
 ABSTRACTS

1. High-Fre quency Im ag ing

 1.1 High-res o lu tion para met ric im ag ing of the vit re ous, ret ina and choroid, Ron ald
H. Silverman,1, 2 Mark J. Ron deau,1 R. V. Paul Chan1 and D. Jack son Coleman,1 1Weill Med i cal
Col lege of Cor nell Uni ver sity, New York, NY 10021 and 2Riv er side Re search In sti tute, New
York, NY 10038, silverman@rrinyc.org (in vited over view).

The ret ina is phys i cally and nu tri tion ally sup ported by the un der ly ing choroid, a vas cu lar
tis sue that is part of the uveal tract of the eye.  The ret ina and choroid are each ap prox i mately
one-quar ter mil li me ter in thick ness.  The ret i nal photoreceptors are one of the most met a bol -
i cally ac tive sites in the hu man body and thus re quire a rich microvasculature.  The
photoreceptors and outer lay ers of the ret ina are ox y gen ated by dif fu sion from the un der ly -
ing choroid and the in ner ret ina by the ret i nal ves sels.   Dis eases of the ret ina and choroid
such as small mel a no mas, di a betic retinopathy (DR) and age-re lated macular de gen er a tion
(ARMD) may be as so ci ated with vas cu lar ab nor mal i ties in clud ing ischemia, neovascular -
ization, ves sel leak age and hem or rhage.  This, and vitreoretinal trac tion, may re sult in blood
and cel lu lar de bris en ter ing the vitreous, with potential for subsequent organization of
vitreous membranes.

Ul tra sound (US) and op ti cal co her ence to mog ra phy (OCT) are use ful and com ple men -
tary tech niques for eval u a tion of the ret ina, choroid and vit re ous. OCT pro vides higher res o -
lu tion (<10 mm) than US, but is lim ited to im ag ing only the pos te rior pole (through the pu pil) 
un der clear me dia con di tions.  It also has lim ited pen e tra tion in depth be yond the ret i nal pig -
ment ep i the lium.   US can be used to im age the cen tral and pe riph eral ret ina, choroid and or -
bital tis sues, and is un af fected by op ti cal opac i ties.  The tra di tional 10 MHz US used in
oph thal mol ogy, how ever, pro vides in ad e quate res o lu tion for eval u a tion of the ret ina and
choroid be cause of their thin ness in re spect to wave length (150 mm). 

De tec tion of early changes as so ci ated with ARMD, such as retinochoroidal per fu sion, re -
or ga ni za tion of microvasculature, an a tomic changes in the macula (tears, holes, epiretinal
mem branes) and vit re ous de bris, would be clin i cally use ful, es pe cially in light of new and
ef fec tive treat ment mo dal i ties.  The cen tral chal lenge for US in char ac ter iz ing these tis sues
is their thin ness and depth.  (The ax ial length of the eye is about 24 mm.)  We have been ex -
plor ing a num ber of ap proaches based on postpro cess ing of radio fre quen cy data to im prove
US de tec tion of these changes.  Scan ning is typ i cally per formed us ing a re verse arc (sec tor)
scan ge om e try, avoid ing the plane of the crys tal line lens, us ing a fo cused sin gle-el e ment 20
MHz trans ducer. Postpro cess ing meth ods in clude spec tral pa ram e ter im ag ing, non lin ear
20/40 MHz tis sue har monic im ag ing, wave let anal y sis and swept-mode color-flow im ag -
ing.  We have applied these methods in combination with OCT to visualize the vitreous,
retina and choroid and tis sue changes as so ci ated with dis ease, in clud ing retinochoroidal
flow, faint vit re ous pa thol o gies such as trac tional mem branes and de bris, and choroidal
scat ter ing changes un de tect able op ti cally or in con ven tional US images.

Sup ported in part by NIH grant EB000238, Re search to Pre vent Blind ness, the Dyson
Foun da tion and an AIUM Ed u ca tion and Re search Grant.

1.2 Com par i son of the acous tic beam prop er ties of high- fre quency lin ear and an nu lar
ar rays, Sarayu Ra ma chan dran, Ronald H. Silverman and Jeffrey A. Ketterling, Riv er side Re -
search In sti tute, New York, NY 10038, silverman@rrinyc.org (in vited).

High-fre quency ul tra sound trans duc ers pro vide fine-res o lu tion im ages and are used in
small-an i mal im ag ing and oph thal mic im ag ing.  How ever, the com monly used sin gle-el e -

ABSTRACTS, ULTRASONIC IMAGING AND TISSUE CHARACTERIZATION 35



ment high-fre quency trans duc ers are ham pered by their lim ited ax ial depth of field (DOF). 
Im age qual ity can be im proved by us ing ar rays, and in this study we looked at high-fre -
quency lin ear and an nu lar ar rays.  A 40-MHz, 5-ring, an nu lar ar ray was cus tom built in our
lab o ra tory.  The trans ducer had a to tal ap er ture of 6 mm, spac ing of 100 mm be tween annuli,
and a geo met ric fo cus of 12 mm.  The acous tic field of the ar ray was mod eled with a spa tial
im pulse re sponse method and a syn thetic-fo cus tech nique was used to im prove the ax ial
DOF.   Next, Field II was used to sim u late the field of a 48-el e ment, el e va tion-fo cused lin ear
ar ray with a cen ter fre quency of 40 MHz and el e va tion fo cal length of 12 mm.  The syn -
thetic-fo cus al go rithm com puted the de lays re quired to shift the trans mit and re ceive fo cus
of each A-line through a spec i fied se ries of ax ial depths.  A gating func tion was then em -
ployed to ex tract the fo cused por tions of in di vid ual A-lines.  A dy namic-re ceive fo cus ing al -
go rithm was also im ple mented, in which de lays were added only to the re ceived ech oes
while the trans mit fo cus re mained fixed.  The sim u la tions of the lin ear and an nu lar ar rays re -
vealed that the per for mance of the an nu lar ar ray was su pe rior.  Af ter ap pli ca tion of the syn -
thetic-fo cus al go rithm, the an nu lar ar ray beam had a 6-dB ax ial DOF of ~6 mm while the
DOF of the lin ear ar ray was only ~4 mm.  The lat eral beam width of the an nu lar ar ray was
lower than that of the lin ear ar ray in the az i muth di rec tion over the ex tended DOF.  Be ing ra -
di ally sym met ric, the an nu lar ar ray had the same beam width in all di rec tions.  How ever, the
small est beam width of the lin ear ar ray in the el e va tion di rec tion was nearly 50% greater than 
that of the an nu lar ar ray at the same ax ial depth.  Var i ous im ag ing strat e gies were im ple -
mented with the an nu lar ar ray us ing data ac quired from eye-bank eyes and mouse em bryos.

This work was sup ported by NIH Grant EY014371 and the Riv er side Re search In sti tute
Bio med i cal Re search Fund.

1.3 High-fre quency ul tra sound scat ter ing from mix tures of two dif fer ent cells lines:
tis sue char ac ter iza tion in sights, Mi chael C. Kolios,1, 2 Anoja Giles4 and Greg ory J. Czarnota,1-4

1De part ment of Med i cal Bio phys ics, Uni ver sity of To ronto, 2De part ment of Phys ics, Ryerson
Uni ver sity, 3De part ment of Ra di a tion On col ogy, Uni ver sity of To ronto and 4Sunnybrook
Health Sci ences Cen tre, mkolios@ryerson.ca (in vited).

Quan ti ta tive ul tra sound meth ods have been de vel oped to pro vide in for ma tion about tis -
sue microstructure un avail able to typ i cal ul tra sound im ages.  Meth ods that de pend on the
anal y sis of the ul tra sonic radio fre quen cy (rf) spec trum, pi o neered by the late Frederic Lizzi
at Riv er side Re search In sti tute, rely on the fre quency de pend ence of the rf back scat ter to in -
fer prop er ties of tis sue microstructure.  Our group has uti lized these meth ods to an a lyze the
back scat ter from cells us ing high fre quency ul tra sound im ag ing.  We hy poth e size that as the
ul tra sound wave length ap proaches the size of the cell, it is more sen si tive to the cell struc ture 
and changes in the cell struc ture due to treat ment ef fects.  In this se ries of ex per i ments, two
cells lines with dis tinct sizes we used to in ves ti gate the relationship between the ultrasonic rf
spectrum parameters and cell size.

Two cells types, AML cells (~10 mm di am e ter) and PC3 cells (~25 mm di am e ter), were
im aged with a high-fre quency ul tra sound imager (VS40B, VisualSonics Inc., To ronto, Can -
ada) that could store the rf sig nals as so ci ated with an im age.  Com pact ag gre gates of cells
were cre ated by centrifugation (cre at ing a cell pel let). Pel lets were made ei ther of pure pop u -
la tions of the two cell lines, or by mix ing the cell pop u la tions in dif fer ent pro por tions (rang -
ing from 1/64 to 1/2 of the cell vol ume com prised of pros tate cells, in steps of 1/2, the
re main ing vol ume con tain ing AML cells).  Hematoxylin and Eosin (H&E) stain ing con -
firmed the ap pro pri ate mix ing of PC3 cells in the pel lets cre ated, with no ob vi ous clus ter ing.  
An f-2.35 trans ducer with cen tral fre quency of 20 MHz and 10-30MHz band width was
used.  Re gions of in ter est were cho sen and the spec tral pa ram e ters cal cu lated.
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The ul tra sound back scat ter from cell pel lets con tain ing the larger PC3 cells and im aged
with the 20-MHz trans ducer was sig nif i cantly larger com pared to the smaller AML cells
(midband fits of -36 dBr vs. -52 dBr, re spec tively) and the spec tral slopes were sig nif i -
cantly re duced for the PC3 cells (0.31 dBr/MHz) com pared to the AML (0.68 dBr/MHz).
The val ues for the midband fits and spec tral slopes of the mixed cell pel lets ranged be tween
these two ex tremes.  The midband fit in creased by 1-3 dBr and the spec tral slope de creased
by 0.05 dBr/MHz for ev ery dou bling in the vol ume com po si tion of PC3 cells in the cell pel -
let (start ing at 1/64 of the cell pel let vol ume oc cu pied by PC3 cells).  H&E stain ing re vealed
PC3 cells mixed in dif fer ent pro por tions among the back ground AML cells, with no ob vi -
ous clus ter ing of PC3 cells in the pel let.

The data dem on strate the ef fect of cell size on ul tra sound back scat ter in this model sys -
tem.  De spite the fact that there are many more AML cells per unit vol ume, the scat ter ing
strength of the larger PC3 cells dom i nate the back scat ter sig nal, in creas ing the back scat ter
and re duc ing the spec tral slope.  The changes in the spec tral slope and back scat ter ing
strength are con sis tent with pre dic tions of the o ret i cal mod els of ul tra sound back scat ter
based on analysis of the normalized rf spec trum.

The au thors ac knowl edge the sup port of the Ca na dian In sti tutes of Health Re search
(MOP-57592) and the Whitaker Foun da tion (Tran si tional grant).  The high-fre quency ul -
tra sound de vice was pur chased with funds from the Ca na dian Foun da tion for In no va tion,
the On tario Min is try of Re search and In no va tion and Ryerson Uni ver sity. 

1.4 High-fre quency ul tra sound im ag ing of cell struc tural changes fol low ing ra di a -
tion ther apy, Roxana Vlad,1, 4 Anoja Giles,4 Mi chael C. Kolios1, 2 and Greg ory J. Czarnota,1, 3, 4

1De part ment of Med i cal Bio phys ics, Uni ver sity of To ronto, 2De part ment of Phys ics, Ryerson
Uni ver sity, 3De part ment of Ra di a tion On col ogy, Uni ver sity of To ronto and 4Sunnybrook
Health Sci ences Cen tre, rvlad@sri.utoronto.ca. 

Ob jec tive: The goal of this pro ject is to de velop quan ti ta tive ul tra sound im ag ing by mea -
sur ing ul tra sound back scat ter, speed of sound (SOS), ul tra sonic at ten u a tion and es ti mat ing
ef fec tive scat terer size as meth ods to mon i tor tu mor re sponses to ra di a tion (XRT). At ten u a -
tion-com pen sated ul tra sound in te grated back scat ter (UIB) us ing 10-60 MHz fre quen cies
was used to as sess the re sponses of acute myeloid leu ke mia cells (AML-5) and three dif fer -
ent na so pha ryn geal car ci noma (NPC) cell lines to ra di a tion.

Method: Cells were ex posed to 2, 4 and 8 Gy ra di a tion de liv ered in one frac tion at 200
cGy/min ute.  Ul tra sound im ages and cor re spond ing radio fre quen cy data were col lected
from vi a ble (con trol) and treated cell sam ples 48h af ter ir ra di a tion.  Two trans duc ers with
cen tral fre quen cies of 20 and 40 MHz and bandwidths of 10-30 MHz and 20-60 MHz were
used.  A cus tom-made sam ple holder was de signed to fa cil i tate data col lec tion for ul tra -
sound back scat ter, SOS and at ten u a tion co ef fi cient cal cu la tions.  Changes in nu clear size
af ter ra di a tion treat ment were es ti mated from light mi cros copy im ages of Hematoxylin and
Eosin (H&E) stain ing.  Changes in cell sizes be fore and af ter treat ment were mea sured with
a Multisizer 3 Coul ter Coun ter.

Re sults: An av er age in crease of up to 10% ± 4% in at ten u a tion co ef fi cient was mea sured
from the treated AML cell pel lets com pared with the con trol.  No sig nif i cant in crease in at -
ten u a tion co ef fi cient was mea sured for NPC cell pel lets af ter RT treat ment.  The SOS gen er -
ally de creased for the treated cell pel lets up to 2% ± 0.7% for AML and NPC cell pel lets. 
The HFUIB in creased by 77 ± 1.9 dB for AML, 4.9 ± 1.3 dB for FaDu and 3.1 ± 2.3 dB for
CNE-1cell pel lets com pared with con trol.  No sig nif i cant vari a tion in HFUIB was mea sured 
for C666 cell pel lets.  Each ex per i ment was performed in du pli cate with sim i lar trends. Er -
rors rep re sent the stan dard de vi a tions cal cu lated for the val ues mea sured among sets of  nine 
con trol sam ples and nine treated sam ples.  Cell size mea sure ments showed an in crease in the 
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cell size dis tri bu tion for AML and FaDu cell lines af ter XRT, quan ti fied by the stan dard de -
vi a tion (SD).  The rel a tive in crease in UIB fol low ing XRT cor re lates well (R = 0.96)  with
the SD of cell sizes.     

Con clu sion: HFUIB in creased in AML and FaDu cell sam ples af ter ra di a tion.  The ma jor
mor pho log i cal changes are in crease in cells size and dis tri bu tion of cell sizes, changes in nu -
clei shape and in crease of cell mem brane per me abil ity.  Fu ture work aims to char ac ter ize tis -
sue fre quency-de pend ent prop er ties in a NPC mouse can cer model based on the cells used in 
this work and cor re late these to growth de lays from radiation treatments.

AIUM’s En dow ment for Ed u ca tion & Re search Grant and CIHR Stra te gic Train ing Fel -
low ship Ex cel lence in Ra di a tion Re search for the 21st Cen tury are ac knowl edged.

1.5 Quan ti ta tive ul tra sound anal y ses of apo ptotic cell death in vivo and histopatho -
logical cor re la tions, Greg ory J. Czar nota,1-3 Wil liam Chu,1 Behzad Baniha shemi,1 Roxana
Vlad,1, 2 Anoja Giles1 and Mi chael C. Kolios,2, 3 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 Med i cal Bio phys ics, Uni ver sity of To ronto and 3De part ment of
Phys ics, Ryerson Uni ver sity, greg ory.czarnota@sunnybrook.ca (in vited).

High-fre quency ul tra sound spec tros copy is a novel method to de tect apoptotic cell death
based on changes in cell mor phol ogy that cause changes in the viscoelastic and con se -
quently the acous tic prop er ties of cell en sem bles and tis sues.  In this study, we have eval u -
ated the use of high-fre quency ul tra sound to as sess tu mor re sponses to photodynamic and 
ra dio ther apy in vivo. 

For photodynamic ther apy ex per i ments, solid tu mors were grown in SCID mice us ing a
ma lig nant hu man mel a noma cell line (HTB-67).  Tu mors were treated with 110 J/cm2 of 633 
nm la ser light, 24 hours fol low ing ex po sure to 10 mg/kg of Photofrin given intraperitoneally 
as a photosensitizer.  Tu mors were ex am ined by 20 and 40 MHz ul tra sound prior to treat -
ment and at dif fer ent times af ter ad min is tra tion of ther apy.  For ra dio ther apy ex per i ments,
hu man PC3 pros tate can cer, mel a noma, lym phoma and na so pha ryn geal car ci noma tu mors
were grown as xenotransplants in SCID mice.  PC3 bear ing an i mals were sub jected to 0, 2, 4
and 8 Gy of sin gle frac tion us ing 100 kV X-ray ra di a tion. The other tu mor lines were ex -
posed to 0 and 8Gy ra di a tion only.  Ul tra sound data col lec tion for all ther a pies con sisted of
ac quir ing tu mor im ages in ad di tion to spec tro scopic data for quan ti ta tive anal y ses of back -
scat tered ul tra sound 24 hours af ter treat ment.  An i mals were sac ri ficed im me di ately af ter
anal y sis and tu mours were ex cised for histopathologic anal y sis.  Histological sec tions were
ex am ined by haematoxylin and eosin stain ing in ad di tion to TUNEL for apoptosis.  Ul tra -
sound im ages and cor re spond ing spec tro scopic data were an a lyzed and tested for cor re la -
tion with histopathological find ings.

We ob served a time-de pend ent in crease in ul tra sound back scat ter af ter photodynamic
treat ment.  In creases in back scat ter find ings cor re lated with mor pho log i cal find ings in di cat -
ing in creases in apoptotic cell death, which peaked at 24h af ter treat ment.  We ob served 0%,
1.48%, 8.25%, 26.83%, 52.52% and 2.12% apoptosis in terms of cross-sec tional tu mour
area from histopathology af ter 1h, 3h, 6h, 12h, 24h and 48h of PDT, re spec tively.  These cor -
re sponded to 1.5%, 4%, 11%, 25.33%, 31.5% and 25% in creases in the logarithmically un -
cor rected mean in ten si ties in ultrasonograms ob tained at 20 MHz.  Sizes of ar eas in the
ul tra sound im ages dem on strat ing a 10 dB in crease cor re lated well with those as mea sured
from histopathology.  The find ings with 40-MHz ul tra sound fol lowed the same trend. At
48h, we ob served a de crease in ul tra sound back scat ter that could be ex plained by an in crease 
in cell lysis and de struc tion in his tol ogy.

For ra di a tion ex per i ments, 30 MHz ul tra sound anal y sis showed an in crease in back scat ter
for the ir ra di ated pros tate tu mors com pared to the con trol an i mals.  Mid-band fit and spec tral 
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slope were -32 dBr and -0.12 dBr MHz-1 for 8Gy sam ples, com pared to -49 dBr and -0.05
dBr MHz-1 for con trols.  Im age anal y sis dem on strated a cor re la tion be tween ra di a tion dose
and the num ber and size of high in ten sity patches in ir ra di ated tu mors.  The mean num ber
(±SD) of high in ten sity 10 dB patches per im age was 1.3 ±1.1, 5.4 ±2.2, 3.9 ±2.1 and 5.3
±2.5 for the 0, 2, 4 and 8 Gy ir ra di ated tu mors, re spec tively.  The av er age size of these
patches (length x width (±SD) in mil li me ters) was (0.36 ±0.33 x 0.25 ±0.18), (0.55 ±0.48 x
0.49 ±0.38), (0.65 ±0.53 x 0.58 ±0.43) and (1.10 ±1.18 x 0.69 ±0.55) for the 0, 2, 4 and 8 Gy
ir ra di ated tu mors, re spec tively. The size and lo ca tion of these ar eas cor re lated with
histological ar eas of in creased apoptosis.  For the na so pha ryn geal car ci noma, mel a noma
and lym pho mas tu mours ul tra sound re sults in di cated rel a tive radioresponsiveness with
good cor re la tion to histopathological re sults.  Histopathological anal y ses of TUNEL stain -
ing in di cated ar eas of cell death were co in ci dent with hypervascular ar eas as in di cated by
CD31 stain ing. That stain ing pro ce dure also in di cated a vas cu lar ef fect elic ited by 8Gy
doses of ra di a tion.

In sum mary, spec tro scopic ul tra sound anal y ses can de tect dose-de pend ent, photodynamic-
and ra di a tion-in duced cell death.  Ul tra sound re sults cor re lated with histological ev i dence
of in creased apoptosis with pro gress ing time af ter photodynamic ther apy or with higher-
 doses of ra di a tion ther apy.  Our re sults in di cate that high-fre quency ul tra sound may be used
to noninvasively mon i tor ef fects of ther apy in an i mal mod els of hu man tu mours. 

1.6 Tis sue char ac ter iza tion by har monic band spec trum anal y sis of back scat tered ul tra -
sound, Rob ert Mura tore, Ron ald H. Silverman, Shreedevi Dasgupta and S. Kaisar Alam, Riv -
er side Re search In sti tute, New York, NY, muratore@rrinyc.org. 

Spec trum anal y sis of back scat tered rf ul tra sound echo sig nals has proven to be a re mark -
ably ro bust tech nique for tis sue char ac ter iza tion. Here, we ex plore the pos si ble ben e fits of
ap ply ing spec trum-anal y sis tech niques to the har monic por tion of back scat tered echo sig -
nals to im prove vi su al iza tion of le sions pro duced by high-in ten sity fo cused ul tra sound
(HIFU).

