten tion due to the need for higher qual ity, real time pro ce dural
guid ance in the treat ment of dis eases such as car diac arrhythmias and can cer.  Atrial fi bril la -
tion, as an ex am ple, is the most com mon type of car diac ar rhyth mia that now af fects over 2.2 
mil lion adults in the United States alone.  The cath e ter-based ul tra sonic im ag ing method of
intracardiac echocardiography (ICE) has been used as a suc cess ful gen eral im ag ing tool
since 2000, but now has a po ten tially ex pand ing role in di rect ther a peu tic guid ance.  The
feed back con trol meth ods of intracardiac radio fre quen cy (rf) ab la tion re main very lim ited
in cur rent clin i cal prac tice, of fer ing only a cath e ter elec trode (not tis sue) tem per a ture es ti -
ma tion and a sim ple Watt me ter dis play as a means to ti trate RF power de liv ered to the tis -
sue.  Our lat est ver sions of the ‘microlinear‘ (ML) for ward-im ag ing ul tra sound cath e ter
de sign, now at a true 9F (3 mm) in size, have been op ti mized with sev eral fea tures to si mul -
ta neously per mit (a) high-qual ity intracardiac steer ing and im ag ing,( b) track ing of 3D po si -
tion with electroanatomical map ping, (c) rf ab la tion and (d) tis sue ther mal strain (TS)
es ti ma tion for di rect tis sue tem per a ture feedback.

The two re cent de sign ver sions of ML cath e ters have been built and tested in three por cine 
an i mal mod els.  The first type, in its third gen er a tion, is based on a PZT trans ducer ar ray; the
sec ond type, in its sec ond gen er a tion, is based on a cMUT ar ray with cus tom in te grated in -
ter face cir cuitry.  Both types of de vices are 9F in size and per formed well in im ag ing tests in
re cent in-vivo stud ies.  Both the ML-PZT and ML-cMUT ar rays, as de scribed pre vi ously,
have a fine pitch (65 and 63 mm re spec tively) 24-el e ment phased ar rays op er at ing at 14 MHz 
that pro ject a B-mode plane di rectly out from the tip of the cath e ter.  Intracardiac im ag ing
per for mance was doc u mented to show that the very small ar ray ap er ture of the ML de sign
(1.2 mm ́  1.6 mm) per mits good, high res o lu tion im ag ing to depths as great as 40 mm.  The
ML-PZT cath e ter was equipped with a spe cial low-pro file ab la tion tip that al lowed si mul ta -
neous im ag ing and ab la tion at the dis tal end of the cath e ter.  Off-line pro cess ing of the TS
data col lected dur ing rf ab la tion has dem on strated the fea si bil ity of di rect tis sue tem per a ture 
es ti ma tion by this ap proach.  Work is un der way to fur ther as sess the tem per a ture es ti ma tion
ac cu racy and to in te grate the TS pro cess ing for real-time dis plays.

Sup ported by NIH/NHLBI R01-HL67647.

10.3 For ward-look ing intracardiac echocardiography cath e ters us ing ca pac i tive mi cro -
ma chined ul tra sonic trans duc ers, Amin Nikoozadeh,1 Ömer Oralkan,1 Mustafa Gencel,1

Jung Woo Choe,1 Douglas N. Stephens,2 Alan de la Rama,3 Pe ter Chen,3 Kai Thomenius,4

Aaron Dentinger,4 Douglas Wildes,4 Kalyanam Shivkumar,5 Aan Mahajan,5 Mat thew
O’Donnell,6 Da vid Sahn7 and Pi erre T. Khuri-Yakub,1  1Stan ford Uni ver sity, Stan ford , CA
94305, 2Uni ver sity of Cal i for nia, Da vis,  CA 95616, 3St. Jude Med i cal, Irvine, CA 92614,
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4Gen eral Elec tric Global Re search, Niskayuna, NY 12309, 5Uni ver sity of Cal i for nia, Los
An geles, CA 90095, 6Uni ver sity of Wash ing ton, Se at tle, WA 98195 and 7Or e gon Health and
Sci ence Uni ver sity, Port land, OR 97239, aminn@stan ford.edu (in vited).