HIFU-gen er ated le sions in tis sue are im por tant to mon i tor, but some times are dif fi cult to
eval u ate with con ven tional video (B-mode) im ages. To gain in sight into the pos si ble ben e -
fits of har monic spec tral-pa ram e ter im ages for HIFU-le sion mon i tor ing, we formed le sions
in a va ri ety of mam ma lian ex vivo tis sues in clud ing bo vine myocardium. Broad band ul tra -
sound di ag nos tic trans duc ers were used to probe nor mal and lesioned tis sue. the ul tra sound
rf data were dig i tized. Ac quired data were dig i tally bandpass-fil tered to eval u ate spec tral re -
sults in the fun da men tal- and har monic-fre quency ranges. To do this, the data were spec -
trum an a lyzed over the full avail able band width (typ i cally 5 to 25 MHz): a slid ing Ham ming 
win dow was ap plied to each scan vec tor across the scan re gion of in ter est; each win dowed
por tion of the echo sig nal was Fou rier-trans formed; and the tis sue spec trum was nor mal ized 
by a glass-plate spec trum. The por tions of the re sul tant spec tra out side the bands of in ter est
were ex cluded from anal y sis. The in-band por tions of the nor mal ized spec tra were lin early
parameterized. Pa ram e ter val ues then were con verted to pixel val ues in the scan re gion of
in ter est.

The re sult ing pa ram e ter im ages (midband fit or in te grated back scat ter, in ter cept, and
slope) for the har monic and fun da men tal fre quency bands were com pared to con ven tional
en ve lope-de tected video im ages in terms of sig nal/noise and res o lu tion. We found that har -
monic-fre quency pa ram e ter im ages can im prove the detectability of tis sue le sions, con sis -
tent with pre vi ously-re ported re sults.

This re search was sup ported in part by Bio en gi neer ing Re search Part ner ships grant 5R01
CA084588 from the Na tional Can cer In sti tute and the Na tional Heart, Lung, and Blood In -
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sti tute (USA), and by the Riv er side Re search In sti tute Fund for Bio med i cal Engineering
Research.

1.7 Pulse-com pres sion im ag ing with a 40-MHz an nu lar ar ray, J. Mamou and J.A.
Ketterling, Lizzi Cen ter for Bio med i cal En gi neer ing, Riv er side Re search In sti tute, New
York, NY 10038,mamou@rrinyc.org. 

Very-high-fre quency (>30 MHz) ul tra sound al lows fine-res o lu tion im ag ing at the ex -
pense of depth-of-field and acous tic pen e tra tion depth. Me chan i cally-scanned an nu lar ar -
rays have dem on strated that they can sig nif i cantly ex tend the depth-of-field. This study
in ves ti gates chirp coded-ex ci ta tion to in crease the sig nal-to-noise ra tio (SNR) and con se -
quently in crease acoustic penetration depth. 

In this study, a 40-MHz, five-el e ment an nu lar ar ray with a fo cal length of 12 mm and a to -
tal ap er ture of 6 mm was used. The trans ducer was ex cited with an op ti mized, cus tom de -
sign, 4-ms, lin ear chirp span ning 15 to 65 MHz that was op ti mized from ex vivo ex per i ments
and com puter sim u la tions. The chirp was ta pered by a Tukey win dow in or der to limit post-
pulse-com pres sion ax ial side-lobe ar ti facts. 

Im ages of a 12-mm wire were gen er ated to quan tify lat eral and ax ial res o lu tions. All 25
trans mit/re ceive sig nal com bi na tions were dig i tized and post-pro cessed for com pres sion
and syn thetic fo cus ing. Com pres sion con sisted of lin early fil ter ing the sig nals with the
time-re versed ex ci ta tion chirp mod u lated by a Dolph-Chebyshev win dow. 

Re sults showed that res o lu tion was not sig nif i cantly de graded when com pared to a con -
ven tional monocycle ex ci ta tion and that SNR was im proved by more than 14 dB. The in -
creased SNR al lowed im ag ing 2 mm deeper in scat ter ing phan toms con tain ing 10-mm glass
beads. Im ages of mouse em bryos and low-con trast phan toms also showed marked im prove -
ments in im age-qual ity.

This re search was sup ported by NIH grants EB006509, EY014371 and the Riv er side Re -
search In sti tute Fund for Bio med i cal En gi neer ing Re search.

2. Breast-Can cer Im ag ing

2.1 Tu to rial/overview of breast dis ease with a fo cus on breast- can cer bi ol ogy, E.J.
Feleppa, Lizzi Cen ter for Bio med i cal En gi neer ing, Riv er side Re search In sti tute, New York, NY
10038, feleppa@rrinyc.org (in vited tu to rial).

An es ti mated 180,510 new cases of in va sive breast can cer will be de tected in the US dur -
ing 2007; of those, an es ti mated 2,030 will be de tected in men. An es ti mated 40,910 deaths
will oc cur due to beast can cer in the US dur ing 2007; of those, 450 deaths will oc cur in men. 
Breast can cer is the sec ond lead ing cause of can cer death in Amer i can women.  Al though in -
ci dence and mor tal ity have dropped slightly in the last few years, breast can cer is an im por tant
dis ease that war rants at ten tion in terms of im proved un der stand ing of causes, pre ven tion,
treat ment, and for the pur poses of this sym po sium, de tec tion and mon i tor ing through im ag -
ing.  To gain a better un der stand ing of the prop er ties of breast can cer that are re lated to im ag -
ing it us ing ul tra sound, this pre sen ta tion will pro vide an over view of the com plex nor mal
breast ar chi tec ture, and the bi ol ogy and struc ture of var i ous be nign and ma lig nant con di -
tions in the breast.  The dis cus sion will in clude an in tro duc tion to con di tions such as in situ
and in va sive ductal adenocarcinoma, fibroadenoma, fibrocystic dis ease, cysts, intraductal
papillomas, lipomas, hematomas, etc.  It also will in clude a brief in tro duc tion to com mon
meth ods of treat ing breast can cer. This pre sen ta tion will set the stage for sub se quent talks
con cerned spe cif i cally with ul tra son i cally im ag ing the breast and will show how ul tra sound
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may have im por tant ad van tages over ra dio graphic meth ods when im ag ing densely glan du -
lar breasts.

2.2 Breast ultrasonography: cur rent and fu ture roles for this in creas ingly pow er ful 
tool, Brian S. Garra,1 Lou ise M. Mobbs2 and Sally D. Herschorn,1 1De part ment of Ra di ol -
ogy, Uni ver sity of Ver mont Col lege of Med i cine, Burlington, VT 05405 and 2Ra di ol ogy
Health Care Ser vice, Fletcher Allen Health Care, Burlington, VT 0540,bgarra@uvm.edu
(in vited over view)

Breast le sion de tec tion was the first clin i cal ap pli ca tion at tempted with ul tra sound in
1951.  For a time, noncontact wa ter bath im mer sion scan ners were tried with lim ited suc -
cess. Since that time, it has un der gone sev eral ma jor changes and im prove ments.  With the
ad vent of real-time scan ning around 1978, con tact B-scan ning of the breast grad u ally be -
came the pre ferred method for US im ag ing of the breast. For a very long time af ter that how -
ever, US was rel e gated to dis tin guish ing solid from cys tic masses in the United States even
though great prog ress was made in de vel op ing cri te ria for solid mass di ag no sis in other
coun tries.  In 1989, the Ja pan So ci ety of Ultrasonics in Med i cine pub lished cri te ria for the
di ag no sis of solid masses quite sim i lar to those used to day.  By the late 1990’s, ul tra sound
had be come an ac cepted method of di ag nos ing solid masses even in the USA. New ad -
vances such as har monic im ag ing, sen si tive color-Dopp ler im ag ing, 1.5D ar rays and
speckle re duc tion have re sulted in in creases in spa tial and con trast res o lu tion that have in -
creased the abil ity of us ers to de tect small masses us ing US and to ac cu rately char ac ter ize
larger ones.  

New tech nol o gies that prom ise to fur ther in crease the value of ul tra sound for de tec tion
and di ag no sis of breast le sions in clude 2D ar rays, new speckle re duc tion al go rithms, im age
en hance ment al go rithms, vol ume scan ning with pre cise reg is tra tion with CT, MRI and
PET, ul tra sound elastography and new tech niques for per for mance of screen ing breast US
ex am i na tions. How ever, these new ad vances will have com pe ti tion.  Other new meth ods of
breast im ag ing have been quite suc cess ful, in clud ing full field dig i tal mam mog ra phy, com -
puter-aided de tec tion and di ag no sis, MRI, breast tomosynthesis, elec tri cal im ped ance im -
ag ing, in fra red im ag ing and now Pos i tron Emis sion Mam mog ra phy (PEM).  

De ter min ing the proper role for each mo dal ity in the di ag no sis of breast can cer will be the
chal lenge for the next de cade.  It is quite pos si ble that dif fer ent di ag nos tic al go rithms will
work equally well and re gional pref er ences and re gional eco nom ics will de ter mine which
mo dal i ties are used in di ag nos tic workups.  Cur rently, the ma jor role for US is as a bi opsy
guid ance tool and as an ad junct di ag nos tic tool to mam mog ra phy.  A fu ture role for US in
com bi na tion with PET and PEM is pos si ble, as is a stron ger screen ing role – es pe cially if al -
go rithms for microcalcification detection by US can be perfected.

2.3 Re cent ex pe ri ence with ul tra sound com puted to mog ra phy for breast im ag ing,
Mi chael An dre,1, 2 Chad Barker,1, 2 Navdeep Sekhon,2 Linda Olson,2 Da vid Borup3 and
James Wiskin,3 1Dept. of Ra di ol ogy, San Diego VA Healthcare Sys tem, San Diego, CA
92161, 2Dept. of Ra di ol ogy, Uni ver sity of Cal i for nia, San Diego, CA 92093 and  3Techni -
scan Med i cal Sys tems, Inc., Salt Lake City, UT 84117, mandre@ucsd.edu.

Lab o ra tory and in vivo mea sure ments have sug gested that nor mal breast tis sue, be nign le -
sions and can cer ous le sions may be indentified by their acous tic prop er ties (par tic u larly
sound speed and at ten u a tion). Over the past 20 or more years, trans mis sion ul tra sound im -
ag ing of the breast has been ap plied to this prob lem by sev eral re search ers with vary ing de -
grees of suc cess. A brief his tor i cal per spec tive on these pi o neer ing works will be pre sented,
many of which first were re ported at this very con fer ence. 
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In gen eral, these ear lier meth ods used two-di men sional linearization tech niques to solve
what is in her ently a nonlin ear three-di men sional prob lem. 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. Un til 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. Techniscan Med i -
cal Sys tems, Inc. (Salt Lake City, UT) has de vel oped a scan ner for breast im ag ing that uses a
multifrequency, non lin ear, 3D, in verse-scat ter ing al go rithm. The sys tem is 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 Ul tra sound CT
(USCT) to an a lyze and de tect breast masses. 

Op er a tion and per for mance of this pre-clin i cal pro to type sys tem, es pe cially with re spect
to sound speed mea sure ments, was ex am ined for this re port. The ac cu racy and lin ear ity of
sound speed mea sure ments by USCT was very high (R2 = 0.988) over the range of 1418 ±
2.1 to 1606 ± 5.0 m/s. Pa tients with known find ings on con ven tional breast sonography and
mam mog ra phy have been scanned rang ing in age from 20 to 78. Sam ple case stud ies with
mam mog ra phy, ul tra sound and the multipla nar re con structed USCT im ages of speed of
sound and sound at ten u a tion will be pre sented. De tailed re ports of the in verse-scat ter ing al -
go rithm and cur rent pre-clin i cal re sults in pa tients will be pre sented in two com pan ion pa -
pers. A sec ond-gen er a tion scan ner with 1 mm slice thick ness and im proved in-plane
res o lu tion is be ing con structed.

This work was sup ported in part by NIH/NCI 1 R44 CA 110203-01 and UCSD CTA
#20060960.

2.4 Multifrequency, fully non lin ear, acous tic in verse scat ter ing: the ory and breast
tis sue char ac ter iza tion, J. Wiskin, D. Borup, S. A. John son, M. Berggren, F. Setinsek, B.
Hanover, S. Olse and K. Callahan, TechniScan Med i cal Sys tems, Inc., Salt Lake City,  UT,
84117 and Department of Bioengineering University of Utah, Salt Lake City, UT, jwiskin@
techniscanmedical.com.

In verse scat ter ing is a math e mat i cal tech nique that has been ap plied, in in ves ti ga tional
stud ies, to breast trans mis sion ul tra sound im ag ing for sev eral years.  Usu ally, a linearization 
tech nique is ap plied to this in her ently non lin ear and nu mer i cally ill-con di tioned prob lem. 
Un for tu nately, the breast tis sue pa ram e ters of speed of sound prop a ga tion and sound at ten u -
a tion are of suf fi ciently strong vari a tion that the lin ear ap prox i ma tion leads to se ri ous ar ti facts.

The full non lin ear in ver sion was thought to be in trac ta ble due to its size, solv ing for ~20
mil lion un knowns for the 3D prob lem, as well as the pres ence of lo cal min ima, again re sult -
ing in im age ar ti facts.  We pres ent the the o ret i cal back ground for a multifre quency, non lin -
ear, Ribiere-Polak con ju gate gra di ent-based minimization.  This ap proach has re sulted in
high res o lu tion 3D rep re sen ta tions of speed and at ten u a tion with in-plane res o lu tion of ~1.5
mm and ver ti cal res o lu tion of ~4.5 mm.

For data col lec tion and im age gen er a tion, ei ther a phan tom breast or a pa tient’s breast
hangs pen dant in a 30 °C wa ter bath sur rounded by an ar ray con sist ing of a trans mit ter and a
re ceiver ar ray to gen er ate and col lect ul tra sound wave data.  The data con sists of 180
tomographic views, en com pass ing a full 360° ap er ture.  Each view con sists of 960 time sig -
nals col lected on a spe cially-de signed 6 row ar ray of trans ducer el e ments.  De pend ing on
breast size, 50 or so lev els of data, spaced 2 mm apart con sti tute full breast data.  We dis cuss
the short com ings of the 2D al go rithm which as sumes that acous tic en ergy is con fined to a
sin gle plane.  To over come these lim i ta tions, a fully 3D al go rithm that sim u lates wave prop -
a ga tion in 3D, and in verts for a 3D rep re sen ta tion of sound speed and at ten u a tion, is then
pre sented.  Sig nif i cantly, one level of data is used in the 2D al go rithm, whereas all lev els of
data are used si mul ta neously in the 3D in ver sion
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In ad di tion, stud ies were con ducted in an at tempt to im prove im age res o lu tion with out in -
cur ring in sur mount able al go rith mic prob lems.  These in clude geo met ric ar ray tilt, shad ing
and rel a tive ro ta tion of the re ceiver.  Im ages will be pre sented of known phan toms (3D) and
3D breast re con struc tions from sub jects and the dif fer ences in im age qual ity with these var i -
ous ap proaches will be compared.

This re search was funded by NCI SBIR Fast-Track Grant 1 R44 CA 110203-01A2, and
TechniScan, Inc., Salt Lake City, UT.

2.5 Rep re sen ta tive pa tient case stud ies of speed of sound and at ten u a tion of sound
im ages from trans mis sion ul tra sound im ag ing of the breast, K.S. Callahan, J.W.
Wiskin, D.T. Borup, B. Hanover, S.A. John son and Y.R. Parisky, TechniScan Med i cal Sys -
tems, Inc., Salt Lake City, UT 84117 and Mam moth Hos pi tal, Mam moth Lakes, CA,
kcallahan@techniscanmedicalsystems.com.

Trans mis sion ul tra sound im ag ing for im ple men ta tion in breast di ag nos tics has been in -
ves ti gated over the past sev eral de cades with vary ing de grees of suc cess.  In gen eral, the res -
o lu tion of breast fea tures has not been suf fi cient for in tro duc tion into the clin i cal arena. 
TechniScan Med i cal Sys tems has de vel oped a trans mis sion ul tra sound com puted to mog ra -
phy (USCT) im ag ing sys tem uti liz ing in verse scat ter ing for com put ing the speed and at ten -
u a tion of sound trav el ing through breast tis sue.  This scan ning sys tem is com prised of an
ex am i na tion ta ble wherein a pa tient lays prone with her breast sus pended in a warmed wa ter
bath sys tem.  An ul tra sound ar ray con sist ing of emit ting and re ceiv ing trans duc ers is
mounted on a yoke that moves through an axis to cir cle the breast, sim i lar to an X-ray CT
sys tem, al though no ra di a tion is in volved in the scan.  Dur ing each 360° hor i zon tal ro ta tion,
a trans mit ter emits ul tra sound plane waves (300 kHz-2 MHz) ev ery 2° while an op pos ing
par al lel 960-el e ment, six-row re ceiver ar ray in ter cepts the re sult ing scat tered wave forms. 
The col lected dis crete fre quency do main data are then used to gen er ate 2-D im ages of each
ver ti cal co ro nal slice.  Af ter com ple tion of the en tire ver ti cal slice, the ar rays move up the
breast in 2 mm in cre ments un til the en tire breast has been scanned.  Fi nally, a pro pri etary
3-D al go rithm con sid ers mul ti ple scat ter ing in ter ac tions be tween the planes re sult ing in a
quan ti ta tive map of the speed of sound and the at ten u a tion of sound through out the en tire
breast.  

Un der IRB-ap proved study pro to cols, women who were un der go ing con ven tional breast
im ag ing with mam mog ra phy and/or re flec tion hand-held ul tra sound were re cruited for im -
ag ing with the USCT sys tem. The in clu sion cri te ria for en roll ment were age 18 or above,
sched uled for mam mog ra phy and/or ul tra sound im ag ing, not preg nant or nurs ing, no nip ple
dis charge or open breast wounds, and a weight of less than 400 lbs.   Col lected data on the
pa tients in cluded breast his tory, mam mog ra phy and ul tra sound in for ma tion, and bi opsy
and pa thol ogy re cords.  Rep re sen ta tive case stud ies with mam mog ra phy, ul tra sound and the 
multi-pla nar re con structed USCT im ages of speed of sound and sound at ten u a tion will be
pre sented.  The col lected cases to be shown in clude those with be nign out comes such as
cysts, seroma, fibroadenoma and bi opsy-proven ma lig nant out comes in clud ing Grades I
through III in va sive ductal car ci no mas.

2.6 Breast le sion char ac ter iza tion us ing con trast en hanced subharmonic and cu mu -
la tive max i mum in ten sity breast images, Mridul S. Mall,1, 2 Flemming Forsberg,1 Rahul
Soparawala,1, 2 Dan iel A. Mer ton1 and Catherine. W. Piccoli,1  1De part ment of Ra di ol ogy,
Thomas Jef fer son Uni ver sity, Phil a del phia, PA 19107 and 2School of Bio med i cal En gi -
neer ing and Health Sys tems, Drexel Uni ver sity, Phil a del phia PA 19104, flemming.forsberg 
@jef fer son.edu.
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This pro ject was un der taken to dem on strate that quan ti ta tive con trast en hanced subhar -
monic im ag ing (SHI) can be used to char ac ter ize breast le sions. More over, cu mu la tive max -
i mum in ten sity (CMI) im ag ing, which is a com pos ite im ag ing mode de pict ing vas cu lar
ar chi tec ture and blood flow con structed through max i mum in ten sity cap ture of tem po ral
data in con sec u tive im ages, was de vel oped.  

A mod i fied Logiq 9 scan ner (GE Healthcare, Mil wau kee, WI) op er at ing in grayscale SHI
mode (trans mit ting/re ceiv ing at 4.4/2.2 MHz) was used to per form in vivo SHI on 14 women 
with 16 breast le sions (10 be nign and 4 ma lig nant con firmed by bi opsy). Fol low ing base line
scans of grayscale ul tra sound and power Dopp ler im ag ing (PDI), con trast was administered
for PDI and grayscale SHI. Dig i tal clips were ac quired for each in jec tion and a SHI time-in -
ten sity curve was plot ted for each le sion us ing Im age ProPlus (Me dia Cy ber net ics, Sil ver
Spring, MD). The slope of the ini tial up take was ob tained from time in ten sity curves. SHI
per fu sion es ti mates (Q) were de ter mined us ing a lin ear re la tion ship (Q = 0.47rFBV+1.62)
pre vi ously es tab lished in a ca nine model,(1) where rFBV is the slope of the ini tial SHI up take. 
Per fu sion was de ter mined within three re gions of in ter est (ROIs) en com pass ing the cen ter,
pe riph ery or en tire le sion. The mean tran sit time and de gree of anastamosis were cal cu lated
for each le sion. Re sults were com pared us ing t-tests and lin ear re gres sion. Re sults of au to -
mat i cally align ing CMI im ages us ing the sum-ab so lute-dif fer ence al go rithm, de vel oped in
MATLAB (The MathWorks Inc, Natick, MA) will be com pared to man u ally-aligned CMI
im ages.

In SHI, there was al most com plete sup pres sion of tis sue sig nals, al low ing the le sion
vascularity to stand out. The in ter nal mor phol ogy of the vascularity as so ci ated with the
breast masses was vi su al ized better with SHI than with PDI. Per fu sion es ti mates in the
whole le sion were sig nif i cantly dif fer ent for ma lig nant and be nign tu mors (p = 0.04) but not
for cen tral and pe riph eral ROIs (p > 0.32). CMI im ag ing pro vided a better de pic tion of the
tor tu ous angiogenic vas cu lar mor phol ogy as so ci ated with breast le sions. The mean tran sit
time was lower in ma lig nant than in be nign masses (0.72 vs. 1.32, p =  0.02). Com par i sons of 
au to mat i cally and man u ally aligned CMI im ages will be pre sented.

In con clu sion, new quan ti ta tive meth ods for an a lyz ing in vivo grayscale SHI have been
tested in breast le sions. Pre lim i nary re sults in di cate that per fu sion and mean tran sit time may 
im prove the char ac ter iza tion of ma lig nant and be nign breast masses. How ever, the cur rent
pa tient pop u la tion is very small and fur ther stud ies are re quired to sub stan ti ate these find ings. 

Sup ported in part by the U.S. Army Med i cal Re search Ma te riel Com mand un der
DAMD17-00-1-0464 and by GE Healthcare.

(1) Forsberg F, et al. J Ul tra sound Med 25, 15-21 (2006).

2.7 Blinded read ing of breast elastograms – up dated clin i cal re sults, Brian S. Garra,1

Chris tina M. Chant,1 Lou ise M. Mobbs1 and Jon a than Ophir,2 1De part ment of Ra di ol ogy,
Uni ver sity of Ver mont Col lege of Med i cine & Fletcher Allen Health Care, Burlington, Ver -
mont, 05401 and 2De part ment of Di ag nos tic and Ther a peu tic Im ag ing, Uni ver sity of Texas
Med i cal School, Hous ton, TX  77030, bgarra@uvm.edu.

Our study eval u at ing the clin i cal ef fi cacy of ul tra sound elastography as an ad junct to ul -
tra sound and mam mog ra phy is con tin u ing.  As part of that study, two ob serv ers per formed
blinded re views of the elastograms to de ter mine the abil ity of elastography alone to dis tin -
guish be nign from ma lig nant breast masses.  So far, 185 bi opsy proven masses have been ex -
am ined.  The elastograms were ac quired with a Philips HDI 1000 scan ner us ing a 7.5 MHz
lin ear ar ray trans ducer.  Up to 28 frames of ra diofre quency (rf) data were ac quired to gen er -
ate each elastogram.  Both frame-held and hand-held elastograms were ac quired.  Each
elastogram was en hanced us ing wave let fil tra tion to sup press noise and ar ti facts and was
pre sented for re view alongside its cor re spond ing sonogram.  The re view ers were blinded to
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the sonographic, mammographic and bi opsy re sults.  A level of sus pi cion (LOS) score was
as signed to each le sion us ing a 100 point scale based on sub jec tive eval u a tion of three fea -
tures.  The fea tures were: le sion hard ness rel a tive to the sur round ing tis sue, le sion bor der
char ac ter is tics and the dif fer ence in ap par ent size of the elastographic le sion rel a tive to the
sonographic le sion.  Also, the trans verse di am e ter of each le sion on both elastograms and
sonograms was mea sured and com pared. ROC anal y sis was used to eval u ate the per for -
mance of fea tures and ob serv ers.

For the most ex pe ri enced ob server, the over all LOS for can cer scores re sulted in an area
un der the ROC curve of 0.85 ±0.04 in the first143 pa tients. Lim it ing the eval u a tion to pa -
tients whose le sions were vis i ble on elastography, the ROC area in creased to 0.91 ± 0.03 for
135 pa tients.  The over all LOS score per formed sig nif i cantly better than us ing any one fea -
ture such as hard ness score (Az = 0.83), size dif fer ence score (Az= 0.81) or bor der ir reg u lar -
ity score (Az = 0.76).  

Com bi na tions of two fea tures did not greatly im prove per for mance.  Two in va sive lob u -
lar car ci no mas and one in va sive ductal car ci noma mea sured smaller on the elastogram than
on the sonogram mak ing it dif fi cult to use this cri te rion to clas sify a le sion as “def i nitely be -
nign.”  Hard ness score per formed better in this re spect than size dif fer ence but this sit u a tion
may change as im age qual ity im proves and le sion bor ders be come eas ier to iden tify.

Our find ings are gen er ally con sis tent with that achieved by oth ers and sug gest that
elastography will be use ful as an ad junct tool for dis tin guish ing breast can cer from be nign
masses. With im proved im age qual ity, we are hope ful that the per cent age of le sions not seen 
elastographically will de cline and that the size dif fer ence cri te rion will in crease in use ful -
ness for mass classification.

2.8 Breast tis sue char ac ter iza tion by means of sur face stress pat terns anal y sis, Vladi -
mir Egorov and Armen Sar vazyan, Artann Lab o ra to ries, Tren ton, NJ 08618, vegorov@
artannlabs.com.

The ob jec tive of this study is the de vel op ment and val i da tion of tis sue char ac ter iza tion al -
go rithms for Breast Me chan i cal Imager (BMI), an elas tic ity im ag ing de vice based on mea -
sure ment of stress pat terns on the sur face of the breast. BMI pro vides real-time im ag ing of
breast tis sue ab nor mal i ties and their quan ti ta tive char ac ter iza tion. Tem po ral and spa tial
changes in the stress pat tern pro vide de tec tion of le sions hav ing dif fer ent elas tic prop er ties
and al low three-di men sional re con struc tion of these lesions and assessment of their
mechanical properties.

We de vel oped and im ple mented real-time com pu ta tional pro ce dures for as sess ment of
breast le sion fea tures such as size, cross-sec tion area, shape, hard ness, strain hard en ing and
mo bil ity.  Lab o ra tory test ing on the tis sue mod els and breast phan toms dem on strated ac cu -
racy of Young’s moduli of the phan tom bulk ma te rial and of in clu sions mea sure ment to
within 5 -35% and reproducibility of elas tic ity mea sure ment in the range of 5 - 15%.  Ac cu -
racy of eval u a tion of the geo met ri cal pa ram e ters of in clu sions is within 5 -10%. Re sults of
ongo ing clin i cal stud ies in di cate that a set of me chan i cal pa ram e ters of the breast le sions
cal cu lated us ing de vel oped al go rithms may be po ten tially used for breast tissue pathology
characterization and classification.  

This work was sup ported by NIH grant 5 R44 CA091392. 

3. Tis sue Pa ram e ters 2

4.1 Com bin ing mag netic-res o nance spec tros copy and ul tra s ound spec tral pa ram e -
ters to im prove tis sue-type im ag ing of pros tate can cer, Shreedevi Dasgupta, Er nest Feleppa,
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Chris t o pher Por ter, Sarayu Ramachandran, An drew Kalisz, Jeffrey Ketter ling, Marc Lacrampe
and Chris tina Isacson, Riv er side Re search In sti tute, New York, NY and Vir ginia Ma son Med -
i cal Cen ter, Se at tle, WA, dasgupta@rrinyc.org.

Pur pose: Our aim is to im prove upon our ex ist ing pros tate-can cer tis sue-type im ag ing by
mak ing use of in de pend ent pros tate tis sue prop er ties sensed by mul ti ple im ag ing mo dal i ties.  
Com bin ing prop er ties such as the choline-to-ci trate ra tio de tected by mag netic-res o nance
(MR) spec tros copy with ul tra sonic (US) echo-sig nal spec tral pa ram e ters and clin i cal vari -
ables in our clas si fier will en hance our abil ity to suc cess fully vi su al ize can cer ous re gions in
the pros tate.

Method and Ma te ri als: US ra diofre quency (rf) echo-sig nal data and clin i cal vari ables in -
clud ing pros tate-spe cific an ti gen (PSA) were ac quired dur ing bi opsy ex am i na tions. A neu -
ral-net work clas si fier was trained us ing spec tral-pa ram e ter val ues com puted from the rf
data and PSA val ues.  Bi opsy-core his tol ogy was used as the gold stan dard. Clas si fier per -
for mance was as sessed us ing ROC anal y sis. Tis sue-type im ages (TTIs) were gen er ated us -
ing a look-up ta ble that re turned can cer-like li hood scores for var i ous com bi na tions of US
spec tral pa ram e ters and PSA val ues.

In or der to com bine US and MR spec tral-pa ram e ter val ues, spa tial coreg is tra tion of the
val ues is es sen tial.  There fore, vol ume ren der ings of the pros tate were gen er ated from trans -
verse MR and US scans to de ter mine the fea si bil ity of com bin ing the two im ag ing mo dal i -
ties in 3-D.  To com pen sate for the dis tor tions in tro duced by the larger endorectal probe used 
in MR im ag ing, the MR vol ume was warped in 3-D us ing the US vol ume as a ref er ence. 
Both 3-D vol ume ren der ings were com pared to 3-D renderings of histology for validation.

Re sults: The ROC-curve area for US neu ral-net work-based clas si fi ca tion was 0.84 com -
pared to a curve area of 0.64 for B-mode-based clas si fi ca tion.  Can cer ous re gions that were
not vis i ble in con ven tional US im ages were re vealed in TTIs gen er ated us ing the clas si fier. 
Coreg is tra tion of 3-D pros tate US and warped MR ren der ings was suc cess ful. 

Con clu sions: TTIs based on neu ral-net work clas si fi ca tion of US and clin i cal pa ram e ters
show prom ise for im prov ing the de tec tion of pros tate can cer.  Warp ing 3-D ren der ings of
the pros tate to com pen sate for the dif fer ent de grees of gland de for ma tion caused by dif fer -
ent transrectal probes ap pears to be fea si ble.  Con se quently, we will be able to pro duce ac cu -
rately coreg is tered 3-D data de rived from US and MR to im prove meth ods for vi su al iz ing
pros tate-can cer foci.  Suc cess in com bin ing the two im ag ing mo dal i ties will be valu able for
better de pic tion of can cer ous re gions in the pros tate for bi opsy and treat ment plan ning and
treat ment mon i tor ing.

Sup ported in part by NIH grant CA053561

3.2 Tar geted de tec tion and treat ment of pros tate can cer, Wil liam A. Steelman1 ,2 and
Wil liam D. Rich ard1, 1Wash ing ton Uni ver sity in St. Louis and 2Envisioneering Med i cal
Tech nol o gies, wsteelman@envisioneeringmedical.com.

With pros tate can cer as the most-com mon can cer, other than skin can cer, among men in
Amer ica, de vel op ing better meth ods to di ag nose and treat pros tate can cer is of vi tal im por -
tance.  In or der to meet this need the TargetScan® sys tem was de vel oped to al low phy si cians
to pin point spe cific sites in the pros tate for tar geted bi opsy or tar geted (fo cal) ther apy.  Tar -
get ing sites within the pros tate is done by first gen er at ing a 3-di men sional model of the pros -
tate with the aid of ul tra sound.  This 3-D model can then be used to de fine bi opsy sam pling
sites or fo cal treat ment sites such as seed im plant lo ca tions for brachytherapy.  Fi nally the
3-D model is used in con junc tion with im age guided nee dles to ex e cute the bi opsy or treat -
ment plan. 

The key to the TargetScan® sys tem is the soft ware-di rected trans ducer mo tion con trol sys -
tem cou pled with PC-based ul tra sound im ag ing.  The mo tion con trol sys tem al lows the
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probe to im age at any trans verse plane in a 60 mm win dow or any sagittal plane in a 180°
win dow with out mov ing the probe.  Im ag ing in this man ner en sures that the pros tate re -
mains sta tion ary dur ing the pro ce dure and al lows the ex act lo ca tion of each im age to be
known.  Us ing the im age lo ca tions and the bound aries of the pros tate, which are in put by the
user, the soft ware can gen er ate the 3-D model.  Fur ther more, PC-based im ag ing en ables the
im ages to be gath ered, the bound aries to be de fined and the model to be gen er ated all from
one in te grated soft ware in ter face.  The in te grated mo tion con trol and im ag ing sys tems also
make it pos si ble to ex e cute a bi opsy or treat ment plan us ing the same sta tion ary probe.  With
the abil ity to model the pros tate and per form tar geted bi op sies and treat ments, phy si cians
will be able to better de tect and man age pros tate can cer.

This talk pro vides an ar chi tec tural over view of the mo tion con trol and im ag ing sub sys -
tems as well as a func tional over view of the TargetScan® sys tem.  Sam ple im ages and bi -
opsy plans gen er ated by the sys tem will also be pre sented.  

3.3 Change in ul tra sonic back scat tered en ergy for tem per a ture im ag ing: fac tors af -
fect ing tem per a ture ac cu racy and spa tial res o lu tion, R. Mar tin Ar thur,1 Ja son W. Trobaugh,1

Yuzheng Guo,1 Wil liam L. Straube2 and Edu ar do G. Moros,3 1Elec tri cal & Sys tems En gi neer -
ing, 2Ra di a tion On col ogy, Wash ing ton Uni ver sity in St. Louis, St. Louis, MO, 63130, USA and
3Ra di a tion On col ogy, Uni ver sity of Ar kan sas, rma@esewustl.edu.

Ul tra sound is an at trac tive mo dal ity for noninvasive tem per a ture im ag ing to en hance the
abil ity to tar get tu mor heat ing at ther a peu tic lev els.  Pre vi ously, we mea sured monotonic
changes in ul tra sonic back scat tered en ergy (CBE) in vi tro in 2D and in 3D for mul ti ple por -
cine, bo vine and tur key tis sues and in vivo in liv ing nor mal murine tis sue with im planted tu -
mors (HT29 co lon can cer line) on nude-mouse prep a ra tions. Mea sured changes were
con sis tent with pre dic tions for cer tain subwavelength scat ter ers and with re sults from sim u -
la tions for im ages of pop u la tions of tem per a ture-de pend ent scat ter ers.  Ap pli ca tion of tem -
per a ture im ag ing to mon i tor ing of tu mor heat ing re quires ac cu rate tem per a ture es ti ma tion
over small vol umes, e.g., to within 0.5 oC for tis sue vol umes of 1 cm3, re quir ing con sis tent
and pre dict able mea sure ments of the tem per a ture de pend ence of CBE. 

Us ing sim u la tion stud ies, we have stud ied the im pact of var i ous fac tors on the vari a tion of 
mea sur able CBE with tem per a ture. In these sim u la tions, we rep re sented the im ag ing sys tem 
by its point-spread func tion and the tis sue me dium by dis crete scat ter ers with a vari able
range of tem per a ture de pend ence.  Im ages were sim u lated to rep re sent tem per a tures from
37 to 50 oC by chang ing the scat terer am pli tudes ac cord ing to curves pre dicted pre vi ously
for sin gle scat ter ers, and CBE was com puted for re gions based on the means and stan dard
de vi a tion for CBE over all pix els in the re gion. CBE com puted from sim u la tion showed the
same monotonic in crease and de crease as in ex per i men tal re sults and cov ered ranges sim i lar 
to both pre dic tion and ex per i ment.  We used mul ti ple sim u la tions to char ac ter ize tem per a -
ture-de pend ent CBE sta tis ti cally and found that the re gion size, type and dis tri bu tion of
scat ter ers in a pop u la tion, and im age sig nal-to-noise ra tio (SNR) all had a sig nif i cant im -
pact, i.e., each could change the mean and/or stan dard de vi a tion of the tem per a ture-de pend -
ent CBE by 0.5-1dB re sult ing in po ten tial tem per a ture es ti ma tion er rors of 1-2 oC. With a
con sis tent scat terer pop u la tion and im age SNR, how ever, a re gion size equiv a lent to a 1cm3

tis sue vol ume pro duced es ti ma tion er ror less than 0.5 oC. 
We are cur rently con duct ing 3D in vi tro heat ing ex per i ments with tur key tis sue to ap ply

these sim u la tion find ings to ex per i men tal mea sure ments and in ves ti gate tem per a ture ac cu -
racy and spa tial res o lu tion. 2D im ages are ac quired with a Terason 3000 (Teratech Corp.,
Burlington, MA), lap top-based, phased-ar ray sys tem us ing a 7-MHz lin ear probe (model
12L5). 3D im ages are gen er ated by trans lat ing the probe in the el e va tion di men sion us ing a
step per mo tor sys tem and are ac quired at tem per a tures from 37.0 to 50.0 oC in 0.5 oC steps. 
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Ap par ent mo tion in the im ages is com pen sated us ing a 3D nonrigid mo tion-com pen sa tion
al go rithm. The 3D mo tion field is ap prox i mated as vary ing lin early over the tis sue vol ume
and is es ti mated by max i miz ing the 3D nor mal ized cross-cor re la tion us ing stan dard op ti mi -
za tion tech niques avail able in MATLAB®. Ini tial CBE mea sure ments are con sis tent with
pre vi ous re sults. We ex pect that by us ing a con sis tent re gion size and ac count ing for SNR,
CBE can be cal i brated in this tis sue to pro vide es ti ma tion of tem per a ture to 0.5 oC for a 1 cm3

vol ume. 
Sup port:  R21-CA90531, R01-CA107558 and the Wilkinson Trust at Wash ing ton Uni -

ver sity, St. Louis. 

3.4 At ten u a tion es ti ma tion us ing spec tral cross-cor re la tion, Hyungsuk Kim and
Tomy Varghese, De part ment of Med i cal Phys ics, De part ment of Elec tri cal and Com puter
En gi neer ing, The Uni ver sity of Wis con sin-Mad i son, Mad i son, WI 53706, hyungsukkim
@wisc.edu.

Es ti ma tion of the lo cal at ten u a tion co ef fi cient in soft tis sue is im por tant both for clin i cal
di ag no sis as well as for fur ther anal y sis of ul tra sound B-mode im ages. How ever, it is dif fi -
cult to ex tract spec tral prop er ties in a small re gion of in ter est from noisy back scat tered ul tra -
sound radio fre quen cy (rf) sig nals. Dif frac tion ef fects due to trans ducer beam fo cal prop er ties
also have to be cor rected for ac cu rate es ti ma tion of the at ten u a tion co ef fi cient. In this talk,
we pro pose a new at ten u a tion es ti ma tion method us ing spec tral cross-cor re la tion be tween
con sec u tive power spec tra ob tained from the back scat tered rf sig nals at dif fer ent depths.
Since the spec tral cross-cor re la tion method es ti mates the spec tral shift by com par ing the en -
tire power spec tra, it is more ro bust and sta ble to the spec tral noise ar ti facts in the back scat -
tered rf sig nals. A dif frac tion-com pen sa tion tech nique us ing a ref er ence phan tom with a
known at ten u a tion co ef fi cient value is also pre sented. Ham ming-gated win dow sizes re -
quired for ob tain ing ac cu rate and sta ble power spec tra us ing short-time Fou rier anal y sis
tech niques are also dis cussed.

Sim u lated ul tra sound rf data for both the ref er ence and the sam ple phan tom with var i ous
at ten u a tion co ef fi cients and trans ducer prop er ties are gen er ated us ing an ul tra sound sim u la -
tion pro gram. With ap pro pri ate choice of block size, the sim u la tion re sults show that lo cal
at ten u a tion co ef fi cient es ti mates ob tained us ing spec tral cross-cor re la tion are within 2.3% of
the ac tual value with small es ti ma tion vari ances. Ex per i men tal re sults us ing a tis sue-mim ick -
ing phan tom also il lus trate that the spec tral cross-cor re la tion al go rithm es ti mates at ten u a -
tion co ef fi cients ac cu rately with small es ti ma tion vari ances.

3.5 Hy brid spec tral do main method for at ten u a tion es ti ma tion, Hyungsuk Kim and
Tomy Varghese, De part ment of Med i cal Phys ics, De part ment of Elec tri cal and Com puter
En gi neer ing, The Uni ver sity of Wis con sin-Mad i son, Mad i son, WI 53706, hyungsukkim
@wisc.edu.

Clas si cal spec tral shift ap proaches for es ti mat ing ul tra sound at ten u a tion are more sen si -
tive to lo cal spec tral noise ar ti facts and have dif fi culty in com pen sat ing for dif frac tion ef -
fects due to beam fo cus ing. Spec tral dif fer ence ap proaches, on the other hand, fail to
es ti mate at ten u a tion co ef fi cients at tis sue bound aries that also pos sess vari a tions in the
back scat ter prop erty. How ever, spec tral dif fer ence meth ods are rel a tively in sen si tive to ul -
tra sound trans ducer pa ram e ters in clud ing dif frac tion ef fects. In this talk, we pro pose a new
hy brid at ten u a tion es ti ma tion method in the fre quency do main that in cor po rates ad van tages
of both the spec tral dif fer ence and spec tral shift based al go rithms to re duce lim i ta tions as so -
ci ated with both these meth ods. The pro posed hy brid method ini tially uti lizes the spec tral
dif fer ence ap proach to ob tain nor mal ized block power spec trum us ing the ref er ence phan -
tom method. Most trans ducer or sys tem-de pend ent pa ram e ters in clud ing dif frac tion are ef -
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fec tively re duced by this pro ce dure. The power spec trum that in cludes vari a tions due to
back scat ter changes are then fil tered us ing a Gaussi an fil ter cen tered at the trans mit cen ter
fre quency of the sys tem. A spec tral shift method, namely spec tral cross-cor re la tion, is then
uti lized to com pute the spec tral shift from these fil tered power spec tra to es ti mate the at ten u -
a tion co ef fi cient. 

Ul tra sound sim u la tion re sults dem on strate that the es ti ma tion ac cu racy of the hy brid
method is sig nif i cantly better than the cen troid down shift method (spec tral shift method) in
uni form at ten u at ing re gions and is also sta ble at bound aries with vari a tions in the back scat -
ter when com pared to the ref er ence phan tom method, (spec tral dif fer ence method). Ex per i -
men tal re sults us ing a tis sue-mim ick ing phan tom also il lus trate that the hy brid method is
more ro bust and pro vides ac cu rate at ten u a tion es ti mates in both uni formly-at ten u at ing re -
gions and re gions with back scat ter vari a tions. The pro posed hy brid method pre serves the
ad van tages of both the spec tral shift and spec tral dif fer ence ap proaches while elim i nat ing
the dis ad van tages of both these meth ods, thereby im prov ing the es ti ma tion ac cu racy and ro -
bust ness of attenuation estimation.