Atrial fi bril la tion is the most com mon type of car diac ar rhyth mia that now af fects over 2.2
mil lion adults in the United States alone. Cur rently, flu o ros copy is the com mon method for
guid ing interventional electrophysiological (EP) pro ce dures. How ever, the ra di a tion ex po -
sure in volved with the flu o ros copy is haz ard ous to both the pa tient and the phy si cian. In ad -
di tion, it does not pro vide good soft-tis sue res o lu tion, even with the use of con trast agents. In 
re cent years, intracardiac echocardiography (ICE) has proven valu able in real-time guid -
ance of interventional pro ce dures and reducing fluoroscopy exposure time. 

We are de vel op ing two types of for ward-look ing ICE cath e ters us ing ca pac i tive micro -
machined ul tra sonic trans ducer (CMUT) tech nol ogy: Microlinear (ML) cath e ter and ring
cath e ter. The ML cath e ter uses a 24-el e ment 1-D CMUT ar ray at the tip for for ward-look ing
phased-ar ray im ag ing. It pro vides high-res o lu tion, real-time, 2-D im ages at a cen ter fre -
quency of 10 MHz. The ring cath e ter has a 64-el e ment ring CMUT ar ray at the tip that op er -
ates at a cen ter fre quency of 10 MHz. It pro vides 3-D, real-time, for ward-look ing im ages in
front of the cath e ter tip. In ad di tion, the ring cath e ter pro vides a con tin u ous cen tral lu men
that runs though the whole length of the cath e ter. This avail able space en ables con ve nient
de liv ery of a va ri ety of other de vices such as rf ab la tion cath e ters, EP di ag nos tic cath e ters,
bi opsy de vices, etc. Both the ML and the ring cath e ters are equipped with front-end elec -
tronic cir cuits that are closely in te grated with the CMUT ar rays at the tip of the cath e ter. The
cus tom-de signed in te grated cir cuit (IC) is fully com pat i ble with cur rent im ag ing sys tems
and pro vides a ded i cated preamplifier for each trans ducer el e ment. The preamplifiers mit i -
gate the ad verse ef fect of long microcoaxial ca bles on the re ceived sig nals and im prove the
image quality. The first ML and ring catheters are assembled in a 9-F and 12-F catheter
shafts, respectively.  

In a re cent an i mal study, we dem on strated in-vivo im ages of the heart in a por cine an i mal
model us ing both cath e ters. With the ring cath e ter we also dem on strated 3-D im ag ing ca pa -
bil ity us ing metal spring and ny lon wire phan toms. In ad di tion, we used the ring ar ray in a
bench-top setup to dem on strate photo-acous tic im ag ing with a sin gle op ti cal fi ber in te grated 
with the ring ar ray through its in ner lu men. We have suc cess fully prototyped the first for -
ward-look ing cath e ters based on the CMUT tech nol ogy and proven the ca pa bil i ties of this
tech nol ogy for im ple ment ing high-fre quency min ia ture trans ducer ar rays with in te grated
elec tron ics.

This work was sup ported by the Na tional In sti tutes of Health un der grant 5R01HL067647.
IC fab ri ca tion was pro vided by Na tional Semi con duc tor (Santa Clara, CA).

10.4  Im ag ing ar rays with im proved trans mit power ca pa bil ity, M. J. Zipparo,1 K. F.
Bing2 and K. R. Night in gale,3  1W. L. Gore and As so ci ates Inc., 345 In ver ness Dr. South,
Suite A120, Englewood, CO 80112, 2Geor gia Tech Re search In sti tute, Sen sors and Elec tro -
mag netic Ap pli ca tions Lab, At lanta, GA 30332 and 3Duke Uni ver sity, De part ment of Bio -
med i cal En gi neer ing, PO Box 90281, Dur ham, NC 27708, katy.night in gale@duke.edu 
(in vited).

Bonded multilayer ce ram ics and com pos ites in cor po rat ing low loss piezoceramics have
been ap plied to ar rays for ul tra sound im ag ing to im prove acous tic trans mit power lev els and
to re duce in ter nal heat ing.  Com mer cially-avail able hard PZT from mul ti ple ven dors has
been char ac ter ized for microstructure, abil ity to be pro cessed and electroacoustic prop er -
ties.  Multilayers us ing the best ma te ri als dem on strate the trade offs com pared to the softer
PZT5-H typ i cally used for im ag ing ar rays.  Three-layer PZT4 com pos ites ex hibit an ef fec -
tive di elec tric con stant that is three times that of sin gle layer PZT5H, a 50% higher me chan i -
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cal Q, a 30% lower acous tic im ped ance and only a 10% lower cou pling co ef fi cient. 
Ap pli ca tion of low-loss multilayers to lin ear-phased and large curved ar rays re sults in
equiv a lent or better el e ment per for mance.  A 3-layer PZT4 com pos ite ar ray achieved the
same trans mit in ten sity at 40% lower trans mit volt age and with a 35% lower face tem per a -
ture in crease than the PZT-5 con trol.  While B-mode im ages show sim i lar qual ity, acous tic
ra di a tion force im pulse (ARFI) im ages show in creased  dis place ment for a given drive volt -
age.  An in creased fail ure rate for the multilayers fol low ing ex tended op er a tion in di cates
that fur ther de vel op ment of the bond pro cess will be nec es sary.  In con clu sion, bonded
multilayer ce ram ics and com pos ites al low ad di tional de sign freedom to optimize arrays and
improve the overall performance for increased acoustic output while maintaining image
quality.