3.6 Estimation of lo cal ul tra sound at ten u a tion from broad band echo sig nals us ing
nar row bandpass fil ter ing, Hyungsuk Kim,1, 2 J.A. Zagzebski1 and Tomy Varghese,1, 2  De -
part ment of 1Med i cal Phys ics and 2Elec tri cal and Com puter En gi neer ing, The Uni ver sity of
Wis con sin-Mad i son, Mad i son, WI 53706, hyungsukkim @wisc.edu.

The video-sig nal anal y sis method for com put ing the at ten u a tion co ef fi cient es ti mates the
ra tio of mean echo in ten si ties from a sam ple to those from a ref er ence phan tom scanned us -
ing the same trans ducer set tings. This ra tio is rel a tively in de pend ent of trans ducer and sys -
tem pa ram e ters in clud ing dif frac tion ef fects, thereby yield ing the at ten u a tion co ef fi cient of
the sam ple. A prob lem with video-sig nal anal y sis, how ever, is that the rel a tive echogenicity
ver sus depth curves com puted in this man ner are dis torted when broad band data com monly
uti lized in pulse-echo sys tems are uti lized. In this talk, we pres ent the ac cu racy of at ten u a -
tion co ef fi cient es ti mates com puted from im age data de rived af ter bandpass fil ter ing the
back scat tered echo sig nals. Sim u lated ul tra sound radio fre quen cy sig nals of ob jects hav ing
dif fer ent at ten u a tion prop er ties were gen er ated us ing an ul tra sound sim u la tion pro gram. 
Narrowband fil ter ing and am pli tude de tec tion were ap plied at dif fer ent fre quen cies around
the cen ter fre quency of the broad band sig nal.  En ve lope or B-mode sig nals de rived from the
nar row bandpass data are pro cessed to es ti mate at ten u a tion us ing the video sig nal anal y sis
method.

Bandpass fil tered sig nals us ing a 1 MHz fil ter, with cen ter fre quen cies lower than or at the 
cen ter fre quency of the broad band echo sig nal, pro duced un bi ased at ten u a tion es ti mates.
How ever, when the at ten u a tion co ef fi cient of the sam ple was sig nif i cantly dif fer ent than
that of the ref er ence, bandpass fil tered sig nals cen tered at higher fre quency com po nents ex -
hibit larger er rors in at ten u a tion es ti ma tions, par tic u larly at large depths. Lo cal at ten u a tion
co ef fi cient es ti mates us ing the video-sig nal anal y sis method with nar row bandpass fil ter ing
pro vides im proved re sults when com pared to video-sig nal anal y sis on broadband en ve lope
sig nals. In ad di tion, the ac cu racy of the at ten u a tion es ti ma tion us ing narrowband video sig -
nal anal y sis was com pa ra ble to other spec tral meth ods for attenuation estimation while
maintaining computational efficiency for real-time implementation. 

3.7 Can cer de tec tion and clas si fi ca tion us ing multi parameter quan ti ta tive ul tra -
sound, M.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, oelze@uiuc.edu.

Quan ti ta tive ul tra sound (QUS) has been used suc cess fully to dif fer en ti ate be nign from
ma lig nant solid tu mors in an i mal mod els of breast can cer. In these stud ies, QUS made use of 
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es ti mates of the av er age scat terer di am e ter (ASD) and av er age acous tic con cen tra tion
(AAC) from the ul tra sonic back scat ter. How ever, ini tial at tempts to clas sify dif fer ent kinds
of ma lig nant breast tu mors based on their ASD and AAC es ti mates were not suc cess ful when
us ing ul tra sonic fre quency ranges from 10 to 24 MHz. Later ex am i na tion of the back scat -
tered power spec tra from the ma lig nant tu mors re vealed that sta tis ti cally-sig nif i cant dif fer -
ences could be ob served for ul tra sonic fre quen cies above 16  MHz. In ad di tion, ex am i na tion
of op ti cal pho to mi cro graphs of the tu mors sug gested that cells and their or ga ni za tional pat -
terns within the tu mors were im por tant to ul tra sonic back scat ter. 

Based on ob ser va tions from the ini tial QUS anal y sis, new mod els for ul tra sonic back scat -
ter were cre ated by con sid er ing the cytoskeletal struc ture of cells. Estimates of ASD and
AAC were ob tained us ing only fre quency ranges above 16 MHz, and en ve lope sta tis tics of
the back scat ter were used to quan tify the un der ly ing or ga ni za tional struc ture of the tu mors. 
The homodyned-K dis tri bu tion was used to model the am pli tude of the en ve lope from re -
gions-of-in ter est in the ma lig nant tu mors. The homodyned-K dis tri bu tion yielded two pa -
ram e ters: the S pa ram e ter, which quan ti fied the ran dom ness of the scat terer spac ings, and
the b pa ram e ter, which quan ti fied the amount of clus ter ing of the scat ter ers in the in ter ro -
gated tis sue. Sta tis ti cally-sig nif i cant dif fer ences (p < 0.05) were ob served be tween the av er -
age S and b pa ram e ters from the ma lig nant tu mors. Fur ther more, sta tis ti cally-sig nif i cant
dif fer ences (p < 0.05) were ob served be tween ASD and AAC es ti mates from the ma lig nant
tu mors us ing the new scat ter ing mod els at ul tra sonic fre quen cies above 16 MHz. The use of
four pa ram e ters, as op posed to two, im proved the abil ity to uniquely clas sify dif fer ent kinds
of ma lig nant tu mors.

This work was sup ported by start-up funds from the Uni ver sity of Il li nois at Ur -
bana-Cham paign.

4. Tis sue Pa ram e ters 2

4.1 Val i dat ing and ex pand ing the the o ret i cal frame works that re late ul tra sonic
back scat ter to scat terer prop er ties, Shreedevi Dasgupta, Er nest Feleppa, Jon a than Mamou,
Mark Ron deau and Har riet Lloyd, Riv er side Re search In sti tute, New York, NY and Weill
Med i cal Col lege of Cor nell Uni ver sity, New York, NY, dasgupta@rrinyc.org.

Pur pose: To ex per i men tally val i date ex ist ing the o ret i cal frame works re lat ing ul tra sonic
(US) spec tral pa ram e ters to scat terer prop er ties and to asses the va lid ity of as sump tions that
un der lie the frame works.

Method and Ma te ri als: US radio fre quen cy (rf) echo sig nals were ac quired from uveal
mel a noma cells sus pended in min i mum es sen tial me dium (MEM). The con cen tra tion of
cells in sus pen sion ranged from 8x106 cells/ml to 2.5x105 cells/ml, and the av er age cell di -
am e ter was mm. The acous tic im ped ance of the cells was es ti mated, us ing cell pel lets, as the
prod uct of pel let den sity and prop a ga tion ve loc ity. Stan dard Fou rier meth ods were used to
com pute spec tral pa ram e ters for these cells from the rf data. The spec tra were nor mal ized in
two ways. In the first method, a glass plate cal i bra tion spec trum ex pressed in dB was used to
de fine the sys tem trans fer func tion; it was sub tracted from the log power spec trum of the
cell-scat tered echo sig nals to cor rect for sys tem ef fects. In the sec ond method, the spec trum
de rived from scan ning a sus pen sion of mi cro scopic spher i cal scat ter ing beads of known di -
am e ter, con cen tra tion and acous ti cal im ped ance was com pared to the spec trum predicted by 
Faran’s the ory for such spheres; the dif fer ence be tween ex pected and ex per i men tal spec tra
was at trib uted to sys tem ef fects. Pre dicted nor mal ized spec tral-pa ram e ter val ues were cal -
cu lated for two the o ret i cal frame works us ing es ti mated scat terer sizes, con cen tra tions and
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rel a tive acous tic im ped ance val ues. The the o ret i cal gating func tion was var ied by chang ing
the win dow type and size. Pre dicted spec tra were com pared to those obtained from the
experimental rf data.

Re sults: The nor mal ized pa ram e ter val ues ob tained ex per i men tally agreed closely with
the pa ram e ter val ues pre dicted by the the o ret i cal frame works. How ever, the pre dicted val -
ues com puted us ing dif fer ent frame works dif fered slightly. In gen eral, midband and in ter -
cept val ues de creased with de creas ing cell size and con cen tra tion whereas slope val ues
in creased with de creas ing cell size as ex pected.

Con clu sion and Fu ture Di rec tions: We plan to con tinue these stud ies us ing other cell
types, sizes, con cen tra tions, and shapes (in clud ing noniso tro pic scat ter ers). Suc cess will
pro vide an im proved ba sis for quan ti ta tive de ter mi na tion of tis sue-scat terer prop er ties and
for di ag nos ing and mon i tor ing dis ease pro gres sion or re sponse to ther apy in tis sues with
noniso tro pic or densely-packed mi cro-ar chi tec tures.

Sup ported by NIH grant EB006894.

4.2 In stru ment for de ter min ing com plex shear moduli of soft-tis sue-like ma te ri als
from 10 through 300 Hz, E.L. Madsen, H.A. Hob son, G.R. Frank and T.J. Hall, Med i cal
Phys ics De part ment, Uni ver sity of Wis con sin-Mad i son, elmadsen@wisc.edu.

Two elastography mo dal i ties in volve gen er a tion and track ing of shear waves in soft tis -
sues, viz, Acous tic Ra di a tion Force Im pulse (ARFI) im ag ing(1) and (dy namic) MR elastography
(MRE).  Knowl edge of the range of com plex shear modulus, G = G¢+ iG", as a func tion of
fre quency for or gan tis sues can be very use ful in for ma tion.  [G’ is the (real pos i tive) shear
stor age modulus and G" is the (real pos i tive) shear loss modulus.]  Also, re al is tic phan toms
can profit from such knowl edge.  Cur rent MRE in volves im ag ing si nu soi dal shear waves
gen er ated by an ex ter nal source.  Some MRE labs(2) re con struct a “shear stiff ness” (ap prox i -
mately G¢) and one re con structs both G¢ and G".(3)  ARFI, how ever, in volves a broad spec -
trum of shear-wave fre quen cies gen er ated by an im pul sively-dis placed small vol ume at the
fo cus of an ul tra sound (US) trans ducer; shear wave fronts are tracked with or di nary B-mode 
US pulses fol low ing the im pulse (push ing pulse) yield ing a spa tial dis tri bu tion of shear-
wave speeds fol lowed by com pu ta tion and dis play of the shear modulus dis tri bu tion.  In real
soft tis sues, where the loss fac tor  =  tand  = G"/G¢ can be 0.25 to 0.7 and per haps larger, there 
is sig nif i cant shear wave at ten u a tion and cor re spond ing speed dis per sion.

Sim u la tion of re al is tic tis sue-like loss fac tors in phan toms could aid MRE and ARFI re -
search ers in as sess ing the trade-off be tween better res o lu tion and higher at ten u a tion as the
fre quency in creases.  (ARFI re search ers might fash ion pulses to yield higher or lower fre -
quency con tents of shear waves gen er ated.)  Also, re al is ti cally large loss fac tors could aid
ARFI re search ers in test ing al go rithms to ac count for dis per sion; ex tent of dis per sion/at ten -
u a tion could it self be di ag nos ti cally sig nif i cant.  Cur rent phan toms used in MRE and ARFI
are es sen tially lossless.  Even if the loss were sig nif i cant, the com plex shear moduli at higher 
fre quen cies would likely not be known be cause a suit able in stru ment for mak ing ac cu rate
mea sure ments is not avail able.  For ex am ple, we have learned through ex pe ri ence that the
com mer cial in stru ment in our lab for mea sur ing the com plex Young’s modulus, E = E¢ +
iE", does not yield be liev able val ues for E’ above about 50 Hz or for E" above about 10 Hz. 
The fre quency range in volved in MRE is 50 to 300 Hz, and per haps higher and that for ARFI 
could be sim i lar.

We have built an in stru ment for mea sur ing G with me chan i cal com po nents that re pro -
duce one de vel oped at the Uni ver sity of Penn syl va nia (U. of PA) by Arbogast et al.(4)  The U. 
of PA in stru ment has been shown to make ac cu rate de ter mi na tions of the ab so lute val ues of
G º ||G|| from 20 through 160 Hz.  That sys tem has not been op er a tional for years, how ever,
and elec tronic cir cuit di a grams are not avail able.  Mea sure ment sam ples are 1-mm thick and 
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about 1.5 cm2 in area.  Each sam ple is ad hered to two par al lel plat ens.  The sys tem pro duces
lin ear si nu soi dal os cil la tions on one platen us ing a lin ear ac tu a tor and the dis place ment is
mon i tored via a lin ear vari able dif fer en tial trans former (LVDT).  A shear-force de tec tor is
at tached to the other platen.  We as sem bled our own elec tronic com po nents and did rig or ous
test ing to as sure that the phase lag, d, of dis place ment rel a tive to force was ac cu rately de ter -
mined.  We also cor rect for in er tial ef fects (shear-wave prop a ga tion) which can be come sig -
nif i cant above 200 Hz for soft tis sues.  Our val ues of ||G|| agree with Arbogast’s over the
20-160 Hz range us ing sil i cone sam ples of the same make and model.  Un like pre vi ous stud -
ies, a ma jor test of the ac cu racy of our sys tem in de ter min ing G¢ and G" in the 10-300 Hz
range is re quire ment of con for mity with the Kronig-Kramers re la tions, cor re spond ing to the
cau sal ity re quire ment, for a va ri ety of soft-tis sue-like ma te ri als with a broad range of loss
fac tors.

(1)  Night in gale K, McAleavey S, Trahey G. Ul tra sound Med  Biol 29, 1715-1723 (2003).
(2)  Muthupillai R, et al. Sci ence 269, 1854-1857 (1995).
(3)  Sinkus R, et al. Magn Reson Im ag ing 23,159-165 (2005).
(4)  Arbogast K, et al. J Biomechanics 30,757-759 (1997).

4.3 Re gional vari a tion in the at ten u a tion prop er ties of mid-ges ta tional fe tal pig
hearts, Allyson A. Gib son, Gautam K. Singh, Jo seph J. Hoffman, Achiau Ludo mirsky and
Mark R. Hol land, Lab o ra tory for Ultrasonics, Wash ing ton Uni ver sity, St. Louis, MO,
mrh@wuphys.wustl.edu.

Dur ing fe tal heart de vel op ment, both the left and right sides of the heart are sub jected to
sim i lar load ing con di tions; how ever, stud ies sug gest that the left- and right-ven tric u lar
myocardium de velop dif fer ently. The in trin sic com po si tion and myofiber ori en ta tion of the
heart can pro foundly af fect mea sured ul tra sonic prop er ties.  As a re sult, mea sure ments of
the at ten u a tion co ef fi cient and its fre quency de pend ence can pro vide an ap proach for as -
sess ing re gional dif fer ences in myo car dial prop er ties. 

The goal of this study was to char ac ter ize and com pare at ten u a tion prop er ties of the left
and right ven tri cles in fe tal pig hearts through mea sure ments of the mid-band width at ten u a -
tion co ef fi cient and its fre quency de pend ence. Six teen ex cised, for ma lin-fixed fe tal pig
hearts, rep re sent ing 53-63 days of ges ta tion, were in ves ti gated.  Ap prox i mately 1.0 mm
thick slices were ob tained from each spec i men by cut ting per pen dic u lar to the long axis of
the heart at the mid-pap il lary level.  Spa tially-lo cal ized mea sure ments of the at ten u a tion co -
ef fi cient and slope of the lin ear at ten u a tion co ef fi cient with fre quency were ac quired us ing a
50-MHz sin gle-el e ment trans ducer with insonification perpendicular to the face of the
myocardial specimen.  

Mea sure ments of the at ten u a tion co ef fi cient at 45 MHz and slope of the at ten u a tion co ef -
fi cient from 30-60 MHz dem on strate re gional dif fer ences be tween the left- and right-ven -
tric u lar myocardium.  These dif fer ences ap pear to be con sis tent with the ani so tropy of the
fi ber ori en ta tion ob served in histological as sess ment and pre vi ously re ported ap par ent
back scat ter mea sure ments of the same spec i mens.  For re gions rep re sent ing per pen dic u lar
insonification rel a tive to the lo cal myofiber ori en ta tion, the mean at ten u a tion co ef fi cients at
45 MHz were found to be 46.9 ± 7.5 dB/cm and 38.0 ± 8.1 dB/cm (mean ± SD; p < 0.001; N = 
16) for the right- and left-ven tric u lar myocardium, re spec tively.  The slope of a lin ear fit to
the mea sured at ten u a tion co ef fi cients from 30-60 MHz showed a sim i lar re sult with the
right-ven tric u lar myocardium dem on strat ing a larger value (1.49 ± 0.24 dB/cm/MHz; mean
± SD) than the left-ven tric u lar myocardium (1.21 ± 0.22 dB/cm/MHz; mean ± SD; p <
0.001). This study sug gests an in trin sic dif fer ence in the myocardium of the left and right
ven tri cles in fe tal pig hearts at mid-ges ta tion in spite of ex po sure to sim i lar pre na tal load ing
con di tions dur ing de vel op ment.  
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4.4 Ob served dif fer ences in the mea sured mag ni tude of cy clic vari a tion of back -
scat ter in fe tal hu man left- and right-hearts at mid-ges ta tion, Mark R. Hol land, Gautam
K. Singh, Agnieszka Kulikowska, Carol A. Kirsch ner, Deborah Hicks and Achiau Ludomirsky,
Wash ing ton U. Uni ver sity, St. Louis, MO, mrh@wuphys.wustl.edu.

Back ground: Mea sure ments of the sys tem atic vari a tion of back scat tered ul tra sonic en -
ergy from the myocardium over the heart cy cle (i.e., cy clic vari a tion of back scat ter) may
rep re sent a use ful ap proach for in ves ti gat ing in trin sic char ac ter is tics of the de vel op ing fe tal
heart. Pre vi ously-re ported stud ies from our Lab o ra tory on ex cised fe tal pig hearts have
dem on strated that the ap par ent back scat ter level from the myocardium of right ven tri cle to
be greater than that from the left ven tri cle, sug gest ing an in trin sic dif fer ence in the
myocardium of the left and right ven tri cles at mid-ges ta tion. Fur ther more, re cently pub -
lished re sults from our Lab o ra tory(1) ex am in ing sys tem atic vari a tions in the rel a tive intracellular
and extracellular acous tic im ped ance dif fer ences over the heart cy cle in di cate that the pre -
dicted mag ni tude of cy clic vari a tion can be di rectly re lated to the over all myo car dial back -
scat ter level. An in crease in the over all  myo car dial back scat ter level is as so ci ated with a
con com i tant de crease in the pre dicted mag ni tude of cy clic vari a tion.

Ob jec tive: The ob jec tive of this in ves ti ga tion was to com pare mea sure ments of the mag -
ni tude of cy clic vari a tion from the left and right ven tric u lar free walls from the hearts of hu man
fe tuses at mid-ges ta tion and in ter pret the re sults in the con text of pre vi ous mea sure ments
show ing a dif fer ence in the level of back scat ter be tween the left- and right-hearts of fe tuses
and the re la tion ship be tween over all back scat ter level and the mag ni tude of cy clic vari a tion.

Meth ods: Echocardiographic im ages of 12 fe tuses (17 to 29 weeks ges ta tion) with struc -
tur ally nor mal hearts were ob tained us ing an im ag ing sys tem con fig ured to give a lin ear re -
la tion ship be tween the dis played grayscale value and the level of ul tra sonic back scat ter
ex pressed in deci bels. Long-axis im ages of the fe tal hearts were an a lyzed by plac ing re -
gions-of-in ter est in the walls of the left and right ven tri cles. Cy clic vari a tion data were gen -
er ated by mea sur ing the mean back scat ter level within each re gion-of-in ter est for each of
the ac quired im age frames over sev eral heart cy cles.

Re sults: Re sults dem on strate that the mag ni tude of cy clic vari a tion is greater for the left
ven tric u lar free wall than for the right ven tric u lar free wall, with mea sured mean mag ni -
tudes of cy clic vari a tion of 4.5 ± 1.0 dB and 2.3 ± 1.0 dB (mean ± SD; p < 0.001, paired
t-test) for the left and right ven tric u lar free walls, re spec tively.

Con clu sion: Re sults show a sig nif i cant dif fer ence in the mea sured mag ni tude of cy clic
vari a tion in the left and right ven tric u lar myocardium of de vel op ing fe tal hearts con sis tent
with pre vi ously ob served dif fer ences in the level of back scat ter be tween the left- and
right-hearts of fe tuses and with the pre dicted re la tion ship be tween over all back scat ter level
and the mag ni tude of cy clic vari a tion. The re sults of this study sug gest cy clic vari a tion mea -
sure ments may of fer a use ful ap proach for in ves ti gat ing fun da men tal dif fer ences in myo -
car dial prop er ties of the two ven tri cles dur ing fe tal heart de vel op ment.

(1) J Am Soc Echocardiogr 17, 1131-37 (2004) 

4.5 Anisotropic myo car dial back scat ter char ac ter ized us ing the Riv er side Re search In -
sti tute pa ram e ters: ‘midband fit’, ‘spec tral slope’ and ‘in ter cept,’ Min Yang, Todd M. Krueger,
James G. Miller and Mark R. Hol land,  Wash ing ton Uni ver sity, St. Louis, MO, mrh@wuphys.
wustl.edu.