10.5 Micromachined sin gle crys tal 1-3 composite trans duc ers, X. Jiang1 and S.
Zhang,2  1 North Carolina State Uni ver sity, De part ments of  1Me chan i cal and Aero space
En gi neer ing and  2Bio med i cal En gi neer ing, Ra leigh, NC 27695 and 2 Penn syl va nia State
Uni ver sity, Uni ver sity Park, PA 16803, xjiang5@ncsu.edu (in vited).

Sin gle crys tal pi ezo elec tric ma te ri als showed ex cel lent prop er ties for med i cal ul tra sound
trans duc ers though re search chal lenges ex ist in im prov ing  phase tran si tion tem per a ture and 
co er cive field.(1) Chal lenges also ex ist in fab ri cat ing sin gle crys tal trans duc ers us ing con -
ven tional dic ing tech nique, es pe cially for high fre quency 1-3 com pos ite trans duc ers. We
will pres ent new de vel op ments on sin gle-crys tal pi ezo elec tric trans ducer ma te ri als and the
re sults on a new sin gle-crys tal etch ing tech nique for trans ducer fab ri ca tions. Ferro elec tric
sin gle crys tals PIN-PMN-PT and PMN-PZT (ter nary crys tals), re tain ing high pi ezo elec tric
prop er ties of PMN-PT sin gle crys tals (bi nary crys tal) but with en hanced tem per a ture sta bil -
ity (lim ited by their rhombohedral to tetragonal phase tran si tion tem per a ture). The phase
tran si tion tem per a ture for the new ter nary crys tals is on the or der of 95-150oC, 30 to 60oC
higher than their bi nary coun ter parts; fur ther more, the co er cive field of the above ter nary
sys tems are found to be 4-5kV/cm, dou ble the value of PMN-PT. These new sin gle crys tals
pres ent great po ten tial for med i cal ul tra sound. For sin gle-crys tal trans ducer fab ri ca tions,
the re cently-dis cov ered pi ezo elec tric-com pos ite-based micromachined ul tra sound trans -
ducer (PC-MUT) tech nique uti lized deep re ac tive ion etch ing (RIE) to form high-as pect-ra -
tio PMN-PT posts with out me chan i cal in ter ac tion in duced dam age and the high-fre quency
1-3 com pos ites (15-75 MHz) were suc cess fully fab ri cated with cou pling co ef fi cient of ~
0.65-0.75.(2) High-fre quency lin ear ar rays us ing PC-MUT com pos ites were also stud ied for
med i cal and NDE im ag ing. The fol low ing pro gres sive re sults will be pre sented: (1) 15-75
MHz PMN-PT sin gle crys tal 1-3 com pos ite trans ducer de sign, fab ri ca tion and char ac ter iza -
tions. A band width > 80% and sig nif i cantly-im proved sen si tiv i ties were ob tained from the
de vel oped PC-MUT sin gle-el e ment trans duc ers; (2) high-fre quency PC-MUT ar ray de -
sign, fab ri ca tion and char ac ter iza tion. A 64-el e ment, 35 MHZ PC-MUT ar ray was prototyped 
and char ac ter ized, show ing prom is ing uni for mity, band width and sen si tiv ity. Fu ture re -
search on sin gle crys tals and PC-MUT will also be discussed.

(1) In Hand book of Ad vanced Di elec tric, Pi ezo elec tric and Ferro elec tric Ma te ri als –
Syn the sis, Char ac ter iza tion and Ap pli ca tions, pp.130-157 (2008).  (2) Jiang N, et al., in
Proc IEEE Ultrason Symp (2006).
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