Back ground:  Pre vi ous stud ies from our Lab o ra tory(1)  have dem on strated a sig nif i cant re -
la tion ship be tween the mea sured ap par ent back scat ter prop er ties of myocardium and the
an gle of insonification rel a tive to the pre dom i nant myo car dial fi ber ori en ta tion. Max i mum
lev els of back scat ter were found for per pen dic u lar insonification and min i mum lev els for
par al lel insonification. An ap proach in tro duced by in ves ti ga tors at Riv er side Re search In -
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sti tute(2) pro vides a method for char ac ter iz ing as pects of tis sue microstructure un der ly ing
the ob served scat ter ing prop er ties based on a set of pa ram e ters (spec tral slope, in ter cept and
midband fit) ob tained from anal y ses of nor mal ized spec tra.

Ob jec tive: The ob jec tives of this in ves ti ga tion were to mea sure the ani so tropy of back -
scat ter from myocardium us ing the Riv er side Re search In sti tute ap proach and to use the ex -
tracted pa ram e ters (spec tral slope, in ter cept and midband fit) to char ac ter ize ap par ent
scat terer size, spa tial con cen tra tion and acous tic im ped ance prop er ties as a func tion of the
an gle of insonification. The ani so tropy of the mea sured in te grated back scat ter val ues is
com pared with the cor re spond ing midband fit val ues.

Meth ods: In vi tro back scat ter mea sure ments were per formed on eight cy lin dri cal for ma -
lin-fixed lamb myo car dial spec i mens us ing a 5 MHz fo cused trans ducer. The mea sured
back scat ter power spec trum cor re spond ing to each an gle of insonification rel a tive to the
myo car dial fi ber di rec tion in ves ti gated was com pen sated for the ef fects of at ten u a tion and
an a lyzed over the fre quency range from 4 to 6 MHz to pro vide es ti mates of spec tral slope,
in ter cept, and midband fit val ues. In te grated back scat ter mea sure ments were ob tained over
the same fre quency band width.

Re sults:  Mea sure ments of the (5 MHz) midband fit and in ter cept val ues dem on strated
sig nif i cant ani so tropy with max ima for insonification per pen dic u lar to the pre dom i nant
myofiber ori en ta tion and min ima for par al lel insonification. Midband fit val ues showed ex -
cel lent agree ment with the cor re spond ing in te grated back scat ter val ues at each an gle of
insonification. Val ues of the slope did not ex hibit a sig nif i cant de pend ence on the an gle of
insonification within the un cer tain ties of the mea sure ments. 

Con clu sion: These data sug gest that mea sure ments of spec tral slope, in ter cept and
midband fit can pro vide in sights re gard ing as pects of tis sue microstructure un der ly ing the
ob served ani so tropy of myo car dial scat ter ing prop er ties. Mea sure ments of the slope pa ram -
e ter sug gest no sig nif i cant change in ef fec tive scat terer size with an gle of insonification. The 
ob served ani so tropy in midband fit and in ter cept pa ram e ters sug gest an an gle of insoni -
fication de pend ence aris ing from the com bined ef fec tive spa tial scat terer con cen tra tion and
acous tic im ped ance prop er ties with out a sig nif i cant con tri bu tion from changes in ef fec tive
scat terer size. 

(1) J Clin In vest 88, 438-46 (1991).
(2) IEEE Trans Ultrason Ferroelec Freq Contr 34, 319-329 (1987) 

5. Sta tis tics for Ex per i ment De sign

5.1 Some fun da men tal prin ci ples of study de sign for the as sess ment of di ag nos tic
im ag ing and mul ti ple-fea ture tis sue clas si fi ca tion, Rob ert F. Wag ner, Of fice of Sci ence and
En gi neer ing Labs/CDRH/FDA, Sil ver Spring MD 20993, rob ert.wag ner@fda.hhs.gov (in vited
over view).

The gen eral prin ci ples to be re viewed here ap ply to the as sess ment of di ag nos tic mo dal i -
ties, in par tic u lar, the es ti ma tion of sen si tiv ity, spec i fic ity and their trade-off as sum ma rized
in the re ceiver op er at ing char ac ter is tic (ROC) curve and the to tal or par tial area un der the
ROC curve.  The siz ing of any such as sess ment study re quires es ti ma tion of the size of the
ex pected or mean ef fect(s), the vari ances of the ran dom ef fects in the study and the cor re la -
tions of the ran dom ef fects across com pet ing mo dal i ties. First, we as sume a sim ple di ag nos -
tic test, like the PSA as say, with no hu man cli ni cian in the loop.  Then, there is only one
so-called ran dom ef fect, namely, pa tient vari abil ity.  We re view the ba sic sta tis ti cal is sues
and re quire ments on num ber of pa tient sam ples for this com mon study.  If a hu man cli ni cian
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is in cluded in the loop (e.g., read ing di ag nos tic ul tra sound im ages), there is an ad di tional
ran dom ef fect, namely, reader vari abil ity.  This leads to the so-called mul ti ple-reader, mul ti -
ple-case (MRMC), ROC par a digm.  We will re view the ma jor ad vances in MRMC anal y sis
over the last de cade, and the im pli ca tions for study de sign.   If a sta tis ti cal-learn ing ma chine
(e.g., a clas si cal or neu ral clas si fier) must fuse mul ti ple di ag nos tic fea tures in or der to pro -
vide a di ag nos tic score, the prob lem re quires a higher level of anal y sis be cause of the fi -
nite-sam ple ef fects of lim ited num bers of pa tients for both train ing and test ing.   We will
there fore re view the fun da men tal con cepts of Cover's the o rem — the path way to clas si fier
ca pac ity and com plex ity — and their con nec tion with bias and vari ance of clas si fier as sess -
ment.  A strat egy for a pi lot study to es ti mate the size of a piv otal study to achieve a de sired
level of con fi dence in the assessment scorecard of a diagnostic classifier will be reviewed.

5.2 Met rics to eval u ate mul ti ple cor re lated ROC data and their un cer tain ties, Frank 
Samuelson, FDA, frank.samuelson@fda.hhs.gov (in vited.)

Many kinds of in for ma tion from our im ag ing sys tem(s) may be used in con junc tion with
so phis ti cated soft ware to mark and score lo ca tions on pa tients that are most sus pi cious of
dis ease. As in ROC anal y sis, we as sume that these marks will fall into two pop u la tions;
some marks will be at lo ca tions truly of in ter est (e.g. dis ease) and all oth ers will be false
positives. Like ROC anal y sis, we want to mea sure the abil ity of our sys tem to dis crim i nate
be tween these types of marks via their scor ing and we want to know of the un cer tainty in this 
mea sure. Un like usual ROC anal y sis, any sin gle pa tient may have any num ber of ei ther type
of mark. This type of anal y sis is of ten called FROC anal y sis, or Free Re sponse ROC anal y -
sis. This talk will look at met rics that we can use for this type of prob lem and, most im por -
tantly, how we can es ti mate un cer tain ties in them.

5.3 Ba sics of sam ple size cal cu la tion, Ron ald H. Silver man, Weill Med i cal Col lege of
Cor nell Uni ver sity, New York, NY and Riv er side Re search In sti tute, New York, NY,
silverman@rrinyc.org (in vited).

A cru cial stage in the plan ning of a sci en tific study is de ter mi na tion of the sam ple size re -
quired to reach sta tis ti cal sig nif i cance. There are four re quire ments that must be sat is fied to
de ter mine this: (1) def i ni tion of the hy poth e sis, (2) spec i fi ca tion of the level of the ef fect that 
would be of clin i cal or sci en tific in ter est, (3) spec i fi ca tion of the sig nif i cance and power of
the test and (4) es ti ma tion of the sta tis ti cal dis tri bu tion of the test vari able. Re quire ment 1,
def i ni tion of the hy poth e sis, may in some cases be ob vi ous, but, in other sit u a tions ,can re -
quire more thought. For in stance, in a pro ject de signed to pro duce a sys tem that pro vides
‘better’ im ages, it would be nec es sary to es tab lish a quan ti ta tive means of de fin ing ‘better.’
It would also be nec es sary to have a stan dard against which to com pare the new im proved
method. Hy poth e ses may be framed in many ways, including: the means of the ex per i men -
tal and con trol groups will be dif fer ent; the mean of the ex per i men tal group will be higher
than that of the con trol; or the pro por tion of cases meet ing some cri te rion will be higher in
the ex per i men tal than the con trol group. Re quire ment 2 is more a philo soph i cal than sta tis ti -
cal is sue. It may be framed as a ques tion: ‘What would be con sid ered to be a sig nif i cant im -
prove ment con ferred by my method?’ In this case, the word ‘sig nif i cant’ is meant in the
nonstatistical sense, i.e., that the im prove ment would be mean ing ful in terms of im proved
pa tient care, etc. Re quire ment 3 in volves de fin ing the level of con fi dence for the sam ple size 
cal cu la tion. Val ues of sam ple size are com puted for spe cific con di tions of al pha (Type I er -
ror) and beta (Type II er ror), where Type I er ror re fers to in cor rectly re ject ing the null hy -
poth e sis (where p £ 0.05), and Type II er ror re fers to er ro ne ously ac cept ing the null
hy poth e sis (where p > 0.05). Sta tis ti cal power is de fined as 1 – b. A mod er ate cri te rion
would set a = 0.05 and power = 80%. A more strin gent cri te rion would be a = 0.01 and
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power = 90%. As a and b be come more strin gent, the sam ple size re quired to prove the hy -
poth e sis in creases. The last re quire ment in volves hav ing some knowl edge of the ex pected
sta tis ti cal dis tri bu tions. In cases where two means are to be com pared (e.g., with Stu dent’s
T-test), we need to have es ti mates of the val ues of the ex per i men tal vari able in the known
con trol pop u la tion and the value we hope to achieve us ing our new method. In ad di tion, we
need an es ti mate of the stan dard de vi a tion. Sam ple size cal cu la tions may also be de ter mined
for com par i son of two pro por tions, for in stance, the frac tion of time a fea ture is de tected us -
ing the stan dard method ver sus the ex per i men tal method. These val ues may come from a pi -
lot study or from his tor i cal data. Sam ple size cal cu la tion can help fo cus the mind re gard ing
what a study hopes to achieve and is of ten a cru cial as pect in a hy poth e sis-based grant pro -
posal in terms of de fin ing the goals of the study and what can re al is ti cally be achieved within 
the time and bud get ary con straints of the pro ject.

6. Bone Evaluation

6.1 An ap proach for ap ply ing Bayesian prob a bil ity the ory to ex per i men tal ul tra -
sonic sig nals trans mit ted through bone po ten tially aris ing from mixed fast and slow
wave prop a ga tion, Chris tian C. An der son, Keith A. Wear, Ka ren R. Marutyan, Mark R.
Hol land, James G. Miller and G. Larry Bretthorst, Wash ing ton U. in St. Louis and FDA,
jgm@wuphys.wustl.edu.

Back ground: Re cent stud ies from our lab o ra tory sug gested that the widely-re ported de -
crease in phase ve loc ity with fre quency (neg a tive dis per sion) for ul tra sonic waves prop a gat -
ing through cancellous bone can arise be cause of the in ter fer ence of fast and slow mode
sig nals, each of which ex hib its a pos i tive dis per sion.(1)  Re sults of sim u la tions sug gested that 
Bayesian prob a bil ity the ory can be em ployed to re cover the ma te rial prop er ties linked to
these two in ter fer ing waves, even when the waves over lap suf fi ciently strongly that vi sual
in spec tion can not dis tin guish the two modes.(2)

Ob jec tive: The goal of the pres ent study was to ex am ine rep re sen ta tive ex per i men tal bone 
data to as sess the abil ity of Bayesian in fer ence to first de ter mine whether one or two modes
are prop a gat ing (a model se lec tion prob lem) and then to re cover the slope of at ten u a tion
(nBUA) and phase ve loc ity un der ly ing the prop a ga tion of each mode (a pa ram e ter es ti ma -
tion prob lem).

Meth ods: The data an a lyzed had pre vi ously been ac quired on hu man calcaneus sam ples
that were defatted and pre pared with flat and par al lel sides such that they were ap prox i -
mately 18 mm thick.  The sam ples were insonified in a wa ter tank us ing two fo cused, co ax i -
ally aligned, 500 kHz cen ter-fre quency broad band trans duc ers in a through-trans mis sion
ar range ment.  Anal y sis per formed on the re ceived broad band pulses re vealed ap prox i -
mately lin ear-with-fre quency in creases in at ten u a tion co ef fi cient but mod est neg a tive dis -
per sions over a band width of 300-700 kHz.  The re ceived sig nals were used as in puts to a
Bayesian in fer ence al go rithm that used Markov chain Monte Carlo with sim u lated an neal -
ing to cal cu late joint pos te rior prob a bil i ties for one- and two-mode prop a ga tion mod els. 
Each model in cor po rated monotonically in creas ing, lin ear-with-fre quency at ten u a tion co -
ef fi cients, and monotonically in creas ing, log a rith mic-with-fre quency phase ve loc i ties for
all ul tra sonic waves, con sis tent with the re quire ments of cau sal ity im posed by the Kramers-
 Kronig re la tions for me dia with lin ear-with-fre quency at ten u a tion co ef fi cients. The same
al go rithm also eval u ated mar ginal pos te rior prob a bil i ties for the in di vid ual ul tra sonic pa -
ram e ters of interest in each model.  

Re sults: Meth ods for im ple ment ing the Bayesian anal y sis for the one and the two mode
mod els, and is sues aris ing in those im ple men ta tions, will be pre sented and il lus trated us ing
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ex per i men tal data.  Re sults of (more con ven tional) am pli tude and phase spec tros copy anal -
y sis will be com pared with the re sults of the Bayesian anal y sis.  Ev i dence sug gest ing that a
two-mode model is pre ferred over a one-mode model will be pre sented.

Con clu sions: Bayesian meth ods show prom ise for ex tract ing the true ma te rial prop er ties
of bone from the mixed-mode sig nals that ap pear to ex hibit neg a tive dis per sion.  For me dia
that ex hibit a lin ear-with-fre quency in crease in at ten u a tion co ef fi cient, such a de crease in
phase ve loc ity with fre quency (neg a tive dis per sion) ap pears to vi o late the cau sal ity-in -
duced Kramers-Kronig re la tions.  The mixed-mode hy poth e sis re solves this in con sis tency.
Bayesian meth ods ap pear to per mit the ex trac tion of true ma te rial prop er ties that could po -
ten tially be even better pre dic tors of frac ture risk than those de rived from the cur rently em -
ployed one-mode anal y sis.

(1) J Acoust Soc Am 120, EL55-EL61 (2006).
(2) J Acoust Soc Am 121, EL8-EL15 (2007). 

6.2 Ef fect of phase can cel la tion on es ti mates of calcaneal broad band ul tra sound at -
ten u a tion in adult women,  Keith A. Wear, FDA, kaw@cdrh.fda.gov.

Broad band Ul tra sonic At ten u a tion (BUA) is a clin i cally-ac cepted mea sure ment for di ag -
no sis of os teo po ro sis.  Typ i cal clin i cal BUA mea sure ments are per formed with phase sen si -
tive re ceiv ers and there fore can be af fected by phase can cel la tion.  In or der to sep a rate the
ef fects of con ven tional at ten u a tion (ab sorp tion plus scat ter ing) from phase can cel la tion,
BUA was mea sured on phan toms with acrylic wedge phase aberrators and on 73 women us -
ing both phase sen si tive (PS) and phase in sen si tive (PI) re cep tion.  A clin i cal bone
sonometer (GE Lu nar Achil les In sight®) with a two-di men sional re ceiver ar ray was used. 
PI BUA mea sure ments on phan toms with acrylic wedge phase aberrators were found to be
far more re sis tant to phase can cel la tion than PS BUA mea sure ments.  In data from 73
women, means and stan dard de vi a tions for BUA mea sure ments were 81.4 ± 21.4 dB/MHz
(PS) and 67.2 ± 9.7 dB/MHz (PI).  The mag ni tude of the dis crep ancy be tween PS BUA and
PI BUA tended to in crease with bone min eral den sity (BMD).

6.3 At ten u a tion sen si tive back scat ter tech nique for ul tra sonic bone as sess ment,
Brent K. Hoffmeister,1 Da vid P. John son,1 John A. Janeski,1 Brian W. Steinert,1 Dan iel A.
Keedy,1 Ann M. Viano1 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 Di ag nos tic Im ag ing,
Mem phis, TN, hoffmeister@rhodes.edu.

Os teo po ro sis is a ma jor pub lic health prob lem that af fects an es ti mated 44 mil lion Amer i -
cans.  Ul tra sonic tech niques may pro vide a safe and ef fi cient means for de tect ing the early
on set of this de gen er a tive bone dis ease.  Most tech niques rely on through trans mis sion or
ax ial mea sure ments of the speed of sound and/or at ten u a tion.  A prac ti cal dis ad van tage of
these tech niques is that they can not be used eas ily at the hip and spine where most
osteoporotic frac tures oc cur.  To ad dress this prob lem, we are de vel op ing sin gle trans ducer
tech niques based on ap par ent back scat ter.  The term “ap par ent” means that the fre quency
de pend ent ef fects of dif frac tion and at ten u a tion are not re moved from the back scat tered sig -
nal.  In pre vi ous stud ies, we found that the fre quency av er aged ap par ent back scat tered
power cor re lated well with bone den sity.  In ter est ingly, the ap par ent back scat tered power
de creased with in creas ing bone den sity, sug gest ing that at ten u a tion ef fects play an im por -
tant role.  Based on this idea, we have de vel oped a pa ram e ter called Time Slope of Ap par ent
Back scat ter (TSAB) that is de signed to be es pe cially sen si tive to at ten u a tion ef fects.  This
pa ram e ter mea sures the ap par ent back scat tered power as a func tion of the depth (or equiv a -
lently time) of pen e tra tion of the ul tra sonic wave into the bone.  
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We per formed in vi tro back scat ter mea sure ments on 23 spec i mens of hu man cancellous
bone pre pared from the fem o ral heads of seven do nors.  A me chan i cal scan ning sys tem was
used to mea sure each spec i men at mul ti ple sites, and the re sult ing val ues of TSAB were spa -
tially av er aged to ob tain a sin gle rep re sen ta tive value for each spec i men.  Ul tra sonic mea -
sure ments were re peated us ing five dif fer ent ul tra sonic trans duc ers with cen ter fre quen cies
rang ing from 1 to 10 MHz.  The spa tially av er aged TSAB val ues were cor re lated with the
den sity and the me chan i cal prop er ties of the spec i mens.  The me chan i cal prop er ties were de -
ter mined through di rect me chan i cal test ing of the spec i mens.  We ob served sig nif i cant lin -
ear cor re la tions be tween TSAB and the den sity and me chan i cal prop er ties of the spec i mens.  
The best cor re la tion co ef fi cients gen er ally were ob tained with the two high est fre quency
trans duc ers (cen ter fre quen cies 7.5 and 10 MHz) with R2 val ues rang ing be tween 0.55 and
0.85.  These re sults sug gest that TSAB may be a use ful pa ram e ter for ul tra sonic bone as sess -
ment.

Sup ported by NSF MRI/RUI 0320043

6.4 Hi er ar chi cal mod el ing of bone as a ma te rial/struc tural com pos ite, J. Law rence
Katz, School of Com put ing & En gi neer ing and School of Den tistry, Uni ver sity of Mis -
souri-Kan sas City, Kan sas City, MO, katzjl@umkc.edu.

In the late 1960s and early 1970s, I be gan, with my col leagues and stu dents, a se ries of ul -
tra sonic wave prop a ga tion (UWP) stud ies to mea sure the elas tic prop er ties of bone and
teeth, as well as of apatites. In 1971, based on these mea sure ments, I was able to model both
the anisotropic elas tic prop er ties of hydroxyapatite (HAp) as well as of bone as a sim ple col -
la gen/HAp ma te rial com pos ite. The fail ure of the sim ple com pos ite model to pre dict quan ti -
ta tive val ues for bone and teeth elas tic prop er ties led me to ini ti ate a se ries of op ti cal, SEM,
UWP and me chan i cal mea sure ments of the microstructural or ga ni za tion of cor ti cal bone.
These ex per i ments and cal cu la tions led me to as sert in 1976 that to un der stand the me chan i -
cal prop er ties of bone it was nec es sary to view it as a hi er ar chi cal ma te rial/struc tural com -
pos ite. More so phis ti cated com pos ite mod el ing and mea sure ments of viscoelastic and
elec tri cal prop er ties of cor ti cal bone con firmed this view. Fur ther con fir ma tion of the im -
por tance of the struc tural or ga ni za tion of bone in de ter min ing its me chan i cal prop er ties was
pro vided by our com par i son of the UWP mea sure ments of ani so tropy in both plexiform and
haversian bo vine cor ti cal bone. Ad di tional con fir ma tion was pro vided by the Tulane BME
group’s mea sure ments of elas tic ani so tropy as a func tion of po si tion in hu man fem o ral cor ti -
cal bone. The fact that the ten sor prop er ties of cor ti cal bone from var i ous bones and be tween
var i ous re search ers do not gen er ally scale led to prob lems in cor re lat ing the re la tion ships
be tween such mea sure ments. This led me to adapt a cal cu la tion from crys tal phys ics that
pro vides two sca lar anisotropic con stants, shear and com pres sive ani so tropy, based on ap -
pro pri ate mix tures of the ten sor con stants. To bring the re search up-to-date, this cal cu la tion
has been used re cently to de velop a mas ter curve for the UWP mea sured anisotropic elas tic
prop er ties of both bone and teeth. Also, multiscale me chan ics of hi er ar chi cal struc ture/prop -
erty re la tion ships in cal ci fied tis sues has been re cently mod eled. 

7.  Elas tography

7.1 Prog ress and pros pects of elastographic im ag ing, Jon a than Ophir,1 Raffaella Righetti,1

Arun ThitaiKumar,1 Thomas Krouskop1 and Brian Garra,2  1Uni ver sity of Texas Med i cal
School, Hous ton, TX and 2Uni ver sity of Ver mont, Burlington, VT, Jon a than.Ophir@
uth.tmc.edu (in vited over view).
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The idea of mea sur ing the stiff ness of soft tis sues us ing ul tra sound was sug gested in the
lit er a ture some 25 years ago. Since then, the mea sure ment and later im ag ing of elas tic pa -
ram e ters of tis sues have pro gressed from this idea to a com mer cial re al ity that is based on
solid fun da men tals. To day, it is pos si ble to ob tain high-res o lu tion real-time im ages of the
ax ial strain com po nents in soft tis sues that are sub jected to an ex ter nal or in ter nal me chan i -
cal load. These im ages have shown that new and po ten tially use ful in for ma tion can be ob -
tained in vivo from such im ages, far be yond that which is avail able from sonograms alone.
The road ahead in volves sev eral ad di tional pos si bil i ties of glean ing sub stan tially more in -
for ma tion from soft tis sues. These in clude the cal cu la tion and im ag ing of the elas tic
modulus, im ag ing the Pois son's ra tio and its tem po ral evo lu tion for the study of fluid flow in
tis sues that are af fected by dis eases such as lymphedema, and the im ag ing of the shear strain
char ac ter is tics of tis sue bound aries that char ac ter ize the bond ing strength be tween tis sue
lay ers that may be spe cific for var i ous dis ease states. This talk will il lus trate some of the
prog ress in the field and will dem on strate some of the di verse future possibilities.

This work was sup ported by Na tional Can cer In sti tute Pro gram Pro ject Grant P01-
CA64597-10 and by a fel low ship grant from the John Dunn Foun da tion

7.2 Chal lenges, op por tu ni ties and re cent prog ress in quan ti tative elastography,
Jeffrey Bamber,1 Paul Barbone,2 Gearoid Berry,1 Nigel Bush,1 Aabir Chakraborty,3 Lou ise
Coutts,1 Remo Crescenti,1 Fran cis Duck,4 Ricardo Liederman,2 Da vid MelodeLima,1 Na -
omi Miller,1 Assad Oberai,5 Jac que line Shipley,4, Miranda Skurczynski4 and Lijun Xu,1 1In -
sti tute of Can cer Re search and Royal Mar sden Hos pi tal, Sutton, Sur rey, UK, 2Boston
Uni ver sity, Boston, MA, 3Royal Free Hos pi tal, Lon don, UK, 4Royal United Hos pi tal, Bath,
UK and 5Rensselaer Poly tech nic In sti tute, Troy, NY, jeff@icr.ac.uk (in vited). 

The first con fer ence in this se ries was held with op ti mism that quan ti ta tive anal y sis of sig -
nals from ul tra sound scat tered or trans mit ted by tis sues would lead to clin i cally-valu able
mea sures of tis sue com po si tion, func tion or state. Sim i lar en thu si asm now ex ists for mea -
sur ing me chan i cal prop er ties of tis sues us ing the tech niques of elastography, which in volve
pro cess ing time-vary ing echo data to ex tract the spa tial and/or tem po ral vari a tion of a
stress-in duced tis sue strain. Many of the chal lenges fac ing those work ing to wards quan ti ta -
tive elastography are, how ever, quite sim i lar to those al ready ex pe ri enced with ear lier forms 
of ul tra sonic tis sue char ac ter iza tion, such as the ten dency for re sults to be sen si tive to ex per -
i men tal con di tions that are not easy to know, and the existance of a wide range of me chan i -
cal prop er ties that in ter act but that one would like to sep a rate as mea sured vari ables. The
sec ond of these points pres ents both chal lenges and op por tu ni ties. In suf fi cient knowl edge
ex ists to tackle a full multivariate in verse prob lem or to know which vari ables can be ig -
nored/taken ad van tage of so as to sim plify the prob lem. We have there fore be gun work to
gain a better un der stand ing of how to solve spe cific elastographic in verse prob lems, at the
same time as study ing, ex per i men tally and the o ret i cally, the rel a tive importance of a
number of mechanical characteristics in a variety of situations. This paper reports a
selection of such studies.

Meth ods for solv ing the in verse prob lem to im age shear modulus and nonlinearity from
quasi-static sur face load ing are be ing in ves ti gated and an it er a tive al go rithm, based on an
adjoint equa tion, was shown in sim u la tion and with ex per i men tal data on phan toms, to be a
good can di date for clin i cal ap pli ca tion. We are cur rently ex plor ing the ap pli ca tion of such
meth ods to quan ti ta tive im ag ing of ra di a tion dose dis tri bu tion, where we have al ready doc -
u mented the in crease in Young’s modulus with in creas ing dose, for gels that poly mer ise on
ex po sure to ion is ing ra di a tion.  Clin i cally, we have briefly ex plored the use of a cal i brated
elas tic stand-off to mea sure the stress pro file across the sur face of the tis sue and were able to
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de tect dif fer ences in the stiff ness of breast tis sue, as well as its dis tri bu tion with tis sue type,
be tween unirradiated and irradiated breasts in cases of post-treatment radiation fibrosis.

Tis sues are not just elas tic, but are poroelastic; when they are squeezed, the free fluid that
they con tain may be in duced to move. Un der sus tained com pres sion, this causes a heat con -
duc tion-like spatio-tem po ral dis tri bu tion of strain. For ho mo ge neous biphasic me dia (solid
ma trix with a sin gle fluid com part ment), we have been able, in sim u la tion and phan tom ex -
per i ments, to re cover (from time-de pend ent strain im ages) in for ma tion re lated to the
Young’s modulus and Pois son’s ra tio of the solid ma trix, its per me abil ity to the pore fluid,
the vol ume of mo bile fluid af fected and the di rec tion of fluid flow. In gen eral, this re quires
mea sure ment of vol u met ric strain, al though we have been able to uti lize cy lin dri cal sym me -
try in ex per i ments to avoid this mea sure ment com plex ity and have shown that for sim ple
types of lay ered me dia, use ful in for ma tion can be in ferred from mea sure ments of the
spatio-tem po ral de pend ence of ax ial strain only. In deed, in clin i cal tests, the spatio-tem po -
ral pat tern of ax ial strain pre dicted for a three-layer elas tic-poroelastic-elas tic sand wich is
seen dur ing sus tained com pres sion of the fore arm and ap pears to be ex ag ger ated in
lymphoedema cases. Fi nally, the o ret i cal mod el ling of a multicompartmental poroelastic
me dium con tain ing a tu mor in a ho mo ge neous back ground, with es ti mated val ues for stiff -
ness, re sis tance to fluid flow within and be tween the in ter sti tial and microvascular com part -
ments, and microvessel den sity, has in di cated that fluid drain age into the lo cal mi cro-
 vas culature should be the dom i nant flow-related stress/strain relaxation mech a nism and that 
the magnitude of strain relaxation should be measurable by elastography. 

The study of tis sue ani so tropy is also im por tant in the con text of quan ti ta tive elastog raphy
and we have cho sen skin as an anisotropic tis sue to study in the first in stance. Hav ing learned 
how to avoid con found ing ef fects of the viscoelastic and non lin ear be hav iour of skin, we
have used elastography to show that sur face ten sile load ing gen er ates both lat eral nor mal
strain and lat eral shear strain deep into the sub cu ta ne ous fat but not eas ily into the un der ly -
ing mus cle. Ap pli ca tion of the ten sile load in dif fer ent di rec tions has shown that nor mal
fore arm skin pos sesses a stiff ness ani so tropy of about 2, with 90° an gu lar pe ri od ic ity, but for 
arms af fected by lymphoedema, the stiff ness is ap prox i mately iso tro pic, the lat eral nor mal
strain prop a gates more eas ily be yond the fat-mus cle bound ary and more lat eral shear may
ex ist at the fat-mus cle bound ary.

For the full in verse prob lem to be solved, ac count would even tu ally have to be taken not
only of the fact that tis sue is, in gen eral, me chan i cally non lin ear, vis cous, po rous and
anisotropic but may also be me chan i cally dis con tin u ous. In clin i cal elastography, we have
noted strain be hav ior consistent with slip bound aries, e.g., be tween sub cu ta ne ous fat and
mus cle and be tween tu mor and back ground. Quan ti fy ing the amount of ad he sion at such
bound aries should have clin i cal util ity, which has led us to de velop and eval u ate in phan -
toms a new method that we call slip elastography, to noninvasively as sess fric tional re sis -
tance to slip at such tis sue in ter faces. The im ages de pict the lo ca tions of slip bound aries in
tests us ing gel a tine phan toms and pro vide quan ti ta tive force val ues that are pro por tional to
those ex pected to over come bound ary fric tion.

Fi nally, we have de vel oped a method for im ag ing the tran sient strain gen er ated at the site
of im pul sive and highly-fo cused acous tic ra di a tion force. The method mea sures a highly lo -
cal value of strain sam pled be fore neigh bour ing stiff ness val ues and bound aries have had
time to in flu ence the stress dis tri bu tion. Ad van tages over sur face-loaded quasistatic strain
im ag ing ap pear to in clude better res o lu tion, sig nal and con trast to noise ra tio and con trast
trans fer ef fi ciency, es pe cially for soft in clu sions in a stiff back ground or for ob jec tives
placed be yond a slip bound ary.

Our en cour ag ing re sults to date sug gest that the next step in the fu ture study and de vel op -
ment meth ods such as these would cer tainly be worth tak ing. This in volves mov ing to
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three-di men sional mea sure ment of time-vary ing dis place ment and strain, tak ing ad van tage
of on go ing de vel op ment of 4D ul tra sound imaging technology. 

This work has been funded from var i ous sources, in clud ing the EPSRC, DoH NEAT, the
ICR NIH, and CenSSIS.

7.3 Re cent prog ress in pros tate elastography stud ies, S. Kaisar Alam,1 Er nest J.
Feleppa,1 Chris to pher R. Por ter,2 An drew Kalisz,1 Sarayu Ramchandran1 and Shreedevi Das -
gupta,1  1Riv er side Re search In sti tute, New York, NY and 2Vir ginia Ma son Med i cal Cen ter,
Se at tle, WA, kalam@rrinyc.org.

Over half of all pros tate can cers can not be de tected by cur rent clin i cal im ag ing mo dal i -
ties. In con trast, transrectal pal pa tion is rou tinely used by phy si cians to de tect masses that
may re veal the pres ence of pros tate can cer. Pal pa tion is ef fec tive for de tect ing can cer ous le -
sions be cause many dis eases can al ter tis sue elas tic ity. How ever, pal pa tion re quires le sions
to be near enough to an ac ces si ble sur face for the in ter nal mass to be felt. In ad di tion, the le -
sions also need to have ad e quate elas tic ity con trast. The known clin i cal use ful ness of man ual
pal pa tion of the pros tate for de tect ing masses that can be felt through the rec tal wall sug gests 
that ul tra sonic elastography may be ef fec tive for im ag ing pros tate can cers through out the
en tire gland. There fore, we per formed a pre lim i nary study to as sess the fea si bil ity of
elastographic de pic tion of pros tate can cer and to de ter mine whether a handheld ap proach to
pros tate elastography is work able.

We dig i tally ac quired ra diofre quency (rf) ul tra sound-echo data from pros tate-can cer pa -
tients sched uled to un dergo rad i cal pros ta tec tomy. A hand-held transrectal ul tra sound
(TRUS) probe was used for de form ing as well as im ag ing the pros tate. The probe face that
was in con tact with the rec tal wall was man u ally pushed against it in a gen tle man ner to ap -
ply a com pres sion force to the im me di ately ad ja cent pros tate and to in duce a small strain in
the gland. We ac quired rf echo-sig nal data at each of fif teen, closely spaced, trans verse scan
planes at the scan ner frame rate as the de for ma tion force on the rec tal wall was con tin u ously
in creased. We com puted strain from con sec u tive scans using 1D and 2D rf cross-correlation 
analyses.

The ac quired rf data pro duced low-noise elastograms that clearly dis played the mac ro -
scopic pros tate ar chi tec ture. “Sus pi cious,” low-strain (i.e., rel a tively stiff) ar eas cor re lated
well with histological find ings of can cer. Our re sults sug gest that pros tate can cers  po ten -
tially can be made vis i ble in pros tate elastograms, and pros tate elastography po ten tially may 
be able to de pict pros tate can cers more re li ably than con ven tional im ag ing, including
B-mode ultrasound imaging.

In sum mary, elastography ap pears to show a po ten tial for de tect ing and eval u at ing pros -
tate can cers that, for the most part, are oc cult in all con ven tional im ag ing mo dal i ties. A
larger clin i cal study is re quired and is be ing planned to ver ify this potential.

This work was sup ported in part by NIH grant CA84274.

7.4 De vel op ment and test ing of a real-time elas tic ity im ag ing sys tem, Tim o thy J.
Hall, Med i cal Phys ics De part ment, Uni ver sity of Wis con sin-Mad i son, Mad i son, WI, tjhall@
wisc.edu (in vited).

Ul tra sound has been used to es ti mate tis sue elas tic ity since the early 1980’s. A sub stan tial
im prove ment in tech nol ogy came with the abil ity to form im ages of tis sue elas tic prop er ties
(“elastography”) de vel oped by Cespedes and Ophir. Since that time, there has been rapid
de vel op ment in tech nol ogy lead ing to at least two ul tra sound sys tem man u fac tur ers mar ket -
ing elas tic ity im ag ing soft ware pack ages on their pre mium sys tems. These sys tems im ple -
ment free hand scan ning tech niques for quasi-static tis sue de for ma tion. This pre sen ta tion
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will re view some of the key de vel op ments and high light strat e gies for near-term fu ture de vel -
op ment.

Among the key de vel op ments in real-time elas tic ity im ag ing were im prove ments in strat -
e gies for mo tion track ing. Early de vel op ments dem on strated that 2-D track ing al lowed ac -
cu rate mo tion es ti mates with larger de for ma tion re sult ing in higher elas tic ity im age sig nal to 
noise ra tios. An other key de vel op ment was the dem on stra tion that an op ti mal mo tion track -
ing ker nel size ex ists, but that size de pends on the de for ma tion field. Fur ther, pre dic -
tive-search strat e gies were de vel oped to re duce the com pu ta tional cost of mo tion-track ing
al go rithms. These developments in mo tion-track ing strategies will be reviewed.

Sev eral groups have per formed ob server stud ies to test the util ity of elas tic ity im ag ing for
breast tu mor di ag no sis. The in for ma tion gleaned from these ex per i ments de pends on ex per -
i ment de sign and ex e cu tion. This pre sen ta tion will re view pre vi ous ob server per for mance
stud ies and high light key as pects and re sults of our own re cent work where elas tic ity im ag -
ing, com bined with B-mode ul tra sound, was dem on strated to pro vide a sta tis ti cally-sig nif i -
cant in crease in breast ab nor mal ity clas si fi ca tion over B-mode im ag ing alone. From this
work, we also learned that some im prove ments in tools avail able to the ob serv ers would
likely improve their ability to extract and use elasticity image information.

Fi nally, this pre sen ta tion will dis cuss some of the de vel op ments we are work ing on that
will likely open new op por tu ni ties for elas tic ity im ag ing in the near fu ture.  For ex am ple, we
know from in vi tro tis sue mea sure ments that most breast tis sues have non lin ear stress-strain
re la tion ships. Con sis tent with those mea sure ments, we have dem on strated de for ma tion-de -
pend ent strain im age con trast for fibroadenomas and rel a tively con stant con trast for can -
cers, as ex pected. Meth ods for study ing and im ag ing this elas tic nonlinearity will be
dis cussed. Re cent re sults, and the im pli ca tions, of elas tic ity im ag ing with a 2-D CMUT ar -
ray will also be dis cussed.

We are grate ful for the grant sup port from NIH/NCI R01-CA100373.

7.5 Me chan i cal and elec tro me chani cal im ag ing of the car dio vas cu lar sys tem, E.
Konofagou, J. Luo, W-N Lee, I. Zervantonakis, K. Fujikura, S. Wang, S. Homma and J.
Coromilas, Co lum bia U., ek2191@co lum bia.edu (in vited).

Myo car dial elastography has been val i dated re gard ing its ca pa bil ity of de tect ing ab nor -
mal myo car dial func tion, due to ischemia or in farc tion, through es ti ma tion and im ag ing the
myo car dial de for ma tion dur ing the nat u ral con trac tion of the myocardium. We have pre vi -
ously pro posed a the o ret i cal frame work that shows good per for mance of the an gle-in de -
pend ent myo car dial elastography us ing an ul tra sonic im age for ma tion model based on
well-de vel oped 3D fi nite-el e ment ca nine left ven tri cle mod els in both nor mal and left-cir -
cum flex ischemic cases. In this pa per, we show how an gle-in de pend ent myo car dial
elastography can be em ployed as well as val i dated in vivo to as sess the con trac til ity of nor -
mal and patho log i cal myocardia com pared with the the o ret i cal frame work. The an gle-in de -
pend ent mea sure ments are also com pared against tagged Mag netic Res o nance Im ag ing
(tMRI) in vivo. Fi nally, at higher frame rates, e.g., at ap prox i mately 320 fps, we show the ca -
pa bil ity of vi su al iz ing the con duc tion wave prop a gat ing in the car diac mus cle dur ing the de -
po lar iza tion and repolarization phases through elec tro me chani cal cou pling.

An gle-in de pend ent myo car dial elastography, based on radio fre quen cy (rf) sig nal pro -
cess ing at high frame rates, con sists of three main tech niques. First, in-plane (lat eral and ax ial)
cu mu la tive dis place ments dur ing sys tole are iteratively es ti mated us ing 1D cross- cor re la -
tion and recorrelation tech niques in a 2D search us ing a 1D match ing ker nel of 7.7 mm and
80% over lap. Sec ond, in-plane fi nite strains were cal cu lated from the cu mu la tive mo tion us -
ing a least-squared strain es ti ma tor. Third, an gle-in de pend ent mea sures, prin ci pal strains,
were fur ther com puted from the fi nite strains by solv ing an eigenvalue/eigenvector prob lem
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with a clas si fi ca tion strat egy. A GE-Vivid FiVe sys tem with a stan dard probe (FPA 2.5MHz 
1C) was used to ac quire rf sig nals for the clin i cal study at 135 fps. A 2D short-axis view of
the left ven tri cle was con sid ered both in sim u la tions and in vivo. 

The elastographic es ti mates, in clud ing mo tion and prin ci pal strains, in nor mal and patho -
log i cal hu man sub jects were val i dated in short-axis views. Sim i lar to the the ory, the
elastographic es ti mates in nor mal clin i cal cases showed wall thick en ing ra di ally and short -
en ing cir cumfer entially ex cept for the septal wall, which is hypoechoic. Prin ci pal strains
fur ther char ac ter ized and dif fer en ti ated ab nor mal from nor mal myocardia in short-axis
views. Pre lim i nary com par i son with tMRI es ti mates in four nor mal sub jects in di cated that
the elastographic es ti mates are within 4% of the tMRI es ti mates over the en tire car diac cy -
cle. At higher frame rates, in the dis place ment im ages, waves were de picted prop a gat ing
along the sep tum and pos te rior wall in a long-axis view, from apex to base (dur ing sys tole),
at both end-di as tole and end-sys tole. 

 The fea si bil ity of an gle-in de pend ent myo car dial elastography was shown through im ag -
ing of the myo car dial mo tion and in-plane prin ci pal strains through out the en tire car diac cy -
cle, which was proven es sen tial in the re li able de pic tion of dis ease. This ca pa bil ity was
dem on strated in vivo and in close agree ment to tMRI es ti mates. Fi nally, by em ploy ing
higher frame rates, the con trac tion waves in the heart were clearly vi su al ized on the dis -
place ment im ages, in di cat ing the on set of ac ti va tion of dif fer ent ven tric u lar re gions.

This study was sup ported in part by the Amer i can Heart As so ci a tion (SDG 0435444T),
the Wallace H. Coul ter Foun da tion (CU02650301) and the Na tional In sti tutes of Health
(R01 EB006042-01).

7.6 Clin i cal ex pe ri ence of real-time tis sue elastography in breast, pros tate and ab -
dom i nal desease, Tsuyoshi Mitake,1 Takeshi Matsumura,1 Takuji Oosaka,1 Akiko Tono -
mura,1 Makoto Yamakawa2 Naotaka Nitta3 and Tsuyoshi Shiina,2  1Hitachi Med i cal Corp.,
2U. Tsukuba and 3Na tional Inst. Ad vanced In dus trial Sci ence and Tech nol ogy, ciao_mitake
@nifty.com (in vited talk).

We have de vel oped a real-time tis sue elastography im ag ing sys tem for vi su al iz ing the tis -
sue hard ness/soft ness to de tect le sions such as can cer. Our sys tem is based on auto -
correlation by com bin ing en ve lope and phase for the spe cial ben e fit of avoid ing aliasing
er rors, high-speed pro cess ing, ac cu racy and a wide dy namic range. And, when us ing the
sys tem clin i cally un der free hand com pres sion, it is im por tant to avoid er rors due to decor re -
la tion caused by the lat eral di rec tion. To over come this is sue, the com bined autocorrelation
is ap plied in ax ial and lat eral di rec tions. The frame rate of the sys tem that is in te grated into
ul tra sound scan ner is more than 15 fps at 40 mm (ax ial) by 30 mm (lat eral). Strain im ages
are su per im posed on 2D im age with a trans lu cent color map. 

Us ing the in te grated sys tem, we have been in ves ti gat ing its clin i cal use ful ness for sev eral
clin i cal ab nor mal i ties, e.g., breast can cer, pros tate can cer, ab dom i nal dis ease, etc. With re -
spect to breast can cer, we have gath ered more than 1,500 cases in screen ing us age. As a re -
sult, the con sul ta tion rate of de tailed ex am i na tion was re duced from 3.59% to 1.51%.
Dur ing the study, we found some tips and hints about how to produce the com pres sion and
so on. We will provide tech ni cal de tails of the sys tem and show our clin i cal ex pe ri ences and
hints with some statistical result.

7.7 Clin i cal elas tic ity es ti ma tion: meth ods and ap pli ca tions on the verge of clin i cal
adop tion, Brian S. Garra, U. Ver mont, bgarra@uvm.edu (in vited).

Elas tic ity im ag ing and es ti ma tion, an out growth of the an cient tech nique of pal pa tion, is
gain ing wider ac cep tance as an im por tant clin i cal tool and is be ing ap plied to more tis sues
and dis eases ev ery year.  Al though im ages of elas tic prop er ties may be gen er ated us ing any
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im ag ing tool ca pa ble of mon i tor ing tis sue dis place ments over time, ul tra sound (US) and
mag netic res o nance im ag ing (MRI) have be come the dom i nant mo dal i ties for im ag ing and
es ti mat ing elas tic ity in liv ing tis sues.  

US elas tic ity im ag ing can be per formed by com press ing tis sue while mon i tor ing tis sue
dis place ment (elastography) or by trans mit ting an acous tic wave through tis sue and mon i -
tor ing tis sue mo tion (sonoelastography).  Both su per fi cial and deep or gans can be ex am ined
us ing elastography.  In the case of deeper or gans, more ex ter nal pres sure must be ap plied,
but this has not proven dif fi cult clin i cally.  An other op tion for deeper or gans is to use the
trans mit ted pul sa tions of the heart or ma jor ar ter ies to pro duce the re quired tis sue dis place -
ments.  The de vel op ment of acous tic ra di a tion force meth ods will fur ther en able the im ag ing 
of elas tic ity in deeper or gans.

Spe cific struc tures that have been ex am ined so far in clude breast masses, thy roid nod ules,
lymph nodes and pros tate nod ules.  The goal for eval u a tion of masses and nod ules has been
to im prove our abil ity to dis tin guish can cer ous tis sue from be nign nod ules.  Com mer cial
clin i cal tri als to study breast mass elastography are about to be gin.  En tire or gans that have
been stud ied in clude the breast, thy roid, kid ney, liver, uterus, and pan creas.  The fo cus in
many or gans is to de tect and grade dif fuse dis ease — for ex am ple, cir rho sis in the liver or re -
jec tion in re nal trans plants.  In ad di tion, skel e tal mus cle has been ex ten sively stud ied along
with the myocardium, and blood ves sel walls in clud ing atheromatous plaque.  The char ac -
ter iza tion of atheromatous plaque to de tect un sta ble or vul ner a ble plaque is cur rently an area 
of great clin i cal in ter est.

An other prom is ing area of ap pli ca tion is in the mon i tor ing of ab la tion ther apy.  Ab la tive
ther a pies de stroy tu mors by ap pli ca tion of heat (la ser, ra dio fre quency, HiFU) or by cold
(cryoablation) but all meth ods sig nif i cantly change tis sue hard ness.  This change is eas ily
im aged us ing elas tic ity im ag ing.  Yet an other prom is ing area of in ves ti ga tion is the mon i tor -
ing of fluid move ment in tis sues us ing poroelasticity im ag ing.  This method has great po ten -
tial for the eval u a tion of lymphedema.

Com mer cial man u fac tur ers are mov ing for ward with in cor po rat ing elas tic ity im ag ing in
their clin i cal sys tems.  All ma jor US equip ment ven dors ei ther have an nounced elas tic ity
im ag ing ca pa bil ity in their sys tems or have it in de vel op ment.  As these sys tems move into
clin i cal tri als and pro cess ing meth ods are fur ther re fined, the role of elas tic ity es ti ma tion,
im ag ing and nonimaging, will in crease and become better defined.  Exciting times are
ahead!

8. ARFI

8.1 Transthoracic car diac acous tic ra di a tion force im pulse im ag ing: a fea si bil ity
study, Ste phen Hsu, Brian Fahey, Da vid Bradway and Gregg Trahey, Duke Uni ver sity,
sjh6@duke.edu.

Acous tic ra di a tion force im pulse (ARFI) im ag ing has been dem on strated to be ca pa -
ble of vi su al iz ing vari a tions in myo car dial stiff ness through the car diac cy cle.  With the
trans ducer placed di rectly on the ex posed heart, ARFI im ages have shown dif fer ences
be tween sys tolic and di a stolic tis sue dis place ments that were greater than the mea sured
dis place ment ar ti facts from car diac mo tion.  How ever, in or der to be a vi a ble clin i cal
real-time sys tem, a nonin va sive method of ARFI im age ac qui si tion is nec es sary. 

In this work, we ex plore the fea si bil ity of transthoracic car diac ARFI im ag ing.  We im -
aged the hearts of two live por cine sub jects, weigh ing ap prox i mately 20 kg with heart rates
up to 150 bpm.  A transthoracic ap proach poses sev eral chal lenges, such as in creased tis sue
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depth, vig or ous car diac mo tion and lim ited view ing an gles.  An ab dom i nal low-fre quency
(2.2 MHz) probe was used with an ex tended ra di a tion force pulse length (360 ms) to pro -
duce tis sue dis place ments at depths up to 8 cm.  Sev eral phys i o log i cal mo tion fil ters
and ARFI ac qui si tion se quences were cre ated to re duce car diac mo tion ar ti facts.   Pas -
sive ARFI ac qui si tions, where the ra di a tion force pulse am pli tude was set to zero, were
also ac quired to as sess the lev els of car diac mo tion ar ti fact within the im ages.  Sin gle
line M-mode and two-di men sional ARFI im ages of the heart were formed from in ter -
cos tal and subapical view ing an gles.  Al though a sig nif i cant amount of car diac mo tion
ar ti fact is pres ent at sys tole, the ARFI dis place ment im ages of the heart reflect the
expected myocardial stiffness changes through the cardiac cycle.

8.2 Ex ci ta tion en hanced im ag ing: in vi tro and in vivo re sults, Flemming Forsberg,1

Ray mond J. Ro,1,2 Wil liam T. Shi,1,3 Mi chael K. Knauer,4 Kausik Sarkar,5 Anne L. Hall,3

Chris Vecchio4 and Rich ard Bernardi,4   1De part ment of Ra di ol ogy, Thomas Jef fer son Uni -
ver sity, Phil a del phia, PA 19107, 2School of Bio med i cal En gi neer ing, Sci ence and Health
Sys tems, Drexel Uni ver sity, Phil a del phia, PA 19104, 3 GE Healthcare, Mil wau kee, WI
53219, 4Spectrasonics Im ag ing, Inc., Wayne, PA 19087 and 5De part ment of Me chan i cal
En gi neer ing, Uni ver sity of Del a ware, New ark, DE 19716, flemming.forsberg@jef fer -
son.edu. 

To im prove con trast im ag ing, a novel tech nique called Ex ci ta tion En hanced Im ag ing
(EEI) has been de vel oped. EEI em ploys two acous tic fields: a low-fre quency, high-in ten -
sity ul tra sound field (the ex ci ta tion field) to ac tively con di tion (or in crease the size of) con -
trast microbubbles; and a sec ond higher-fre quency, lower-in ten sity reg u lar im ag ing field
ap plied shortly af ter wards to de tect the en hanced con trast scat ter ing.(1) We have in ves ti -
gated the ef fi cacy of EEI in vi tro and in vivo.

Four dif fer ent ul tra sound con trast agents were tested in vi tro: Sonazoid (GE Healthcare,
Oslo, Nor way), Definity (BMS Med i cal Im ag ing, N Billerica, MA), Therimage (Fo cus
Ther a peu tics, Me dia, PA) and Optison (GE Healthcare, Prince ton, NJ). An ex ci ta tion fre -
quency of 1.1 MHz at an am pli tude of 1.2 MPa was used with a 16 cy cle pulse length at prf of 
2 Hz. Im ag ing fre quen cies of 2.5 MHz and 7.5 MHz were in ves ti gated for con cen tra tions
be tween 0.02 ml/l and 80 ml/l at am bi ent (22° C) and phys i o log i cal (37° C) tem per a tures to
de ter mine the change in scat tered sig nal strength be fore and af ter the ex ci ta tion pulse (i.e.,
the en hance ment ob tained with EEI) at fun da men tal and har monic fre quen cies. A new
zero-thick ness in ter face model was used to sim u late the dual pulse im ag ing mode as so ci -
ated with EEI and com pared to the in vi tro mea sure ments. A Logiq 9 scan ner (GE
Healthcare, Mil wau kee, WI) with a 3.5C curved lin ear ar ray and an AN2300 dig i tal ul tra -
sound en gine (Analogic Cor po ra tion, Pea body, MA) with a P4-2 phased ar ray trans ducer
(Philips Med i cal Sys tems, Bothell, WA) were mod i fied to per form EEI on a vec tor-by-vec -
tor ba sis in fun da men tal and pulse in ver sion har monic grayscale modes. In vivo car diac EEI
was tested in four dogs.

At a 2.5 MHz im ag ing fre quency, Sonazoid pro duced 10 dB of en hance ment at 22° C,
which re duced to 5 dB at 37° C. Con versely, Optison cre ated 1 dB of en hance ment at 22° C,
which in creased to 9 dB at 37° C. This en hance ment re duced to 3 dB when the con cen tra tion 
was in creased from 0.05 ml/l to 0.5 ml/l. While no en hance ment was found for the con trast
agent Definity at any of the con cen tra tions stud ied, Therimage pro duced ap prox i mately 5
dB of en hance ment at both the fun da men tal and the har monic fre quen cies (7.5 and 15 MHz)
at a 20 ml/l con cen tra tion. Ini tial sim u la tion re sults in di cate that the shell elas tic ity plays a vi -
tal role in the growth as well as dis so lu tion of the bub bles. While re sults at an im ag ing fre -
quency of 7.5 MHz were some what in agree ment with mea sure ments, the en hance ment was
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un re al is ti cally high (20-35 dB).  Fur ther work is on go ing to im prove upon the model.  Some -
what dis ap point ingly no en hance ment pro duced by EEI was ob served in vivo.

In con clu sion, up to 10 dB of en hance ment can be achieved in EEI mode in vi tro at lower
im ag ing fre quen cies (with less en hance ment oc cur ring at higher fre quen cies). How ever,
EEI ap pears to be quite sen si tive to changes in tem per a ture and microbubble con cen tra tion
and this may ex plain the dis ap point ing in vivo re sults.  Fur ther re search is needed to clar ify
these is sues.

This work was sup ported in part by U.S. Army Med i cal Re search Ma te riel Com mand un -
der DAMD17-00-1-0662 and by NIH HL62830.

(1) Forsberg F, et al. Ul tra sonic Im ag ing 27, 65-74 (2005).

8.3 On the ad her ence of tar geted bub bles to bloods clots in vi tro, Savitha Fernandes,1, 2

Sergiy V. Shevchuk,3 Sam uel C. Gilmore,3 Terry O. Matsunaga3 and Flemming Forsberg,1

1De part ment of Ra di ol ogy, Thomas Jef fer son Uni ver sity, Phil a del phia, PA 19107, 2School
of Bio med i cal En gi neer ing, Sci ence and Health Sys tems and 3ImaRx Ther a peu tics, Tuc son,
AZ 85719, flemming.forsberg @jef fer son.edu.

The abil ity of tar geted bub bles to ad here to fresh platelet clots was as sessed in vi tro.
Whole blood from healthy vol un teers (25 ml) was col lected and cen tri fuged at 1,100 rpm for 
15 min to sep a rate platelet-rich plasma (PRP). Then the PRP was sep a rated and 2 ml of it
cen tri fuged at 3,000 rpm for 5 min to get platelet poor plasma (PPP). Cal cium was added fol -
lowed 3 min later by 15-20 µl of Thrombin from hu man plasma to form a fresh blood clot.
MRX802-0221 (ImaRx Ther a peu tics, Inc., Tuc son, AZ) is a fi brin-tar geted con trast agent
and these tar geted bub bles were added to 8 PRP clots and 7 PPP clots (dose: 10 µl). As a con -
trol, bub bles with no tar get ing abil ity were added to 9 PRP clots and 5 PPP clots. Fol low ing 3 
washes, the num ber of bub bles at tached rel a tive to clot area was de ter mined us ing an
SMZ-10A mi cro scope (200x mag ni fi ca tion; Nikon, Mel ville, NY) and ImagePro Plus soft -
ware (Me dia Cy ber net ics, Sil ver Spring, MD). The ad her ence of tar geted and con trol bub -
bles was com pared us ing un paired t-tests.  Ra di a tion force will also be em ployed us ing a
sin gle-el e ment, 2.25 MHz trans ducer (Panametrics, Waltham, MA) with con tin u ous wave
ul tra sound (100 Hz prf, 30 s ex po sure, 38.4 kPa p-p pres sure) to gently push the bub bles
onto the clots and in crease the num ber of  ad hered bub bles. 

The av er age num ber of MRX802-0221 bub bles at tached (per 1,000 µm2 of clot area) in
PRP clots was 70 ± 25 bub bles and in PPP clots it was 35.8 ± 13.7 bub bles. The con trol bub -
bles had a mean ad her ence of 17.6 ± 6.6 bub bles and 6.08 ± 1.73 bub bles in PRP and PPP
clots, re spec tively. The dif fer ence in ad her ence rates was sta tis ti cally sig nif i cant for PRP
clots (p = 0.0242) and mar gin ally sig nif i cant for PPP clots (p = 0.0504). The out come of the
ra di a tion force ex per i ments will be com pared with these val ues and re sults re ported.

In con clu sion, the at tach ment of MRX802-0221 tar geted bub bles to PRP clots was found
to be sig nif i cantly higher than the con trol.

Sup ported by NIH HL71433.

8.4 Mea sur ing elas tic and vis cous moduli from ra di a tion force in duced tis sue mo -
tion, James. F. Green leaf, X.  Zhang and S. Chen, Ul tra sound Re search Lab o ra tory, Mayo
Clinic Col lege of Med i cine, jfg@mayo.edu.

Ra di a tion force pro duced by mo men tum trans fer from trav el ing ul tra sound waves into
ma te ri als can be used to phys i cally dis place tis sue. Mea sure ments of the re sult ing dis place -
ment can be used to es ti mate in trin sic me chan i cal prop er ties of the tis sue such as shear stor -
age and loss moduli. Fo cused ul tra sound beams can be used to place force dis tri bu tions at
se lected re gions deep in tis sue and the same beams used in pulse echo can be used to mea sure 
the re sult ing dis place ment re sponse to the force. In iso tro pic and ho mo ge neous tis sues,
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shear wave speed and dis per sion can be used to solve for the elas tic and vis cous moduli.
Other tis sues are anistotropic, but ho mo ge neous, such as mus cle in which the force ap pli ca -
tion and sub se quent mea sure ments must be re lated through a suit able model to the
anisotropic ma te rial prop er ties. Ju di cious choice of vi bra tion modes and re sult ing mo tions
can greatly aid in solving the very complex motion for the related material properties in
complex struc tures such as ves sels. Us ing re mote ap pli ca tion of force and mea sure ment of
re sult ing mo tion we have mea sured the com plex shear modulus in (1) iso tro pic tis sue such
as liver, (2) anisotropic tis sue such as mus cle and (3) struc tures such as ves sels. The goal of
this pro gram is to re late the mea sured fun da men tal prop er ties to on set and extent of disease.

Sup ported in part by grants EB 02167 and EB 02640 from NIH.

8.5 High shear loss modulus tis sue-mim ick ing ma te ri als for ARFI im ag ing and MR
elastography, E.L. Madsen, M.A. Hob son, G.R. Frank and T.J. Hall, Uni ver sity of Wis con -
sin, Mad i son, WI, elmadsen@wisc.edu.

     Two elasography mo dal i ties in volve gen er a tion and track ing of shear waves in soft tis -
sues, viz, Acous tic Ra di a tion Force Im pulse (ARFI) im ag ing(1) and (dy namic) MR elastog -
raphy (MRE).(2, 3) The com plex shear wave num ber at fre quency f (Hz) is given by k = (2pf)
(r0/G)-1/2, where r is the mass den sity of the prop a gat ing me dium and G is the com plex shear 
modulus at fre quency f.  G = G' + iG" where G' is the (real pos i tive) shear stor age modulus
and G" is the (real pos i tive) shear loss modulus.  In soft tis sues, where the loss fac tor = tan d
= G"/G' can be 0.25 to 0.7 (2, 4, 5) and per haps larger, there is sig nif i cant shear wave at ten u a -
tion and cor re spond ing speed dis per sion. For ex am ple, rea son able val ues of G' and tan d for
breast fat might be 1 kPa and 0.25 at 50 Hz and might be 2 kPa and 0.5 at 300 Hz.  The re sult -
ing wave lengths are 2 cm and 0.5 cm at 50 Hz and 300 Hz, re spec tively, while the prop a ga -
tion dis tances for the shear wave am pli tude to de crease by a  fac tor of 1/e are 2.6 cm and 0.35 
cm at 50 Hz and 300 Hz, re spec tively.

     Sim u la tion of re al is tic tis sue-like loss fac tors in phan toms could aid MRE and ARFI re -
search ers in as sess ing the trade-off be tween better res o lu tion and higher at ten u a tion as the
fre quency in creases.  (ARFI re search ers might fash ion pulses to yield higher or lower fre -
quency con tents of shear waves gen er ated.)  Also, re al is ti cally large loss fac tors could aid
ARFI re search ers in test ing al go rithms to ac count for dis per sion.  Ex tent of dis per sion/at -
ten u a tion could it self be di ag nos ti cally sig nif i cant.  Cur rent phantoms used in MRE and
ARFI are essentially lossless.

     Thus, there is a need for high loss tis sue-mim ick ing (TM) ma te ri als with re al is tic val ues 
of G' and G".  One type of low loss TM ma te rial for elastography con sists of oil in gel a tin
dis per sions.(6)  We have mod i fied these ma te ri als by add ing a high mo lec u lar weight
polysaccharide to the aque ous gel a tin com po nent re sult ing in TM ma te ri als with rep re sen ta -
tive val ues of G' and G" in the 50 to 300 Hz fre quency range.  The loss fac tor (G"/G') is a
strong func tion of polysaccharide con cen tra tion.  Fol low ing are some num bers for the case
for one polysaccharide con cen tra tion with 0% (no oil) and 70% oil by vol ume.  At 0% oil, G'
is about 5 kPa at 50 Hz and 7.5 kPa at 300 Hz, while tan d is 0.2 at 50 Hz, in creases to 0.4 at
200 Hz and lev els off above 200 Hz.  For the 70% oil ver sion, G' val ues are about half of
those for the 0% oil ma te rial from 10 through 300 Hz, and tan d val ues are about 3/4 of those
for the 0% oil ma te rial from 10 through 300 Hz.

     As in the case where no polysaccharide is pres ent,(6) it is ex pected that geo met ri cally and 
chem i cally sta ble het er o ge neous phan toms can be made from the new high loss ma te ri als. 
The max i mum elas tic con trast = (G' of in clu sion)/(G' of sur round ings) is about 2 for the
high loss ma te ri als.

(1)  Night in gale K, McAleavey S, Trahey G. Shear-wave gen er a tion us ing acous tic ra di a -
tion force: in vivo and ex vivo re sults, Ul tra sound Med Biol 29, 1715-1723 (2003).
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(2) Sinkus R, Tan ter M, Xydeas T, Catheline S, Bercoff J, Fink M. Viscoelastic shear
prop er ties of in vivo breast le sions mea sured by MR elastography, Magn Reson Im ag ing 23,
159-165 (2005).

(3) Muthupillai R, Lomas DJ, Rossman PJ, Green leaf JF, Manduca A, Ehman RL. Mag -
netic res o nance elastography by di rect vi su al iza tion of prop a gat ing acous tic strain waves.
Sci ence 269, 1854-1857 (1995).

(4) Sinkus R, Tan ter M, Catheline S, Lorenzen J, Kuhl C, Sondermann E, Fink M. Im ag -
ing anisotropic and vis cous prop er ties of breast tis sue by mag netic res o nance-elastography.
Magn Reson Med 53, 372-387(2005) .

(5) Abrogast and Margulies. Ma te rial char ac ter iza tion of the brainstem from os cil la tory
shear tests, J Biomechanics 31, 801-807(1998).

(6) Madsen EL, Hob son MA, Shi H, Varghese T, Frank GR. Sta bil ity of het er o ge neous
elastography phan toms made from oil dis per sions in aque ous gels, Ul tra sound Med Biol  32,
261-270 (2006).

Sup ported in part by NIH grants R01EB000459, T32CA009206 and R01CA100373.

8.6 Mea sure ment of ax ial and lat eral res o lu tion in acous tic ra di a tion force im pulse
im ag ing, Manoj Menon, Tony Broyld  and Ste phen McAleavey, Uni ver sity of Roch es ter,
Roch es ter, NY 14627, menon@bme.roch es ter.edu.

Acous tic Ra di a tion Force Im pulse (ARFI) im ag ing is the mea sure ment of the me chan i cal
prop er ties of tis sue by the gen er a tion of lo cal im pul sive acous tic ra di a tion forces us ing a
stan dard di ag nos tic ul tra sound scan ner. Short du ra tion (30 ms), high in ten sity (600-1000
W/cm2) ul tra sound push ing pulses in duce mi cron-scale tis sue dis place ments re lated to tis -
sue stiff ness. The dis place ments are tracked us ing ul tra sound track ing pulses and are quan ti -
fied us ing con ven tional cor re la tion-based meth ods. 

ARFI im ag ing is used to im age ob jects of var i ous shapes and sizes that char ac ter ize
pathologies; there fore, it is im por tant to quan tify its res o lu tion ca pa bil ity. The res o lu tion of
the ARFI im ag ing sys tem was found us ing the step re sponse of the sys tem. The step re -
sponse can be found by im ag ing an ob ject with ad ja cent light and dark re gions. The de riv a -
tive of the step re sponse re sults in the point re sponse of the sys tem. The full width, half
max i mum (FWHM) of the point re sponse may be re ported as the lower res o lu tion limit.

The elas tic con trast nec es sary for a step re sponse was pro vided by a hard tis sue-mim ick -
ing phan tom with a soft cen tral core (greater than 30 kPa, and less than 4 kPa, re spec tively).
The phan tom was cre ated from a so lu tion of gel a tin (300 bloom at a con cen tra tion of 99 g/L
for the hard por tion and 100 bloom at a con cen tra tion of 41.3 g/L for the soft por tion), 13.75
mL of n-propanol to ad just the speed of sound close to 1,540 m/s, 285 mL of wa ter, 45 g of
graph ite pow der to cre ate a ho mog e nous field of scat ter ers, and 3 mL of gluteraldehyde to
in crease the melt ing point. The phan tom was im aged in two ori en ta tions with re gard to the
soft core in or der to mea sure both ax ial and lat eral res o lu tions. The res o lu tion mea sure ment
was lim ited by undersampling in typ i cal ARFI im ages in the lat eral di rec tion (13.4
lines/cm).  In or der to in crease the line den sity, the trans ducer was po si tioned above the sam -
ple and im ages were taken in 100, 7.49 mm steps. By com bin ing the im ages taken, an im age
with a higher lat eral line den sity (1,340 lines/cm) was cre ated. The ax ial and lat eral step re -
sponses were found by choos ing lines in the im age that in cluded the in ter face be tween the
hard and soft re gions of the phan tom. The re gion of the step was cho sen by in spec tion and a
cu bic func tion was fit to the data. The de riv a tive of the fit func tion was cal cu lated and the
FWHM res o lu tion was mea sured. Mea sure ments of ax ial res o lu tion and lat eral res o lu tion
were taken in var i ous lo ca tions for res o lu tion mea sure ments of 0.439 ± 0.425 mm (n = 10),
and 1.559 ± 0.747 mm (n = 19), re spec tively.
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Grants: S ARMY/CDMRP W81XWH-04-1-0034, Wallace H. Coul ter Foun da tion Early
Ca reer Award and in-kind and tech ni cal sup port from Siemens Med i cal So lu tions USA, Ul -
tra sound Group.

8.7 Es ti ma tion of shear modulus us ing spa tially-vary ing acous tic ra di a tion force,
Ste phen McAleavey and Menoj Menon, De part ment of Bio med i cal En gi neer ing, Uni ver -
sity of Roch es ter, Roch es ter, NY 14627, stephenm@bme.roch es ter.edu.

The lim i ta tions and di ag nos tic util ity of pal pa tion have led to an in ter est in elastography,
the im ag ing of tis sue stiff ness or a re lated pa ram e ter.  These im ages are use ful be cause dis -
ease or ther a peu tic pro cesses may cause a sig nif i cant change in tis sue stiff ness with out a
con com i tant change in ul tra sound echogenicity or x-ray den sity.  Quan ti ta tive meth ods for
es ti mat ing tis sue shear modulus are es pe cially de sir able for eval u a tion of dif fuse dis eases,
e.g., liver fi bro sis, be cause the lack of lo cal con trast in dif fuse dis ease severly lim its the util -
ity of nonquantitative meth ods.  

We pres ent a method for es ti mat ing the shear modulus of an elas tic ma te rial us ing the ra -
di a tion force of short bursts of ul tra sound with a de lib er ate spa tial vari a tion in in ten sity. 
This spa tially-vary ing acous tic ra di a tion force im pulse is used to gen er ate a shear wave of
known spa tial fre quency (wave length).  The prop a ga tion of this shear wave is mea sured us -
ing ul tra sound track ing meth ods and the tem po ral fre quency of the shear wave es ti mated. 
Given the known wave length and ma te rial den sity, and the mea sured es ti mate of tem po ral
fre quency, the shear modulus at the point of ex ci ta tion may be cal cu lated eas ily from the re -
la tion ship G = r(lf)2. Be cause the tem po ral, rather than spa tial, fre quency of the shear wave
is es ti mated, ob ser va tions of the tis sue dis place ment can be made rap idly at a sin gle point. 
The pro posed method avoids the use of dif fi cult-to-ob tain es ti mates of spa tial de riv a tives of
tis sue mo tion as needed in in ver sion meth ods.  

We pres ent fi nite el e ment sim u la tions of tis sue mo tion in re sponse to spa tially-mod u lated 
ra di a tion force and dem on strate good agree ment with our an a lyt i cal model.  We also pres ent 
the re sults of in vi tro mea sure ments of the shear modulus of graph ite/gel a tin phan toms.  A
Siemens Antares scan ner was used to gen er ate the spa tially-vary ing push ing beams and
track mo tion in the phan toms.  We es ti mated the gel a tin phan tom shear moduli to be 1.4 and
5.8 kPa us ing this method, in good agree ment with the 1.5 and 5.6 kPa val ues mea sured with
an MTS me chan i cal test ing sys tem. 

9. Imaging

9.1 Im ag ing with re con fig ur able trans ducer ar rays, Rayette Fisher, Scott Cogan, Da -
vid Mills, Rob ert Wodnicki and Kai E Thomenius, Im ag ing Tech nol o gies, GE Global Re -
search, Niskayuna, NY, thomeniu@crd.ge.com.

Re cent ad vances in piezoceramic acous tic stack de sign, ca pac i tive micromachined ul tra -
sound trans ducer (cMUT) elec tron ics and trans ducer-to-elec tron ics in te gra tion are en abling 
the fab ri ca tion of highly in te grated re con fig ur able ul tra sound ar rays.  Recon figurability in
this con text re fers to the abil ity to re or ga nize the ar ray el e ments in any con fig u ra tion
deemed de sir able.  Con fig u ra tions that we find at trac tive are an an nu lar ar ray, which can be
trans lated elec tron i cally along a 2D ar ray sur face, or a phased ar ray whose el e ment ori en ta -
tion and pitch can be var ied to op ti mize an im age.  

Fur ther, the an nu lar ar ray con fig u ra tion en ables 3D-en abled min ia tur ized sys tems by re -
duc ing the chan nel count, sys tem size and power con sump tion.  In ad di tion to such fab ri ca -
tion-re lated ben e fits, the an nu lar ar ray will also pro vide dy namic axisymmetric fo cus ing;
some thing that pre vi ously has only been pos si ble with me chan i cally-scanned de vices.  We
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have de vel oped a switch ma trix us ing ap pli ca tion spe cific in te grated cir cuits (ASICs) that
change the in ter con nec tions be tween trans ducer subelements. These cir cuits, when in ter -
con nected to ar ray el e ments, are able to dy nam i cally com bine the subelements to form
larger el e ments and ideal ap er tures for a given tar get (e.g., an nu lar and phased ar ray ap er -
tures with var i ous ring widths).(1-6) 

While the switch ma trix ASIC can be used with both piezoceramic trans duc ers and
cMUTs, the mono lithic na ture of the lat ter fa cil i tates stacked sen sor in te gra tion with the
switch ma trix ASIC.  We have built an ar ray of switch ma trix ASICs in bare die form; they
pro vide elec tronic con trol of sev eral thou sand trans ducer subelements.  De scrip tion of the
in ter con nect meth od ol ogy will be pro vided along with ini tial phan tom im ag ing re sults.

In con clu sion, the use of novel pack ag ing meth od ol ogy to stack the ar ray with its elec tron -
ics ar ray opens the door fur ther front-end elec tron ics min ia tur iza tion. The re lo ca tion of elec -
tron ics into the probe han dle com bined with ap er ture agil ity will have a great im pact on our
abil ity to make highly por ta ble ul tra sound sys tems.  We be lieve that these de vel op ments will 
broaden the range of ul tra sound ap pli ca tions to new ar eas such as use by a pri mary care phy -
si cian or for mea sure ments of phys i o log i cal pa ram e ters for pa tient mon i tor ing.   

This work was sup ported in part by US Army Med i cal Re search Ac qui si tion Ac tiv ity 
DAMD17-02-0181 (820 Chan dler Street, Fort Detrick MD 21702-5014) and by NIH
(NIBIB) R01 EB002485, “Low Cost Ul tra sound Us ing Sil i con Transduction”, as well as the 
Gen eral Elec tric Com pany. The con tent does not nec es sar ily re flect the pol icy of the U.S.
Gov ern ment. 

(1) Cogan S, et al. So lu tions for re con fig ur able ar rays in ul tra sound, in Proc IEEE
Ultrason Symp (2006).

(2) Thomenius K, et al. Mo saic ar rays us ing micromachined ul tra sound trans duc ers, US
Pat ent 6,865,140 (2005).

(3) Haz ard D, et al. An nu lar ar ray beamforming for 2D ar rays with re duced sys tem chan -
nels, in Proc IEEE Ultrason Symp, pp. 1859-1862 (2003).

(4) Bailey D. A com puter con trolled trans ducer for real-time three-di men sional im ag -
ing,” in Acous ti cal Im ag ing 18, Lee H, Wade G, eds., pp. 543-552.

(5) Bele R. Echography probe and ap pa ra tus in cor po rat ing such a probe, US Pat ent
4,641,660 (1987).

(6) Fisher R, et al. Re con fig ur able ar rays for por ta ble ul tra sound, in Proc IEEE Ultrason
Symp (2005).

9.2 De vel op ment of vari able-depth HIFU (high in ten sity fo cused ul tra sound) ap pli -
ca tors for re mote acous tic hemo stasis un der ul tra sound im age guid ance, Joel Mobley,1

Ja son L. Ray mond,1 Da vid Wool worth,1 Sara Da vis,1 Charles Church1  and Pe ter Kaczkow ski,2
1Jamie Whitten Na tional Cen ter for Phys i cal Acous tics, Uni ver sity of Mis sis sippi, Uni ver sity,
MS 38677 and 2Cen ter for In dus trial and Med i cal Ul tra sound, Uni ver sity of Wash ing ton, Se at -
tle, WA 98105, jmobley@olemiss.edu.

With con tin u ing clin i cal ex pe ri ence and en gi neer ing ad vances, high in ten sity fo cused ul -
tra sound (HIFU) will soon pro vide the means to achieve hemostasis re motely, with out di -
rect ac cess to the site of the wound. One of the mile stones in the evo lu tion of this tech nol ogy
is to pro vide the prac ti tio ner with the abil ity to both ob serve and treat the tis sue of in ter est ul -
tra son i cally within a sin gle handheld probe. Our ap proach is to com bine a com mer cial
phased-ar ray im ag ing trans ducer with a coax ial an nu lar HIFU de vice ca pa ble of vari able
depth tar get ing. In this work, we de scribe the de vel op ment of an nu lar HIFU probes with
vari able fo cal depths, in clud ing phased ar rays and single-element transducers with in ter -
change able Fresnel lenses.
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Phased ar ray sys tem: Our cur rent phased ar ray sys tem con sists of five an nu lar el e ments
with a cen tral open ing (20 mm) de signed to ac com mo date an intracavitary im ag ing probe
co ax ial with the HIFU beam. The HIFU ar ray op er ates at 2.5 MHz, and driv ing sig nals are
pro duced in five chan nels of a 32-chan nel sig nal gen er a tor. Each el e ment is driven by an
am pli fier that is ca pa ble of de liv er ing 100 watts of rf power. The fo cal re gion can be moved
from 6.0  to 9.5 cm by elec tron i cally fo cus ing the an nu lar el e ments. Re sults of pre clin i cal
tri als show that elec tron i cally fo cus ing the an nu lar HIFU ar ray suc cess fully per mits the cli -
ni cian to tar get the zone of in jury in depth un der ul tra sound guid ance. Fur ther more, ther a peu -
tic power lev els ap pear to be ad e quate for treat ing open bleeds.

Fres nel lens sys tem: In an at tempt to pro vide a more eco nom i cal ap proach to the con -
struc tion of HIFU ap pli ca tors, we have also de vel oped sin gle-crys tal de vices that em ploy
in ter change able, low-pro file Fres nel lenses to pro vide for vari a tions in the fo cal depth. Two
lens types have been tested: arc lenses whose re frac tive sur faces are at oblique an gles and
step lenses whose pro file con tains only sur faces par al lel and nor mal to the trans ducer plane.
Both Schlieren and phase sen si tive beam pro fil ing have been per formed to as sess the per for -
mance of these two lens de signs. The step Fres nel is found to be most ef fi cient for this ap pli -
ca tion be cause of the mode con ver sion in the outer rings of the arc de sign.

9.3 In ves ti ga tions into clut ter re duc tion meth ods in ab dom i nal ul tra sonic im ag ing,
Muyinatu Lediju, Mi chael Pihl, Ste phen Hsu, Jeremy Dahl, Caterina Gallippi and Gregg
Trahey, Duke Uni ver sity and Uni ver sity of North Carolina, gregg.trahey@duke.edu.

In ul tra sonic im ag ing, clut ter is known to de grade im age qual ity.  It is caused by a
num ber of acous tic phe nom ena, in clud ing re ver ber a tion in tis sue lay ers and off-axis
scat ter ing due to side and grat ing lobes in her ent in ul tra sonic im ag ing sys tems.  Clut ter
aris ing from the ab dom i nal wall of ten clouds the im age of struc tures un der neath the ab -
do men; a pri mary ex am ple oc curs dur ing fe tal im ag ing in obese women.  Re duc ing ab -
dom i nal clut ter will en hance the ability to clearly observe abdominal structures.

We pro pose to as cer tain the source and ex tent of ab dom i nal clut ter by in duc ing slight
mo tion of the ab do men dur ing ul tra sonic im ag ing.  We used the trans ducer to slightly
move the ab do men while im ag ing the in-vivo blad der; the blad der was used as a sub sti -
tute for a uterus con tain ing amniotic fluid.  We also con ducted matched ex per i ments
with ab dom i nal phan toms that mim icked the ob served acous tic and geo met ric prop er -
ties of the blad der.  Suc ces sive frame im age sub trac tion and two-di men sional speckle
track ing al go rithms were de vel oped and ap plied to the blad der and phan tom data sets. 
Ad di tion ally, Field II sim u la tions were de vel oped to model the ef fec tive ness of our ex -
per i men tal meth ods.  We also re port on blind source sep a ra tion and wall-fil ter ing meth -
ods to re duce clut ter.  The re sults pro vide in sight into the mag ni tude and sources of the clut ter. 

9.4 Back scat ter and scat terer size es ti mates us ing a 2D CMUT trans ducer, W. Liu1,
J. Zagzebski,1, T. Hall,1 T. Varghese,1 T. Herd,1 S. Panda,2 S. Barnes2 and C. Low ery,2  1De -
part ment of Med i cal Phys ics, Uni ver sity of Wis con sin-Mad i son, Mad i son, WI 53706 and
2Siemens Med i cal Ul tra sound Sys tems, Issaquah, WA 98029, wuliu@wisc.edu

Com pared to con ven tional pi ezo elec tric trans duc ers, new ca pac i tive microfabricated ul -
tra sonic trans ducer (CMUT) tech nol ogy is ex pected to of fer a broader band width, higher
res o lu tion, and ad vanced 3D/4D im ag ing in her ent in a 2D ar ray.  For ul tra sound para met ric
im ag ing, such as scat terer-size im ag ing, a broader fre quency range pro vides more in for ma -
tion on fre quency-de pend ent back scat ter, and, there fore, better size es ti mates.  Elevational
com pound ing, which can sig nif i cantly re duce the large sta tis ti cal fluc tu a tions as so ci ated
with para met ric im ag ing, be comes readily avail able with a 2D ar ray.

In this work, we show phan tom and in vivo breast tu mor scat terer size im age re sults us ing a
Siemens V3 2D CMUT trans ducer (9 MHz cen ter fre quency) at tached to a Siemens SONOLINE
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Antares clin i cal scan ner with a re search in ter face.  A uni form phan tom with two 1cm-di am e ter 
spher i cal in clu sions of slightly smaller scat terer size was sub merged in oil and scanned by both 
the V3 and a con ven tional VFX13-5 lin ear ar ray trans ducer.  The at ten u a tion and scat terer size 
of the sam ple were es ti mated us ing a ref er ence phan tom method.   Rf cor re la tion anal y sis was
per formed us ing the data ac quired by both trans duc ers.  The V3 re sults in di cate that at a 2 cm 
depth (near the 3-D fo cus for both trans duc ers) the cor re la tion co ef fi cient re duced to less than
0.2 for 0.2 mm lat eral or 0.3 mm elevational sep a ra tion, which are better than the 0.3 mm lat -
eral or 0.8 mm elevational sep a ra tion for the same decorrelation us ing the VFX13-5 trans ducer. 

An gu lar or/and elevational com pound ing is of ten used to re duce the vari ance of scat terer
size es ti mates.  The V3 2D ar ray trans ducer ac quired rf sig nals from 140 planes over a 2.8
cm elevational di rec tion.  Power spec tra were es ti mated in each plane by us ing a 3 mm gated
win dow (~ 13 wave lengths) with 75% ax ial over lap.  Spec tra from ad ja cent beam lines (3
mm lat er ally) with 75% lat eral over lap were then av er aged.  If no elevational com pound ing
is used, the frac tional stan dard de vi a tion of the size es ti mates is about 12% for both the
spher i cal in clu sion and the back ground.  Elevational com pound ing of 11 ad ja cent planes re -
duces it to 7% for both me dia.  Scat terer size es ti mates on two in vivo breast tu mors also dem -
on strate the im prove ments us ing elevational com pound ing with data from the V3 trans ducer.  

The new CMUT trans ducer of fers better im age res o lu tion than the con ven tional ar ray, the
con ve nience of elevational com pound ing and the abil ity to per form 3D/4D ul tra sound para -
met ric im ag ing.

 9.5 A low-cost B-mode USB ul tra sound probe, Wil liam D. Rich ard,1 Da vid M. Zar1 and
Roman Solek,2  1Z&R Tech nol o gies, L.L.C. and 2Interson Cor po ra tion, Inc., wdr@zandrtech.com.

The Uni ver sal Se rial Bus (USB) is now the ubiq ui tous in ter face bus of choice for con nect -
ing pe riph er als to per sonal com put ers and laptops. USB 2.0 is a half-du plex bus run ning at
480 Mb/s and each pe riph eral can draw as much as 500 mA of cur rent at a nom i nal 5 V from
the USB connector.

We have de vel oped a USB-based B-mode probe fam ily that con nects di rectly to a per -
sonal com puter or lap top with out the need for ad di tional in ter face boxes or power sup plies.
One mem ber of the fam ily draws as lit tle as 250 mA from the 5 V sup ply (1.25 W) while
form ing ten (10), 20 cm-deep, 5.0 MHz im ages/sec ond. The pulser/re ceiver, high volt age
sup ply, an a log-to-dig i tal con verter, servo and USB in ter face are all con tained inside the
probe body.

There are sev eral ad van tages to this ar chi tec tural ap proach to B-mode im ag ing, in clud ing
low cost and por ta bil ity. In ad di tion, plac ing the pulser/re ceiver within a few inches of the
trans ducer elim i nates sig nal loss in long ca bles and pro vides op ti mal sig nal-to-noise per for -
mance. Af ter raw data are trans ferred to the com puter, gain com pen sa tion, in ter po la tion, fil -
ter ing and other data pro cess ing are per formed by the host pro ces sor. This gives flex i bil ity
to de vel op ers and al lows en hance ments to the sys tem to be in cor po rated via soft ware up -
dates. In ad di tion, the raw data are available for storage and later postprocessing. 

This talk de scribes the ad van tages of the ar chi tec ture of the probe fam ily, dis cusses the
hard ware/soft ware di vi sion of the re quired pro cess ing steps, and pres ents ex am ple im ages
and ciné loops from sev eral dif fer ent im ag ing applications.

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

10.1 What's new in peer re view for im ag ing tech nol ogy at NIH, Lee Rosen, Sci en tific
Re view Ad min is tra tor for Bio med i cal Im ag ing Tech nology, Cen ter for Sci en tific Re view, NIH,
rosenl@csr.nih.gov (in vited).
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10.2 Lat est de vel op ments and fund ing op por tu ni ties in the Na tional Can cer In sti -
tute, Barbara Y. Croft, Pro gram Di rec tor, Can cer Im ag ing Pro gram, Na tional Can cer In -
sti tute, NIH, croftb@mail.nih.gov (in vited). 

10.3 Lat est de vel op ments and fund ing op por tu ni ties in the Na tional In sti tute for Bio -
med i cal Im ag ing and Bio en gi neer ing, 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, lopezh@mail.nih.gov (in vited).

10.4 Lat est de vel op ments and fund ing op por tu ni ties in the Na tional Sci ence Foun -
da tion, Semahat S. Demir, Pro gram Di rec tor, Bio med i cal En gi neer ing and  Col lab o ra tive
Re search in Com pu ta tional Neu ro sci ence, NSF, sdemir@nsf.gov (in vited).

Panel Dis cus sion

Mod er a tor: J.G. Miller
Par tic i pants: B.Y. Croft, S.S. Demir, H. Lopez, L. Rosen
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